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 Mitochondrial Medicine is an interdisciplinary and rapidly growing new area of biomedical 
research comprising genetic, biochemical, pathological, and clinical studies aimed at the 
diagnosis and therapy of human diseases which are either caused by or associated with mito-
chondrial dysfunction. The term “Mitochondrial Medicine” was probably used for the fi rst 
time by Rolf Luft [1] who is widely accepted as the father of Mitochondrial Medicine. Over 
50 years ago, it was he who described for the very fi rst time a patient with clinical symptoms 
caused by malfunctioning mitochondria [2]. 

 The beginning of mitochondria-related research dates back to the end of the nine-
teenth century. During the 1890s, early cytological studies revealed the existence of 
bacteria- resembling subcellular particles in the cytosol of mammalian cells. Robert Altman 
termed them bioblasts, and he hypothesized that these particles were the basic unit of cel-
lular activity. The name mitochondrion, which means thread-like particles, was coined in 
1898 by Carl Benda. During the 1940s, progress was made in the development of cell 
fractionation techniques which ultimately allowed the isolation of intact mitochondria from 
cell homogenates, thereby making them more accessible to biochemical studies. 
Subsequently, by the end of the 1940s, activities of a variety of enzymes needed for fatty 
acid oxidation, the Krebs cycle, and other metabolic pathways were found to be associated 
with mitochondrial fractions. 

 Human mitochondrial DNA was discovered in 1963 [3], and Mitchell’s disputed 
chemiosmotic theory [4] of ATP synthesis became generally accepted in the early 1970s. In 
1972, Harman proposed the Mitochondrial Theory of Aging, according to which aging is 
the result of the cumulative effects of mitochondrial DNA damage caused by free radicals 
[5, 6]. In 1986, Miquel and Fleming published their hypothesis about the involvement of 
mitochondria-originated free radicals in the process of ageing [7]. By 1981, mitochondrial 
DNA was completely sequenced [8], and, 5 years later, its entire genetic content had been 
described [9, 10]. Obviously, research on and with mitochondria has been conducted for 
over 120 years continuously and with steady success. Nevertheless, the last decade of the 
twentieth century saw another signifi cant boost of interest in studying mitochondrial func-
tions. First, in 1988, two papers, one published in  Science  and the other in  Nature  [11, 12], 
revealed for the very fi rst time deletions and point mutations of mitochondria DNA to be 
the cause for human diseases. Second, by around 1995, mitochondria well known as the 
“powerhouse of the cell” have also been accepted as the “motor of cell death” [13] refl ect-
ing the organelle’s key role in apoptosis. It is nowadays recognized that mitochondrial 
dysfunction is either the cause of or at least associated with a large number and variety of 
human disorders, ranging from neurodegenerative and neuromuscular diseases, obesity, 
cardiovascular disorders, migraine, liver and kidney disease to ischemia-reperfusion injury 
and cancer. Subsequently, increased pharmacological and pharmaceutical efforts have led to 
the emergence of mitochondrial medicine as a new fi eld of biomedical research [1, 14]. 
Future developments of techniques for probing and manipulating mitochondrial functions 
will eventually lead to the treatment and prevention of a wide variety of pathologies and 
chronic diseases, “the future of medicine will come through mitochondria” [15]. 
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 Our book is dedicated to showcasing the tremendous efforts and the progress that has 
been made over the last decades in developing techniques and protocols for probing, imag-
ing, and manipulating mitochondrial functions. All chapters were written by leading experts 
in their particular fi elds. The book is divided into two volumes. Volume I ( Probing 
Mitochondrial Function ) is focused on methods being used for the assessment of mitochon-
drial function under physiological conditions as well as in healthy isolated mitochondria. 
Volume II ( Manipulating Mitochondrial Function ) describes techniques developed for 
manipulating and assessing mitochondrial function under general pathological conditions 
and specifi c disease states. 

    Volume I 

 Stefan Lehr and coworkers critically evaluate in a review chapter a commonly used isolation 
procedure for mitochondria utilizing differential (gradient) centrifugation and depict major 
challenges to achieve “functional” mitochondria as basis for comprehensive physiological 
studies. The same authors provide in a protocol chapter an isopycnic density gradient cen-
trifugation strategy for the isolation of mitochondria with a special focus on quality control 
of prepared intact, functional mitochondria. The isolation of interorganellar membrane 
contact sites is described by Alessandra d’Azzo and colleagues. They outline a protocol 
tailored for the isolation of mitochondria, mitochondria-associated ER membranes, and 
glycosphingolipid-enriched microdomains from the adult mouse brain, primary neuro-
spheres, and murine embryonic fi broblasts. The analysis of single mitochondria helps 
uncovering a new level of biological heterogeneity and holds promises for a better under-
standing of mitochondria-related diseases. Peter Burke and colleagues describe a nanoscale 
approach for trapping single mitochondria in fl uidic channels for fl uorescence microscopy. 
Their method reduces background fl uorescence, enhances focus, and allows simple experi-
mental buffer exchanges. Stephane Arbault and colleagues describe the preparation and use 
of microwell arrays for the entrapment and fl uorescence microscopy of single isolated mito-
chondria. Measuring variations of NADH of each mitochondrion in the array, this method 
allows the analysis of the metabolic status of the single organelle at different energetic- 
respiratory stages. 

 Deep resequencing allows the detection and quantifi cation of low-level variants in 
mitochondrial DNA (mtDNA). This massively parallel (“next-generation”) sequencing is 
characterized by great depth and breadth of coverage. Brendan Payne and colleagues 
describe a method for whole mtDNA genome deep sequencing as well as short amplicon 
deep sequencing. In another chapter, the same group provides a method for characterizing 
mtDNA within single skeletal muscle fi bers. This approach allows the detection of somatic 
mtDNA mutations existing within individual cells which may be missed by techniques 
applied to the whole tissue DNA extract. The authors also apply single-cell mtDNA 
sequencing for analyzing differential segregation of mtDNA during embryogenesis. They 
demonstrate how to study this phenomenon by single-cell analysis of embryonic primordial 
germ cells. Next-generation sequencing (NGS) as an effective method for mitochondrial 
genome sequencing is also the subject of Shale Dames’ chapter. He and his group describe 
an mtDNA enrichment method including library preparation and sequencing on “Illumina 
NGS platforms” and provide also a short command line alignment script for downloading 
via FTP. Conventional methods for mitochondrial DNA (mtDNA) extraction do not yield 
the level of mtDNA enrichment needed for direct sequencing, and the necessary subsequent 
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long-range PCR amplifi cation may introduce bias into the sequence results. Alexander 
Maslov and colleagues provide a protocol involving a paramagnetic bead-based purifi cation 
step for the preparation of mtDNA-enriched samples ready for direct sequencing. Lars Eide 
and coworkers give a detailed protocol for the use of real-time qPCR to analyze the integ-
rity of mitochondrial DNA and RNA quantitatively. Their method has low material require-
ment, is low cost, and can detect modifi cations with high resolution. 

 Mitochondria in species ranging from yeast to human have been found to import a 
small number of nucleus-encoded RNAs. With the advent of high-throughput RNA 
sequencing, additional nucleus-encoded mitochondrial RNAs are being identifi ed. Michael 
Teitell and his group describe both an in vitro and in vivo import system for studying mito-
chondrial RNA import, processing, and functions. 

 In the last decade an increasing number of studies have been conducted aimed at quan-
tifying acquired changes in the concentration of circulating mitochondrial DNA (mtDNA) 
as an indicator of mitochondrial function. Afshan Malik and colleagues provide a protocol 
for accurately measuring the amount of human mtDNA in peripheral blood samples which 
is based on the use of real-time quantitative PCR (qPCR) to quantify the amount of mtDNA 
relative to nuclear DNA. Their protocol is suitable for high-throughput use and can be 
modifi ed for application to other body fl uids, human cells, and tissues. The characterization 
of mtDNA processing at the single-cell level is poorly defi ned. Laurent Chatre and Miria 
Ricchetti describe a mitochondrial transcription and replication imaging protocol which is 
based on modifi ed fl uorescence in situ hybridization and which allows the detection of 
qualitative and quantitative alterations of the dynamics of mtDNA processing in human 
cells undergoing physiological changes. 

 William Sivitz and colleagues describe a highly sensitive and specifi c nuclear magnetic 
resonance-based assay which allows the simultaneous quantifi cation of ATP and reactive 
oxygen species using small amounts of mitochondrial isolates or permeabilized cells. Their 
novel assay also avoids the problem of changing mitochondrial membrane potential while 
ADP is converted to ATP, as occurs in conventional assays. Accurate detection of mito-
chondrial superoxide especially in living cells remains a diffi cult task. Werner Koopman and 
coworkers describe a live-cell microscopy-based method for detecting superoxide in both 
mitochondria and the entire cell using dihydroethidium. Boronate-based probes were 
developed over the last decade for detection of hydrogen peroxide and peroxynitrite in 
biological systems. However, most boronates lack specifi city needed to distinguish between 
hydrogen peroxide and peroxynitrite within a complex biological system. Jacek Zielonka 
and colleagues describe how a newly developed mitochondria-targeted phenylboronic acid 
can be used to detect and differentiate peroxynitrite-dependent and independent probe 
oxidation. Time-resolved fl uorescence spectrometry can be used to detect and characterize 
mitochondrial metabolic oxidative changes by means of endogenous fl uorescence. Alzbeta 
Marcek Chorvatova and coworkers describe the detection and measurement of endogenous 
mitochondrial NAD(P)H fl uorescence in living cells in vitro using fl uorescence lifetime 
spectrometry imaging after excitation with a 405 nm picoseconds laser. Quantifying the 
mitochondrial membrane potential is essential for understanding mitochondrial function. 
Most of the current methodologies are based on the accumulation of cation indicators. 
Roger Springett describes a new methodology which allows calculating the membrane 
potential from the measured oxidation states of the b-hemes. To better understand the 
impact of oxygen on cellular function, James Hynes and Conn Carey outline the procedure 
for measuring in situ oxygenation of cells in 2D and 3D cultures. These authors also 
 illustrate how the impact of drug treatment on cell oxygenation can be assessed and how 
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the link between oxygenation and glycolytic metabolism can be examined. Egbert Mik and 
Floor Harms have developed a method called Protoporphyrin IX—Triplet State Lifetime 
Technique as a potential tool for noninvasive monitoring of mitochondrial function in the 
clinic. In their chapter they describe the application of mitochondrial respirometry for 
monitoring mitochondrial oxygen tension and mitochondrial oxygen consumption in the 
skin of experimental animals. The selective monitoring of mitochondria-produced hydro-
gen peroxide inside living systems can be challenging. Alexander Lippert and colleagues 
describe the synthesis of the small molecular probe MitoPY1 and its application for measur-
ing hydrogen peroxide in vitro and in live cells. The authors also provide an example pro-
cedure for measuring mitochondrial hydrogen peroxide in a cell culture model of Parkinson's 
disease. Erich Gnaiger and colleagues describe how the Amplex Red assay can be used to 
detect hydrogen peroxide production in combination with the simultaneous assessment of 
mitochondrial bioenergetics by high-resolution respirometry. They have optimized instru-
mental and methodological parameters to analyze the effects of various substrate, uncou-
pler, and inhibitor titrations (SUIT) on respiration versus hydrogen peroxide production. 
The authors also show an application example using isolated mouse brain mitochondria as 
an experimental model for the simultaneous measurement of mitochondrial respiration and 
hydrogen peroxide production in SUIT protocols. Andrey Abramov and Fernando 
Bartolome describe a strategy for assessing NADH/NAD(P)H and FAD autofl uorescence 
in a time course-dependent manner. Their method provides information about NADH and 
FAD redox indexes both refl ecting the activity of the mitochondrial electron transport 
chain. Their analysis of NADH autofl uorescence after induction of maximal respiration can 
also offer information about the pentose phosphate pathway activity where glucose can be 
alternatively oxidized instead of pyruvate. Coenzyme Q10 (CoQ10) is an essential part of 
the mitochondrial respiratory chain. Outi Itkonen and Ursula Turpeinen describe an accu-
rate and sensitive liquid chromatography tandem mass spectrometry method for the deter-
mination of mitochondrial CoQ10 in isolated mitochondria. 

 Assessing bioenergetic parameters of human pluripotent stem cells (hPSCs), including 
embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs), provides consid-
erable insight into their mitochondrial functions and cellular properties, which allows 
exposing potential energetic defects caused by mitochondrial diseases. Alessandro Prigione 
and Vanessa Pfi ffer describe a method that facilitates the assessment of the bioenergetic 
profi les of hPSCs in a noninvasive fashion, while requiring only small sample sizes and 
allowing for several replicates. 

 Due to the complexity of the interactions involved at the different levels of integration 
in organ physiology, current molecular analyses of pathologies should be combined with 
integrative approaches of whole organ function. By combining the principles of control 
analysis with noninvasive  31 P NMR measurement of the energetic intermediates and simul-
taneous measurement of heart contractile activity, Philippe Diolez and colleagues have 
developed MoCA (Modular Control and Regulation Analysis), which is an integrative 
approach designed to study in situ control and regulation of cardiac energetics during con-
traction in intact beating perfused isolated heart. In their review chapter the authors pres-
ent selected examples of the applications of MoCA to isolated intact beating heart, and they 
also discuss wider application to cardiac energetics under clinical conditions with the direct 
study of heart pathologies. 

 Mitochondrial proteins encoded on the cytosolic ribosomes carry specifi c patterns in 
the precursor sequence needed for mitochondrial import. Rita Casadio and colleagues 
 discuss the feasibility of utilizing computational methods for detecting such mitochondrial 
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targeting peptides in polypeptide sequences. These authors also introduce their newly 
implemented web server and demonstrate its application to the whole human proteome for 
detecting mitochondrial targeting peptides. Fabiana Perocchi and Yiming Cheng describe 
evolutionary biology approaches for studying mitochondrial physiology. One strategy, 
which they refer to as “comparative physiology,” allows the de novo identifi cation of mito-
chondrial proteins involved in a physiological function. Another approach known as “phy-
logenetic profi ling” allows predicting the function of uncharacterized proteins as well as 
functional interactions by comparing phylogenetic profi les of uncharacterized and known 
components. Besides DNA mutations, faulty posttranslational modifi cations can also cause 
malfunction of mitochondrial proteins. Suresh Mishra and colleagues describe procedures 
for the isolation of mitochondria from cells and for separating the mitochondrial proteins 
by two-dimensional gel electrophoresis. The employment of antibodies specifi c to each 
posttranslational modifi cation allows them to assess posttranslational modifi cations of mito-
chondrial proteins. Posttranslational protein glutathionylation regulates protein function in 
response to cellular redox changes and is involved in carbon monoxide-induced cellular 
pathways. Helena Viera and Ana S. Almeida describe a technique for the assessment of 
mitochondrial protein glutathionylation in response to carbon monoxide exposure. 

 High-resolution melting (HRM) allows detecting homozygous or heterozygous point 
sequence variants and small deletions within specifi c PCR products. Marketa Tesarova and 
colleagues provide an updated HRM-based protocol for routine variant screening of nuclear 
genes encoding assembly factors and structural subunits of cytochrome c oxidase (COX). 
Their general recommendations given for HRM analysis are applicable for examining any 
genetic region of interest. Anton Vila-Sanjurjo and colleagues have designed a computa-
tional approach named Heterologous Inferential Analysis or HIA for making predictions 
on the disruptive potential of a large subset of mt-rRNA variants. The authors demonstrate 
that in the case of certain mitochondrial variants for which suffi cient information regarding 
their genetic and pathological manifestation is available, HIA data alone can be used to 
predict their pathogenicity. 

 Mitochondria play a key role in apoptosis. Vladimir Gogvadze and coworkers describe 
how to evaluate the release of intermembrane space proteins during apoptosis, alterations 
in the mitochondrial membrane potential, and oxygen consumption in apoptotic cells. 
Fluorescent lifetime imaging microscopy-Förster resonant energy transfer (FLIM-FRET) is 
a high-resolution technique for the detection of protein interactions in live cells. David 
Andrews and colleagues provide a detailed protocol for applying this technique to assess the 
interaction between BclXL and Bad at the mitochondrial outer membrane in live MCF7 
breast cancer cells. Mitochondrial Ca 2+  uptake is essential for regulating mitochondrial 
function. Markus Waldeck-Weiermair and colleagues analyze the benefi ts and drawbacks of 
various established old and new techniques to assess dynamic changes of mitochondrial 
Ca 2+  concentrations in a wide range of applications. 

 Untargeted lipidomics profi ling by liquid chromatography-mass spectrometry (LC- 
MS) allows the examination of lipids without any bias towards specifi c classes of lipids. 
Bruce Kristal and group describe a workfl ow including the isolation of mitochondria from 
liver tissue, followed by mitochondrial lipid extraction and the LC-MS conditions used for 
data acquisition. The authors also highlight how, in this method, all ion fragmentation can 
be used for the identifi cation of species of lower abundances, which are often missed by 
data-dependent fragmentation techniques. 

 Mitochondrial dynamics, i.e., mitochondrial location, number, and morphology, has an 
essential function in numerous physiological and pathophysiological phenomena in the 
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developing and adult human heart. Elizabeth Lipke and colleagues describe the application 
of a computer-based tool (MATLAB, MQM) to quantify mitochondrial changes, in par-
ticular number, area, and location of mitochondria, during human pluripotent stem cell 
differentiation into spontaneously contracting cardiomyocytes. Helena Bros and coworkers 
present an ex vivo method for monitoring the movement of mitochondria within myelin-
ated sensory and motor axons from spinal nerve roots.  

    Volume II 

 The development of mitochondria-targeted pharmaceutical nanocarriers began at the end 
of the 1990s with an accidental discovery of the vesicle-forming capacity of dequalinium 
chloride. Volkmar Weissig describes a detailed protocol for the preparation, characteriza-
tion, and application of dequalinium-based nano vesicles called DQAsomes. Whether small 
molecule xenobiotics (biocides, drugs, probes, toxins) will target mitochondria in living 
cells without the assistance of any mitochondria-targeted delivery system can be predicted 
using an algorithm derived from QSAR modeling and is described in detail by Richard 
Horobin. Small molecules can be physicochemically targeted to mitochondria via conjuga-
tion to mitochondriotropic triphenylphosphonium cations. Utilizing this strategy, Richard 
Hartley describes the preparation of MitoB and MitoP as exomarkers of mitochondrial 
hydrogen peroxide. Gerard D’Souza and his group describe the use of triphenylphospho-
nium cations for the preparation of phospholipid conjugates which in turn are the basis for 
preparing mitochondria-targeted liposomes. Triphenylphosphonium cations are used by 
Jung-Joon Min and Dong-Yeon Kim for the synthesis of 18F-labeled fl uoroalkyl triphe-
nylphosphonium conjugates as mitochondrial voltage sensors for PET myocardial imaging. 
Fernanda Borges and her group describe the utilization of triphenylphosphonium cations 
for the development and application of a new antioxidant based on dietary cinnamic acid. 
Tamer Elbayoumi and colleagues have utilized the intrinsic mitochondriotropism of 
Genistein to design mitochondria-targeted cationic lipid-based nanocarrier systems includ-
ing micelles and nanoemulsions. Since Genistein, a major soy isofl avone, exhibits extensive 
proapoptotic anticancer effects which are mediated predominantly via induction of mito-
chondrial damage, this delivery system is potentially suited to enhance anticancer effi cacy of 
different coformulated chemotherapeutic agents. Shanta Dhara and her group outline in 
one chapter the synthesis and characterization of a functionalized polymer for building 
mitochondria-targeted nanoparticles (NPs), and in a second chapter she describes the 
application of such mitochondria-specifi c nanoparticles for the delivery of a photosensitizer 
to mitochondria for photodynamic therapy. Hideyoshi Harashima and Yuma Yamada 
describe the construction and application of a mitochondria-targeted dual function 
liposome- based nanocarrier termed DF-MITO-Porter. 

 The utilization of α-aminophosphonates as external probes in combination with  31 P- NMR  
allows the simultaneous pH measurements of cytosolic and acidic compartments in normal 
and stressed cultured cells. Sylvia Pietria’s group has developed this strategy further by 
using triphenylphosphonium derivatives of aminophosphonates as mitochondria-targeted 
pH probes. The authors describe the synthesis and  31 P-NMR pH titrating properties of 
such mitochondria-targeted pH probes as well as their application in green alga cultures. 
The formation of reactive oxygen species (ROS) in the inner mitochondrial membrane can 
cause mitochondrial dysfunction eventually followed by induction of apoptosis. Antioxidants 
conjugated with mitochondria-targeted, membrane-penetrating cations can be used to 
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scavenge ROS inside mitochondria. Vladimir Skulachev and coworkers describe some 
essential methodological aspects of the application of mitochondria-targeted cations 
belonging to the MitoQ and SkQ groups which have shown promise for treating oxidative 
stress-related pathologies. Lucia Biasutto and colleagues describe a step-by-step procedure 
for synthesizing mitochondria-targeted derivatives of resveratrol and quercetin, two plant 
polyphenols exhibiting potential health-promoting properties, as well as a method for 
assessing their mitochondrial accumulation. 

 The mitochondrial respiratory chain is stress-responsive and responds to mitochondri-
ally targeted anticancer agent by destabilization and induction of massive ROS production 
eventually leading to apoptosis. Jiri Neuzil’s group has developed mitochondrially targeted 
anticancer agents epitomized by the mitochondrially targeted analogue of the redox-silent 
compound vitamin E succinate, which belongs to the group of agents that kill cancer cells 
via their mitochondria-destabilizing activity. The authors describe the use of native blue gel 
electrophoresis and clear native electrophoresis coupled with in-gel activity assays as meth-
ods of choice for trying to understand the molecular mechanism of the effect of such 
mitochondria-destabilizing agents. Many low-molecular-weight agents that may be of 
potential clinical relevance act by targeting mitochondria, where they may suppress mito-
chondrial respiration. Jiri Neuzil and coworkers describe the methodology for assessing 
respiration in cultured cells as well as in tumor tissue exposed to mitochondria-targeted 
anticancer agents. 

 Nina Entelis, Ivan Tarassov, and colleagues have developed mitochondria-targeting 
RNA vectors for the delivery of therapeutic oligoribonucleotides into human mitochondria. 
Their group provides a detailed protocol for the transfection of cultured human cells with 
small recombinant RNA molecules as well as methods for characterizing the mitochondrial 
transfection effi ciency. Genetic transformation of mitochondria in multicellular eukaryotes is 
of fundamental importance for basic investigations and for applications to gene therapy or 
biotechnology. Andre Dietrich’s group has developed a strategy to target nuclear transgene-
encoded RNAs into mitochondria in plants. In their chapter they give a detailed protocol for 
mitochondrial targeting of trans-cleaving ribozymes destined to knockdown organelle RNAs 
for regulation studies, inverse genetics, and biotechnological purposes. 

 Allotopic expression (AE) of mitochondrial proteins, i.e., nuclear localization and tran-
scription of mtDNA genes followed by cytoplasmic translation and transport into mito-
chondria, has been suggested as a strategy for gene replacement therapy in patients 
harboring mitochondrial DNA mutations. Carl Pinkert and David Dunn describe the use 
of AE for transgenic mouse modeling of the pathogenic human T8993G mutation in 
mtATP6 as a case study for designing AE animal models. 

 There is increasing evidence that exposure to air pollutants is associated with human 
disease and may act through epigenetic modifi cation of the nuclear genome, but there have 
been few publications describing their impact upon the mitochondrial genome. Hyang- 
Min Byun and Timothy M. Barrow describe a protocol for the isolation of mitochondrial 
DNA from peripheral blood samples and the analysis of 5-methlycytosine content by 
bisulfi te- pyrosequencing. Stanislaw Pshenichnyuk and Alberto Modelli describe the appli-
cation of two complementary experimental techniques, Electron Transmission Spectroscopy 
(ETS) and Dissociative Electron Attachment Spectroscopy (DEAS), for studying the trans-
fer of electrons unto xenobiotics in the intermembrane space of mitochondria. Additional 
support of experimental procedures by suitable quantum-chemical calculations is described 
in detail and illustrated by an example of ETS/DEAS study of rhodamine which shows rich 
fragmentation under gas-phase resonance electron attachment. 
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 The link between mitochondrial dynamics and human pathologies has spawned signifi -
cant interest in developing methods for screening proteins involved in mitochondrial 
dynamics as well as small molecules that modulate mitochondrial dynamics. Antonio 
Zorzano and Juan Pablo Munoz describe in their chapter functional screening protocols for 
the in vitro examination of mitochondrial parameters such as mitochondrial morphology, 
reactive oxygen species (ROS) levels, mitochondrial calcium, and oxygen consumption 
rate. Dysfunctional mitochondria communicate via retrograde signaling with the nucleus 
leading to cell stress adaptation by changes in nuclear gene expression. Mitochondria to 
nucleus signaling pathways have been widely studied in  Saccharomyces cerevisiae , where 
retrograde-target gene expression is regulated by RTG genes. Sergio Giannattasio and 
coworkers describe a method for the assessment of the mitochondrial retrograde pathway 
activation in yeast cells based on monitoring the mRNA levels of a variety of RTG-target 
genes. Adaptations to energy stress or altered physiological condition can be assessed by 
measuring changes of multiple bioenergetic parameters. Dmitri Papkovsky and Alexander 
Zhdanov describe a simple methodology for high-throughput multiparametric assessment 
of cell bioenergetics, called Cell Energy Budget (CEB) platform, and demonstrate its prac-
tical use with cell models. 

 Viable disease models for mitochondrial DNA diseases are much needed for elucidating 
genotype/phenotype relationships and for improving disease management. Alessandro 
Prigione discusses the potential advantages and critical challenges for the utilization of 
induced pluripotent stem cells (iPSCs) from patients affected by mtDNA disorders for 
modeling debilitating mtDNA diseases. 

 Heteroplasmic mice can be used for studying the segregation of different mtDNA hap-
lotypes in vivo against a defi ned nuclear background. Thomas Kolbe and colleagues describe 
two methods involving either the transfer of ooplasm or the fusion of two blastomeres for 
the creation of such mice models. 

 H. van der Spek and coworkers describe a robust and effi cient method for visualizing 
and quantifying mitochondrial morphology in  Caenorhabditis elegans , which is a preferred 
model for studying mitochondrial defi ciencies caused by disease or drug toxicity. Their 
method allows for a comprehensive analysis of mitochondrial morphology. Mitochondrial 
DNA (mtDNA) is a useful and reliable biomarker of UV-induced genetic damage in both 
animal and human skin. Mark Birch-Machin and Amy Bowman describe in their protocol 
chapter the assessment of UV-induced mtDNA damage, including the extraction of cellular 
DNA, qPCR to determine the relative amount of mtDNA, and qPCR to determine 
UV-induced damage within a long strand of mtDNA. 

 Mitochondrial dysfunction is associated with the pathogenesis of septic disorders, even-
tually leading to a decline in energy supply. Matthias Hecker and colleagues give a protocol 
for assessing the infl uence of short- and medium-chain fatty acids on mitochondrial respira-
tion using high-resolution respirometry under infl ammatory and baseline conditions. Hun- 
Kuk Park and Gi-Ja Lee describe the application of Atomic Force Microscopy (AFM)-based 
shape analysis for the characterization of nanostructural changes of mitochondria. The 
authors use AFM to study mitochondrial swelling in heart mitochondria during myocardial 
ischemia-reperfusion injury employing a rat model. In some tissues such as the heart, 
abnormal mitochondrial fusion and fi ssion can go along with mitochondrial apoptosis, but 
its contribution as cause vs. a consequence remains to be defi ned. Catherine Brenner and 
her group give a protocol for the isolation of fresh mitochondria from rat heart by a 
 procedure adapted to the myofi brillar structure of the tissue, and they describe several min-
iaturized enzymatic assays for probing mitochondria-mediated apoptosis. The pathogenesis 
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of Parkinson’s disease (PD) is poorly understood and under intensive investigation. 
Mitochondrial dysfunction has been linked to the sporadic form of PD. Daniella Arduino’s 
group describes a method for the generation of cytoplasmic hybrid cells as a cellular model 
of sporadic PD which is based upon the fusion of platelets harboring mtDNA from PD 
patients with cells in which the endogenous mtDNA has been depleted. JC-1, a commer-
cially available fl uorescence dye, is widely used for measuring changes in the mitochondrial 
membrane potential. Dorit Ben-Shachar and coworkers show that JC-1 can also be used to 
follow alterations in mitochondrial distribution and mitochondrial network connectivity. 
The authors describe various applications of JC-1 staining to study mitochondrial abnor-
malities in different cell types derived from schizophrenia patients and healthy subjects. 

 We are extremely grateful to all authors for having spent signifi cant parts of their valu-
able time to contribute to this book. It is our hope that together we have succeeded in 
providing an essential source of know-how and a source of inspiration to all researchers 
who are as fascinated as we are about this tiny organelle which so much seems to control 
life and death of a single cell and the whole organism alike. Last but not least we would like 
to thank John Walker, the series editor of  Methods in Molecular Biology , for having accepted 
our book proposal, which originated from our efforts in organizing a series of annual con-
ferences on Targeting Mitochondria, the fi fth one of which has taken place in October 
2014 in Berlin, Germany (  www.targeting-mitochondria.com    ). We are also grateful to John 
Walker for his unlimited guidance and help throughout the whole process. 

 I (V.W.) would like to thank my wife, Angelina Lynn Weikel, for her understanding and 
strong support throughout the duration of this project.  

     Glendale, AZ, USA     Volkmar     Weissig   
 Paris, France     Marvin     Edeas    
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    Chapter 1   

 Preparation of “Functional” Mitochondria: 
A Challenging Business 

           Stefan     Lehr     ,     Sonja     Hartwig    , and     Jorg     Kotzka   

    Abstract 

   As the powerhouse of the cell, mitochondria play a crucial role in many aspects of life, whereby mitochon-
drial dysfunctions are associated with pathogenesis of many diseases, like neurodegenerative diseases, obe-
sity, cancer, and metabolic as well as cardiovascular disorders. Mitochondria analysis frequently starts with 
isolation and enrichment procedures potentially affecting mitochondrial morphology having impact on 
their function. Due to the complex mitochondrial morphology, the major task is to preserve their struc-
tural integrity. Here we critically review a commonly used isolation procedure for mitochondria utilizing 
differential (gradient) centrifugation and depict major challenges to achieve “functional” mitochondria as 
basis for comprehensive physiological studies.  

  Key words     Isolation of mitochondria  ,   Differential gradient centrifugation  ,   Mitochondrial integrity  

1       Introduction 

 Since their naming in 1898 by Carl Benda, the importance of mito-
chondria mediating several fundamental cellular processes is con-
stantly growing. Due to the fact that mitochondria dysfunctions are 
involved in the pathophysiology of a wider variety of human dis-
eases [ 1 ], dissecting mitochondria physiology is a main focus of 
recent biomedical sciences. Approximately    1 in 200 individuals 
bears a pathogenic mutation in mitochondrial genes [ 2 ], affecting 
mitochondrial biogenesis and inheritance and therefore containing 
the risk to develop severe diseases including neurodegenerative dis-
eases, aging, obesity, cancer, and metabolic as well as cardiovascular 
disorders [ 3 – 7 ]. This underlines the importance to characterize 
exact composition and function of mitochondria in order to under-
stand their role in cellular metabolism more precisely. In this con-
text a major task of all this associated studies is to preserve the 
pristine mitochondrial structural integrity for analysis, which is 
indispensably linked to functionality of the organelles. Due to the 
complex organelle morphology enclosed by two membranes, 
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i.e., the outer membrane with a large number of specialized pro-
teins (porins) enabling pass of molecules less than 5,000 Da and the 
inner membrane exhibiting a folding (cristae) to increase the sur-
face area containing the complex respiratory transport chain, being 
critical for ATP production, and last but not least the matrix har-
boring the wide variety of enzymes for metabolic pathways, e.g., 
citric acid cycle, mitochondrial ribosomes, tRNAs, and mitochon-
drial DNA, the preparation of mitochondria approximating the 
in vivo situation is tremendously challenging.  

2     Isolated Mitochondria: Addressing Composition and Function 

 In order to dissect mitochondrial composition as well as function 
in detail and to allow direct manipulation of mitochondria by 
exposure to specifi c substrates and inhibitors, the major part of 
conducted studies are utilizing isolated mitochondria [ 8 ,  9 ], 
achieved from diverse cellular and tissue sources. These isolation 
procedures most frequently are based on the fundamental work of 
George Pallade’s group [ 10 ], done more than 60 years ago. They 
introduced a differential centrifugation work fl ow enabling separa-
tion of almost pure organelles with high yield, which have paved 
the way for such revolutionary discoveries like the oxidative phos-
phorylation mechanism [ 11 ], discovery of mitochondrial DNA 
[ 12 ], or the description of the mitochondrial ultrastructure [ 13 ]. 
Although today diverse adapted methods are available to face 
almost all kinds of sample sources and scientifi c questions [ 14 – 21 ], 
preparation of functional mitochondria refl ecting approximately 
the in vivo situation is still challenging.  

3     First Step: The Inevitable 

 It is supposed that mitochondria in vivo develop complex tubular 
branched structures [ 22 ,  23 ], which are signifi cantly different from 
the relatively homogeneous circular organelles occurring during 
standard isolation techniques [ 9 ]. It has been commonly assumed 
that isolation of mitochondria inevitably comes along with disruption 
of the native mitochondrial morphology. Thereby, the mitochondria 
network is disrupted and sealed again, which probably leads to a par-
tial loss of soluble mitochondrial proteins [ 24 ]. Up to now the func-
tional consequences are largely unknown. In this context studies 
comparing functionality of isolated mitochondria with mitochondria 
within permealized cells, leaving the organelles in their native sur-
rounding [ 25 ], indicate impairments of mitochondrial function, e.g., 
regarding mitochondrial respiration [ 24 ,  26 ]. Accordingly, it should 
be carefully considered that during data interpretation the common 
assumption isolated mitochondria preserve their complete function-
ality and composition will not be valid in any case.  

Stefan Lehr et al.
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4     Isolating “Intact” Mitochondria: A Challenging Business 

 Despite the known limitations, proper isolated mitochondria keep 
their compartment properties and provide a powerful tool for in- 
depth analysis, especially when comparing samples achieved under 
identical conditions [ 9 ]. Accordingly, many scientifi c fi elds com-
prising metabolite and protein transport up to dynamic remodel-
ing of mitochondria as well as recent biomedical concerns benefi t 
from isolated, almost pure mitochondria. 

 The most frequently applied method for isolation is differential 
centrifugation [ 8 ], whereby in a fi rst step, cell or tissue samples are 
carefully homogenized in an appropriate buffer preventing damag-
ing of the organelles by mechanical forces, chemical reactions, or 
osmosis. In order to separate components of different sizes and 
densities, e.g., cellular organelles, the homogenate is subjected to 
repeated centrifugation consecutively increasing sedimentation 
forces, enabling a rough fractionation of the cellular environment. 
In order to achieve pure organelles, i.e., mitochondria, the last 
purifi cation step is an equilibrium density gradient centrifugation. 
Samples are centrifuged at high g-forces in a buffer gradient, e.g., 
sucrose gradient, concentrating the target organelles in a concen-
tration range of comparable density (isopycnic point), resulting in 
high pure mitochondria. 

 Although most studies are carried out based on this general 
isolation strategy, different sample sources and special scientifi c 
requirements need specifi c adaptions of the used protocols [ 9 ,  19 –
 21 ], in order to achieve optimal results regarding purity as well as 
functionality. In the literature a confusing diversity regarding uti-
lized sedimentation forces, buffer compositions for homogeniza-
tion, and gradient compositions are available, which should be 
carefully reviewed before use. In the end the choice of a suitable 
separation protocol depends on the researcher’s requirements 
regarding organelle purity, yield, activity, and structural integrity. 
In some cases the most important factor is purity, whereby activity, 
yield, and preparation time may be less important. In studies 
exploring cellular compartment metabolism, high activity of the 
organelles is often the most important requirement. For higher- 
throughput experiments in comprehensive studies where many 
samples are to be compared, it is important to shorten the time for 
sample preparation. 

 From our point of view, the differential gradient centrifugation 
approach, closely monitored by appropriate quality control methods, 
offers the most valuable compromise between applied efforts (man 
power, expenses) and achievable yield, purity, activity, and functional 
integrity. In order to achieve valid results, isolation of “functional” 
mitochondria based on this methodology has some basic require-
ments and should follow a general work fl ow (Fig.  1 , upper panel) 
illustrated and described in    Chapter 2. This basic protocol provides a 
useful starting point for the isolation of mitochondria by differential 

Preparation of “Functional” Mitochondria: A Challenging Business
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  Fig. 1    Impact of sample freezing on mitochondria structural integrity. Centrifugation-based isolation of mito-
chondria is performed according to a general strategy consisting of three major processing steps shown in the 
 upper panel . (1) Careful sample homogenization using a Potter, Douncer, or Ultraturrax device. (2) Consecutive 
differential centrifugation to separate cellular compartments according to size and density. (3) Increasing 
organelle purity due to equilibrium density gradient centrifugation, e.g., linear sucrose gradient, which enables 
concentration of mitochondria in the gradient fraction of comparable density (isopycnic point). To illustrate the 
importance of choosing appropriate sample material, the  lower panels  show a comparison of isolated mito-
chondria from fresh and frozen material. Measurement of citrate synthase (CS) activity, an enzyme in situ 
exclusively located in the mitochondrial matrix, allows monitoring structural integrity of mitochondria during 
processing. CS release and therefore signifi cant CS activity in the homogenate (extramitochondrial activity) 
suggest disruption of mitochondria structure. To assign the total CS activity as control, CS activity of complete 
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gradient centrifugation. It describes preparation in detail and guide 
through critical steps of the separation method and how to control 
them regarding yield and organelle functionality. In laboratory rou-
tine frequently separation protocols are utilized, which pass the last 
centrifugation step through a density gradient, which requires an 
ultracentrifuge and some experience.    Fractionation solely by different 
sedimentation forces, also known as g-forces, is also applied in com-
mercial available isolation kits but anyway results in a decreased 
enrichment performance [ 9 ].  

 In addition to the discussed differential (gradient) centrifuga-
tion strategy, it is important to mention that isolation of mito-
chondria using integrated zone electrophoresis on a free-fl ow 
electrophoretic device [ 9 ,  18 ] represents a relevant alternative for 
preparing high purity organelles, which are particularly appropriate 
for comprehensive proteomic studies. The major drawback of this 
method is that a special instrument, i.e., a free-fl ow apparatus, is 
necessary and that processing is time consuming and needs special 
expertise. Additionally, a protocol was described combining simple 
differential centrifugation with a fi nal purifi cation of mitochondria 
utilizing anti-TOM22 magnetic beads. This reproducible protocol 
has been described to be suitable for various tissues yielding in the 
isolation of highly pure mitochondria avoiding non-mitochondrial 
contaminations [ 27 ]. Both methods provide pure mitochondria 
fractions with structural integrity, but come along with much 
higher costs than applied for differential gradient centrifugation 
methods.  

5     Reproducibility and Quality Control: Guarantee for Successful Analysis 

 Many    recent studies in the fi eld of biomedical research addressing 
potential mitochondrial dysfunction require analysis of properties 
in a highly parallel fashion. In order to achieve valid results, there-
fore, it is crucial to utilize a standardized processing. In this con-
text it would be advantageous to collect the samples successively 
and store them in a freezer before use. Accordingly, one could 
think that starting with frozen material for mitochondria isolation 
would simplify the work fl ow signifi cantly. But unfortunately, the 
most striking prerequisite to isolate functional mitochondria is to 
use fresh (not frozen) material. Investigating the impact of sample 

Fig. 1 (continued) lysed mitochondria samples was set as 100 %. Comparing activity levels of CS, in the homog-
enate of fresh and frozen samples, impressively shows that initial freezing destroys mitochondria structure and 
induces a release of CS from the mitochondrial matrix. This results in an eightfold increase in CS activity in the 
homogenate. Accordingly, in case of frozen sample, nearly half of the total CS activity is found outside of the 
mitochondria. In addition to that, electron microscopy (EM) analysis of gradient fractions shows a more or less 
complete loss of the typical mitochondrial cristae structure resulting in blank membrane covers       

Preparation of “Functional” Mitochondria: A Challenging Business
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freezing indicates dramatic consequences on mitochondria 
structure and functionality (Fig.  1 , middle and lower panel; 
 unpublished data). Monitoring the activity of citrate synthase (CS) 
[ 28 ], an enzyme normally exclusively located in the mitochondrial 
matrix, reveals that freezing leads to a strong release of CS from 
the mitochondrial matrix into the homogenate. In contrast to fresh 
material, where approximately 5 % of total CS activity is found in 
the homogenate, in case of frozen material, more than 40 % of CS 
activity can be assigned to the homogenate. This eightfold increase 
indicates that the mitochondria structure is signifi cantly disrupted. 
Corresponding electron microscopy (EM) images confi rm these 
observations and demonstrate loss of structural integrity due to a 
nearly complete destruction of isolated mitochondria expected 
morphology (Fig.  1 , lower panel). Accordingly, these observations 
strongly suggest that frozen material in any case is inappropriate 
for organelle isolation and therefore to study mitochondria com-
position, function, or physiological behavior. Another challenging 
point to enable reliable comparison of a huge number of samples is 
the initial homogenization step. In most laboratories it is per-
formed manually using Potter, Douncer, or Ultraturrax homoge-
nizers, potentially introducing signifi cant variations. The utilized 
forces for homogenization are a highly subjective parameter, which 
carefully have to be validated. 

 Due to the fact that organelle purity and functionality are the 
striking prerequisites for any study addressing isolated mitochon-
dria, monitoring the whole isolation process is mandatory. Without 
an appropriate quality control, regarding mitochondria functional-
ity and purity, no reasonable assessment of the organelle sample is 
possible. In    this context it is important to mention that Western 
blot analysis of organelle-specifi c proteins (e.g., mitochondria 
(anti-Tom20), lysosomes (anti-Lamp-1), endoplasmic reticulum 
(anti-BiP/GRP78), and peroxisomes (anti-catalase)), which is fre-
quently used as a standard method to examine product composi-
tion and therefore the isolation success, only allows detection of 
relative distribution of the dedicated proteins but does not allow 
assignment of mitochondria functionality. A more meaningful 
evaluation, allowing to calculate mitochondria purity, can be 
achieved when additional biochemical assays are used. We recom-
mend measuring activity of marker enzymes specifi c for mitochon-
dria as well as contaminating cell compartments, i.e., succinate 
dehydrogenase for mitochondria, glucose-6-phosphatase for endo-
plasmic reticulum [ 29 ], alkaline phosphatase for plasma mem-
brane, acidic phosphatase for lysosomes [ 30 ], and catalase for 
peroxisomes [ 31 ]. These control assays are easily applicable with 
standard laboratory equipment and enable to calculate organelle 
distribution and to estimate some functional aspects. These assays 
are also very helpful during the establishing phase of the gradient 
centrifugation protocols, in order to select the region within the 

Stefan Lehr et al.
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gradient corresponding to most pure and active mitochondria 
 fraction. In order to assess “functional” integrity, measuring JC-1 
uptake [ 32 ] or oxygen consumption with the principle of a tradi-
tional Clark electrode [ 33 ] as read out for ATP production should 
be mandatory. Both methods are appropriate to monitor the status 
of mitochondrial membrane potential. If possible, additional inves-
tigations of the isolated mitochondria by transmission electron 
microscopy allow assessing structural integrity of the inner and 
outer membranes as well as the mitochondrial matrix. 

 Anyone has to mention disclaiming such investigation tools 
deprives the possibility to make substantiated conclusions about 
organelle integrity and therefore the functional status of the under-
lying preparation. Accordingly, investigation of purity and 
morphology- function relationship should be an inherent part of 
any organelle fractionation procedures in order to avoid working 
with inappropriate sample material.  

6     Conclusion 

 Our recent knowledge suggest that available protocols fail to allow 
isolation of native, functional mitochondria. This has to be consid-
ered, when planning and interpreting the experiments. Emerging 
understanding of structure/function relationship and the effect of 
morphology changes during isolation may help to improve isola-
tion methods or develop novel strategies for in-depth in situ analy-
sis. Nevertheless, proper isolated mitochondria may approximate 
the “intact” status and still provide an indispensable tool to address 
future challenges of mitochondrial participation in the pathophysi-
ology of diverse widespread diseases including neurodegenerative, 
muscular, cardiovascular, and metabolic disorders and cancer.     
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Chapter 2

Isolation and Quality Control of Functional Mitochondria

Sonja Hartwig, Jorg Kotzka, and Stefan Lehr

Abstract

Numerous protocols are available being adapted for different cell or tissue types allowing isolation of pure 
mitochondria trying to preserve their “structural and functional” integrity. In this chapter we intend to 
provide a more general framework introducing differential isopycnic density gradient centrifugation strat-
egy with a special focus sensitizing for the specific challenges coming along with this method and how to 
obtain “functional,” enriched, “intact” mitochondria. Due to the fact that in any study dealing with these 
organelles standardized processing is mandatory. Here we describe a strategy addressing quality control of 
prepared intact mitochondria. The quality control should be an integrated part of all isolation processes. 
The underlying protocol should be seen as starting point and has to be carefully adjusted to cover different 
sample types used for the diverse research questions.

Key words Sample pre-fractionation, Mitochondria enrichment, Isopycnic density gradient centrifu-
gation, Marker enzymes

1 Introduction

Mitochondria biology plays a crucial role in many aspects of life, 
including in pathophysiology of many diseases, like neurodegen-
erative diseases, obesity, cancer, and metabolic disorders [1]. In 
order to dissect the specific role of mitochondria various scientific 
fields benefit from analysis of isolated, almost pure mitochondria. 
Due to the fact, that there is a strong relationship between mito-
chondria structure and functionality, there are strong demands to 
preserve their “structural and functional” integrity during prepara-
tion. Today, numerous protocols are available enabling isolation of 
“pure” mitochondria, including differential gradient centrifuga-
tion [2, 3], affinity purification utilizing coupled antibodies [4] or 
separation by integrated zone-electrophoresis [5]. In this context 
the differential gradient centrifugation strategy offers the most 
valuable compromise between applied efforts (man-power, 
expenses) and achievable yield, purity, activity, and functional 
integrity. In order to achieve high quality mitochondria  appropriate 
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for further detailed investigations moreover it is mandatory to 
monitor functionality and enrichment progress during the entire 
isolation process. Here we describe the preparation of mitochon-
dria in detail and guide through critical steps of the separation 
method and how to control them regarding yield and organelle 
functionality.

2 Materials

 1. Potter S homogenizer with glass cylinders (15 ml) including 
appropriate plunger (for breaking up the tissue in a gentle 
manner).

 2. Ground-in glass douncer (loose fit, for gentle manual 
homogenization).

 3. Centrifuges, corresponding rotors and tubes with capability 
for 11,000 × g-force and 85,000 × g-force, e.g. SS34 Rotor for 
the RC-5b (Sorvall/DuPont) and swing-out rotor SW28 for 
the OptimaL70 (Beckmann).

 4. Homogenization buffer: 225 mM mannitol, 75 mM saccha-
rose, 10 mM Tris/HCl, 0.5 mM EGTA, pH 7.4 and 0.5 mM 
DTT (see Note 1).

 5. Resuspension buffer: 250 mM saccharose, 10 mM Tris/HCl, 
0.5 mM EGTA, pH 7.4, and 0.5 mM DTT (see Note 1).

 1. Gradient mixer.
 2. Ultracentrifuge tubes (e.g. Beckmann tubes for SW28 rotor).
 3. Three different saccharose solutions in resuspension buffer: 

24 % (w/w), 54 % (w/w) and 57 % (w/w) (see Note 2).

1.5 and 2 ml reaction tubes with corresponding stand, incubator 
for 37 °C, the usage of a multipette would be a benefit and a pho-
tometer with corresponding solvent-resistent cuvette to measure at 
405, 410, 490, and 815 nm are needed. For JC-1 Assay a spectro-
fluorometer with an excitation wavelength of 490 nm and an emis-
sion wavelength of 590 nm is needed.

 1. INT solution: 2.5 mg/ml p-Iodonitrotetrazolium in 0.05 M 
Na-dihydrogenphosphate pH 7.5.

 2. Na-succinate solution: 0.01 M Na-succinate in 0.05 M 
Na-dihydrogenphosphate pH 7.5.

 3. Stop solution: 4. Ethylacetate:Ethanol:TCA 5:5:1 (v/v/w).

 1. Nitrophenylphosphate solution: 16 mM p- Nitrophenyl-
phosphate in H2O.

2.1 Mitochondria 
Fractionation

2.2 Linear 
Saccharose Gradient

2.3 Marker 
Enzyme Assays

2.3.1 Succinate 
Dehydrogenase (SDH) 
Assay

2.3.2 Acidic 
Phosphatase Assay

Sonja Hartwig et al.
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 2. Na-acetate solution: 180 mM Na-acetate pH 5.0 (adjustable 
with acetic acid).

 3. Stop solution: 250 mM NaOH.

 1. Nitrophenylphosphate solution: 16 mM p- Nitrophenylphosphate 
in H2O.

 2. Na-borate solution: 250 mM Na-borate pH 9.8 (adjustable 
with NaOH).

 3. Stop solution: 250 mM NaOH.
 4. 1 M MgCl2.

 1. Catalase sample buffer: 20 mM Tris/HCl pH 7.0, 1 % BSA, 
2 % Triton X-100.

 2. Assay buffer: 20 mM Tris/HCl pH 7.0, 1 % BSA, 0.25 % 
H2O2.

 3. Titanyl solution: Dissolve 22.5 mg titanium oxy sulfate sulfuric 
acid hydrate in 100 ml 1 M sulfuric acid (see Note 3).

 1. Saccharose buffer: 250 mM saccharose, 100 mM EDTA 
pH 7.2.

 2. Cacodylate buffer: 100 mM cacodylic acid sodium salt adjusted 
to pH 6.5.

 3. Glucose-6-phospat solution: 100 mM glucose-6-phospat  
(see Note 4).

 4. Potassium-dihydrogenphosphate solution: 200 μM Potassium 
dihydrogenphosphate in H2O.

 5. TCA Solution: 8 % trichloroacetic acid in H2O.
 6. Fiske-SubbaRow reagent: Dissolve 0.75 g sodium sulfite in 

5 ml H2O. Also dissolve 6.85 g sodium disulfite and 0.125 g 
Amino-2-hydroxynaphthalin-4 sulfonic acid in 50 ml 
H2O. Mix both solutions and store it in a tightly capped 
amber bottle (see Note 5).

 7. Ammonium-heptamolybdate solution: 0.48 % ammonium 
heptamolybdate in H2O (w/v).

 1. 5× storage buffer: 50 mM HEPES, 1,25 M saccharose, 5 mM 
ATP, 0.4 mM ADP, 25 mM sodium-succinate, 10 mM 
K2HPO4, 5 mM DTT. Weigh out all ingredients and dissolve it 
in H2O 90 % of calculated end volume (e.g. for 100 ml add 
90 ml). Adjust pH to 7.5 with concentrated NaOH and fill up 
with H2O to 100 % of calculated volume. Pass the buffer 
through a 0.2 μm filter and store 5–15 ml aliquots at −20 °C.

 2. 5× JC-1 assay buffer: 100 mM MOPS, 550 mM KCl, 50 mM 
ATP, 50 mM MgCl2, 50 mM sodium-succinate, 5 mM 

2.3.3 Basic 
Phosphatase Assay

2.3.4 Catalase Assay

2.3.5 Glucose-6- 
Phospatase (G-6-Pase) 
Assay

2.3.6 JC-1 Uptake Assay

Isolation and Quality Control of Functional Mitochondria
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EGTA. Weigh out all ingredients and dissolve it in H2O 90 % 
of calculated end volume (e.g. for 50 ml add 45 ml). Adjust 
pH to 7.5 with concentrated NaOH and fill up with H2O to 
100 % of calculated volume. Pass the buffer through a 0.2 μm 
filter and store 2–5 ml aliquots at −20 °C.

 3. JC-1 stain: Dissolve 25 μg JC-1 (5,5′,6,6′-tetrachloro- 
1,1′,3,3′tetraethylbenzimidazol carbocyanine iodide) in 25 μl 
DMSO (see Note 6) to obtain a solution with 1 μg/μl (resulting 
concentration is 1.53 mM).

3 Methods

Here we describe a protocol for reproducible mitochondria 
isolation from mouse liver with isopycnic saccharose gradient 
centrifugation. The general workflow and some typical electron 
microscopy images from such a preparation are shown in Fig. 1. 
Also an  example result for enzymatic quality check is presented 
in Table 1.

Fig. 1 Mitochondria isolation work flow shows the consecutive steps from homogenization, differential cen-
trifugation up to the density gradient. Purification progress among the different processing steps is visualized 
by electron microscopy

Sonja Hartwig et al.
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 1. Pipette 4 ml 57 % saccharose solution in a 36 ml ultracentrifuge 
tube (for SW28 Beckmann rotor) as a pillow and place it in an 
angular tube stand.

 2. Build up the gradient mixer, assure that you can stir the solu-
tion in the first chamber and put a blunt cannula at the end of 
the hose.

 3. Fill 15 ml low 24 % saccharose solution in the first chamber 
and 15 ml 54 % saccharose solution in the second.

 4. Position the blunt cannula in the angular positioned tube tight 
above the 57 % pillow and fix it with a clip.

 5. Open the taps and let the saccharose solutions flow by gravity 
into the tube (see Note 7).

 6. Pull the blunt cannula carefully out, right the tube and store it 
at 4 °C until use.

 1. Use a fresh liver tissue sample (obtained within 1 h of sacrifice) 
kept on ice in homogenization buffer.

 2. Wash mice liver twice with 2 volumes of homogenization buf-
fer and mince it into pieces with scissors.

 3. Transfer liver pieces (in total about 1.5 g) to the 15 ml glass 
cylinder and add tenfold (w/v) homogenization buffer.

 4. Homogenize the liver pieces by ten strokes with the ground-in 
glass dounce (see Note 8).

 5. Take a 10 % aliquot of the homogenate and store on ice  
(see Note 9).

 1. Transfer homogenate to a 15 ml centrifugation tube and 
 centrifuge at 666 × g at 4 °C for 15 min to remove cell debris.

 2. After centrifugation transfer the supernatant to a SS34 cen-
trifugation tube fill up to 30 ml with homogenization buffer 
and centrifuge at 11,000 × g 4 °C for 15 min.

 3. Decant the supernatant and put it aside (mainly cytosolic 
proteins).

 4. Wash the pellet with homogenization buffer by pipetting care-
fully across, to remove the fluffy layer (yellowish layer above a 
darker tawny layer)

 5. Resuspend the tawny pellet in 3–5 ml homogenization buffer, 
take an aliquot, transfer the resuspended pellet to a new SS34 
tube and add up to 30 ml with homogenization buffer and 
centrifuge again at 11,000 × g for 15 min at 4 °C.

 6. Decant the supernatant and put it aside.
 7. Resuspend the resulting tawny pellet in 2–3 ml resuspension 

buffer and again take an aliquot.

3.1 Subcellular 
Fractionation

3.1.1 Preparation 
of Linear Saccharose 
Gradient

3.1.2 Homogenization

3.1.3 Differential 
Centrifugation

Sonja Hartwig et al.
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 1. Layer the resuspended pellet carefully onto a linear sucrose 
gradient.

 2. Carry out centrifugation in a SW28 swing-out bucket rotor at 
85,000 × g for 60 min at 4 °C without brakes (see Note 10).

 3. After centrifugation carefully remove the gradient tube from 
the rotor bucket and the enriched mitochondria show up in 
the middle of the tube as a light brown-yellowish ring.

 4. Collect 2 ml aliquots by pipetting carefully from above in rotary 
movements with a wide-opening pipette tip (see Note 11).

 5. Determine the mitochondrial activity from the aliquots  
by measuring succinate dehydrogenase activity (see 
Subheading 3.3.1) and pool aliquots with highest activity (see 
Note 12).

 6. Dilute pooled aliquots with fivefold volume (v/v) of resuspen-
sion buffer and transfer to SS34 tube follow a centrifugation at 
11,000 × g for 15 min and 4 °C

 7. Resuspend resulting final mitochondria pellet in 1–2 ml resus-
pension buffer.

 8. This mitochondria fraction is ready for further experiments 
including quality control assays.

Protein measurements from all steps of the mitochondria prepara-
tion should be done. Therefore take 10–20 μl of each fraction/
aliquot and mix it up with the same amount of 1 M NaOH to 
denature for protein measurement with standard Bradford assay.

With all these enzyme assays you can measure the protein activity 
per ml and calculate the specific activity with the values from pro-
tein content and therefore protocol your mitochondria enrichment 
and decrease of other organelles during preparation. For the differ-
ent enzyme activity assays you need different dilutions of your 
samples: succinate-dehydrogenase delivers good results with a 
sample/aliquot dilution of 1:10 and 1:20, acidic phosphatase with 
1:8 and 1:16, catalase 1:10, basic phosphatase pure and 1:2 and 
glucose-6-phosphatase 1:10 (see Note 13).

The succinate-dehydrogenase catalyze the oxidation from succi-
nate to fumarate under release of hydrogen. In vivo FAD would be 
reduced to FADH2, but under these test assay conditions the 
p-Iodonitrotetrazolium (INT), an artificial electron acceptor 
would be reduced to formazan, which turns from colorless to rusty 
red and can be measured at 490 nm.

 1. Produce the INT solution: 100 μl for each sample/dilution is 
needed.

 2. Prepare 2 ml reaction tubes with 20 μl of diluted samples and 
one only with resuspension buffer as a blank.

3.1.4 Isopycnic Density 
Gradient Centrifugation

3.2 Protein 
Measurement

3.3 Marker 
Enzyme Assays

3.3.1 Mitochondria: 
Succinate-Dehydrogenase 
(SDH) (See Ref. 6)

Isolation and Quality Control of Functional Mitochondria
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 3. Add 300 μl Na-succinate solution to each tube and incubate 
for 10–20 min at 37 °C.

 4. Add 100 μl INT solution and incubate 10 min at 37 °C.
 5. Stop the enzyme reaction by adding 1 ml stop solution.
 6. Centrifuge the tubes for 2 min at 20,000 × g to get rid of 

precipitates.
 7. Measure the extinction of supernatants at 490 nm.
 8. Calculate the activity per ml and the specific activity:

D

m
mE V V

d t

´

[ ]´ [ ]´ [ ]
=

[ ]
[ ]

[ ] [ ]E ml P ml

mol ml molcm cm
mol

ml

/

/ min mine

ΔE: extinctions difference (measured value − measured blank).
VE/VP: enzyme assay volume/added sample volume, i.e. the 

entire dilution factor of the measured sample in the assay.
εmol: molar extinctions coefficient [ml/μmol cm] (for INT it is 

0.0134).
d: thickness of used cuvette [cm].
t: incubation time Na-succinate solution with sample before 

adding INT solution.

Calculate the specific activity [μmol/mg min] in your sample 
by simple dividing through the protein concentration of the mea-
sured sample.

The acid phosphatase has a working optima at pH 4–5. In this 
assay the conversion from p-nitrophenylphosphate and H2O to 
p-nitrophenol is the enzymatic step and with a pH-increase by 
adding NaOH the “produced” nitrophenol shift to nitrophenolate- 
ions and the solution gets yellow color and extinction could be 
measured at 410 nm.

 1. Prepare an assay mix with 16 mM p-Nitrophenylphosphate 
solution and the 180 mM Na-acetate solution (1:1, v/v).

 2. Prepare 1.5 ml reaction tubes and add 25 μl of recommended 
sample dilutions and use resuspension buffer as blank.

 3. Add 200 μl assay mix solution to each tube and incubate for 
20–30 min at 37 °C.

 4. Stop the enzyme reaction by adding 600 μl stop solution to 
each tube.

 5. Centrifuge the tubes for 2 min at 20,000 × g to get rid of 
precipitates.

 6. Measure the extinction of supernatants at 410 nm.

3.3.2 Lysosomes: Acid 
Phosphatase (See Ref. 7)

Sonja Hartwig et al.
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 7. Calculate the activity per ml and the specific activity:

D

m
mE V N

d t

´

[ ]´ [ ]´ [ ]
=

[ ]
[ ]

[ ] [ ]E ml P ml

mol ml molcm cm
mol

ml

/

/ min mine

ΔE: extinctions difference (measured value − measured blank),
VE/VP: enzyme assay volume/added sample volume, i.e. the 

entire dilution factor of the measured sample in the assay.
εmol: molar extinctions coefficient [ml/μmol cm] here for con-

verted nitrophenol is 0.521
d: thickness of used cuvette [cm]
t: incubation time

Calculate the specific activity [μmol/mg min] in your sample 
by simple dividing through the protein concentration of the mea-
sured sample.

The basic phosphatase has a working optima at pH 9–10. In this 
assay the conversion from p-nitrophenylphosphate and H2O to 
p-nitrophenol is the enzymatic step and with a pH-increase by 
adding NaOH the “produced” nitrophenol shift to nitrophenolate- 
ions and the solution gets yellow color and extinction could be 
measured at 410 nm.

 1. Prepare an assay mix with nitrophenylphosphate solution and 
the Na-borate solution (1:1, v/v). Also add 1 M MgCl2 to a 
final concentration in the assay mix of 2 mM (i.e. 2 μl in 1 ml)

 2. Prepare 1.5 ml reaction tubes with 25 μl of pure and diluted 
samples and use resuspension buffer as blank.

 3. Add 200 μl assay mix solution to each tube and incubate for 
20–30 min at 37 °C.

 4. Stop the enzyme reaction by adding 600 μl stop solution to 
each tube.

 5. Centrifuge the tubes for 2 min at 20,000 × g to get rid of 
precipitates.

 6. Measure the extinction of supernatants at 410 nm
 7. Calculate the activity per ml and the specific activity:

D

m
mE V N

d t

´

[ ]´ [ ]´ [ ]
=

[ ]
´[

[ ] [ ]E ml P ml

mol ml molcm cm
mol

ml

/

/ min mine ]]

ΔE: extinctions difference (measured value − measured blank),
VE/VP: enzyme assay volume/added sample volume, i.e. the 

entire dilution factor of the measured sample in the assay.

3.3.3 Plasma Membrane: 
Basic Phosphatase  
(See Ref. 7)

Isolation and Quality Control of Functional Mitochondria
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εmol: molar extinctions coefficient [ml/μmol cm] here for 
c onverted nitrophenol is 0.521,

d: thickness of used cuvette [cm],
t: incubation time.

Calculate the specific activity [μmol/mg min] in your sample 
by simple dividing through the protein concentration of the mea-
sured sample.

The Catalase converts hydrogen peroxide to water and hydrogen. 
Titanoxid sulfat build up a yellow complex with hydrogen perox-
ide and the extinction of this complex could be measured at 
405 nm (see Note 14).

 1. Prepare the titanyl solution fresh (see Note 3).
 2. Test assay buffer by adding 1 ml titanyl solution to 500 μl assay 

buffer, centrifuge for 5 min at 20,000 × g and measure extinc-
tion from the supernatant at 405 nm. The value should be 
between OD 0.5–0.6. If this is not the case you have to pre-
pare the assay buffer fresh (see Note 15).

 3. Mix 10 μl of the sample with 30 μl of the catalase sample buffer 
and do all further steps on ice (see Note 16).

 4. Add 500 μl from the tested assay buffer and stop the reaction 
by adding 1 ml titanyl solution exactly after 1 min.

 5. Centrifuge samples for 5 min at 20,000 × g.
 6. Measure the extinction at 405 nm against water and your 

“positive” blank (see Note 17).
 7. Define E405nm 0.001 = 0.001 U/ml and calculate the difference 

from extinction measured from sample to the “positive” blank 
and also calculate the activity and specific activity for catalase as 
follow:

DE V N

d t

´

[ ]´ [ ]´ [ ]
=

[ ]
[ ]

[ ] [ ]E ml P ml

mol ml U cm cm
U

ml

/

/ min mine

ΔE: extinctions difference (measured “positive” blank − mea-
sured value)

VE/VP: enzyme assay volume/added sample volume, i.e. the 
complete dilution factor of the measured sample in the 
assay.

εmol: molar extinctions coefficient [ml/U cm] adaption 
0.001 = 1 U (see Note 18).

d: thickness of used cuvette [cm]
t: incubation time before addition of titanyl solution

3.3.4 Peroxisome: 
Catalase (See Ref. 8)

Sonja Hartwig et al.
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Calculate the specific activity [U/mg min] in your sample by 
simple dividing through the protein concentration of the measured 
sample.

The glucose-6-phosphatase (G-6-Pase) dephosphosphorylate 
G-6-P to glucose and free phosphate. Colorimetric measurement 
of free phosphate content could be done by Fiske-SubbaRow 
method. In this assay a blue complex is formed, when free phos-
phate is mixed with ammonium molybdate and 1-amino-2- 
naphthol-4-sulfonic acid, and could be measured at 815 nm. 
Important for this enzyme assay is to measure next to a blank the 
sample without or with substrate. To calculate the nmol/ml con-
centrations a standard curve with potassium hydrogen phosphate 
has to be measured.

 1. Prepare Fiske-SubbaRow-mix freshly by adding 3.75 ml Fiske-
SubbaRow- reagent and 10 ml perchloric acid (60 %) to 
86.25 ml ammonium-heptamolybdate solution.

 2. For each sample you have to measure two values, one without 
substrate (endogenous Pi) and one with substrate (G-6-P) for 
enzymatic dephosphorylation combine in 2 ml tubes:

For endogenous value
(a) 100 μl cacodylate buffer
(b) 100 μl saccharose buffer
(c) 100 μl H2O

For enzymatic value
(a) 100 μl cacodylate buffer
(b) 100 μl saccharose buffer
(c) 100 μl glucose-6-phosphate solution.

 3. By adding 100 μl sample to each tube the enzymatic reaction 
is started.

 4. Incubate all samples for 30 min at 37 °C.
 5. During incubation prepare a standard curve with the potas-

sium hydrogen phosphate as replicates (0, 20, 50, 100, 150–
200 nmol/ml). The volume of each standard sample is 1 ml 
(see Note 19).

 6. Stop the enzymatic reaction (step 4) in the sample tubes by 
adding 1.5 ml 8 % TCA solution to each tube.

 7. Centrifugate the sample for 10 min at 1,000 × g to get rid of 
precipitates.

 8. Transfer 1 ml of the resulting supernatant to a new 2 ml tube 
and add 1 ml of the fresh prepared Fiske-SubbaRow-mix to 
each tube and also to the samples of the standard curve.

3.3.5 Endoplasmic 
Reticulum: Glucose-6- 
Phophatase (See Ref. 9)

Isolation and Quality Control of Functional Mitochondria
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 9. Vortex all samples and incubate for 30 min at RT.
 10. Measure the standard curve, basal, and enzymatic samples  

at 815 nm.
 11. Generate a x/y-graph with values from standard curve, y-axis is 

OD and x-axis the known free phosphate (Pi) amount [nmol].
 12. To calculate the produced Pi amount subtract the endogenous 

from the enzymatic OD, read off the Pi value from the stan-
dard curve and calculate the enzymatic activity as follows:

Pi nmol ml ml ml nmol
ml

E P/ /

min min
]́ [ ] [éë ùû
[ ]

=
[ ]
[ ]

V V

t  

VE/VP: enzyme assay volume/added sample volume, i.e. the 
complete dilution factor of the measured sample in the assay.

t: incubation time before addition of titanyl solution.

Uptake measurement of the fluorescent carbocyanine dye (JC-1) is 
a surrogate parameter for mitochondrial inner membrane integrity 
because its only possible if electrochemical proton gradient is 
formed. Depending upon the transmembrane electric field JC-1 
will be uptake into mitochondrial matrix and if concentration 
raised more than 1 mM a red-orange fluorescence will occur at 
590 nm, due to aggregation of dye within the matrix.

 1. Prepare 1× buffer from storage and JC-1 assay buffer by 1:5 
(v/v) dilution in H2O.

 2. Prepare solution of the samples with storage buffer in a protein 
concentration of 0.4 mg/ml.

 3. From this prepare a dilution row where you apply in total 10, 
20, 30, and 40 μg protein in a volume of 100 μl (filled up with 
storage buffer) in a 2 ml reaction tube.

 4. Add 1.9 ml 1× JC-1 assay buffer to each sample of the dilution 
row.

 5. Add 2 μl JC-1-stain to the lid of the reaction tube.
 6. Close the tube and vortex directly.
 7. Incubate the samples 10 min at RT in the dark.
 8. Read the fluorescence of samples in a spectrofluorometer with 

an excitation wavelength of 490 nm and an emission wave-
length of 590 nm.

 9. Generate an x/y-graph with values from four samples of the 
dilution row, x-axis is the amount of protein and y-axis is the 
fluorescence at 590 nm.

3.3.6 Mitochondria 
(Functional Integrity): JC-1 
Uptake Assay (See Ref. 10)

Sonja Hartwig et al.
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 10. Calculate the fluorescence produced in the original sample per 
mg protein:

DFL dil FLU
mgP

´
´

=
V C

FLU: fluorescence units
mgP: milligram protein
ΔFL: fluorescence (sample) − fluorescence (blank)
dil: dilution factor to prepare 0.4 mg/ml sample dilution
V: Volume of the sample in [ml]
C: protein concentration [mg/ml]

4 Notes

General note: Especially in face of the complexity of the workflow 
and the enormous biological variability it appears that an extraor-
dinary diligence in each step of the analysis is of great importance. 
This begins with the first experimental step i.e. sample collection 
and preparation, which frequently is underestimated. In this con-
text the close collaboration between the different scientific disci-
plines and the development of Standard Operation Procedures is 
of particular importance.

 1. First do the pH adjustment of buffers with 2 M NaCl and then 
add required amount of DTT always fresh.

 2. To bring high amounts of saccharose in solution quickly, warm 
up the solutions a little bit (30–40 °C).

 3. The titanyl solution needs up to 30 min at RT to get dissolved 
(clear solution) and is stable and usable at RT for 2 h.

 4. Store the solution at 4 °C, it is stable up to 4 weeks.
 5. Store the solution in an amber bottle, because it is light sensi-

tive. A benefit is to prepare the solution 2 days before use and 
pass the solution through a 0.02 μm filter before storing. The 
solution is perishable, if it gets yellowish, throw it away and 
make a fresh one.

 6. Use anhydrous solvents (i.e. in this case dimethyl sulfoxide 
(DMSO)) to dissolve cyanine dyes like JC-1.

 7. Test the gradient linearity by aliquoting the gradient up to 20 
fractions and measure the saccharose concentration with a 
refractometer.

 8. Make sure that the glass douncer reach the bottom of the 
cylinder and that the solution and the equipment kept on ice. 
Prevent negative pressure while douncing by using loose fit 
douncer.

Isolation and Quality Control of Functional Mitochondria
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 9. If you take aliquots from each step of fractionation you can 
easily perform protein content measurement and marker 
enzyme assays. The results show the mitochondria enrichment 
and decrease of other organelles. For example see Table 1.

 10. The running down without brakes from here used high 
g-forces increase the standby time, therefore you can go for 
lunch

 11. It is important to use a pipette tip with a wide opening to col-
lect the gradient suspension carefully from the top of the 
surface.

 12. The highest mitochondria content is located in a density of 
about 42 % saccharose. The refractometer measurement helps, 
next to SDH activity assay to identify the correct fraction.

 13. For marker enzyme assays different solution are needed and 
best use resuspensions buffer for all samples.

 14. In this assay the decrease of catalase substrate is the indicator 
for enzyme activity. Adding H2O2 to titanyl solution results in 
yellow solution. If Catalase is present the H2O2 amount 
decreases and the solution get colorless. So the decrease of 
color represents enzymatic activity.

 15. H2O2 is light sensitive, therefore protect the buffer and assay 
samples from light.

 16. The catalase is one of the quickest known enzymes, therefore 
the exact compliance of incubation time and temperature of 
buffers is mandatory.

 17. The positive blank is the maximum amount of H2O2 that could 
be measured within the assay.

 18. There is no molar extinction coefficient known, so to calculate 
a relative activity adapt 0.001 OD difference = 1 arbitrary unit.

 19. This assay is very sensitive to free phosphate (Pi) so it is manda-
tory to use always disposable, phosphate free plastic material, 
because cleaning solution etc. contains and leaves traces of free 
phosphate and therefore influence or rather damage your assay 
measurements.
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    Chapter 3   

 Isolation of Mitochondria-Associated ER Membranes 
(MAMs) and Glycosphingolipid-Enriched Microdomains 
(GEMs) from Brain Tissues and Neuronal Cells 

           Ida     Annunziata    ,     Annette     Patterson    , and     Alessandra     d’Azzo    

    Abstract 

   Subcellular fractionation is a valuable procedure in cell biology to separate and purify various subcellular 
constituents from one another, i.e., nucleus, cytosol, membranes/organelles, and cytoskeleton. The pro-
cedure relies on the use of differential centrifugation of cell and tissue homogenates, but additional purifi -
cation steps now permit the isolation of inter-organellar membrane contact sites. Here, we outline a 
protocol tailored for the isolation of mitochondria, mitochondria-associated ER membranes (MAMs) and 
glycosphingolipid-enriched microdomains (GEMs) from the adult mouse brain, primary neurospheres, 
and murine embryonic fi broblasts (MEFs).  

  Key words     ER  ,   Mitochondria  ,   MAMs  ,   GEMs  ,   Centrifugation  ,   Brain  ,   MEFs  ,   Neurospheres  

1      Introduction 

 By increasing their degree of complexity, eukaryotes have acquired 
a complex network of intracellular compartments and membrane- 
enclosed organelles with distinct biological functions [ 1 ]. 
Increased complexity is achieved mainly by compartmentalization 
of cellular components within cells and by the ability of intracel-
lular organelles to tether their membranes at specifi c membrane 
contact sites. The latter enables the coordinated exchange of 
information between different organelles, thereby infl uencing 
their metabolic activities and functions [ 1 ,  2 ]. To date, the best 
studied membrane contact sites are those that are formed between 
the vast membrane network of the endoplasmic reticulum (ER) 
and the mitochondria at the opening of the IP3R-sensitive Ca 2+  
channel and are known as the mitochondria-associated ER mem-
branes or MAMs [ 3 – 6 ]. The MAMs serve as biological platform 
for a wide range of diverse activities, which are essential for the 
survival of the cell, including Ca 2+  signaling and regulation of 
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mitochondrial Ca 2+  concentration, lipid biosynthesis and 
transport, and energy metabolism [ 3 ,  4 ,  7 – 11 ]. 

 Subcellular fractionation procedures are commonly used to 
isolate organelles and their membrane contact sites from various 
cells and tissues [ 12 ]. In particular, the development of methods 
for the isolation and purifi cation of the MAMs has been central to 
the understanding of the composition and structural organization 
of these microdomains [ 3 ,  4 ,  6 ,  13 – 16 ]. Several protocols have 
been described for the purifi cation of these microdomains primar-
ily from liver tissue [ 16 ,  17 ]. However, it is important to keep into 
consideration the fact that methods applicable for the isolation of 
these microdomains from one tissue type may not be necessarily 
suitable for other tissues. 

 Here, we report a modifi ed protocol for the isolation and puri-
fi cation of mitochondria and MAMs from the adult mouse brain 
and from primary murine neurospheres as well as murine embry-
onic fi broblasts (MEFs). In addition, the procedure includes an 
extra purifi cation step, namely, a Triton X-100 extraction, which 
allows for the isolation of the glycosphingolipid-enriched microdo-
main (GEM) fraction from both the mitochondria and the MAMs. 
These GEM preparations share several protein components with 
caveolae and lipid rafts, derived from the plasma membrane or 
other intracellular membranes, and are proposed to function as 
signaling platforms at specifi c contact sites [ 4 ,  18 ].  

2    Materials 

 Prepare all solutions using ultrapure water and analytical grade 
reagents. All the solutions should be prepared the day before the 
fractionation procedure and stored at 4 °C. 

      1.    2 ml Dounce all-glass tissue grinders.   
   2.    15 ml polypropylene conical centrifuge tubes.   
   3.    30 ml round-bottom glass centrifuge tubes (15 and 30 ml).   
   4.    Ultracentrifuge tubes, ultra-clear, thin wall, 14 × 89 mm.   
   5.    Parafi lm.   
   6.    26 G needles (26 and 30 G).   
   7.    3 ml syringes.   
   8.    Disposable borosilicate glass Pasteur pipettes, 9″       ( See   Note 1 ).  

      1.     Solution A : 0.32 M sucrose, 1 mM NaHCO 3 , 1 mM MgCl 2 , 
0.5 mM CaCl 2  + protease inhibitors ( see   Note 2 ).   

   2.     Solution B : 0.32 M sucrose, 1 mM NaHCO 3  + protease inhibi-
tors ( see   Note 2 ).   

2.1  Equipments

2.2  Solutions

Ida Annunziata et al.
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   3.     Hypotonic buffer : 250 mM sucrose, 20 mM    HEPES pH 7.4, 
10 mM KCl, 1.5 mM MgCl 2 , 1 mM EDTA, 1 mM EGTA + 
protease inhibitors ( see   Note 2 ).   

   4.     Isolation medium : 250 mM mannitol, 5 mM HEPES pH 7.4, 
0.5 mM EGTA, 0.1 % BSA.   

   5.     Gradient buffer : 225 mM mannitol, 25 mM HEPES pH 7.5, 
1 mM EGTA, 0.1 % BSA (fi nal concentration).   

   6.     Discontinuous sucrose gradient : 3 ml 850 mM sucrose (in 
1 mM NaHCO 3 ), 3 ml 1 M sucrose (in 1 mM NaHCO 3 ), 3 ml 
1.2 M sucrose (in 1 mM NaHCO 3 ).   

   7.     30  %  Percoll gradient  with  gradient buffer  8 ml per half brain and 
place in an ultra-clear Beckman centrifuge tube ( see   Note 3 ).   

   8.     GEMs extraction buffer : 25 mM HEPES pH 7.5, 0.15 M 
NaCl, 1 % Triton X-100 + protease inhibitors ( see   Note 4 ).   

   9.     GEMs - solubilizing buffer : 50 mM Tris–HCl pH 8.8, 5 mM 
EDTA, 1 % SDS.       

3    Methods 

       1.    Euthanize mouse in a CO 2  chamber.   
   2.    Immediately remove brain, halve it, place each half in 2 ml 

tubes on ice, and weigh ( see   Note 5 ).   
   3.    Place half brain in a prechilled 2 ml glass Dounce tissue grinder 

containing 1 ml cold Solution A. Homogenize with 15 total 
strokes of a large clearance pestle.   

   4.    Transfer to a 15 ml falcon tube on ice, and dilute homogenates 
up to 10 volumes w/v, e.g., 0.225 g to 2.25 ml.   

   5.    Centrifuge sample at 1,400 ×  g  for 10 min at 4 °C.   
   6.    Carefully remove the supernatant and transfer to a 30 ml 

round- bottom glass centrifuge tube on ice ( see   Note 6 ).   
   7.    Resuspend the pellet in the same 10 % volumes of  Solution A . 

Homogenize in the same grinder, with 3–6 strokes of a small 
clearance pestle, 1 ml at a time.   

   8.    Transfer to a fresh 15 ml falcon tube and centrifuge at 710 ×  g  
for 10 min at 4 °C. This results in a pellet of  nuclei and cell 
debris .   

   9.    Carefully remove the supernatant and pool with the superna-
tant saved in  step 6 .      

       1.    Centrifuge supernatant at 13,800 ×  g  for 10 min at 4 °C.   
   2.    Transfer supernatant to an ultra-clear Beckman centrifuge tube 

on ice.   

3.1  Purifi cation 
and Isolation 
of Mitochondria 
and MAMs 
from Brain Tissue

3.1.1  Removal of Nuclei, 
Intact Cells, and Cellular 
Debris

3.1.2  Isolation of Crude 
Mitochondria

Isolation of MAMs and GEMs
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   3.    Resuspend pellet in 10 volumes  Solution A  with 6 strokes of a 
small clearance pestle. Homogenize in the same grinder, with 
3–6 strokes of a small clearance pestle, 1 ml at a time.   

   4.    Centrifuge as  step 1 .   
   5.    Repeat  steps 2 – 4 .   
   6.    The resulting pellet is an enriched mitochondrial fraction. Pool 

the supernatants (cytosol and ER), cover with Parafi lm, and 
keep on ice.   

   7.    Homogenize the pellet in 4.8 ml/g of  Solution B  with 6 strokes 
of a small clearance pestle ( see   Note 7 ).   

   8.    Using a glass Pasteur pipette, prepare a discontinuous sucrose 
gradient in an ultra-clear Beckman centrifuge tube by adding 
in sequence to the bottom of the tube the following solution: 
(a) pellet resuspended in 0.32 M sucrose, (b) 3 ml 850 mM 
sucrose, (c) 3 ml 1 M sucrose, and (d) 3 ml 1.2 M sucrose. 
Ensure that no bubbles are formed.   

   9.    Centrifuge at 82,500 ×  g  for 2 h at 4 °C. The resulting gradient 
will show from top to bottom three defi ned bands consisting 
of (a) myelin and other membrane contaminants (0.32–0.85 M 
interface); (b) ER, Golgi, and plasma membranes (0.85–1 M 
interface); and (c) synaptosomes (1–1.2 M interface). The pel-
let, consisting of crude mitochondria, is used for the subse-
quent purifi cation steps ( see   Note 8 ).      

      1.    Resuspend the freshly isolated crude mitochondria from one 
half brain in 2 ml isolation medium.   

   2.    Prepare a  30  %  Percoll gradient  with 8 ml  gradient buffer  per 
half brain, and place it in an ultra-clear Beckman centrifuge 
tube.   

   3.    Layer the mitochondrial suspension on top of the prepared 
gradient ( see   Note 9 ).   

   4.    Centrifuge at 95,000 ×  g  4 °C for 30 min.   
   5.    Remove the heavy fraction (lower band) with a glass Pasteur 

pipette, and transfer it to a clean round-bottom glass tube on 
ice. Remove the light fraction (upper band) with another glass 
Pasteur pipette, and transfer to a separate clean round-bottom 
glass tube on ice ( see   Note 10 ).   

   6.    Dilute both fractions collected in     step 5  with 10 ml isolation 
medium and centrifuge at 6,300 ×  g  at 4 °C for 10 min.   

   7.    Discard the supernatant from the heavy fraction obtained in 
 step 6 , resuspend the pellet with another 10 ml isolation 
medium, and centrifuge again, as in  step 6 . The resulting pel-
let will be the  pure mitochondrial fraction .   

3.1.3  Isolation of MAMs

Ida Annunziata et al.
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   8.    Transfer the supernatant from the light fraction obtained in 
 step 6  to an ultra-clear Beckman centrifuge tube on ice. 
Discard the pellet.   

   9.    Dilute the supernatant with isolation medium and centrifuge at 
100,000 ×  g  at 4 °C for 1 h. The resulting pellet will be the 
 MAMs fraction . Carefully remove and discard the supernatant. 

 At this step, you may simultaneously centrifuge the super-
natant saved in  step 6  of Subheading  3.1.2  (isolation of crude 
mitochondria). The pellet from this centrifugation will be the 
 ER fraction  and the supernatant the  cytosolic fraction .       

  Start with two subconfl uent T75 fl asks of MEFs (~20 × 10 6  cells) 
and fi ve T75 fl asks of neurospheres (~15 × 10 6  cells) ( see   Note 11 ). 

      1.    Harvest both cell cultures, centrifuge, and wash the cell pellets 
with cold 1× PBS.   

   2.    Keep on ice.   
   3.    Centrifuge cells at 235 ×  g  (Beckman tabletop centrifuge) for 

10 min.   
   4.    Remove PBS and resuspend cell pellets in 0.5 ml of  hypotonic 

buffer  per T75 fl ask, and transfer in 2 ml Eppendorf tubes.   
   5.    Incubate on ice for 30 min.   
   6.    Disrupt cells using 3 ml syringes by passing them through a 

26 G needle for 30 times, followed by a 30 G needle for 20 
times ( see   Note 12 ).   

   7.    Centrifuge cells at 750 ×  g  (Eppendorf centrifuge) at 4 °C for 
10 min. The pellet contains nuclei and intact cells.   

   8.    Transfer supernatant to clean tube and centrifuge at 10,000 ×  g  
(Eppendorf centrifuge) at 4 °C for 20 min. The resulting pellet 
represents the crude mitochondria or heavy membrane frac-
tion (HM fraction) ( see   Note 13 ).   

   9.    Collect and store supernatant from  step 8  in an ultra-clear 
Beckman centrifuge tube covered with Parafi lm on ice.      

      1.    Resuspend the freshly isolated crude mitochondria in 2 ml iso-
lation medium.   

   2.    Prepare a  30  %  Percoll gradient  with  gradient buffer  (8 ml), 
and place it in an ultra-clear Beckman centrifuge tube.   

   3.    Layer mitochondrial suspension on top of the prepared gradi-
ent ( see   Note 14 ).   

   4.    Centrifuge at 95,000 ×  g  at 4 °C for 30 min.   

3.2  Purifi cation 
and Isolation 
of Mitochondria 
and MAMs from MEFs 
and Neurospheres

3.2.1  Removal of Nuclei, 
Intact Cells, Cellular 
Debris, and Isolation 
of Crude Mitochondria

3.2.2  Isolation of MAMs

Isolation of MAMs and GEMs
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   5.      (a)  Remove from the gradient the lower band containing 
purifi ed mitochondria (heavy fraction) using a glass Pasteur 
pipette, and transfer it to a round-bottom glass tube on 
ice. 

 (b) Remove the upper band containing the MAMs (light frac-
tion) with a clean glass Pasteur pipette, and transfer it to a 
separate round-bottom glass tube on ice ( see   Note 15 ).   

   6.    Dilute both fractions collected in  step 5  with 10 ml of isola-
tion medium and centrifuge at 6,300 ×  g  at 4 °C for 10 min.   

   7.    Discard the supernatant from the heavy fraction obtained in 
 step 6 , resuspend the pellet with 10 ml isolation medium, and 
centrifuge again, as in  step 6 . The resulting pellet will be the 
 pure mitochondrial fraction .   

   8.    Transfer the supernatant from the light fraction obtained in 
 step 6  to an ultra-clear Beckman centrifuge tube on ice. 
Discard the pellet.   

   9.    Dilute the supernatant with isolation medium and centrifuge at 
100,000 ×  g  at 4 °C for 1 h. The resulting pellet will be the 
 MAMs fraction . Carefully remove and discard the supernatant.   

   10.    Centrifuge the supernatant collected in  step 8  at 100,000 ×  g  
(28,500 rpm, Beckman ultracentrifuge) at 4 °C for 1 h. The 
resulting pellet represents the ER/microsomes fraction. The 
supernatant represents the cytosolic fraction.       

      1.    Lyse pure mitochondria and/or MAM fractions in 500 μl–1 ml 
of  extraction buffer  on ice for 20 min.   

   2.    Centrifuge lysates at 15,294 ×  g  at 4 °C for 2 min.   
   3.    Collect the supernatants (Triton X-100 soluble material), and 

recentrifuge the pellets for 2 min to remove remaining soluble 
material ( Triton X - 100 extracted mitochondria and / or Triton 
X - 100 extracted MAMs ).   

   4.    Solubilize pellets in  solubilizing buffer . This solubilized mate-
rial represents the  GEMs fraction .      

  The protocols as outlined are highly reproducible. After isolation 
and purifi cation of mitochondria, ER, MAMs, and GEMs, the 
individual subcellular fractions are resuspended in a lysis buffer, 
separated on SDS-polyacrylamide gels, and blotted onto PVDF 
membranes. Western blots are then probed with a battery of 
 antibodies against specifi c protein markers that will verify the purity 
of the individual fractions and their protein composition. Pure 
mitochondrial preparations should be devoid of both ER and cyto-
solic markers. The close apposition between ER and mitochondrial 
membranes at the MAM contact sites explains the presence of both 
ER and mitochondrial markers (Fig.  1a ), such as calreticulin and 

3.3  Extraction 
of GEMs 
from Mitochondria 
and MAMs Isolated 
from Brain Tissue 
and Cells

3.4  Anticipated 
Results

Ida Annunziata et al.
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TOMM20, in the purifi ed MAMs. These preparations can also be 
probed with bona fi de markers for the MAMs, i.e., FACL4 
(Fig.  1b ) and PACS2. As outlined above, the MAMs can be further 
extracted with Triton X-100 to obtain the GEMs, a procedure that 
was fi rst developed in our laboratory. These microdomains, which 
contain components of lipid rafts and/or caveolae, should be cave-
olin- 1 positive (Fig.  1c ).  

 In addition, we have analyzed crude mitochondria by electron 
microscopy and analyzed the MAMs as the number of ER vesicles 
juxtaposed to individual mitochondria (Fig.  2 ).    

4    Notes 

     1.    Precool the glass tubes and homogenizers in ice.   
   2.    Add fresh protease inhibitors to the different solutions.   
   3.    Make gradient buffer more concentrated (1.43 times) to achieve 

correct fi nal concentration after diluting Percoll to 30 %.   
   4.    Add fresh protease inhibitors to the solution.   
   5.    Keep brain halves separate throughout the entire procedure. 

The following applies to the treatment of a single brain half.   

  Fig. 1    ( a ) Immunoblots of crude mitochondria (MITO), ER, purifi ed mitochondria 
(MITO P), and MAMs probed with anti-TOMM20 and anti-calreticulin (CALR), 
markers of mitochondria and ER, respectively. ( b ) Immunoblots of the same frac-
tions as in ( a ) probed with the anti-FACL4, a marker of the MAMs. ( c ) Immunoblots 
of GEMs extracted from MAM preparations of  β - gal   +/+ , and  β - gal   −/−  brains were 
probed with caveolin-1 antibody (Cav-1). Adapted from a research that was 
originally published in  Molecular Cell  [ 4 ]       
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   6.    Make sure not to disturb the pellet.   
   7.    Gr refers to the original brain weight.   
   8.    Store a small amount of the crude mitochondrial fraction for 

subsequent tests.   
   9.    Layer mitochondrial suspension on top of the gradient slowly 

to avoid any bubbles.   
   10.    Remove fi rst the heavy fraction and then the light fraction. 

A defi ned, milky band containing purifi ed mitochondria sepa-
rates at the bottom of the ultracentrifuge tube, while the 
MAMs fraction appears as a diffuse and broad band above the 
mitochondrial band.   

   11.    The number of cells is given as starting point. To increase the 
yield of the obtained fractions, it may be necessary to scale up 
the initial number of cells to be used for the fractionation 
experiments.   

   12.    It is crucial to perform this step on ice.   
   13.    Store a small amount of the crude mitochondria for subse-

quent tests.   
   14.    Layer mitochondrial suspension on top of the gradient slowly 

to avoid any bubbles.   

  Fig. 2    A representative electron micrographs of crude mitochondria isolated from  β - gal   +/+  and  β - gal   −/−  brains. 
 Asterisks  mark ER vesicles juxtaposed to mitochondrial membranes. This research was originally published in 
 Molecular Cell  [ 4 ]       
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   15.    Remove fi rst the heavy fraction and then the light fraction. 
A defi ned, milky band containing purifi ed mitochondria sepa-
rates at the bottom of the ultracentrifuge tube, while the 
MAMs fraction appears as a diffuse and broad band above the 
mitochondrial band.         
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    Chapter 4   

 Fluorescence Analysis of Single Mitochondria 
with Nanofl uidic Channels 

           Ted     Pham    ,     Katayoun     Zand    ,     Douglas     Wallace    , and     Peter     Burke    

    Abstract 

   Single mitochondrial assays are uncovering a new level of biological heterogeneity, holding promises 
for a better understanding of molecular respiration and mitochondria-related diseases. Here, we present a 
nanoscale approach to trapping single mitochondria in fl uidic channels for fl uorescence microscopy. 
We fabricate the nanofl uidic channels in polydimethylsiloxane and bond them onto a glass slide, creating 
a highly reproducible device that can be connected to external pumps and mounted to a microscope. 
Having a unique nanoscale cross section, our channels can trap single mitochondria from a purifi ed mito-
chondrial preparation fl own across. Compared with the traditional fl uorescence method to monitor single 
mitochondrial membrane potential with glass slides and open fl uidic chambers, our nanofl uidic channels 
reduce background fl uorescence, enhance focus, and allow ease in experimental buffer exchanges. Hence, 
our channels offer researchers a new effective platform to test their hypotheses on single mitochondria.  

  Key words     Mitochondria  ,   Membrane potential  ,   Depolarization  ,   Nanofl uidic channels  ,   PDMS  , 
  JC-1  ,   TMRM  ,   OXPHOS  

1      Introduction 

 There are many research and clinical motivations driving the devel-
opment of high-throughput techniques to study the biophysical 
and biochemical properties of individual (rather than ensemble) 
mitochondrion. These motivations arise fundamentally from the 
established relationship between mitochondrial dysfunction and 
hereditary disorders as well as age-related diseases. Furthermore, 
while there is a growing body of evidence that mitochondria do 
not all behave identically, even within the same cell, and that this 
functional heterogeneity has important clinical manifestations, 
the advent of high-throughput techniques can aid in quantifying 
and studying this heterogeneity among different patients, organs, 
tissues, and even cells, under different chemical conditions, as well 
as a function of the age of an organism. 
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 A wide range of degenerative disease symptoms have been 
linked to mitochondrial disorders. It has become increasingly evi-
dent that mitochondrial dysfunction contributes to a variety of 
age-related human disorders, ranging from neurodegenerative and 
neuromuscular diseases, stroke, and diabetes to ischemia- 
reperfusion injury and cancer [ 1 ,  2 ]. Multiple diseases have been 
identifi ed that result from mutations in the mitochondrial DNAs 
(mtDNAs) (see our website:   http://mitomap.org    ). These genetic 
diseases have a very different genetics because each human cell 
contains hundreds of mitochondria and thousands of copies of 
mtDNAs, which are inherited through the oocyte cytoplasm and 
thus are maternally transmitted. Furthermore, the mtDNA has a 
high mutation rate, undoubtedly due to its direct exposure to 
mitochondrial ROS. When a new mtDNA mutation arises in a cell, 
this creates a mixed intracellular population of mtDNAs, a state 
termed heteroplasmy [ 3 ]. As the percentage of mutant mtDNAs 
increases, the mitochondrial energetic capacity declines, ROS pro-
duction increases, and propensity for apoptosis increases. 
Consequently, diseases of the mitochondria have a delayed-onset 
and progressive course [ 1 ]. Since the mitochondria are the major 
endogenous source of ROS and ROS is thought to damage cells 
and DNA during the aging process, damage to the mitochondria 
and the mtDNA is likely to be the aging clock [ 4 ,  5 ]. 

 The empirical link between a genetic defect in an electron 
transport chain (ETC) component and a clinical pathology (spe-
cifi cally Leber’s hereditary optical neuropathy, LHON, a neuro-
logical disease) was discovered by one of us in 1988 [ 6 ]. Since that 
time, researchers around the world have identifi ed numerous 
genetic causes of ETC defi ciencies, and genetic mitochondrial dis-
ease is now thought to occur in 1 in 5,000 births [ 7 ]. 1 in 200 
individuals is thought [ 8 ] to harbor deleterious mutations in ETC 
coding genes, which do not present clinically, because the hetero-
plasmy of mitochondria allows both defective and healthy ETC 
mtDNA to exist in the same individual and even the same cell [ 3 ]. 

 In Parkinson’s diseases it has been demonstrated that mitoph-
agy, a cellular process that eliminates damaged mitochondria with 
low membrane potential, is compromised [ 9 ,  10 ]. However, the 
pathways leading to mitophagy as well as compromising the pro-
cess are not completely understood and studies are underway. 

 These three examples (aging, hereditary mitochondrial disor-
ders, and neurodegenerative diseases) provide strong motivation 
for methods to study the properties of mitochondria at the indi-
vidual mitochondria level in a platform compatible with high- 
throughput screening. In this chapter, we present a platform in an 
attempt to forward the effort of such technology. Specifi cally, we 
aim to address the current technological obstacles in studying 
mitochondrial functional heterogeneity such as background fl uo-
rescence, photobleaching, mitochondria movement out of the 
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plane of focus, and diffi culties in precise delivery of substrates. Our 
solution comprises nanofl uidic channels whose suitable topogra-
phy can trap single mitochondria for fl uorescence analysis [ 11 ]. 
Using a single-step soft lithography, we create channels with a mul-
tiple height profi le including a trapezoidal cross section of 500 nm 
high and 2 μm wide. This particular geometry of our channel can 
mechanically trap single mitochondria while reducing background 
fl uorescence and eliminating the out-of-focus issue. Connected to 
an external pump, our channels can deliver controlled amounts of 
respiratory substrates and inhibitors to the trapped mitochondria. 
As a result, we present an improved platform to monitor single 
mitochondrial membrane potential by performing fi rst a quick 
trapping step then fl uorescence microscopy. Interested researchers 
applying this simple methodology can perform similar assays on 
single mitochondria using different experimental buffers.  

2    Materials 

 Use ultrapure water with resistivity of 18.2 MΩ*cm to prepare all 
solutions. 

      1.    Chrome photomask with channel patterns ( see   Note 1 ).   
   2.    Four-inch silicon wafer (University Wafer, Boston, MA, USA).   
   3.    Piranha solution: 3 parts sulfuric acid and 1 part hydrogen 

peroxide ( see   Note 2 ).   
   4.    Hexamethyldisilazane, Sigmacote (Sigma-Aldrich, St. Louis, 

MO, USA).   
   5.    Positive photoresist Microposit SC1827, Microposit MF-319 

developer (MicroChem, Newton, MA, USA).   
   6.    Silicone    elastomer and curing agent (Sylgard 184, Dow 

Corning, Midland, MI, USA).   
   7.    0.025 OD × 0.017 ID, 0.500″ length stainless steel pins (New 

England Small Tube, Litchfi eld, NH, USA).      

      1.    Karl Suss MA6 aligner.   
   2.    Oxygen plasma cleaner (Harrick Plasma, Ithaca, NY, USA).   
   3.    Spin coater (Laurell Technologies, North Wales, PA, USA).   
   4.       Hexamethyldisilazane (HMDS) priming oven (YES, Livermore, 

CA, USA).      

      1.    HeLa cells    (ATCC, Manassas, VA, USA).   
   2.    Culture media: Minimum essential medium, 10 % fetal bovine 

serum. Add 50 mL fetal bovine serum to 500 mL minimum 
essential medium. Store at 4 °C. 1 % penicillin-streptomycin 
solution    (ATCC, 30-2300) is optional.   

2.1  Nanofl uidic 
Channel Components

2.2  Fabrication 
Equipment

2.3  Cell Culture 
Components

Fluorescence Analysis of Single Mitochondria with Nanofl uidic Channels
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   3.    0.25 % trypsin-EDTA 1× phenol red. Store at −20 °C.   
   4.    Phosphate-buffered saline of pH 7.2 without calcium and 

magnesium.   
   5.    Vented tissue culture T-75 fl asks.   
   6.    Dounce homogenizer: Pyrex 5 mL Potter-Elvehjem tissue 

grinder with PTFE pestle (Corning, Tewksbury, MA, USA).   
   7.    Isolation buffer: 210 mM mannitol, 70 mM sucrose, 1 mM 

EGTA, 5 mM HEPES, and 0.5 % BSA, pH 7.2 ( see   Note 3 ). 
Store at 4 °C.   

   8.    Basal respiration buffer: 2 mM MgCl 2 , 10 mM NaCl, 140 mM 
KCl, 0.5 mM EGTA, 0.5 mM KH 2 PO 4 , and 20 mM HEPES, 
pH 7.2 ( see   Note 4 ). Store at 4 °C.   

   9.    Stock solutions of respiratory substrates and inhibitors: 2 mM 
rotenone, 500 mM succinate, 500 mM malate, 20 mM CCCP, 
and 10 mM ADP ( see   Note 5 ).   

   10.    Protease inhibitor cocktail (Thermo Scientifi c, Waltham, MA, 
USA) ( see   Note 6 ).   

   11.    Pierce™ BCA protein assay kit (Thermo Scientifi c, Rockford, 
IL, USA).      

  Obtain all dyes from Life Technologies, Grand Island, NY, USA.

    1.    JC-1 assay kit: Store at 4 °C. Make 200 μM JC-1 with DMSO 
immediately prior to use.   

   2.    TMRM: Make and divide 10 mM TMRM in DMSO to 4 μL 
aliquots. Store at −20 °C.   

   3.    MitoTracker ®  Green (MTG): The dye comes in 20 aliquots of 
50 μg. Store at −20 °C. Prepare fresh by fi rst thawing then 
adding 74 μL of DMSO to 1 mM. Dilute in experimental buf-
fer to 100 nM fi nal concentration.      

  Experiments can be performed with any comparable setup to the 
following:

    1.    Inverted microscope Olympus IX-71 with 4×, 20×, and 60× 
objectives.   

   2.    TRITC and FITC fi lter sets.   
   3.    X-Cite 120PC Q fl uorescence light source (Lumen Dynamics, 

Mississauga, Ontario, Canada).   
   4.    12-bit monochromatic QIclick-F-M-12 CCD camera 

(QImaging, Surrey, British Columbia, Canada).   
   5.    NE-4000 programmable double syringe pump (Pump Systems, 

Farmingdale, NY, USA).       

2.4  Fluorescent Dyes

2.5  Microscope 
Setup

Ted Pham et al.



39

3    Methods 

 Perform all procedures at room temperature unless otherwise 
noted. Use a chemical fume hood to handle hazardous chemicals 
and a biosafety cabinet for biological samples. 

         1.    Clean a silicon wafer with 120 °C piranha solution for 1 h. 
Rinse the wafer thoroughly with ultrapure water. Dry the wafer 
with nitrogen gas stream and dehydrate it at 120 °C on a hot 
plate for 1 h.   

   2.    Prime the wafer with hexamethyldisilazane to improve photo-
resist adhesion ( see   Note 7 ).   

   3.    Spin coat Microposit SC1827 positive photoresist at    3,500 rpm 
for 30 s. The photoresist should cover 75 % of the wafer prior 
to spin coating. Prebake at 90 °C for 30 min in a convection 
oven.   

   4.    Load the prebaked wafer and the chrome photomask into the 
Karl Suss MA6 mask aligner. Use soft contact setting and expo-
sure dosage at 160 mJ/cm 2 .   

   5.    Use 300 mL Microposit MF-319 in a glass beaker to develop 
the exposed wafer. Swirl the beaker gently to promote the 
developing process. The developing should take around 25 s. 
Perform occasional checking of the patterns with a microscope 
and adjust the developing time to ensure accurate development 
the fi rst time.   

   6.    Postbake is not necessary. The mold is ready to use at this point 
(Fig.  1a ).       

      1.    Mix silicone elastomer and curing agent thoroughly at a 10:1 
weight to volume ratio. Degas PDMS for 40 min in a vacuum 
desiccator. We use 40 g of silicone elastomer and 4 mL of the 
curing agent.   

   2.    Place the    silicon mold into a Petri dish. Use a disposable plastic 
pipette to dispense a few drops of Sigmacote onto the mold 
and let it dry in a fume hood for 40 min. This step aids with 
the release of PDMS from the mold later.   

   3.    Pour the degased PDMS onto the mold. Blow away any sur-
face bubbles with a plastic pipette. Place the mold in a 60 °C 
curing oven overnight.   

   4.    After curing, cut and peel individual PDMS devices from the 
mold (Fig.  1c, d ). Punch out inlet and outlet holes in PDMS 
using 23-gauge stainless steel needles with inner diameter of 
0.017″ and outer diameter of 0.025″.   

3.1  Silicon Mold 
Fabrication

3.2  PDMS Device 
Fabrication

Fluorescence Analysis of Single Mitochondria with Nanofl uidic Channels
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   5.    Clean glass slides with piranha solution at 120 °C for 1 h on 
the same day with cutting PDMS devices.   

   6.    To promote adhesion between glass surface and PDMS slaps 
containing the channels, expose the two surfaces to 70 W oxy-
gen plasma treatment at 100 mTorr for 20 s. Immediately 
bond the PDMS slap and the glass slide and incubate the device 
at 70 °C for 20 min ( see   Note 8 ).      

      1.    Grow HeLa cells in T-75 fl asks. Replace cell culture media 
every 2 days and passage 1–4 every 4 days. Keep the cells in 
exponential growth phase.   

   2.    Harvest cells at 95 % confl uence in two T-75 fl asks on the days 
of experiment.   

   3.    Wash the cell pellet with phosphate-buffered saline. Perform 
all subsequent steps on ice at 4 °C.   

   4.    Replace PBS with 1 mL isolation buffer and transfer the solu-
tion containing cells to a Dounce homogenizer.   

   5.    Use 30 downward and circular strokes to shear the cells. Do 
this slowly and on ice ( see   Note 9 ).   

3.3  Cell Culture 
and Mitochondrion 
Isolation

  Fig. 1    ( a ) Fabricated mold on a Si wafer. ( b ) An example of the mask design in L-Edit. ( c ) Bright-fi eld image of 
PDMS channels. ( d ) SEM image of PDMS channels upside down; micro-posts in the larger channel keep the 
wide part from collapsing. ( e ) A typical experimental setup (Panels  c  and  d  adapted from [ 7 ] with permission 
from American Chemical Society.)       
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   6.    Add 3 mL isolation buffer to the homogenizer and transfer the 
homogenate to two 2-mL Eppendorf tubes.   

   7.    Spin at 2,000 ×  g  for 4 min at 4 °C and discard the pellet.   
   8.    Transfer the resulting supernatant to two new Eppendorf 

tubes.   
   9.    Centrifuge at 12,000 ×  g  for 10 min at 4 °C and discard the 

supernatant.   
   10.    Resuspend the pellet in each tube with 300 μL isolation buffer 

and combine into one tube.   
   11.    Centrifuge at 12,000 ×  g  for 10 min at 4 °C. There will be a 

light-colored sediment containing damaged mitochondria 
surrounding a brownish-color pellet. Carefully rid the light- 
colored sediment with a 1–10 μL micropipette tip from the 
pellet. Discard the supernatant.   

   12.    Resuspend the purifi ed pellet with 1 mL isolation buffer and 
centrifuge at 12,000 ×  g  for 10 min.   

   13.    Resuspend the pellet with 100–200 μL basal respiration buffer 
in a small tube ( see   Note 10 ).   

   14.    Dilute to a fi nal protein concentration of around 50 μg/mL.   
   15.    Label mitochondria with fl uorescent dyes: Add JC-1 or TMRM 

to the mitochondrial suspension to a fi nal concentration of 
300 nM or 100 nM, respectively. MitoTracker ®  Green can also 
be used concurrently with TMRM ( see   Note 11 ).      

      1.    Insert a 0.025 OD × 0.017 ID, 0.500″ length stainless steel pin 
in the inlet hole of the PDMS chip for chip-to-tube interface.   

   2.    Connect the chip to the syringe pump using a Tygon tube with 
ID 0.02″ and OD 0.06″.   

   3.    Initially pump respiration buffer to fi ll the channel. Set the 
fl ow rate at 10 μL/h ( see   Note 12 ).   

   4.    Examine the device under a bright-fi eld microscope. Once the 
channel is fi lled and the fl ow is uniform, introduce mitochon-
drial solution into the channel (Fig.  1e ).   

   5.    Monitor the nanochannels with fl uorescence microscope, 
mitochondria will gradually get trapped. Start taking images 
with the fl uorescence microscope ( see   Note 13 ) (Fig.  2 ).    

   6.    After about 2 min, there will be a few mitochondria immobi-
lized in each channel.   

   7.    To investigate the effect of OXPHOS substrates on the mem-
brane potential, swap and pump in the experimental buffer of 
choice, and decrease the fl ow rate to avoid dislodging the 
trapped mitochondria. Let the solution fl ow for a few minutes 
before taking images ( see   Note 14 ).      

3.4  Typical 
Experiment Setup

Fluorescence Analysis of Single Mitochondria with Nanofl uidic Channels
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      1.    We use μ-Manager software to control image acquisition and 
ImageJ to analyze the data.   

   2.    A typical experiment usually lasts 10 min with continuously 
imaging every 5 s with 2.5 s exposure time.   

   3.    Load time-lapse data into ImageJ. Use a 3 × 3 median fi lter to 
remove noise.   

   4.    Draw and defi ne regions of interest by tracing the perimeter of 
each mitochondrion. Use the same area of a region of interest 
and defi ne three background areas in the vicinity of each 
mitochondrion.   

   5.    Measure the intensity for each mitochondrion and subtract the 
averaged background noise.   

   6.    For JC-1 assay, it is useful to establish red-to-green intensity 
ratio to qualitatively compare the mitochondrial membrane 
potential ( see   Note 15 ) (Fig.  3 ).    

   7.    For TMRM assay, co-staining the mitochondria with 
MitoTracker ®  Green helps with the trapping visualization in 
green channel. Once trapping is established, switch to red 
channel and perform time-lapse experiments ( see   Note 16 ) 
(Fig.  4 ).        

3.5  Image 
Acquisition 
and Analysis

  Fig. 2       ( a – f ) Time-lapse images showing sequential addition of mitochondria inside the channels. Each  red 
arrow  indicates new trapped mitochondria in the respective panel.  Dash lines  in panel ( f ) represent the outlines 
of the channels. Mitochondria were stained with 100 nM MTG (Reprinted from [ 7 ] with permission from 
American Chemical Society.)       
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4    Notes 

     1.    We draw the channel design in L-Edit, a computer-aided 
design software, and send the exported graphic design system 
(“*.gds”) fi le to a photomask foundry, e.g., Photo Sciences Inc. 
A chrome photomask is necessary due to the smallest  feature 
size of 2 μm, which is too small for transparent papermask and 

  Fig. 3    JC-1 example experiment ( a ). ( b ) Trapped mitochondria which were stained with JC-1;  red  and  green  
fl uorescence are shown, respectively. ( c ) Overlap of panels ( a ) and ( b ) and the bright-fi eld image of the chan-
nels. ( d ) Histogram of substrate fed (+5 mM pyruvate, 5 mM malate) vs. substrate-deprived mitochondria in 
basal respiration buffer.  N  is the number of observed trapped mitochondria in the channels (Reprinted from [ 7 ] 
with permission from American Chemical Society.)       

  Fig. 4    TMRM example experiment. Two mitochondria are trapped and measured 
in the channels. Their TMRM fl uorescence intensities are tracked and normalized 
by dividing from the fi rst measurement (Reprinted from [ 7 ], with permission from 
American Chemical Society.)       
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fl ood exposure to render faithfully. Our design and gds fi les can 
be provided upon request (Fig.  1b ).   

   2.    Piranha solution is extremely corrosive and must be handled 
with care and inside a chemical fume hood. Wear adequate and 
correct personal protective equipment. To clean one silicon 
wafer, we use 60 mL sulfuric acid and 20 mL hydrogen perox-
ide. Always add hydrogen peroxide to acid. The hot plate 
should be set at 120 °C and run for an hour. Bubbles will 
occur, indicating the cleaning action in effect.   

   3.    To make 250 mL isolation buffer, use 10.25 g mannitol, 6.42 g 
sucrose, 0.05 g EGTA, and 1.192 g HEPES. Add 200 mL 
ultrapure water, and adjust pH to 7.2 with 1 M KOH. Fill 
more ultrapure water to make up 250 mL. Sterile fi lter the 
solution. Make 0.5 % BSA by fi lling 5 g of fat-free BSA (Sigma 
A6003) with ultrapure water to 100 mL. On days of experi-
ment, add 1 mL 0.5 % BSA to 9 mL isolation buffer to achieve 
0.05 % BSA. Store at 4 °C.   

   4.    To make 250 mL basal respiration buffer, use 0.1 g MgCl 2 , 
0.15 g NaCl, 2.609 g KCl, 0.02 g EGTA, 0.017 g KH 2 PO 4 , 
and 1.19 g HEPES. Add 200 mL ultrapure water, and adjust 
pH to 7.2 with 1 M KOH. Fill more water to make up 
250 mL. Sterile fi lter the solution.   

   5.    CCCP is extremely hazardous, make a stock solution with abso-
lute ethanol immediately upon receipt and store at −20 °C. Prepare 
rotenone, succinate, and ADP stock solutions with ultrapure 
water and make aliquots of 100 μL for later use. Except rotenone 
stored at room temperature, other chemicals should be stored at 
−20 °C. Dilute stock solutions with basal respiration buffer.   

   6.    Because proteases released from the disrupted cells can digest 
mitochondria, adding the cocktail prolongs the isolated mito-
chondria’s viability and intactness. Add protease inhibitor 
cocktail to the isolation buffer prior to cell lysing. The stock 
cocktail comes 100×, use 1 part of stock and 99 parts of the 
isolation buffer.   

   7.    Hexamethyldisilazane is used before photoresist spinning to 
make the Si substrate hydrophobic and improve the adhesion 
between the photoresist and the substrate. HMDS can be spin 
coated on the substrate or applied onto the substrate by vapor 
priming method. Best results are achieved by the vapor prim-
ing method.   

   8.    Plasma treatment converts PDMS surface from being hydro-
phobic to hydrophilic. This helps with the adhesion to the 
glass slide and promotes fl uid fl ow through the nanochannels. 
Plasma treatment is not, however, permanent. Hence, the 
devices should be used as soon as they are bonded. To further 
prolong the hydrophilicity, prime the channels with polyvinyl 
alcohol and then wash with ultrapure water.   
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   9.    Other cell lines will require different numbers of homogeniz-
ing strokes. Perform a simple lysing experiment to determine 
an optimal number for your cell lines. Alternatively, use a 
motorized homogenizer [ 12 ].   

   10.    We store the fi nal crude mitochondria isolation in a small tube 
to minimize exposure to surface oxygen. Once isolated, the 
mitochondria have a short useable lifetime of 1–2 h. At this 
point, mitochondrial protein quantifi cation can be performed. 
However, because BSA and EGTA interfere with protein mea-
surements, prepare and use an isolation buffer without BSA 
and resuspend the mitochondrial pellet with basal respiration 
buffer without EGTA. Use at least 100 μL of sample for the 
protein assay.   

   11.    Because TMRM and JC-1 are dynamic dyes, whose distribu-
tion across the mitochondrial inner membrane is dependent on 
the mitochondrial membrane potential, experimental buffers 
should contain the same dye concentration. In contrast, 
MitoTracker ®  Green is also mitochondrial specifi c but does not 
depend on the mitochondrial membrane potential; hence, 
other than an additional incubation with the isolated mito-
chondria for 10 min before use, the dye is not necessary in 
experimental buffers. The addition of MitoTracker ®  Green to 
assays with TMRM is useful to visualize the mitochondria 
because some of them might not be energized enough for 
TMRM fl uorescence.   

   12.    Use the pump in WITHDRAW mode, that is, the syringe 
serves as a waste reservoir, pulling solution away from the vials 
containing experiential buffers and through the channels. We 
fi nd that this approach is easier than pushing the solutions into 
the channels and also allows us to quickly change the experi-
mental buffers by swapping out vials instead of syringes.   

   13.    Use a fast exposure time, e.g., 100–500 μs, to monitor the 
effi ciency of trapping. Initially, to get acquainted with the trap-
ping process, use fl uorescently labeled microbeads with diam-
eter of 1 μm (Life Technologies, Grand Island, NY, USA).   

   14.    To investigate complex II, for example, fl ow in 100 nM 
TMRM, 2 μM rotenone, and 10 mM succinate. To initiate 
mitochondrial respiration, add 50 μM ADP and to uncouple 
ATP synthase and the electron transport chain, use 100 nM 
CCCP. We recommend to prepare experimental buffers with 
the basal respiration buffer. For other components of oxidative 
phosphorylation process, respective experimental buffer solutions 
can be strategically used [ 13 ].   

   15.    Since we have only one detector, we image the red and green 
signals from JC-1 assays asynchronously by manually adjusting 
the fi lter cubes. For time-lapse fl uorescence imaging, the fi lter 
is set to capture the red fl uorescence only. If two detectors are 
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available, simultaneous monitoring of red and green fl uorescence 
can be performed.   

   16.    From our experience, JC-1 works well with comparing mito-
chondria in treated vs. non-treated assessments. In other appli-
cations, JC-1 might not be suitable because of its slow response 
time and its high propensity to photobleaching [ 14 ]. We 
observe a larger extent of photobleaching in using JC-1 com-
pared with TMRM. TMRM has a faster response time but can 
easily bind to PDMS if the channels’ surface is not hydrophilic 
enough, increasing the interfering background fl uorescence. 
This observation is one weakness of our channels. Optimization 
steps such as fi ne-tuning oxygen plasma treatment and priming 
the channels with polyvinyl alcohol might reduce the hydro-
phobicity of PDMS and thus potentially mitigating the prob-
lem. If absolute determination of mitochondrial membrane 
potential is desired, the interested readers can refer to our pre-
vious work [ 15 ] and others [ 16 ].         
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 Optical Microwell Arrays for Large-Scale Studies of Single 
Mitochondria Metabolic Responses 
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    Abstract 

   Most of the methods dedicated to the monitoring of metabolic responses from isolated mitochondria are 
based on whole-population analyses. They rarely offer an individual resolution though fl uorescence 
microscopy allows it, as demonstrated by numerous studies on single mitochondria activities in cells. 
Herein, we report on the preparation and use of microwell arrays for the entrapment and fl uorescence 
microscopy of single isolated mitochondria. Highly dense arrays of 3 μm mean diameter wells were 
obtained by the chemical etching of optical fi ber bundles (850 μm whole diameter). They were manipu-
lated by a micro-positioner and placed in a chamber made of a biocompatible elastomer (polydimethylsi-
loxane or PDMS) and a glass coverslip, on the platform of an inverted microscope. The stable entrapment 
of individual mitochondria (extracted from  Saccharomyces cerevisiae  yeast strains, inter alia, expressing a 
green fl uorescent protein) within the microwells was obtained by pretreating the optical bundles with an 
oxygen plasma and dipping the hydrophilic surface of the array in a concentrated solution of mitochondria. 
Based on the measurement of variations of the intrinsic NADH fl uorescence of each mitochondrion in the 
array, their metabolic status was analyzed at different energetic respiratory stages: under resting state, fol-
lowing the addition of an energetic substrate to stimulate respiration (ethanol herein) and the addition of 
a respiratory inhibitor (antimycin A). Statistical analyses of mean variations of mitochondrial NADH in the 
population were subsequently achieved with a single organelle resolution.  

  Key words     Mitochondria  ,   Fluorescence microscopy  ,   Microwells  ,   Optical fi bers  ,   Polydimethylsiloxane  , 
  Single organelle  ,   Metabolic monitoring  

1      Introduction 

 Methods dedicated to mitochondrial metabolic studies are usually 
performed with large populations of isolated organelles [ 1 ]. In par-
ticular, the fi rst developed method in this fi eld, dedicated to oxygen 
concentration measurements with the so-called Clark electrode, 
requires large quantities of mitochondria (mg amounts of proteins). 
Although this method allowed defi ning standard energetic states 
observed as variations of the oxygen consumption by a population 
of typically millions of mitochondria [ 2 ], it is now demonstrated 
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that mitochondria constituting a cell’s mitochondrial network are 
genetically (heteroplasmy) and metabolically heterogeneous [ 3 – 5 ]. 
Consequently, there is a necessity to monitor metabolic responses 
from individual mitochondria in order to understand the span of 
their activities within a cell or an isolated population. Metabolic 
parameters of major interest include oxygen consumption, ATP 
production, inner membrane potential usually quoted as ΔΨ, sub-
strate and cofactors of the respiratory chain, as well as reactive oxy-
gen species (superoxide ion, hydrogen peroxide) formed as side 
species of oxygen reduction [ 6 ,  7 ]. 

 Metabolic waves involving mitochondria in a single cell have 
been well described owing to confocal fl uorescence microscopy, for 
different cell types including myocytes wherein the mitochondrial 
network is organized along the cytoskeleton [ 8 – 10 ]. Sensitive fl uo-
rescence measurements were less often used for metabolic studies 
on single mitochondria isolated from cells. A few reports were spe-
cifi cally focused on assessing mitochondrial membrane potential 
variations under different conditions of respiratory activation or 
inhibition [ 11 – 13 ]. These studies were achieved with diluted solu-
tions of mitochondria deposited on the surface of a bare or poly-
 L -lysine-modifi ed glass coverslip. We have recently reported that 
the monitoring of single mitochondria could also be successfully 
achieved within wells created in the biocompatible polydimethylsi-
loxane (PDMS) polymer [ 14 ]. Indeed, mitochondria in the solu-
tion were deposited in well structures, which diameter ranged from 
40 μm to 2 mm, and observed owing to their NADH autofl uores-
cence by microscopy. This allowed studying responses within small 
populations of mitochondria, a few tens to a few hundreds simulta-
neously. However, such well structures should be downsized and 
organized within an array in order to isolate each single mitochon-
drion within a cavity and to observe simultaneously a whole popula-
tion of these individual mitochondria [ 15 ]. 

 To achieve that, we took benefi t of the well-ordered organization 
of optical fi ber bundles to create highly dense microwell arrays that 
could match the requirements for individualization, immobilization, 
and observation by fl uorescence of single mitochondria. Such bun-
dles, composed of a few hundreds to a few tens of thousands of single 
micrometric-diameter optical fi bers, have been extensively used for a 
broad spectrum of bioanalytical applications because of their coher-
ent transmission of light throughout but also because of a relative 
ease for their surface modifi cation and structuration [ 16 ,  17 ]. In par-
ticular, depending on the fi ber material’s composition, their glass sur-
face can be etched selectively so as to create a micrometric cavity at 
the end of each optical fi ber in the bundle [ 18 ,  19 ]. Etched optical 
fi ber bundles have been then used as arrays for single- cell or single-
enzyme traps and parallelized analyses [ 20 – 23 ]. In the present work, 
we report on the preparation and use of such an array of optical 
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microwells for the entrapment of a large number of single mitochondria 
and for the kinetic monitoring by fl uorescence of their endogenous 
NADH (reduced nicotinamide adenine dinucleotide) variations 
under activation and inhibition of their respiratory chain.  

2    Materials 

      1.    Growth medium for yeasts: 0.175 % yeast nitrogen base, 0.2 % 
casein hydrolysate, 0.5 % (NH 4 ) 2 SO 4 , 0.1 % KH 2 PO 4 , 2 % lac-
tate (w/v) as carbon source, 20 mg/L  L -tryptophan, 40 mg/L 
adenine hydrochloride, and 20 mg/mL uracil, pH 5.5.   

   2.    Preparation buffer: 0.75 M deionized sorbitol, 0.4 M deionized 
mannitol, 10 mM Tris-maleate, 10 mM Tris- orthophosphate, 
and 0.1 % BSA, pH 6.8.   

   3.    Homogenization buffer: 0.5 M deionized mannitol, 2 mM 
EGTA, 10 mM Tris-maleate, 10 mM Tris-orthophosphate, 
and 0.2 % BSA, pH 6.8.   

   4.    Resuspension buffer: 0.6 M deionized mannitol, 2 mM EGTA, 
10 mM Tris-maleate, and 5 mM Tris-orthophosphate, pH 6.8.   

   5.    Cell weakening buffer: 0.1 M Tris–HCl and 0.5 M 
β-mercaptoethanol, adjusted at pH 9.3 with NaOH.   

   6.    First washing buffer: 0.5 M KCl and 10 mM Tris–HCl, 
adjusted at pH 7 with HCl.   

   7.    Digestion buffer: 1.35 M deionized sorbitol, 1 mM EGTA, 
and 0.1 M dimonophosphate (prepared by mixing disodium 
phosphate 0.2 M to 40.5 % (v/v), sodium phosphate monoba-
sic, 9.5 % (v/v)), pH 7.4.   

   8.    Second washing buffer: 0.75 M deionized sorbitol, 0.4 M 
deionized mannitol, 10 mM Tris-maleate, 10 mM Tris- 
orthophosphate, and 0.1 % BSA, pH 6.8.   

   9.    Homogenization buffer: 0.5 M deionized mannitol, 2 mM 
EGTA, 10 mM Tris-maleate, 10 mM Tris-orthophosphate, 
and 0.2 % BSA, pH 6.8.   

   10.    Experimental buffer: 0.6 M deionized mannitol, 2 mM EGTA, 
10 mM Tris-maleate, and 5 mM Tris-orthophosphate, pH 6.8.   

   11.    Analytical grade 90 % EtOH diluted at 1 and 11 % (v/v) in the 
experimental buffer.   

   12.    Antimycin A (AA) stock solution at 5 mg/mL is diluted fi rst 
400-fold in two steps in 1 % EtOH–MB, to obtain a 20 μM AA 
diluted solution ( see   Note 1 ).   

   13.    Glass fi ber bundle etching solution: NH 4 F, HF, and H 2 O 
(1:3:1 volume ratios).      

2.1  Solutions
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      1.    Silica optical fi ber bundles (3 μm mean diameter each; 850 μm 
mean whole diameter) were purchased from Sumitomo Electric 
Industries, Ltd. (ref. IGN-08/30).   

   2.    Bundles were cleaved with high precision with a dedicated 
optical fi ber cleaver from Vytran© (ref. LDC 400).   

   3.    Polydimethylsiloxane liquid (PDMS) was purchased from 
Momentive Performance Materials Inc. (ref. RTV615 kit).   

   4.    Microwell array bundles were treated before use with a low- 
pressure oxygen plasma generator from Harrick Plasma© (ref. 
plasma cleaner).   

   5.    The fi ber bundle was fi xed in a fi ber chuck from Siskiyou© 
(BFC300) for its easier manipulation.   

   6.    The fi ber chuck is fi xed at a 3D holder/positioner from 
Newport© (ref. 340-RC) for its micrometric manipulation on 
the microscope stage.      

      1.    Experiments were performed with an inverted epifl uorescence 
microscope from Leica© (DMI 6000 model) equipped with a 
camera from Hamamatsu© (ref. ORCA-Flash4.0).   

   2.    Images were collected and analyzed via MetaMorph (Molecular 
Devices©) or ImageJ (NIH free supply) softwares.   

   3.    Statistical analyses of data distributions are performed using 
Origin software (version 8.0, OriginLab©).       

3    Methods 

      1.     Saccharomyces cerevisiae  –  strain BY4742 expressing a green 
fl uorescent protein  ( GFP ). These yeast cells have been trans-
formed with the plasmid pGAL-CLbGFP containing the pre- 
sequence of mitochondrial citrate synthase fused to GFP under 
the control of a GAL1/10 promoter and have been a gift from 
J. P. di Rago, University of Bordeaux, CNRS, IBGC UMR5095, 
Bordeaux, France.   

   2.    Cells are grown aerobically at 28 °C in the specifi c growth 
medium.   

   3.    Cells are harvested in the exponential growth phase, and their 
mitochondria are isolated from protoplasts, according to the 
following procedure.   

   4.    When cell growth exceeds the shift-up, which means in the 
absence of glucose, yeasts are collected in 1 L pots and then 
centrifuged at 3,000 ×  g  for 10 min.   

   5.    Yeasts are pelleted and the culture medium is removed. Then 
2–3 more washings are done with distilled water during which 
the cell pellet is resuspended in distilled water at 5 °C and then 
harvested.   

2.2  Optical 
Microwell Arrays

2.3  Fluorescence 
Imaging

3.1  Mitochondria 
Preparation
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   6.    The cell pellet is resuspended and stirred at 32 °C for 10 min 
in the cell weakening buffer, added at 20 mL per gram of dry 
weight. This step weakens yeast walls by reducing the disulfi de 
bridges of proteins constituting them.   

   7.    After this incubation, the weakening buffer is removed through 
centrifugation at 3,000 ×  g  in the fi rst washing buffer.   

   8.    Once the buffer has been completely eliminated, the weakened 
cell wall is digested by a zymolyase. To do so, add zymolyase 
digestion buffer at a rate of 10 mL per gram of dry weight and 
zymolyase at 10 mg per gram of preparation dry weight, and 
place the mix in an incubator for about 1 h.   

   9.    Digestion can be followed by optical microscopy and spectro-
photometry. Indeed, when the wall is digested, we obtain pro-
toplasts. Unlike yeasts possessing a wall, the protoplasts will 
burst when placed in water. By spectrophotometry at 600 nm, 
we can therefore follow the decrease in the turbidity of the 
solution during digestion, while under microscopy we can esti-
mate the number of yeasts still having an intact wall (i.e., cells 
do not burst when placed in water).   

   10.    When at least 90 % of yeasts are modifi ed into protoplasts, the 
digestion is stopped by cooling. Protoplasts are then centri-
fuged at 13,000 ×  g  for 10 min. Following the whole protocol 
of mitochondria isolation is carried out at cold temperature 
(typically 4 °C).   

   11.    Zymolyase is then removed from the preparation by 2–3 suc-
cessive washings with the fi rst washing buffer.   

   12.    Then, plasma membrane of protoplasts is weakened with a 
moderate osmotic shock in water. Next, protoplasts are resus-
pended in the homogenization buffer and their plasma mem-
brane is ruptured by mechanical pressure potterization.   

   13.    The operation is usually operated few times, the paste being 
resuspended each time in the homogenization buffer.   

   14.    A fi rst centrifugation at 570 ×  g  for 10 min helps to bring down 
the largest cellular debris in a fi rst “P1” precipitate (pellet). 
Meanwhile, the “S1” supernatant thus obtained is centrifuged 
at 13,000 ×  g  for 10 min.   

   15.       P1 pellet contains cellular debris, as well as the mitochondria 
that are not extracted during the fi rst potterization. We then 
undergo a series of new careful potterizations and a series of 
differential centrifugations at 570 ×  g  and 13,000 ×  g  for 
10 min. This allows to increase almost twofold the yield of 
mitochondria isolation.   

   16.    Mitochondria are fi nally resuspended in the experimental buf-
fer, allowing to remove traces of buffers containing BSA used 
in the previous steps. This buffer is the one used throughout 
all further mitochondria manipulation and experiments.   
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   17.    Mitochondria are then homogenized to be frozen in liquid 
nitrogen. They are projected by means of a syringe in a liquid 
nitrogen bath, and the small beads of frozen mitochondria 
thus obtained are placed in cryopreservation tubes at 
−80 °C. They can be stored with confi dence for 2–3 months.      

  A perfectly cleaned and dried glass tube is placed in the ice. A few 
mitochondrial frozen beads are transferred and carefully rubbed in 
the tube, which is rolled between hands. Skin heat is usually suffi -
cient to defreeze in a few seconds such small mitochondria sam-
ples. Then, the sample tube is placed back in ice for storage over 
1 h maximum.  

      1.    Silica optical fi ber bundles, comprising about 30,000 fi bers 
(picture elements), have been used in this study. The mean 
diameters (values ±5 %) of the fi ber bundle and single fi ber are 
850 μm and 3 μm, respectively.   

   2.    The external polymer coating of the fi ber bundle is fi rst 
removed using acetone on a selected area and then placed in an 
automated optical fi ber cleaver to produce a clean-cut and 
extremely fl at fi ber bundle (Fig.  1a ) ( see   Note 2 ).    

   3.    To obtain an array of microwells, the cleaved side is sonicated in 
distilled water for 5–10 s, dried, and then chemically etched by 
dipping it in the specifi c etching solutions for different durations 
(below 60 s). Figure  1b  indicates how microwell volumes can be 
modifi ed with respect to the etching time. In detail, the depth 
analysis of microwell arrays is conducted by vertical cleaving of 
the array fi ber bundle using a sharp blade ( see   Notes 3 – 5 ).      

      1.    Polydimethylsiloxane is prepared in liquid state by mixing the 
two components of the kit in a 10:1 (w/w) and centrifuging it 
during 5 min at    2,000 ×  g  to remove air bubbles.   

   2.    A millimetric surface of a 100 μm thick layer of PDMS is 
obtained by spin coating a droplet of liquid PDMS for 2 min at 
700 rpm, followed by baking at 60 °C overnight and deposition 
on a glass coverslip (0.17 mm thickness) ( see   Notes 6  and  7 ).   

   3.    PDMS barricade (20 mm diameter, 3 mm height) can be pre-
pared by puncturing manually a thick PDMS layer using a uni-
versal punch kit and is positioned on top of the PDMS-coated 
coverslip (Fig.  2 ). A silicon paste is used to stick the PDMS 
barricade on the PDMS-coated coverslip.       

      1.    The fi ber-based optical microwell array is cleaned with distilled 
water under sonication for 5–10 s and dried with an airfl ow.   

   2.    It is treated just before use with a low-pressure oxygen plasma 
(10 min at 300 mTorr of O 2  100 %, maximum power of 

3.2  Defreezing 
Procedure 
of Mitochondria

3.3  Optical Fiber 
Microwell Array 
Preparation

3.4  PDMS: Coverslip 
Preparation

3.5  Experimental 
Procedure 
for Mitochondria 
Imaging
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30 mW) to clean the glass surface and render it hydrophilic 
( see   Notes 9  and  10 ).   

   3.    The fi ber bundle is fi xed in a fi ber chuck for its manipulation 
and fi xing on the micromanipulator, as shown in Fig.  2a .   

   4.    Meanwhile, the PDMS–glass coverslip assembly is placed 
on the inverted microscope platform and immediately fi lled 
with 500 μL of mitochondrial experimental buffer (Fig.  2 ) 
( see   Note 11 ).   

   5.    Observations are achieved using a 63× (N.A. 1.25) oil immer-
sion objective, allowing both large fi eld viewing on the array 
and single mitochondria measurements.   

  Fig. 1    ( a ) Scanning electron microscope (SEM) images of the cleaved optical fi ber microwell array (850 μm 
diameter). ( b ) The cleaved side of the optical fi ber bundle is chemically etched by dipping it into an etching 
solution, with respect to time, to prepare microwell arrays with different volumes. Diameter and depth analysis 
of microwell arrays with different volumes are given. Here, fL = femtoliters       
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   6.    The fi ber bundle is removed from the plasma cleaner after 
10 min and dipped rapidly in a suspension of isolated yeast 
mitochondria at a desired concentration in mitochondrial buf-
fer (dilutions from the mother solution) ( see   Note 12 ).   

   7.    The fi ber array bundle is moved up and down occasionally and 
gently inside the mitochondrial suspension for 2 min to fi ll in 
the microwells with mitochondrial suspension.   

   8.    Then, the fi ber chuck is rapidly placed on the microscope plat-
form via a 3D holder/positioner (Fig.  2 ) in such a way that its 
microwell-structured end faces the objective (direct mode 
observation) while being dipped in mitochondrial buffer 
(500 μL).   

   9.    In bright fi eld mode, the microwell array is brought into focus 
and its position adjusted so that there is a constant gap of 
15–20 μm between PDMS–glass coverslip and fi ber bundle 
surfaces.   

   10.    Flushing of the excessive amount of mitochondria is done by 
removing 100 μL of experimental buffer from the bottom sec-
tion of the PDMS–glass coverslip and injecting it in the fi ber 
array environment (Fig.  3 ) ( see   Note 13 ).    

   11.    Images are collected (exposure time: 200 ms) by measuring 
(one image per minute to minimize photobleaching) the 
intrinsic NADH fl uorescence of mitochondria, fi rst at resting 
stage named Stage 1, over 5–10 min.   

   12.    A respiratory substrate—ethanol (50 μL of a 11 % solution in 
buffer)—is injected and mixed with the experimental buffer 

  Fig. 2    The experimental setup for optical fi ber microwell array experiments: ( a ) the optical fi ber bundle con-
taining the microwell array is inserted in the fi ber chuck for its manipulation via a 3D micromanipulator and ( b ) 
a closer look at the microscope platform and the experimental setup       
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  Fig. 3    ( a ) Schematic representation of the experimental procedure followed for the monitoring of metabolic 
responses from single mitochondria entrapped in the microwell array. ( b )  Left  : imaging of mitochondria entrapped 
within the microwell array created at one face of an optical fi ber bundle. Mitochondria metabolic status is moni-
tored owing to the autofl uorescence of the endogenous NADH. The scale bar is 5 μm.  Right  : typical evolution of 
the NADH fl uorescence of a single mitochondrion within a cavity at three different stages: in the resting state 
(Stage 1), following ethanol (Stage 2) addition, and after antimycin A (Stage 3) addition in the solution surrounding 
the bundle. Variations of the NADH level are evaluated based on intensity profi les in a region of interest centered 
on each mitochondrion spot within a well (schematized by the  yellow rectangle  on the  left  image)       

solution (500 μL) surrounding the array (Stage 2) that gives 
1 % in fi nal. Images are taken immediately after ethanol injec-
tion (one image every minute).   

   13.    Then, 54.5 μL of a respiratory inhibitor—antimycin A 
(21.5 μM)—is injected into the solution bathing the array 
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(Stage 3) that gives 1.8 μM AA in fi nal. Images are taken 
immediately after antimycin A injection (one image every 
minute).   

   14.    After fi nishing with the experiment, microwell array is removed 
carefully and sonicated in distilled water for 10 s to keep it 
clean and use it for another experiment.   

   15.    Remove the array optical fi ber from the chuck and keep it in a 
dry place.   

   16.    For the data analysis, all images are stacked in a fi le. Then, 
regions of interest (squares or circles of length or diameter, 
respectively, corresponding to threefold the larger dimension 
of the mitochondrial fl uorescent spot) are delimited around 
each mitochondrion. Intensity variations can be measured as 
differences between the pixels with maximum (mitochondrial 
fl uorescence) and minimum (representing background) inten-
sities ( see  Fig.  3 ); evolution of NADH intensities is extracted 
from all of images in the stack.       

4    Notes 

        1.    Antimycin A is a hazardous material, so protective clothing 
must be worn.   

   2.    Use a cotton bud for removing the polymer layer on the optical 
fi ber. A perfectly smooth and fl at optical fi ber end face is crucial 
for a successful low refl ectance and imaging of all wells at a 
single plane. So, fi ber cleaving must be done very carefully.   

   3.    Please take all the safety precautions (thick gloves, lab coat, 
goggles, and fume hood) while dealing with HF, which is an 
extremely hazardous chemical. Preserve the etching solutions 
in small vials (1 in. long) having a lid with hole in the middle for 
inserting the fi ber perpendicularly into the etching solution.   

   4.    The dimensions of the microwells are very important here 
because the diffusion time of the analyte is inversely propor-
tional to the height (depth) of the microwell. We chose 
microwells having ~3 μm × 3.5 μm dimensions each, in order 
to have uniform diameter and depths for further analyses of 
single mitochondria.   

   5.    Don’t sonicate the fi ber bundle for too long, this alters pro-
gressively its microstructuration and reduces its fl atness.   

   6.    Use scalpel and self-closing tweezers for cutting and handling 
the PDMS sheet, respectively. Clean the PDMS sheet with 
distilled water and then dry it in a closed chamber, so as to avoid 
any unwanted air dust adhering on top of the PDMS sheet.   
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   7.    Stack the PDMS sheet carefully on top of the cleaned and dried 
coverslip by means of self-closing tweezers in a closed 
chamber.   

   8.    Insert the fi ber bundle into the handling chuck from the 
remote end of the bundle, so that the microstructuration of 
the microwell array won’t get destroyed.   

   9.    The modifi cation of the glass surface chemistry under oxygen 
plasma (100 % O 2 ) clearly improves the hydrophilicity of the 
caveated surface (microwells) and the ability of aqueous solu-
tions to get into the wells. It is observed that the plasma clean-
ing effect does not only increase the packing density 
(entrapment of mitochondria) but also encourages mitochon-
dria to bind to the microwells’ surface for longer times (at least 
30 min), which is a mandatory condition for the quantitative 
monitoring of their fl uorescence during different steps, par-
ticularly when solutions (activators or inhibitors) are injected 
into the surrounding.   

   10.    Frozen samples of the mitochondrial buffer are defrozen on a 
hot water bath fi rst. Then, the solution is passed through a 
syringe fi lter having 0.45 μm pore size.   

   11.    However, it should be noted that this dilution keeps changing 
for each batch of the isolated yeast mitochondria preparation    
(from 3 to 10 times dilution with buffer). It is noted that it 
relies on the mitochondrial protein content (mg protein/mL) 
and the amount of the remained respiration buffer in the sam-
ple of isolated mitochondria before freezing.   

   12.    The desired packing density of the microwell array with mito-
chondria is achieved by repeating the fl ushings and observing 
the trapped mitochondria each time, owing both to their 
expressed GFP fl uorescence and NADH intrinsic fl uorescence.         
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    Chapter 6   

 Deep Resequencing of Mitochondrial DNA 

           Brendan     A.    I.     Payne     ,     Kristian     Gardner    ,     Jonathan     Coxhead    , 
and     Patrick     F.     Chinnery   

    Abstract 

   Detecting and quantifying low-level variants in mitochondrial DNA (mtDNA) by deep resequencing can 
lead to important insights into the biology of mtDNA in health and disease. Massively parallel (“next- 
generation”) sequencing is an attractive tool owing to the great depth and breadth of coverage. However, 
there are several important challenges to be considered when using this method, in particular: the avoid-
ance of false discovery due to the unintended amplifi cation of nuclear pseudogenes and the approach to 
delineating signal from noise at very great depths of coverage. Here we present methods for whole mtDNA 
genome deep sequencing (Illumina MiSeq) and short amplicon deep sequencing (Roche 454 GS-FLX).  

  Key words     Mitochondrial DNA  ,   Deep sequencing  ,   Massively parallel sequencing  

1      Introduction 

 Mammalian cells contain hundreds to tens of thousands of copies 
of the mitochondrial genome per cell. Therefore, mitochondrial 
DNA (mtDNA) mutations frequently coexist with wild-type 
mtDNA within cells, a state known as heteroplasmy. The detec-
tion, quantifi cation, and characterization of low-level heteroplas-
mic mtDNA mutations within tissues are of importance for 
understanding the biology of mtDNA in health and disease (e.g., 
inherited disorders of mtDNA maintenance, neurodegenerative 
disease, and aging) [ 1 ]. Low-level heteroplasmic mutations may 
also confound analyses of inheritance and forensics [ 2 ]. 

 Massively parallel (“next-generation”) resequencing is an 
attractive tool for analyzing low-level heteroplasmic mtDNA muta-
tions. The high throughput allows great breadth of coverage (ana-
lyzing whole mtDNA genomes across multiple samples) and great 
depth of coverage (resolution of very low-level variants). 

 A key challenge in deep resequencing of mtDNA is the 
enrichment of mtDNA from total DNA extract. This is crucial for 
two reasons. Firstly, although there are multiple copies of the 
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mitochondrial genome per cell, owing to the small genome size, 
mtDNA accounts for only ~1–2 % of total cellular DNA by mass. 
Secondly, the nuclear genome contains multiple mitochondrial 
pseudogenes (also known as nuclear mitochondrial DNA, NUMTs), 
which, if included in a deep resequencing analysis, might be errone-
ously called as mtDNA variants [ 3 ]. There are two main approaches 
to this problem. The usual method of choice has become mtDNA 
enrichment by long-range PCR, whereby the entire mtDNA 
genome is enriched by amplifi cation of a small number of overlap-
ping long-PCR products. These are then purifi ed and subjected to 
fragmentation followed by sequencing. The advantage of this tech-
nique is that long-PCR amplicons, if correctly designed, should be 
large enough to avoid the amplifi cation of nuclear pseudogenes [ 4 ]. 
It is also fast in terms of preparation time as the number of primary 
PCR reactions required is limited. The potential disadvantage of 
this method is that the long-range PCR enrichment may introduce 
noise due to PCR error and may be subject to PCR bias, such that 
the proportional mixture of molecules in the PCR product does not 
accurately refl ect that in the original DNA sample [ 5 ]. This method 
is suitable for all the current next-generation sequencing platforms 
in common usage (Illumina GA/MiSeq, Roche 454 GS-FLX, 
Applied Biosystems SOLiD). A method for this mtDNA enrich-
ment technique, followed by resequencing on the Illumina MiSeq 
platform, is presented below. An alternative option is a primary 
PCR reaction in which small amplicons are produced which are 
already of a suitable size for the resequencing process, thus avoiding 
the need for fragmentation. If desirable, the oligomers used may be 
designed to contain the required adapter sequences for the next 
stage of the sequencing reaction, as well as barcode tags for multi-
plexing, eliminating the need for a separate ligation step [ 6 ]. The 
potential advantages of this method over long-range PCR enrich-
ment are the avoidance of PCR bias (but not PCR-generated “vari-
ants”) and the avoidance of the variable coverage that is inevitable 
in fragment sequencing. This main disadvantage is that the small 
amplicon size precludes the avoidance of nuclear pseudogenes 
across all areas of the mtDNA genome. Thus, we have used this 
method only to interrogate representative regions of the mtDNA 
genome which are free from pseudogenes. This method is princi-
pally suited to the Roche 454 GS-FLX platform where the longer 
read lengths are designed to readily allow short amplicon rese-
quencing [ 7 ]. We present a method for short amplicon resequenc-
ing on the Roche 454 GS-FLX below.  

2    Materials 

      1.    DNA oligomer primers corresponding to three overlapping 
amplicons of ~6 kb each, spanning the whole mtDNA genome 
(ordered as HPLC (high-performance liquid chromatography) 
purifi ed grade).   

2.1  Long-Range PCR 
Enrichment of mtDNA
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   2.    PrimeSTAR GXL polymerase kit (Takara) ( see   Note 1 ).   
   3.    Agarose gel for electrophoresis. High-range DNA ladder, 1 kb 

plus (Invitrogen).   
   4.    Agencourt AMPure XP PCR purifi cation kit (Beckman Coulter).   
   5.    Quant-iT PicoGreen dsDNA quantitation assay kit (Invitrogen).      

  Proprietary kits are recommended for sample preparation as 
follows (all from Illumina) ( see   Note 2 ):

    1.    Nextera XT DNA Sample Preparation Kit (24 or 96 samples 
option).   

   2.    Nextera XT Index Kit (24-index, 96-sample or 96-index, 
384-sample option).   

   3.    PhiX Control v3.   
   4.    MiSeq Reagent Kit v3 (600 cycles).    

        1.    DNA oligomers for the generation of short amplicons should 
be designed in the following format: 5′-[ adapter ]-[ bar code ]-
[ sequence - specifi c primer ]-3′. Oligomers should be ordered as 
HPLC checked. We have previously used two mtDNA ampli-
cons: one in the noncoding (control region), hypervariable 
segment 2 ( MT - HV2 ) (amplicon position, nt.109–483) and 
one in the coding region, COX subunit 3 ( MT - CO3 ) (ampli-
con position, nt.9304–9653) ( see   Note 3 ).   

   2.    KOD Hot Start DNA Polymerase kit (Novagen) ( see   Note 1 ).   
   3.    Agarose gel for electrophoresis. Low-range DNA ladder 

(GeneRuler, Thermo Scientifi c).   
   4.    Agencourt AMPure XP PCR purifi cation kit (Beckman Coulter).   
   5.    Quant-iT PicoGreen dsDNA quantitation assay kit (Invitrogen).      

  emPCR (emulsion PCR) and sequencing are performed using pro-
prietary kits as follows (all from 454 Life Sciences) ( see   Note 2 ):

    1.    GS FLX Titanium SV emPCR Kit (Lib-A).   
   2.    GS FLX Titanium emPCR Filters SV.   
   3.    GS FLX Titanium Sequencing Kit XLR70.   
   4.    GS FLX Titanium PicoTiterPlate Kit 70x75.   
   5.    GS FLX Titanium Control Bead Kit.    

3       Methods 

       1.    Perform amplicon generation in a 25 μl volume containing: 1× 
PrimeSTAR GXL buffer, 0.4 mM dNTPs, 0.3 μM primers, 
1.25 U PrimeSTAR GXL DNA polymerase, and 60 ng DNA 
( see   Note 4 ).   

2.2  Sequencing 
Reagents 
for Illumina MiSeq

2.3  Short Amplicon 
Generation PCR 
for Roche 454 GS-FLX

2.4  Sequencing 
Reagents for Roche 
454 GS-FLX

3.1  Long-Range PCR 
Enrichment of mtDNA 
for Fragment 
Resequencing

Deep Resequencing of Mitochondrial DNA
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   2.    Use PCR cycling conditions of 98 °C for 30 s followed by 30 
cycles of 98 °C for 30 s,  T  m  for 30 s, 68 °C for 8½ min, fol-
lowed by a fi nal extension of 72 °C for 10 min.   

   3.    Perform initial check for presence of amplicon using an aga-
rose gel (1 % w/v) and high-range DNA ladder.   

   4.    Clean PCR product using AMPure XP beads and a magnetic 
plate using a 1.8:1 bead to amplicon ratio by volume, and 
complete the protocol as per manufacturer’s guidelines. 
Resuspend the cleaned product in ultrapure (0.2 μm fi ltered) 
dH 2 O.   

   5.    Quantify the PCR products using PicoGreen dsDNA assay and 
pool the overlapping long-PCR amplicons in equimolar 
quantities.      

      1.    Carry out (2×) 250 bp paired-end sequencing on the Illumina 
MiSeq following manufacturer’s instructions using the follow-
ing as a method guide ( see   Notes 5  and  6 ).   

   2.    Dilute amplicon libraries to 0.2 ng/μl and use 5 μl (1 ng) in 
the Nextera XT “tagmentation” process.   

   3.    Incorporate sequencing primer sequences and DNA barcodes 
using limited-cycle PCR.   

   4.    Carry out PCR cleanup using AMPure XP beads; take note to 
use 0.5:1 bead to PCR reaction volume when carrying out 
(2×) 250 bp sequencing.   

   5.    Use the magnetic normalization beads provided to standardize 
library concentration and pool libraries accordingly.   

   6.    Dilute pooled sequencing library as recommended by Illumina 
and add a 5 % PhiX spike-in control (this may be reduced to 
1 % in future runs but the authors recommend 5 % initially).   

   7.    Initiate sequencing on the Illumina MiSeq under targeted 
 resequencing, PCR amplicon.      

      1.    Perform amplicon generation in a 50 μl volume containing 1× 
buffer for KOD Hot Start DNA Polymerase, 1.5 mM MgSO 4 , 
0.2 mM dNTPs, 0.3 μM primers, 1 U KOD Hot Start DNA 
Polymerase, and 100 ng DNA ( see   Note 4 ).   

   2.    Use PCR cycling conditions of 95 °C for 2 min followed by 30 
cycles of 95 °C for 20 s, 60 °C for 10 s, and 70 °C for 5 s.   

   3.    Perform an initial check for presence and quality of short 
amplicon products by electrophoresis on an agarose gel 
(1.5 % w/v) with low-range DNA ladder.   

   4.    Clean PCR products using AMPure beads as described in 
Subheading  3.1  (above).   

   5.    Quantify PCR products using PicoGreen, and pool in equimolar 
quantities.      

3.2  Fragment 
Resequencing 
on Illumina MiSeq

3.3  Short Amplicon 
Generation
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         1.    Carry out full length forward and reverse read amplicon 
sequencing on the Roche 454 GS-FLX following manufactur-
er’s instructions using the following notes as a method guide 
( see   Notes 5 – 7 ).   

   2.    Dilute amplicon libraries appropriately and use the capture 
beads provided at a ratio of 1 bead per amplicon copy and 
clonally amplify using the small volume emPCR method, using 
   low- binding 96-well plates sealed with strip caps. The amplifi -
cation reaction takes approximately 6 h and so should ideally 
be prepared in an afternoon and run overnight.   

   3.    Break the emulsion using isopropyl alcohol and use the mag-
netic enrichment beads provided to isolate successfully ampli-
fi ed capture beads.   

   4.    Anneal the appropriate forward or reverse sequencing primer to 
the clonally amplifi ed fragments and record the number of 
enriched beads (this should be >5 % and <15 % of the total num-
ber of beads prepared per amplicon library during emPCR).   

   5.    Thaw the XLR70 sequencing reagents in a refrigerator over-
night and prepare the sequencing reaction components and 
PicoTiterPlate and capture beads the following day. Run image 
processing only to begin amplicon sequencing on the Roche 
454 GS-FLX.   

   6.    We use an analysis pipeline of PyroBayes and Mosaik to call 
and align bases from the 454 fl owgram output. Subsequent 
analysis of variants is done within R using a custom-made R 
library package (available from the authors).       

4    Notes 

     1.    Consideration should be given to the polymerase used for 
amplicon generation (short amplicon or long-range PCR). In 
order to minimize PCR-induced noise, a polymerase with the 
highest possible fi delity, including 3′–5′ exonuclease activity, 
should be selected. The methods presented above for short 
amplicon PCR describe our previously published use of KOD 
polymerase [ 6 ,  7 ]. The method presented above for long-
range PCR enrichment employs the new Takara PrimeSTAR 
GXL polymerase, which has been optimized for this purpose 
and has a very low stated mutation rate (source: manufactur-
er’s data sheet).   

   2.    Next-generation sequencing chemistry is subject to frequent 
manufacturer’s upgrades, and the latest product insert should 
always be consulted.   

   3.    It is critical to confi rm that nuclear pseudogenes (NUMTs) 
have been properly excluded. We recommend the use of 

3.4  Short Amplicon 
Resequencing on 454 
FLX GS

Deep Resequencing of Mitochondrial DNA
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Primer- BLAST to ensure the amplicon generation primer pairs 
(for long-range or short amplicon primary PCR) are specifi c to 
the mitochondrial genome [ 8 ]. This can be empirically vali-
dated by failure to form a PCR product from rho 0  DNA (DNA 
which has been entirely depleted of mtDNA by passage of a 
cell line in culture in the presence of ethidium bromide or    high 
dose di-deoxycytidine).   

   4.    Great care should be taken to avoid trace contamination of 
samples or reagents with exogenous mtDNA, for example, 
from the laboratory environment, as this may lead to the detec-
tion of spurious “variants.” All amplicon generation steps 
should be prepared in a PCR hood which has been treated 
with ultraviolet irradiation and DNase.   

   5.    The degree of over-coverage required per base position should 
be carefully planned at the experimental design stage (Fig.  1 ). 
In general terms, coverage of at least ~10,000-fold will be 
required to resolve low-level heteroplasmic mtDNA variants in 
the 0.2–1 % range. In the case of long-PCR enrichment fol-
lowed by fragment sequencing, this calculation should also 
take into account variable coverage across the mtDNA genome. 
This will be best planned from the results of prior experiments, 
but in our experience, 4–5-fold differences in coverage between 
different parts of the mtDNA genome are not unusual. One 
should therefore plan to cover all base positions (or at least 
>95 % of base positions) at the required level, thus requiring 

  Fig. 1    Relationship of depth of over-coverage, error rate, and depth of resolution achievable in next-generation 
resequencing. At low coverage levels, increasing depth of coverage will improve depth of resolution. However, 
once high levels of coverage have been achieved, error rate of the platform becomes the limiting factor       
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the planned mean coverage to be substantially higher. This 
issue is less of a problem for short amplicon resequencing 
where coverage will be constant within one sample, and should 
be fairly uniform between samples.    

   6.    Careful consideration should be given to the bioinformatic 
pipeline for sequence analysis. Commercial software is available 
(e.g., CLC bio Genomics Workbench; NextGENe), but many 
bioinformatics support units prefer to use “in-house” pipe-
lines. In general terms, the pipeline steps will comprise: raw 
data QA and modifi cation, genome alignment, variant/indel 
prediction, variant QC and fi ltering, and variant annotation. 
Bidirectional fi ltering of identifi ed variants is then generally 
recommended, i.e., the requirement for rare variants detected 
to have support in both read directions (at similar proportional 
levels) if they are to be accepted. This is generally considered 
to eliminate much of the noise from the data.   

   7.    Consideration should be given to the use of adequate “negative” 
controls for the resequencing experiment. Most commercially 
available next-generation sequencing kits contain some kind of 
control which can be run in parallel with the sample to estab-
lish that there is not excessive noise. This control is generally 
phage DNA. We have previously used cloned fragments of 
mtDNA, which we have argued is a more rigorous control as it 
attempts to control for any sequence-specifi c determinants of 
noise. (Amplicons were generated from cloned DNA fragments 
( MT - HV2  clone, nt.16548–771;  MT - CO3  clone, nt.9127–
9661; cloned in pGEM-T Easy Vector, Promega)). We have 
also previously used a nuclear DNA amplicon ( BRCA2 , 
NC_000013.10, 32907060-32907350) where no variance 
was expected as a negative control, with similar results.         
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    Chapter 7   

 Single-Cell Analysis of Mitochondrial DNA 

           Brendan     A.    I.     Payne     ,     Lynsey     Cree    , and     Patrick     F.     Chinnery   

    Abstract 

   Understanding the biology of mitochondrial DNA (mtDNA) at the single-cell level has yielded important 
insights into inheritance, disease, and normal aging. In nuclear gene disorders of mtDNA maintenance, 
neurodegeneration, and aging, different somatic mtDNA mutations exist within individual cells and may 
be missed by techniques applied to whole tissue DNA extract. We therefore provide a method for charac-
terizing mtDNA within single skeletal muscle fi bers. During embryogenesis, mtDNA content is subject to 
a tight bottleneck and this may account for differential segregation of mutant mtDNA in offspring. We 
also present a method to study this phenomenon by single-cell analysis of embryonic PGCs (primordial 
germ cells).  

  Key words     DNA  ,   Mitochondrial  ,   Single-cell analysis  ,   Germ cells  ,   Laser capture microdissection  

1      Introduction 

 Mammalian cells contain hundreds to tens of thousands of copies 
of the mitochondrial genome per cell. This mtDNA is constantly 
turned over, even in nondividing cells [ 1 ]. As a result mtDNA 
mutations often coexist with wild-type mtDNA within the same 
cell (a state known as heteroplasmy). In inherited disorders of 
mtDNA maintenance (e.g., defects of the nuclear gene,  POLG , 
encoding the mtDNA polymerase, pol γ), normal aging, and neu-
rodegenerative disease, different somatic (acquired) mtDNA muta-
tions are present within individual cells [ 2 – 4 ]. DNA analysis from 
a whole tissue extract will therefore fail to reliably detect many 
somatic mtDNA mutations. Even in the case of an inherited single 
mtDNA mutation which is present within every cell, the relative 
amounts of mutant and wild-type mtDNA may vary from cell to 
cell due to natural drift. This determines whether there is a func-
tional defect of respiratory chain function within a given cell. 
Therefore, assessment of the heteroplasmy level across the tissue as 
a whole may not accurately refl ect the state within affected cells. 
Inherited mutations of mtDNA may be subject to differential 



68

 segregation due to a bottleneck effect during oogenesis, with 
important consequences for the penetrance of that mutation in the 
offspring [ 5 ]. Analysis of mtDNA mutations within single cells is 
therefore a valuable solution for the study of inherited and acquired 
mtDNA defects [ 6 ]. 

 In order to select single cells for mtDNA analysis, it is common 
practice to fi rst perform sequential COX (cytochrome  c  oxidase)/
SDH (succinate dehydrogenase) histochemistry on sections of the 
relevant tissue (e.g., skeletal muscle, the prototype tissue for mito-
chondrial analyses) [ 7 ]. This will identify those cells which have a 
respiratory chain defect affecting COX function and are thus likely 
to contain high levels of an mtDNA mutation. COX contains 
respiratory chain subunits encoded by mtDNA, and cells which 
contain high levels of an mtDNA defect are therefore frequently 
defi cient in COX function (loss of brown stain). In contrast, SDH 
is encoded entirely by the nuclear genome, and activity is thus pre-
served in the face of an mtDNA defect within a cell. It thus pro-
vides an effective counterstain (blue). COX/SDH is performed on 
unfi xed (fresh frozen) tissue which therefore allows optimal recov-
ery of nucleic acid, including for quantitative assays. In contrast, in 
studying the mtDNA bottleneck within single embryonic PGCs 
(primordial germ cells), we have used stella-GFP transgenic mice, 
whereby the reporter is expressed exclusively within these cells to 
facilitate identifi cation and microdissection [ 5 ]. 

 Here we describe methods for a range of downstream molecular 
analyses for the identifi cation and quantifi cation of mtDNA within 
single cells following microdissection from tissue cryo- sections, or 
   Fluorescence-activated cell sorting-sorted embryonic PGCs.  

2    Materials 

      1.    Hazards: 3,3-diaminobenzidine tetrahydrochloride and cyto-
chrome c are not hazardous according to Directive 67/548/
EC (source: Sigma-Aldrich MSDS). Sodium azide is very toxic 
if swallowed.    Potential for microbiological hazard from unfi xed 
human tissue on microscope slides.   

   2.    Cryostat.   
   3.    PEN membrane slides (Leica).   
   4.    5 mM 3,3-diaminobenzidine tetrahydrochloride ( see   Note 1 ).   
   5.    500 μM cytochrome c.   
   6.    Bovine liver catalase.   
   7.    1.875 mM nitroblue tetrazolium.   
   8.    1.3 M sodium succinate.   
   9.    2.0 mM phenazine methosulfate.   

2.1  Sample 
Preparation and COX/
SDH Histochemistry 
(Skeletal Muscle)
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   10.    100 mM sodium azide.   
   11.    37 °C incubator.   
   12.    0.1 M phosphate buffered saline, pH 7.0.   
   13.    Graded alcohol series for dehydration: 70 % ethanol, 95 % 

 ethanol, 100 % ethanol (2×).      

      1.    Laser microdissection system (e.g., Leica LMD6500).   
   2.    200 or 500 μl sterile microtubes, with appropriate sized 

mounting stage for microscope.   
   3.    Microcentrifuge.      

      1.    C57BL/6J.CBA F1 females and  Stella -GFP BAC-homozygous 
C57BL/6J.CBA F1 males maintained in a normal 12 h light/
dark cycle.   

   2.    Dulbecco’s minimal essential medium (DMEM).   
   3.    7.5 % fetal calf serum (FCS).   
   4.    10 mM HEPES.   
   5.    Trypsin.   
   6.    Leica MZ16FA stereomicroscope.   
   7.    Sterile plastic tissue culture dishes.   
   8.    Tungsten needles.   
   9.    Fine scissors.   
   10.    Watchmaker’s forceps.   
   11.    70 % ethanol in a squeeze bottle.   
   12.    37 °C incubator.   
   13.    Ice.      

      1.    96-well plates.   
   2.    BD FACSAria III sorter (BD Biosciences).      

      1.    Lysis buffer: 50 mM Tris–HCl pH 8.5, 0.5 % Tween-20, 
200 μg/ml Proteinase K.      

      1.    iQ SYBR Green supermix (Bio-Rad) ( see   Note 2 ).   
   2.    iCycler real-time PCR machine (Bio-Rad).   
   3.     MT - ND1  real-time PCR primers: nt. 3458–3481, nt. 3569–

3546 ( see   Note 3 ).   
   4.     MT - ND4  real-time PCR primers: nt. 11144–11165, nt. 

11250–11230.   
   5.     MT - ND1  PCR template primers for quantitative standard: nt. 

3017–3036, nt. 4057–4037.   

2.2  Single-Cell Laser 
Microdissection

2.3  Sample 
Preparation (Embryo)

2.4  Isolation 
of Single PGCs 
by FACS

2.5   Lysis

2.6  Real-Time PCR 
from Single Cells 
(Skeletal Muscle)
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   6.     MT - ND4  PCR template primers for quantitative standard: nt. 
10534–10553, nt. 11605–11586.   

   7.    QIAquick gel extraction kit (Qiagen).      

      1.    iQ SYBR Green supermix (Bio-Rad) ( see   Note 2 ).   
   2.    iCycler real-time PCR machine (Bio-Rad).   
   3.     MT - ND5  real-time PCR primers: nt. 12789–12806, nt. 

12876–12857 ( see   Note 4 ).   
   4.     MT - ND4  real-time PCR primers: nt. 10571–10590, nt. 

10643–10624.   
   5.     MT - ND1  real-time PCR primers: nt. 3006–3025, nt. 

3121–3104.   
   6.     MT - ND5  PCR template primers for quantitative standard: nt. 

12704–12723, nt. 13832–13813.   
   7.     MT - ND4  PCR template primers for quantitative standard: nt. 

10333–10352, nt. 11006–10987.   
   8.     MT - ND1  PCR template primers for quantitative standard: nt. 

2785–2804, nt. 3593–3574.   
   9.    QIAquick gel extraction kit (Qiagen).      

      1.    Nine overlapping primary PCR primer pairs covering the 
whole mtDNA genome.   

   2.    36 overlapping secondary PCR primer pairs (4 are nested 
within each primary PCR product). Secondary PCR primers 
are M13 tagged to facilitate cycle sequencing. (Primer 
sequences are available from authors.)   

   3.    AmpliTaq Gold DNA Polymerase kit (Life Technologies).   
   4.    BigDye Terminator v3.1 kit (Applied Biosystems).       

3    Methods 

      1.    20 μm frozen sections are cut by cryostat onto PEN mem-
brane slides (Leica) ( see   Notes 5 – 7 ).   

   2.    Allow to air-dry at room temperature for 60 min.   
   3.    Rapidly thaw:

   0.8 ml of 5 mM 3,3-diaminobenzidine tetrahydrochloride.  
  0.2 ml of 500 μM cytochrome c.  
  Mix and add a few grains of catalase.  
  Mix, apply to the section, and incubate for 45 min at 37 °C.      

   4.    Wash in three changes of 0.1 M phosphate buffered saline, 
pH 7.0.   

2.7  Real-Time 
PCR from Single 
Cells (PGCs)

2.8  Sequencing 
from Single Cells

3.1  Sample 
Preparation and COX/
SDH Histochemistry 
(Skeletal Muscle)
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   5.    Rapidly thaw:
   0.8 ml of 1.875 mM nitroblue tetrazolium.  
  0.1 ml of 1.30 M sodium succinate.  
  0.1 ml of 2.0 mM phenazine methosulfate.  
  0.010 ml of 100 mM sodium azide.  
  Mix, apply to section, and incubate for 40 min at 37 °C.      

   6.    Wash in three changes of 0.1 M phosphate buffered saline, 
pH 7.0.   

   7.    Dehydrate through graded alcohols: 2 min in 70 % ethanol, 
2 min in 95 % ethanol, 2 min in 100 % ethanol, and a further 
10 min in a fi nal bath of 100 % ethanol.   

   8.    Slides may be frozen (at −20 or −80 °C) if not required for 
immediate microdissection.      

      1.    Single cells are captured by laser microdissection into sterile 
200 or 500 μl microtubes using the software provided with the 
microscope ( see   Notes 8 – 10 ) (Fig.  1 ).    

   2.    After collection centrifuge cells in microcentrifuge at    16,000 g 
for 10 min.   

   3.    Cells may then be stored at −20 or −80 °C until required.   
   4.    Centrifuge again at 16,000 g for 5 min prior to applying lysis 

buffer.      

      1.    Natural timed matings are set up between C57BL/6J.CBA F1 
females in estrus and  Stella -GFP BAC-homozygous C57BL/6J.
CBA F1 males. Noon of the day of the vaginal plug was con-
sidered embryonic day E0.5 ( see   Notes 11 – 14 ).   

   2.    Pregnant female mice are sacrifi ced humanely at E7.5.   
   3.    Lay the female on its back and wash thoroughly in 70 % etha-

nol. Cut horns below the oviduct and remove from the 
mesometrium.   

   4.    Remove the decidua from the uterus.   
   5.    Transfer to a sterile, plastic tissue culture dish containing cold 

dissection medium (DMEM supplemented with 7.5 % FCS 
and 10 mM HEPES).   

   6.    Using a stereomicroscope, carefully dissect the embryo free of 
the    deciduum using watchmaker’s forceps, and isolate the pos-
terior parts of the E7.5 embryos (containing the GFP-positive 
PGCs) using tungsten needles.   

   7.    Pool embryos according to age [ 8 ].   
   8.    Incubate the dissected region in 0.25 % trypsin at 37 °C for 

15 min.   

3.2  Single-Cell Laser 
Microdissection

3.3  Sample 
Preparation (Embryo)
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   9.    Enzymatic digestion is halted by adding an equal volume of 
FCS and pipetting to mix.   

   10.    Centrifuge samples at 2,000 ×  g  for 3 min.   
   11.    Resuspend the pellet in DMEM supplemented with 7.5 % FCS 

and 10 mM HEPES.   
   12.    Keep samples on ice until FACS sorting.      

      1.    All FACS are performed using a BD FACSAria III sorter; 
instrument sensitivity is proved stable by internal QC proce-
dures ( see   Note 15 ).   

   2.    GFP is detected using a 100 mW sapphire laser.   
   3.    Single PGCs are unidirectionally sorted at 20 psi using a 

100 μm nozzle with a sort rate of 2,000 events per second into 
single wells of a 96-well plate.   

3.4  Isolation 
of Single PGCs 
by FACS

  Fig. 1    Laser microdissection of a single COX-defi cient skeletal muscle fi ber.  Top left : sequential COX/SDH 
histochemistry of 20 μm cryo-section of a human lower limb skeletal muscle on PEN membrane slide, show-
ing one COX-defi cient fi ber (counterstained  blue ).  Top right : the fi ber has been cut by laser microdissection. 
 Bottom left  and  right : fi ber appears in cap of sterile microtube, ready for lysis and molecular analyses       
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   4.    Centrifuge plate at 2,000 ×  g  for 5 min.   
   5.    Plates may then be stored at −20 or −80 °C until required.   
   6.    Centrifuge again at 2,000 ×  g  for 5 min prior to applying lysis 

buffer.      

      1.    Cells are digested in 20 μl of lysis buffer for 16 h at 55 °C, 
followed by inactivation of proteinase at 85 °C for 10 min 
( see   Note 16 ).      

      1.    mtDNA content within single cells can be determined using a 
target template in  MT - ND1 , as this gene is very seldom deleted 
by large-scale mtDNA deletion mutations. The proportion of 
mtDNA molecules within a cell that contain large-scale dele-
tions may be determined by comparing with a target template 
in  MT - ND4  (as this gene is very commonly deleted in large- 
scale deletion mutations) ( see   Note 17 ).   

   2.    A PCR-generated template is used to produce a quantitative 
standard series for each of  MT - ND1  and  MT - ND4 , using the 
primer pairs shown above. Gel-extract the PCR product, and 
quantify the product by spectrophotometry. Store template 
at minus 80 °C and store aliquots of working stocks of 10 8  cop-
ies/μl at minus 20 °C.   

   3.    Produce a quantitative standard series for each of  MT - ND1  
and  MT - ND4  by serial tenfold dilution of the template work-
ing stock in PCR-grade water. Run concentrations from 10 7  to 
10 2  copies per reaction.   

   4.    Real-time PCR is performed in a 25 μl reaction comprising 1× 
SYBR Green supermix, 400 nM primers, and 2 μl of cell lysate.   

   5.    Cycling conditions are: 95 °C for 3 min; 40 cycles at 95 °C for 
10 s and 62.5 °C for 1 min; melt curve.   

   6.    Perform real-time PCR replicates in quadruplicate for single- 
cell samples.      

      1.    mtDNA content within single cells can be determined using a 
target template in  MT - ND1 ,  ND4 , or  ND5  in mice.   

   2.    A PCR-generated template is used to produce a quantitative 
standard series for each of  MT - ND1 ,  MT - ND4 , and  MT - ND5 , 
using the primer pairs shown above. Gel-extract PCR prod-
ucts, and quantify by spectrophotometry. Store template at 
minus 80 °C and store aliquots of working stocks of 10 8  
 copies/μl at minus 20 °C.   

   3.    Produce a quantitative standard series for each template by 
serial tenfold dilution of the template working stocks in PCR- 
grade water. Run concentrations from 10 7  to 10 2  copies per 
reaction.   

3.5   Lysis

3.6  Real-Time PCR 
from Single Cells

3.7  Real-Time 
PCR from Single 
Cell (PGCs)
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   4.    Real-time PCR is performed in a 25 μl reaction comprising 1× 
SYBR Green Supermix, 500 nM primers, and 2 μl of cell lysate.   

   5.    Cycling conditions are: 95 °C for 3 min; 40 cycles at 95 °C for 
10 s and 62.5 °C for 1 min; melt curve.   

   6.    Perform real-time PCR replicates in quadruplicate.      

      1.    Whole genome sequencing from individual fi bers employs a 
nested PCR comprising a primary PCR with nine overlapping 
primer pairs followed by 36 overlapping secondary PCR primer 
pairs ( see   Notes 18 – 20 ).   

   2.    Primary PCR was performed in a 50 μl volume containing 1× 
PCR buffer (10 mM Tris–HCl pH 8.3, 1.5 mM MgCl 2 , 
50 mM KCl, 0.001 % w/v gelatin), 1 mM MgCl 2 , 0.2 mM 
dNTPs, 0.6 μM primers, 1.75 U AmpliTaq Gold (Applied 
Biosystems), and 1 μl lysate. PCR conditions were 94 °C for 
10 min and 38 cycles at 94 °C for 45 s, 58 °C for 45 s, and 
72 °C for 2 min. Final extension was 8 min.   

   3.    Secondary PCR was performed in a 25 μl volume containing 
1× PCR buffer (as above), 0.2 mM dNTPs, 0.8 μM primers, 
0.65 U AmpliTaq Gold, and 1 μl of primary PCR product. 
PCR conditions were as above except for 1 min extension and 
30 cycles.   

   4.    Cycle-sequencing was performed using BigDye Terminator 
v3.1 kit (Applied Biosystems) and visualized through a 3130× 
Genetic Analyzer (Applied Biosystems).       

4    Notes 

     1.    COX/SDH reagents should be prepared into ready-to-use ali-
quots and stored frozen until required.   

   2.    The real-time method presented here is based on DNA bind-
ing by SYBR Green. The method could be adapted for use 
with a probe-based real-time PCR assay, however with a poten-
tial loss of sensitivity for the low-copy-number target.   

   3.    All primer positions for human assays refer to the revised 
Cambridge Reference Sequence (rCRS, NC_012920).   

   4.    All primer positions for mouse assays refer to the reference 
sequence NC_005089.   

   5.    We give the example of COX/SDH histochemistry on human 
skeletal muscle; however, the method can be applied to a wide 
variety of mammalian tissues in frozen section. The incubation 
times required to obtain a clear distinction between COX and 
SDH staining may vary between tissues and species, and opti-
mization may be required for combinations other than that 
presented here.   

3.8  Sequencing 
from Single Cells
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   6.    In general for skeletal muscle single-cell analyses, transverse 
sections are required, and care should be taken to ensure the 
correct orientation of the tissue block. However, the method 
can also be applied to longitudinal sections if required.   

   7.    We recommend using a precision pipette (e.g., Gilson) to apply 
the COX and SDH reagents to the sections in order to mini-
mize wastage. Generally 50–100 μl may be required per sec-
tion, depending on section size. Care should be taken to ensure 
that the section is fully covered by the stain, and the staining 
tray should be kept fl at to ensure even coverage.   

   8.    Care should be taken to properly calibrate the laser microdis-
section stage on the microscope (according to the manufac-
turer’s instructions) to ensure optimal alignment of the 
microtube caps and the slide to optimize successful collection 
of cells.   

   9.    Some optimization of the laser cutting parameters may be 
required (e.g., diameter and intensity of beam, speed of cut). 
In general the lowest diameter and intensity which give an effi -
cient cut should be used to minimize burning of adjacent tis-
sue. Ethanol dehydration performed at the end of the COX/
SDH histochemistry protocol causes a slight shrinkage and 
separation of muscle fi bers which facilitates easier laser 
microdissection.   

   10.    Always check that the cell has been captured into the micro-
tube cap. If the dissected cell is not seen however, that cap 
should not be reused, in order to avoid the potential for two 
cells to be present in the same cap.   

   11.    All culture media were prepared fresh on the day of embryo 
recovery.   

   12.    All culture media components were dissolved in Milli-Q water.   
   13.    pH of the media was adjusted prior to fi nal sterilization by fi l-

tration (0.2 μm fi lter).   
   14.    All animal procedures were performed, under license, in accor-

dance with the UK Home Offi ce Animal Act (1986).   
   15.    FACS equipment should be subject to rigorous QC (quality 

control).   
   16.    The amount of lysis buffer used can be varied depending on 

the downstream application required. For example, for real- 
time PCR, we use 2 μl per reaction with each of two reactions 
(one per target) performed in quadruplicate.   

   17.    When comparing mtDNA copy number within single skeletal 
muscle fi bers, the content may be expressed per unit volume 
by measuring the cross-sectional area (automatically recorded 
by the laser microdissection software) and section thickness 
(10 or 20 μm).   

Single-Cell Analysis of Mitochondrial DNA



76

    1.    Gross NJ, Getz GS, Rabinowitz M (1969) 
Apparent turnover of mitochondrial deoxyribo-
nucleic acid and mitochondrial phospholipids in 
the tissues of the rat. J Biol Chem 244:
1552–1562  

    2.    Bua E, Johnson J, Herbst A, Delong B, 
McKenzie D et al (2006) Mitochondrial 
DNA- deletion mutations accumulate intracel-
lularly to detrimental levels in aged human 
skeletal muscle fi bers. Am J Hum Genet 79:
469–480  

   3.    Bender A, Krishnan KJ, Morris CM, Taylor GA, 
Reeve AK et al (2006) High levels of mitochon-
drial DNA deletions in substantia nigra neurons 
in aging and Parkinson disease. Nat Genet 38:
515–517  

    4.    Hudson G, Chinnery PF (2006) Mitochondrial 
DNA polymerase-gamma and human disease. 
Hum Mol Genet 15(Spec No 2):R244–R252  

     5.    Cree LM, Samuels DC, de Sousa Lopes SC, 
Rajasimha HK, Wonnapinij P et al (2008) A 
reduction of mitochondrial DNA molecules dur-
ing embryogenesis explains the rapid segrega-
tion of genotypes. Nat Genet 40:249–254  

    6.    Payne BA, Wilson IJ, Hateley CA, Horvath R, 
Santibanez-Koref M et al (2011) Mitochondrial 
aging is accelerated by anti-retroviral therapy 
through the clonal expansion of mtDNA muta-
tions. Nat Genet 43:806–810  

    7.    Brierley EJ, Johnson MA, Lightowlers RN, 
James OF, Turnbull DM (1998) Role of mito-
chondrial DNA mutations in human aging: 
implications for the central nervous system and 
muscle. Ann Neurol 43:217–223  

    8.    Downs KM, Davies T (1993) Staging of gastru-
lating mouse embryos by morphological land-
marks in the dissecting microscope. Development 
118:1255–1266    

   18.    Great care should be taken to avoid trace contamination of 
samples or reagents with exogenous mtDNA, for example, 
from the laboratory environment, as this may lead to the detec-
tion of spurious “variants.” All amplicon generation steps 
should be prepared in a PCR hood which has been treated 
with ultraviolet irradiation and DNase.   

   19.    When performing nested PCR for whole mtDNA genome 
sequencing from single cells, the amount of primary PCR 
product required to obtain an optimal secondary PCR product 
may vary between amplicons. The electrophoresis gel image of 
the primary PCR products should be inspected to give an 
approximate quantitative of product concentration.   

   20.    We recommend that any mutations detected in single cells 
should be confi rmed by resequencing from the original lysate.         

  Acknowledgment 

 This work was funded by the Medical Research Council (MRC), 
UK (BAIP), and the Wellcome Trust (LC).  

   References 

Brendan A.I. Payne et al.



77

Volkmar Weissig and Marvin Edeas (eds.), Mitochondrial Medicine: Volume I, Probing Mitochondrial Function, 
Methods in Molecular Biology, vol. 1264, DOI 10.1007/978-1-4939-2257-4_8, © Springer Science+Business Media New York 2015

    Chapter 8   

 A High-Throughput Next-Generation Sequencing Assay 
for the Mitochondrial Genome 

           Shale     Dames     ,     Karen     Eilbeck    , and     Rong     Mao   

    Abstract 

   Next-generation sequencing (NGS) is an effective method for mitochondrial genome (mtDNA) sequenc-
ing and heteroplasmy detection. The following protocol describes an mtDNA enrichment method up to 
library preparation and sequencing on Illumina NGS platforms. A short command line alignment script is 
available for download via FTP.  

  Key words     Mitochondrial disorders  ,   mtDNA  ,   Next-generation sequencing  ,   NGS  ,   Massively parallel 
sequencing  ,   Long range PCR  ,   DNA enrichment  ,   Bioinformatics  ,   Heteroplasmy  ,   Homoplasmy    

1     Introduction 

 Mitochondrial disorders are attributed to mutations in the human 
nuclear and mitochondrial genomes [ 1 ,  2 ]. Mitochondria contain 
their own genome and genetic code, and replicate independently of 
the host cell. Unlike the nuclear genome, which usually contains two 
sets of autosomes and sex chromosomes in a cell, a mitochondrion 
may have between 2 and 15 copies of mtDNA, and a cell may contain 
as many as 5,000 mitochondria [ 3 ,  4 ]. Due to the high copy number 
of mtDNA, the usual allelic ratios and nomenclature used for the 
nuclear genome are different for mtDNA. These varying allele fre-
quencies are known as heteroplasmy and homoplasmy. Heteroplasmy, 
as defi ned herein, is any allelic ratio less than 95 %, and homoplasmy 
is any allelic ratio greater than 95 %. The ability to reproducibly detect 
varying levels of heteroplasmy is important for adequate diagnosis, 
treatment, and prognosis of mitochondrial disorders [ 5 – 7 ]. 

 Many bioinformatics software packages rely on probabilistic 
zygosity calls for diploid organisms, where a mutation is classifi ed 

 Electronic supplementary material:   The online version of this chapter (doi:  10.1007/978-1-4939-2257-4_8    ) 
contains supplementary material, which is available to authorized users. 
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as homozygous or heterozygous. The following protocol uses 
 freeware software and read coverage data to calculate heteroplasmy 
levels for a given variant. It should be noted that the lowest level of 
heteroplasmy that can be reproducibly detected depends on many 
factors, including the background error rate of a given sequencing 
platform, the quality and depth of the sequence data, and the com-
position of the DNA sequence itself. For clinical assays, we cur-
rently verify all reportable mutations by a secondary method—either 
Sanger sequencing or variant-specifi c PCR. To date the lowest 
level of heteroplasmy reproducibly detected using NGS and veri-
fi ed by a secondary method is 5.9 %. The theoretical lowest level of 
heteroplasmy detection has dropped from 1.0 to 2.0 % using older 
HiSeq chemistries to between ~0.2 and 0.5 % using current 
Illumina NGS HiSeq chemistries and background error rate sub-
traction (data not shown) [ 4 ,  7 ,  8 ]. Background error rates increase 
with lower average coverage. In order to obtain lower background 
error rates, average coverage of >1,000-fold is required. 

 The human mtDNA is a circular, 16,596 base pair (bp) hap-
loid genome composed of 37 genes. This protocol employs long 
range PCR for enrichment of the mtDNA and NGS to detect het-
eroplasmy levels greater than 10 % ( see   Note 1 ). The entire mtDNA 
is amplifi ed by long range PCR (LRPCR) using fi ve overlapping 
primer pairs (Fig.  1 ). The amplicons are subsequently processed to 
create libraries for sequencing using Illumina HiSeq or MiSeq plat-
forms. After sequencing, the fastq reads are aligned to the mtDNA 
Cambridge reference sequence NC_012920 and variants reported 
using Burrows Wheeler Alignment (BWA), samtools, bcftools, and 
vcftools [ 9 – 12 ]. The pipeline described is a basic version designed 
to report positional information and heteroplasmy levels. The 
pipeline can be easily modifi ed to include annotations and other 
user-defi ned information deemed relevant. The output from the 
informatics analysis can be imported into the Integrative Genomics 
Viewer (IGV) for visualization as a .bam fi le (a binary version of a 
.sam fi le, which contains sequence and quality information, among 
other data) [ 13 ] and associated .vcf (variant call format) . A second 
tab-delimited text fi le describing the variants can be viewed in a 
word processing program or spreadsheet for review.   

2    Materials 

  The protocol has been validated using the following equipment:

    1.    Long range PCR amplifi cation: Applied Biosystems ®  
GeneAmp ®  PCR System 9700 (Life Technologies, Grand 
Island, NY) ( see   Note 2 ).   

   2.    DNA electrophoresis: Owl™ EasyCast™ B1A Mini Gel 
Electrophoresis Systems (Thermo Scientifi c, Waltham, MA).   

2.1  Required 
Equipment
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   3.    Gel imaging: BIO-RAD Gel Doc 1000 imaging system (BIO- 
RAD, Hercules, CA).   

   4.    DNA quantifi cation: NanoDrop ND 8000 Spectrophotometer 
(NanoDrop, Wilmington, DE).   

   5.    Amplicon sonication: Covaris S2 focused ultrasonicator 
(Covaris, Woburn, MA).   

   6.    Post-amplifi cation high-resolution electrophoresis: Agilent 
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA).   

   7.    Illumina HiSeq and MiSeq high-throughput sequencers 
(Illumina Inc. San Diego, CA).   

   8.    Sequencing alignment and variant reporting: Computer with 
Mac OS X or Linux OS.      

  All primers require a 5′ amino-C6 block modifi cation to reduce 
sequence overrepresentation of amplicon ends (Integrated DNA 
Technologies, Coralville, IA). Order primers desalted without 
 specialized purifi cation. Primer sequences are shown in Table  1 .

2.2  Oligonucleotides

  Fig. 1    Diagram of primer binding sites and amplicon sizes relative to mtDNA reference sequence NC_012920       
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     The polymerase, reaction buffer, and deoxynucleotide triphos-
phates (dNTPS) reagents are supplied from Clontech Laboratories, 
Inc., Mountain View, CA (catalogue number RR002M).

    1.    DNA polymerase:  TaKaRa LA Taq  5 units/μL.   
   2.    PCR reaction buffer: 10× LA PCR Buffer II (Mg 2+  plus).   
   3.    Deoxynucleotide triphosphates: 2.5 mM each dNTP.   
   4.    DNA marker: 1 Kb Plus ladder (Life Technologies, Grand 

Island, NY).   
   5.    0.2 mL PCR tubes and caps.   
   6.    Molecular grade water.   
   7.    1 % agarose Tris/Borate/EDTA (TBE) gel.   
   8.    TBE buffer.   
   9.    microTUBE AFA Fiber Pre-Slit Snap-Cap 6 × 16 mm 

 (catalogue number 520045, Covaris).      

  Alignments and variant calling of the mtDNA has been validated 
using the following freeware applications.

    1.    Practical Extraction and Report Language (perl,   www.perl.
org    ). Versions of perl that have been tested include v5.10.0, 
v5.10.1, and v5.12.3.   

   2.    Burrows-Wheeler Aligner (BWA, Version 0.1.1-r104)   http://
sourceforge.net/projects/bio-bwa/fi les/    .   

   3.    Samtools (Version 0.1.18 (r982:295))   http://sourceforge.
net/projects/samtools/fi les/    .   

2.3  Consumables 
and Reagents

2.4  Software

   Table 1  
  Primers for mtDNA long range PCR amplifi cation   

 Primer  Sequence 5′ → 3′  Amp length 

 Mito1 F  *ACATAGCACATTACAGTCAAATCCCTTCTCGTCCC  3,968 bp 
 Mito1 R  *TGAGATTGTTTGGGCTACTGCTCGCAGTGC 

 Mito2 F  *TACTCAATCCTCTGATCAGGGTGAGCATCAAACTC  5,513 bp 
 Mito2 R  *GCTTGGATTAAGGCGACAGCGATTTCTAGGATAGT 

 Mito3 F  *TCATTTTTATTGCCACAACTAACCTCCTCGGACTC  7,814 bp 
 Mito3 R  *CGTGATGTCTTATTTAAGGGGAACGTGTGGGCTAT 

 hmt F1  *AACCAAACCCCAAAGACACC  9,289 bp 
 hmt R1  *GCCAATAATGACGTGAAGTCC 

 hmt F2  *TCCCACTCCTAAACACATCC  7,626 bp 
 hmt R2  *TTTATGGGGTGATGTGAGCC 

  Five sets of primers are used to amplify the mtDNA are listed under the “Primer” column. The sequence of each primer 
and the amplicon length for each primer pair are also displayed.  Asterisk  denotes the requirement of a 5′ amino-C6 
modifi cation  

Shale Dames et al.
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   4.    vcftools (Version 0.1.10)   http://vcftools.sourceforge.net/    .   
   5.    Integrative Genomics Viewer (IGV, version 2.2 or later).   www.

broadinstitute.org    .       

3    Methods 

  Human mtDNA is co-isolated with nuclear DNA and requires no 
specialized enrichment protocol. Commercially available DNA 
extraction methods, such as the QIAamp DNA Blood Mini Kit 
(QIAGEN, Valencia, CA) or PureGene DNA extraction (QIAGEN), 
yield DNA suitable for mtDNA amplifi cation ( see   Note 3 ).  

      1.    Determine the concentration of genomic DNA using a spec-
trophotometer. The optimum range of DNA input is between 
10 and 100 ng per PCR reaction ( see   Note 4 ).   

   2.    Prepare primer working stocks at 10 μM each primer pair in 
molecular grade water ( see   Note 5 ).   

   3.    For each sample fi ve PCR amplifi cations are required. Add 
reagents in the order shown in Table  2 .

       4.    PCR cycling conditions: 95 °C (2:00) + [95 °C (0:15) + 68 °C 
(10:00)] × 30 cycles + 68 °C (20:00) + 4 °C (∞).   

   5.    Purify PCR amplicons individually using a QIAquick PCR 
Purifi cation kit (QIAGEN) or similar primer removal protocol. 
Resuspend purifi ed PCR amplicons in 50 μL of molecular 
grade water ( see   Note 6 ).      

3.1  DNA Isolation

3.2  Long Range PCR

   Table 2  
  Long Range PCR Master Mix setup   

 Reagent  Final concentration  1× Reaction (μL) 

 Molecular grade water  NA  (30.5) 

 10× LA PCR Buffer II (Mg 2+  plus)  1×  5 

 dNTPs (2.5 mM each)  400 nM each  8 

 Working primers (10 μM each)  1 μM each  5 

 DNA (10–100 ng)  Input dependent  (1) 

  TaKaRa LA Taq  (5 U/μL)  0.05 U/μL  0.5 

 Total→  50 

  Reagents are shown in the  left column , the fi nal concentration per reaction in the  center column , and the volume per 
reaction in the  right column . Volumes in  parenthesis ()  are variable depending upon concentration and volume of DNA 
input. Water should be adjusted accordingly up to a fi nal total volume of 50 μL  
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      1.    Add 5 μL of 1 Kb + DNA ladder prepared following manufac-
turer’s directions into a single well on a 1 % TBE agarose gel.   

   2.    Mix 3 μL of each purifi ed amplicon with loading buffer and 
pipette into unique wells in the 1 % TBE agarose gel.   

   3.    Run gel at 100 V to discriminate amplicon length. The length 
of time will depend on gel size and well orientation.   

   4.    A representative long rang PCR amplicon gel picture is shown 
in Fig.  2 .       

      1.    For each amplicon perform three spectrophotometer quantifi -
cations using the Nanodrop 8000. Each reading should be 
±2 % of each other in ng/μL for a given amplicon to ensure 
accuracy.   

   2.    Record the ng/μL for each amplicon and average.   
   3.    Calculations for equimolar pooling are based on the Nanodrop 

measurements. For the sonication step required for Illumina 
NGS sequencing, 10 μg in a total volume of 105 μL of ampli-
con DNA input is required.   

   4.    Ten μg of the total mass of amplicons calculates out to 
443 fmoles. Therefore, 443 fmoles of each amplicon is needed 
for equimolar pooling. Table  3  indicates the amount of ampli-
con DNA in ng for pooling.

       5.    Mix the appropriate amount of each amplicon in a 1.5 mL and 
volume up to 105 μL in molecular grade water.      

3.3  Post- 
amplifi cation Gel 
Electrophoresis

3.4  Equimolar 
Amplicon Pooling

  Fig. 2    Long Range PCR Amplicons. A representative 1 % TBE agarose gel picture 
of the fi ve long range mtDNA amplicons.  Lane 1  1 Kb Plus ladder,  lane 2  Mito1 
amplicon (3,969 bp),  lane 3  Mito2 amplicon (5,513 bp),  lane 4  Mito3 amplicon 
(7,814 bp),  lane 5  hmt1 amplicon (9,289 bp), and  lane 6  hmt2 (7,262 bp)       

 

Shale Dames et al.



83

  Set up the Covaris S2 at least 30 min prior to starting the sonica-
tion to allow for time to degas the instrument and the chiller to 
equilibrate to 9 °C. This protocol has been optimized to produce 
dsDNA lengths between 200 and 1,000 bp.

    1.    Load the 10 μg of equimolarly pooled amplicons DNA volume 
up to 105 μL to a Covaris microTUBE.   

   2.    Place the microTUBE into the sonication horn following 
 manufacturer’s instructions.   

   3.    Sonicate the pooled amplicons in the Covaris S2 using the 
 settings found in Table  4 .

3.5  Amplicon 
Sonication

    Table 3  
  Amplicon equimolar pooling   

 Amplicon  Size (bp)  Required (ng) 

 Mito1  3,968  1,160 

 Mito2  5,513  1,612 

 Mito3  7,814  2,285 

 Hmt1  9,289  2,716 

 Hmt2  7,626  2,230 

 Total→  ~10,000 

  The DNA quantities shown in  column three  are required for Illumina NGS sequencing 
of the mtDNA. Divide the required quantity of DNA by the Nanodrop readings to 
obtain the desired ratio for subsequent amplicon sonication  

   Table 4  
  Covaris sonication parameters   

 Parameter  Setting 

 Duty cycle  10 % 

 Intensity  5 

 Cycle/burst  200 

 Time  60 s 

 Cycles  2 

 Temperature  9 °C 

  Parameters required to sonicate mtDNA amplicons to a range of 200–1,000 bp  
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         Examine the sonicated DNA by 1 % agarose TBE gel or an Agilent 
Bioanalyzer to determine the quality of the shearing ( see   Note 7 ).

    1.    1 % TBE agarose gel: Add 3 μL of 1 Kb + DNA ladder prepared 
following manufacturer’s directions into a single well on a 1 % 
TBE agarose gel   

   2.    Add 5 μL of equimolarly pooled, sonicated DNA mixed with 
loading buffer and pipette into unique wells in the 1 % TBE 
agarose gel. 

 Run gel at 100 V to discriminate amplicon length. The 
length of time will depend on gel size and well orientation.   

   3.    Optional → Agilent BioAnalyzer or LabChip GX: follow man-
ufacturer’s instructions loading 1 μL of equimolarly pooled, 
sonicated DNA.   

   4.    A representative pseudogel picture of the equimolarly pooled, 
sonicated DNA is shown in Fig.  3 .     

3.6  Sonication 
Quality Control

  Fig. 3    Pseudogel picture of sonicated amplicons. A representative pseudogel 
picture of the equimolarly pooled and sonicated DNA amplicons.  Lane L : ladder 
with sizes in bp,  lanes 2 and 3 : two different equimolarly pooled samples post- 
sonication. The majority of the sheared DNA should be between 200 and 1,000 bp 
without any un-sonicated amplicon detected       
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    Illumina TruSeq library preparation, real-time PCR library 
quantifi cation, loading/running the Illumina sequencing plat-
forms, and conversion of raw data to fastq fi les are beyond the 
scope of this protocol. However some caveats unique to this 
experiment should be noted to the scientists who pool samples 
and run the sequencer.

    1.    The mitochondrial genome is very small (16.5 Kb) and requires 
very little library to obtain adequate sequencing depth.   

   2.    Reports have shown that 400-fold coverage is adequate to 
detect heteroplasmy levels lower than 10 %; however the 
greater the sequence depth, the lower the background error 
rate if very low levels of heteroplasmy wish to be detected.   

   3.    We have shown empirically that 1,000-fold average coverage 
provides reproducible results when detecting >10 % hetero-
plasmy levels (assuming that all amplicons are equimolarly 
pooled).   

   4.    When pooling mtDNA samples, add enough library to obtain 
an estimated sequence output of 82.5 Mb per mtDNA. This 
number represents 5,000-fold coverage, which generally allows 
for real-time PCR or pipetting variability, and PCR duplicate 
removal.      

  A directory, mtDNA_Informatics, may be downloaded (extras.
springer.com) that contains the required program and reference 
fi les, a perl script for alignment and variant calls, as well as two exam-
ples at   http://topaz.genetics.utah.edu/mtDNA_Informatics/    . 
Inside the directory are instructions on how to run the perl script 
through a UNIX/LINUX terminal. The bioinformatic analysis 
pipeline is a basic version designed for low-level heteroplasmy detec-
tion and variant reporting. The output will provide a .bam fi le for 
visual analysis, a raw .vcf fi le, and a basic .txt fi le ( see   Note 8 ). The 
output of the basic text fi le includes positional information for vari-
ants, heteroplasmy levels, coverage, and strand bias. The .txt fi le can 
be opened in a spreadsheet program, such as Excel, and variants can 
be manually checked on a website such as MitoMap (  www.mitomap.
org    ) or the Mitochondrial Disease Sequence Data Resource 
Consortium (MSeqDR, mseqdr.org). These basic fi les can be fur-
ther annotated using different programs to provide information 
such as gene symbols, dbSNP rs numbers, m. (mitochondrial chro-
mosomal position) and p. (gene-specifi c protein nomenclature based 
on position) numbers etc… Note that when annotating coding 
genes, a different amino acid table is used for mtDNA—Vertebrate 
Mitochondrial Code (transl_table=2,  see   Note 9 ).   

3.7  Next-Generation 
Sequencing

3.8  Bioinformatic 
Analysis
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4    Notes 

     1.    Very low heteroplasmy levels can be detected using this proto-
col as described in the introduction. Clinically all variants 
require a secondary detection method such as variant-specifi c 
PCR, digital PCR, or cloning to confi rm.   

   2.    Many vendors provide an ABI 9700 emulation mode that can 
be used during amplifi cation. If fi nal PCR products appear 
suboptimal on a different thermocycler, the fi rst modifi cation 
to the PCR cycling conditions should be to limit the tempera-
ture ramp rate to a maximum of 5.0 °C/s.   

   3.    Any DNA extraction technique that does not inhibit PCR 
amplifi cation should be appropriate. Techniques that might 
linearize mtDNA should be avoided.   

   4.    The protocol was optimized for 10–100 ng of genomic DNA 
input. However, due to the high copy number of mtDNA in a 
given genomic DNA sample, lower DNA input will yield 
acceptable results. Adequate PCR results have been obtained 
from 200 sorted myeloid cells.   

   5.    When possible,  always  resuspend any stock oligonucleotide at 
a 100 μM concentration—it will make downstream calcula-
tions for experiments easier. For example, in order to make the 
Mito 1 primer working stock, add 20 μL of Mito1 F add 20 μL 
of Mito1 R to 160 μL of molecular grade water. The 10 μM 
working stocks can be kept at −20 °C up to 7 days.   

   6.    Alternatively, if exact equimolar ratios are not required, ampli-
cons can be pooled into a single PCR cleanup reaction. A rough 
estimate of pre-PCR pooling can be determined by spectropho-
tometer readings and mixing based on weight ( see  Table  3 ).   

   7.    If there is un-sheared, high-molecular-weight DNA still 
observed re-sonicate the sample for an additional cycle. The 
desired size range of the band will depend on end user’s library 
preparation requirements. When preparing libraries we per-
form a size selection between 300 and 600 base pairs.   

   8.    General fi le type defi nitions. Some of these fi le types have spe-
cifi c information included based on sequencing platforms or 
programs used to create the fi le types. 

 Extension  Function 

 fastq  A text fi le containing nucleotide sequences and quality scores, as well as cluster, positional, 
lane, index, and read pair information. Use for .sai generation during bwa alignment 

 sai  Creates suffi x array coordinates for the reads from the fastq fi le and contains positional and 
quality information 
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 Extension  Function 

 bam  A compressed, binary version of a sam fi le generated during samtools view 

 sam  A sequence alignment/map tab-delimited text fi le. These fi les contain multiple predefi ned 
pragmas including quarry template name, sequence, quality, cigar length, as well as 
others [ 13 ]. Data from the different tags associated with a given sequence read are used 
during vcf generation 

 bai  Indexed bam fi le used for fast random access 

 vcf  Variant call format (1000 Genomes [ 14 ]). This fi le is human-readable and contains 
predefi ned and user-defi ned information. The required headers include #CHROM 
(chromosome), POS (chromosomal position), ID (unique identifi er such as dbSNP rs 
number of other user-defi ned ID), REF (reference allele), ALT (alternate allele), QUAL 
(numeric quality score of variant), FILTER (does variant pass quality metrics), and 
INFO (user selectable pragmas that are used to provide information specifi ed by the 
user from the sam fi le or other input fi le type, depth of coverage is included in our 
INFO output as DP4) 

 bcf  A compressed, binary version of the vcf fi le generated from samtools mpileup and bcf tools 
view 

 .gz  Compressed or “zipped” fi le 

       9.    If further annotation of the .vcf fi les is required, the addition of 
read groups will be required. Read groups can be added during 
the bwa sampe step or at different steps using programs not 
discussed. Generic read groups are included in the download-
able perl script.         
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    Chapter 9   

 Rapid Mitochondrial DNA Isolation Method 
for Direct Sequencing 

           Wilber     Quispe-Tintaya    ,     Ryan     R.     White    ,     Vasily     N.     Popov    , 
    Jan     Vijg    , and     Alexander     Y.     Maslov    

    Abstract 

   Standard methods for mitochondrial DNA (mtDNA) extraction do not provide the level of enrichment for 
mtDNA suffi cient for direct sequencing and must be followed by long-range-PCR amplifi cation, which 
can bias the sequence results. Here, we describe a reliable method for the preparation of mtDNA-enriched 
samples from eukaryotic cells ready for direct sequencing. This protocol utilizes a conventional miniprep 
kit, in conjunction with a paramagnetic bead-based purifi cation step.  

  Key words     Next-generation sequencing  ,   Mitochondrial DNA  ,   Paramagnetic beads  ,   Solid-phase 
reversible immobilization  ,   Sequencing libraries  

1      Introduction 

 In mammalian cells, mitochondria are often present in thousands 
of copies, depending on the cell type. Mitochondrial genomes 
lack histone protection and reside in close proximity to reactive 
oxygen species;    coupled with the limited fi delity of mtDNA repli-
cation and repair machineries, ensure a much higher mutation rate 
in the mitochondrial genome than in the nuclear genome [ 1 ,  2 ], 
leading to heterogeneity within the mtDNA population [ 3 ,  4 ]. 
However, any deleterious effects of random mutations in mtDNA 
are compensated by the presence of multiple mitochondria in each 
cell. This decreased selection pressure allows mutated mtDNA to 
accumulate over time, making mtDNA a powerful indicator of 
detrimental effects of endogenous and environmental damaging 
agents, as well as overall somatic deterioration. It is also known 
that inherited mutations in the mtDNA can cause human dis-
eases or mitochondrial disorders such as maternally inherited 
diabetes and deafness [ 5 ,  6 ], mitochondrial myopathy [ 7 ], and 
even accelerated aging [ 8 ]. Currently, next-generation sequencing 
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(NGS) approaches are widely used for analysis of mtDNA [ 9 ,  10 ]. 
However, despite the presence of multiple mitochondrial 
genomes in each cell, mtDNA only comprises a small portion of 
total cellular DNA, thus making it necessary to enrich samples for 
mtDNA before sequencing. Current methods for enrichment 
either require special equipment (ultracentrifugation in CsCl 
density gradient), application of relatively expensive kits, or PCR 
amplifi cation of mtDNA from total cellular DNA. This last and 
most commonly used method is relatively cheap and effi cient, but 
may lead to artifacts as high number of PCR amplifi cation cycles 
are often needed for suffi cient enrichment. This can lead to mis-
interpretation of results and, ultimately, incorrect conclusions. 

 To overcome these limitations, we have designed a fast, cost- 
effective, and reliable method for preparation of samples highly 
enriched for mtDNA (Fig.  1a ). This method includes two steps—
(1) isolation of total cellular DNA enriched for supercoiled mtDNA 
using a conventional bacterial miniprep kit followed by (2) an 
additional purifi cation using solid-phase reversible immobilization 
on paramagnetic beads.   

2    Materials 

      1.    Phosphate-buffered saline 1×, pH 7.4. Store at 4 °C.   
   2.    Cell lifter.   
   3.       Hemocytometer   
   4.    Benchtop centrifuge.   
   5.    QIAprep Spin Miniprep Kit (Qiagen, Germantown, MD, 

USA) ( see   Notes 1 – 5 ).   

2.1  Total Cellular 
DNA Enriched 
for Supercoiled 
Mitochondrial DNA 
Extraction Using 
the Qiagen QIAprep 
Spin Miniprep Kit

Isolation of mtDNA
QIAGEN Miniprep Kit

Enrichment for mtDNA
Agencourt AMPure XP 

system

Sequencing

  Fig. 1    Workfl ow for mtDNA isolation       

 

Wilber Quispe-Tintaya et al.



91

   6.    Tabletop microcentrifuge.   
   7.    Sterile, nuclease-free microcentrifuge tubes and pipet tips.      

      1.    Agencourt AMPure XP purifi cation system (Beckman Coulter, 
Brea, CA, USA) ( see   Note 6 ).   

   2.    The DynaMag™-2 magnet (Life technologies, Grand Island, 
NY, USA).   

   3.    DNA LoBind tube, 1.5 ml (Eppendorf, Hauppauge, NY, 
USA) ( see   Note 7 ).   

   4.    Nuclease-free water.   
   5.    70 % ethanol (v/v).   
   6.    Vortex mixer.   
   7.    TE buffer 1×: 10 mM Tris–HCl, 1 mM EDTA, pH 8.0.       

3    Methods 

 Culture cells until they become confl uent. As with any biological 
samples, care should be taken in handling the material. All extraction 
and purifi cation steps should be carried out at room temperature 
(15–25 °C), unless otherwise specifi ed. 

      1.    Collect the cultured cells into 10 ml of PBS using cell lifters 
( see   Note 8 ).   

   2.    Centrifuge at 500 ×  g  for 5 min at room temperature to pellet 
the cells.   

   3.    Carefully remove supernatant and resuspend pellet in 5–10 ml 
of PBS. Keep the cells on ice ( see   Note 9 ).   

   4.    Use a cell counter chamber to calculate the cell concentration 
and use a maximum of 17 million cells for each extraction. 
Transfer the proper amount of cells to a microcentrifuge tube 
( see   Note 2 ).   

   5.    Centrifuge at 16,000 ×  g  for 1 min at room temperature in a 
tabletop microcentrifuge.   

   6.    Remove supernatant and resuspend the pellet in 300 μl buffer 
P1 containing RNase A. Mix well by pipetting up and down 
until no cell clumps remain ( see   Note 10 ).   

   7.    Add 300 μl buffer P2 and mix gently by inverting the tube 4–6 
times ( see   Note 11 ).   

   8.    Add 420 μl buffer N3 and mix immediately by inverting the 
tube 4–6 times ( see   Note 12 ).   

   9.    Centrifuge at 13,000 rpm for 10 min.   

2.2  Mitochondrial 
DNA Purifi cation Using 
the Agencourt AMPure 
XP System

3.1  Total Cellular 
DNA Enriched 
for Supercoiled 
Mitochondrial DNA 
Extraction

Rapid Method for Mitochondrial DNA Isolation
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   10.    Transfer the supernatant to the QIAprep spin column placed 
in a 2 ml collection tube ( see   Note 13 ).   

   11.    Centrifuge at 13,000 rpm for 30–60 s and discard fl ow-through.   
   12.    Add 500 μl wash buffer PB to the column and centrifuge at 

13,000 rpm for 30–60 s ( see   Note 14 ). Discard the 
fl ow-through.   

   13.    Add 750 μl wash buffer PE to the column and centrifuge at 
13,000 rpm for 30–60 s ( see   Note 15 ). Discard the 
fl ow-through.   

   14.    Centrifuge at top speed for 1 min to remove residual wash 
buffer.   

   15.    Place the QIAprep spin column into a new LoBind 1.5 ml 
microcentrifuge tube.   

   16.    To elute the DNA, add 100 μl buffer EB directly to the mem-
brane and allow it to sit for 1 min, and then centrifuge at 
13,000 rpm for 1 min ( see   Note 16 ).   

   17.    Place the tube containing eluted DNA on ice.   
   18.    Check DNA concentration using Qubit or NanoDrop 

( see   Note 2 ).   
   19.    Proceed to DNA purifi cation steps.      

      1.    For each sample, prepare a LoBind 1.5 ml microcentrifuge 
tube, transfer the eluted DNA, and add nuclease-free water to 
a volume of 50 μl when needed ( see   Note 17 ).   

   2.    Mix the Agencourt AMPure XP bottle well before use 
( see   Note 18 ).   

   3.    Add the Agencourt AMPure XP paramagnetic beads in a 0.4× 
proportion (v/v) to the sample ( see   Note 19 ).   

   4.    Mix thoroughly by quickly vortexing 5–10 times.   
   5.    Incubate at room temperature for 5 min to allow time for the 

DNA to bind to beads.   
   6.    Place the sample in a magnetic stand for 5 min to separate 

beads from the solution (optional: leave tubes open during this 
step to ensure the pellet is undisturbed for the next step).   

   7.    While still in the magnetic stand, remove the supernatant with-
out disturbing the beads.   

   8.    Add 500 μl of freshly prepared 70 % ethanol, close the tube 
lids, and wash the beads by rotating the tube 180° back and 
forth ( see   Note 20 ).   

   9.    Remove the supernatant and repeat the previous step for a 
total of two washes.   

   10.    Remove the supernatant, quick spin for 5 s, and then place the 
tube back into the magnetic stand. Remove all excess ethanol. 

3.2  Mitochondrial 
DNA Purifi cation
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Allow the open tube to dry for 5 min at room temperature 
( see   Note 21 ).   

   11.    Add 25 μl of 0.1× TE to elute the mtDNA, remove the sample 
from the magnetic stand, and mix by vortexing 5–10 times.   

   12.    Apply a short spin of 10–15 s and place the sample back in the 
magnetic stand for 5 min.   

   13.    Without disturbing the beads, transfer the cleared solution 
containing the mtDNA to a new LoBind 1.5 ml microcentri-
fuge tube.   

   14.    Check the mtDNA for concentration and quality ( see   Note 22 ).   
   15.    Store the enriched mtDNA at −20 °C ( see   Note 23 ).       

4    Notes 

     1.    The QIAprep column contains a silica membrane that adsorbs 
DNA in the presence of high salt. We assumed, as have others 
[ 11 ,  12 ], that since mtDNA properties are similar to those of 
bacterial DNA (i.e., it is supercoiled and its size is in the range of 
conventional plasmids), a common miniprep kit can be applied 
for extraction and enrichment of mtDNA from eukaryotic cells.   

   2.    Based on our results using mouse embryonic fi broblasts 
(MEFs) and human dermal fi broblasts (HDFs), we recom-
mend using no more than 17 × 10 6  cells per QIAprep column. 
Overloading the column will signifi cantly increase the presence 
of total cellular DNA with your mtDNA. You are expected to 
collect ~100 ng of total cellular DNA enriched for mtDNA.   

   3.    Add RNase A to buffer P1 for a fi nal concentration of 100 μg/ml. 
Mix and store at 2–8 °C.   

   4.    Add four volumes of ethanol (96–100 %) to concentrated buf-
fer PE, as indicated in the bottle.   

   5.    Buffers P2, N3, and PB contain irritants. Take appropriate 
laboratory safety measures and wear gloves when handling.   

   6.    This system is based on solid-phase reversible immobilization 
(SPRI) beads. The beads are in a mixture of polyethylene gly-
col (PEG) and salt. PEG causes the negatively charged DNA to 
bind with the carboxyl groups on the bead surface. As the 
immobilization is dependent on the concentration of PEG and 
salt in the reaction, the volumetric ratio of beads to DNA is 
critical in size-selection protocols.   

   7.    We are interested to recover as much of mtDNA as possible. 
The DNA LoBind Tube provides signifi cant less sample loss of 
genetic material caused by interaction with the plastic surface 
of the tube.   

Rapid Method for Mitochondrial DNA Isolation
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   8.    Using cell lifters to detach and collect cells can avoid the 
probability of cell damage as a result of long periods of trypsin 
application.   

   9.    Always keep the cells on ice until the DNA extraction process 
starts. You want to slow the cellular process that rises on cell 
death.   

   10.    Buffer P1 is a resuspension buffer. It includes RNase A and 
should be stored at 2–8 °C.   

   11.    Buffer P2 is an alkaline lysis buffer and should be checked for 
salt precipitation before use. Redissolve any precipitate by 
warming to 37 °C.   

   12.    Buffer N3 performs the neutralization step in this alkaline lysis 
procedure. This buffer contains chaotropic agents (guanidine 
hydrochloride, potassium acetate) that set up binding condi-
tions for the QIAprep Miniprep column’s silica-gel membrane.   

   13.    The QIAprep columns use a silica-gel membrane for selective 
adsorption of DNA in high-salt buffer and elution in low-salt 
buffer.   

   14.    Buffer PB removes effi ciently endonucleases and enables an 
effi cient binding to the silica-gel membrane. This buffer con-
tains guanidine hydrochloride and isopropanol.   

   15.    Salts are effi ciently removed by a brief wash step with buffer PE.   
   16.    Before use, we heat the buffer EB to 65 °C to increase elution 

effi ciency.   
   17.    As mentioned before ( see   Note 6 ), the concentration of PEG 

and salt in the solution is critical in size-selection protocols so 
it can help to increase the volume of DNA you are working 
with by adding H 2 O to make the pipetting easier.   

   18.    This will help to resuspend any magnetic particles that may 
have settled. The reagent should appear homogenous and con-
sistent in color.   

   19.    The lower the ratio of beads/PEG/salt/DNA, the larger DNA 
fragments will be at elution ( see   Note 6 ).   

   20.    Be sure to remove all of the ethanol from the bottom of the 
tube as it is a known PCR inhibitor or can affect other 
 downstream applications.   

   21.    Take care not to over-dry the beads, as this will signifi cantly 
decrease elution effi ciency.   

   22.    The enriched mtDNA is ready for direct sequence analysis. 
Also, an optional limited PCR amplifi cation can be applied if 
necessary;  see  ref.  13 .   

   23.    For long-term freezer storage, transfer the purifi ed samples to 
new LoBind microcentrifuge tubes.         

Wilber Quispe-Tintaya et al.



95

  Acknowledgment  

 This research was supported by NIH grant P01 AG017242 (JV) 
and by the Ministry of Education and Science of Russian Federation 
grant 14.B37.21.1966 (VNP and AYM).  

   References 

    1.    Brown WM, George M Jr, Wilson AC (1979) 
Rapid evolution of animal mitochondrial DNA. 
Proc Natl Acad Sci U S A 76(4):1967–1971  

    2.    Baklouti-Gargouri S, Ghorbel M, Ben MA, 
Mkaouar-Rebai E, Cherif M, Chakroun N, 
Sellami A, Fakhfakh F, Ammar-Keskes L (2013) 
Mitochondrial DNA mutations and polymor-
phisms in asthenospermic infertile men. Mol 
Biol Rep 40(8):4705–4712  

    3.    Greaves LC, Reeve AK, Taylor RW, Turnbull 
DM (2012) Mitochondrial DNA and disease. 
J Pathol 226(2):274–286  

    4.    Larsson NG, Clayton DA (1995) Molecular 
genetic aspects of human mitochondrial disor-
ders. Annu Rev Genet 29:151–178  

    5.    Mezghani N, Mnif M, Mkaouar-Rebai E, Kallel 
N, Charfi  N, Abid M, Fakhfakh F (2013) A 
maternally inherited diabetes and deafness 
patient with the 12S rRNA m.1555A > G and 
the ND1 m.3308 T > C mutations associated 
with multiple mitochondrial deletions. Biochem 
Biophys Res Commun 431(4):670–674  

    6.    Van Den Ouweland JM, Lemkes HH, Trembath 
RC, Ross R, Velho G, Cohen D, Froguel P, 
Maassen JA (1994) Maternally inherited diabe-
tes and deafness is a distinct subtype of diabetes 
and associates with a single point mutation in 
the mitochondrial tRNA(Leu(UUR)) gene. 
Diabetes 43(6):746–751  

    7.   Bindoff LA, Engelsen BA (2012) Mitochondrial 
diseases and epilepsy. Epilepsia 53 Suppl 
4:92–97  

    8.    Khrapko K, Vijg J (2009) Mitochondrial DNA 
mutations and aging: devils in the details? 
Trends Genet 25(2):91–98  

    9.    Ameur A, Stewart JB, Freyer C, Hagstrom E, 
Ingman M, Larsson NG, Gyllensten U (2011) 
Ultra-deep sequencing of mouse mitochondrial 
DNA: mutational patterns and their origins. 
PLoS Genet 7(3):e1002028  

    10.    Mondal R, Ghosh SK (2013) Accumulation of 
mutations over the complete mitochondrial 
genome in tobacco-related oral cancer from 
northeast India. Mitochondrial DNA 24(4):
432–439  

    11.    Defontaine A, Lecocq FM, Hallet JN (1991) A 
rapid miniprep method for the preparation of 
yeast mitochondrial DNA. Nucleic Acids Res 
19(1):185  

    12.    Peloquin JJ, Bird DM, Platzer EG (1993) 
Rapid miniprep isolation of mitochondrial 
DNA from metacestodes, and free-living and 
parasitic nematodes. J Parasitol 79(6):964–967  

    13.    Quispe-Tintaya W, White RR, Popov VN, Vijg 
J, Maslov AY (2013) Fast mitochondrial DNA 
isolation from mammalian cells for next- 
generation sequencing. Biotechniques 55(3):
133–136    

Rapid Method for Mitochondrial DNA Isolation



97

Volkmar Weissig and Marvin Edeas (eds.), Mitochondrial Medicine: Volume I, Probing Mitochondrial Function, 
Methods in Molecular Biology, vol. 1264, DOI 10.1007/978-1-4939-2257-4_10, © Springer Science+Business Media New York 2015

    Chapter 10   

 Analysis of Mitochondrial DNA and RNA Integrity 
by a Real-Time qPCR-Based Method 

              Wei     Wang*    ,     Ying     Esbensen*    ,     Katja     Scheffl er    , and     Lars     Eide    

    Abstract 

   This chapter describes the use of real-time qPCR to analyze the integrity of mitochondrial nucleic acids 
quantitatively. The method has low material requirement, is low cost, and can detect modifi cations with 
high resolution. The method is specifi cally designed for mitochondrial RNA and DNA, but can be easily 
transferred to other high-copy number cases. This procedure describes analyses of brain nucleic acids, but 
other tissues or cells can be analyzed similarly.  

  Key words     mtDNA mutagenesis  ,   RNA quality  ,   Nucleic acid integrity  

1      Introduction 

 Stability of DNA and RNA is essential for maintaining cellular 
function, and accumulation of somatic mutations is the underlying 
cause of cancer as well as other age-associated disorders. 
Maintenance of DNA is important to preserve genome stability 
and secure proliferation. Although RNA represents the secondary 
level, new data show that the stability and quality of RNA has 
impacts on many cellular conditions, including metabolism, neuro-
logical functions, and longevity. Accurate measurement of altera-
tions on nucleic acids is therefore of interest for many disciplines. 

 Mitochondria are involved in many cellular functions; mito-
chondria proliferate independently of the host cell and continue to 
synthesize mitochondrial DNA (mtDNA) and RNA (mtRNA) in 
postmitotic cells, like neurons. There is an apparent heterogeneity to 
the stability of mtDNA and mtRNA. While the stability of mtDNA 
is expected to be higher than mtRNA, in vivo studies have demon-
strated the stability of the small ribosomal mitochondrial RNA (12S) 
to be in the order of months [ 1 ]. Mitochondrial dysfunction is 

*Authors contributed equally.
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associated with human diseases, as most diseases are caused by 
bioenergetic compromise and mtDNA damage and mutations have 
been correlated with disease and aging. The mtDNA exists as multi-
copy plasmid in the cell, and mtDNA mutagenesis may result in 
mitochondrial disease, dependent on the heteroplasmic state (frac-
tion of mutated mtDNA molecules in the cell). Because of the mul-
ticopy situation of mtDNA as well as mtRNA, assessment of the 
integrity requires capturing of suffi cient amount of molecules deter-
mined by the site-specifi c error frequency. Traditional cloning and 
sequencing strategies are less useful to determine site-specifi c muta-
tion frequency and are now being replaced by deep-sequencing 
approaches. However, the resolution of these techniques is insuffi -
cient to match the mutation frequency of mtDNA, which has been 
found to be lower than 1 × 10 −6  per nt, as determined by the random 
mutation capture method (RMC) [ 2 ]. 

 The cited RMC method is technically challenging, and we pre-
viously described a modifi cation of this method, where we used 
real-time qPCR to detect the number of templates prior to enzy-
matic digestion by TaqI to select mutated restriction enzymes sites. 
By including S1 nuclease in suffi cient amounts to remove single- 
stranded DNA, we were able to obtain comparable mtDNA muta-
tion frequencies as the RMC method [ 3 ]. Here, we include a 
similar strategy to assess errors in mtRNA, by analyzing the down-
stream cDNA produced by high-fi delity reverse transcriptases from 
total RNA. We provide quality control that our laboratory has 
established to validate the analyses. The concept of the assay is 
illustrated in Fig.  1 .   

2    Materials 

     1.    NanoDrop spectrophotometer (Epoch, BioTek Instrument).   
   2.    7900HT Fast Real-Time PCR System.   
   3.    Eppendorf Mastercycler ProS PCR.   
   4.    RNAlater solution.   
   5.    FastPrep ® -24 Instrument.   
   6.    RNA isolation kit.   
   7.    DNA isolation kit.   
   8.    rDNase I (2 units/μl).   
   9.    70 % ethanol.   
   10.    100 % ethanol.   
   11.    Nuclease-free water.   
   12.    Tungsten Carbide Beads, 3 mm.   
   13.    Tissue dissection tools.   
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   14.    S1 nuclease containing 10× S1 nuclease buffer and S1  nuclease 
dilution buffer (20,000 units, conc. 400–1,500 units/μl).   

   15.    TaqI restriction enzyme (20,000 units/ml).   
   16.    cDNA synthesis kit.   
   17.    RNase H (1,000 units, 10 units/μl).   
   18.    HotStart PCR Kit.   
   19.    Power SYBR Green PCR mixture.   
   20.    0.2 ml thin-walled PCR 8-tube strip.   
   21.    Primers used for analyzes of seven sites in the mtDNA is pro-

vided in Table  1 .
       22.    TaqI reaction mixture: 5 μl 10× NEBuffer 3, 0.5 μl 100× BSA, 

5 μl 20 units/μl TaqI, 34.5 μl H 2 O.      

3    Methods 

   Total DNA is isolated from homogenized material (here, brain) 
according to the manufacturer’s protocols. The DNA is quantifi ed 
by NanoDrop analyses. For preparation of samples, for storage, 
and for stability,  see   Notes 1  and  2 .  

       1.    Adjust template DNA concentration to 40 ng/μl.   
   2.    S1 nuclease is diluted to 1 unit/μl prior to use.   

3.1  mtDNA Mutation 
Frequency

3.1.1  Extraction 
of Total DNA

3.1.2  Removal 
of Interfering 
Single-Stranded DNA
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  Fig. 1    Real-time qPCR quantifi cation of TaqI site-mutated templates. The difference in CT values (ΔCT) 
obtained by amplifi cation of non-digested (CT ND ) and TaqI-digested (CT T ) DNA represents the logarithmic ratio 
between mutated and non-mutated TaqI recognition sequences. DNA is either total DNA amplifi ed by mtDNA- 
specifi c primers or cDNA prepared from reverse transcriptase synthesis of random primed RNA. The  black  and 
 red lines  indicate DNA with different mutation frequencies       
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   3.    S1 nuclease treatment: 1 μl 10× S1 buffer + 2 μl S1 nuclease 
(1 unit/μl) + 2 μl H 2 O + 5 μl total DNA (40 ng/μl), and incu-
bate at 37 °C for 15 min. 

 After reaction, keep sample on ice ( see   Note 3 ).      

         1.    5 μl reaction mix from Subheading  3.1.2  (100 ng of double- 
stranded DNA) is added to 45 μl of TaqI reaction mixture for 
TaqI digestion and incubated for 60 min at 65 °C ( see   Note 4 ).   

   2.    Subsequent to TaqI digestion, make a 2 ng/μl dilution of the 
digested sample and a corresponding dilution in TaqI reaction 
mixture without TaqI.   

   3.    6 ng (3 μl) of either TaqI-digested or non-digested DNA is 
subjected to real-time qPCR analyses, using selected primers 
(Table  1 ).   

   4.    To ensure complete digestion of non-mutated TaqI restriction 
sites, TaqI is added to qPCR reaction mixture (1 U/well) and 
an additional step of 65 °C for 15 min is included prior to the 
standard qPCR program ( see   Note 5 ).   

   5.    The qPCR is run in a 7900HT Fast Real-Time PCR System 
(Applied Biosystems) using the Power SYBR® Green PCR 
Master Mix. 50 μl of TaqI reaction mixture is suffi cient to 
screen ~5.4 × 10 7  copies of mtDNA molecules in a 96-well 
qPCR plate.   

3.1.3  TaqI Digestion 
and Real-Time qPCR 
Analysis

    Table 1  
  Oligonucleotides for quantifi cation of mutation frequencies   

 Loci  Amplicon (nt)  Sequence (5′-3′) 

 12S  206  actcaaaggacttggcggta 
 agcccatttcttcccatttc 

 Nd1  133  ttacttctgccagcctgacc 
 cggctgcgtattctacgtta 

 Nd3  82  gcattctgactcccccaaat 
 gacgtgcagagcttgtaggg 

 Nd5  111  tcagacccaaacatcaatcg 
 cccttctcagccaatgaaaa 

 Nd6  154  aacaaccaaccaaaaaggctta 
 gctgggtgatctttgtttgc 

 CoxI  117  ctgagcgggaatagtgggta 
 aaagcatgggcagttacgat 

 Cytb  120  cagccttttcatcagtaacaca 
 ctcgtccgacatgaaggaat 
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   6.    To confi rm complete TaqI digestion of nonmutant molecules, 
1 μl of TaqI is added to 10 μl of digested qPCR product in a 
new 0.2 ml tube and incubated at 65 °C for 10 min. The sen-
sitivity to TaqI (=erroneously measured mutations) is analyzed 
by 2.5 % agarose gel electrophoresis ( see   Note 6 ).      

      1.    The resulting ΔCT (CT value for digested DNA minus CT for 
non-digested DNA;  see  Fig.  1 ) is calculated ( see   Note 7 ).   

   2.    The logarithmic ratio between mutated TaqI sites and tem-
plate, non-digested DNA is transformed to linearity and 
divided by four in order to obtain mutation frequency per nt: 
Mutation frequency = 1/(2 exp(ΔCT))/4.       

   Total RNA is isolated from homogenized brain samples using 
the RNeasy Kit according to the manufacturer’s protocols with 
modifi cations.

    1.    Prepare 600 μl RLT lysis buffer containing 6 μl β-
mercaptoethanol in a 1.5 ml Eppendorf tube.   

   2.    Take about 20–30 mg of homogenized brain tissue and add 
the RLT buffer.   

   3.    Apply to FastPrep ® -24 Instrument with a setting of 5 M/s 
for 10 s.   

   4.       Briefl y spin down the tube to erase bubbles.   
   5.    Follow the protocol instruction to isolate RNA.   
   6.    The eluted total RNA is treated with rDNase I ( see   Note 8 ): 

5 μl 10× buffer + 1 μl rDNase I + 44 μl RNA, incubate at 37 °C 
for 30 min.   

   7.    Add 5 μl DNase inhibitor, incubate at room temperature for 
2 min, and spin at 10,000 rpm for 2 min. Transfer RNA to new 
Eppendorf tube.   

   8.    Quantifi cation of isolated total RNA by NanoDrop.   
   9.    If applicable, check RNA quality by Bioanalyzer.      

  The total RNA was reversely transcribed into fi rst-strand cDNA 
using cDNA reverse transcription kit.

    1.    500–1,000 ng total RNA is reverse-transcribed according to 
the manufacturer’s protocols.   

   2.    After the reverse transcription reaction, synthesized cDNA is 
treated with RNase H (10 units) at 37 °C for 20 min ( see   Note 9 ).   

   3.    Adjust the cDNA concentration to 20 ng/μl with nuclease-
free water.   

   4.    Subsequently, in order to create double-stranded cDNA for TaqI 
restriction enzyme digestion, 100 ng of cDNA was amplifi ed 

3.1.4  Mutation 
Frequency Calculation, 
Verifi cation of Results

3.2  mtRNA Error 
Frequency

3.2.1  Extraction 
of DNA-Free Total RNA

3.2.2  cDNA Synthesis 
and Amplifi cation 
of Mitochondrial cDNA
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with a HotStart PCR system in a total volume of 50 μl reaction 
mixture: 5 μl 10× HotStart PCR buffer + 1 μl 10 mM dNTPs + 
1 μl 10 μM forward primer + 1 μl 10 μM reverse primer + 0.5 μl 
5 units/μl Tag DNA polymerase + 36.5 μl H 2 O + 5 μl 20 ng/μl 
cDNA.   

   5.    The PCR reaction is run with: 95 °C for 10 min, then 95 °C 
for 15 s, and 60 °C for 1 min for 8–15 cycles ( see   Note 10 ).   

   6.    Following PCR reaction, the products are diluted as tenfold 
dilutions.   

   7.    From an appropriate dilution of the PCR products, analyze 
3 μl in additional real-time qPCR with a standard curve ( see  
 Note 11 ), and calculate accurate amounts in each sample, to 
make a 20 ng/μl dilution of PCR product ( see   Note 12 ).   

   8.    Proceed as in Subheading  3.1.3  to perform real-time qPCR 
analyses of mutated cDNA.      

  Reverse transcriptases are highly error-prone replicases because of 
absent proofreading activity [ 4 ]. In the present method, we have 
used High Capacity cDNA Reverse Transcription Kit for cDNA 
synthesis. MultiScribe™ Reverse Transcriptase is a recombinant 
Moloney murine leukemia virus (rMoMuLV) reverse transcriptase, 
and the error rate is 3 × 10 −5  per nt, as provided by the manufac-
turer. By comparing with another commercially available cDNA 
synthesis kit (AccuScript High-Fidelity 1st-strand cDNA Synthesis 
Kit, in which a Moloney murine leukemia virus reverse transcriptase 
derivative is used in the combination of a proofreading 3′-5′ exo-
nuclease [ 5 ]), we have obtained similar mtRNA error rates (Fig.  2 ).   

3.2.3  Evaluation 
of Reverse Transcription 
Error Rate

12
S

 r
R

N
A

er
ro

rs
 (

x 
10

-6
 p

er
 n

t)

0

500

1000

1500

2000

2500 Applied Biosystems

Stratagene

mut / mutwt/mut

  Fig. 2    Comparison of results obtained by two different high-fi delity reverse tran-
scriptases. Total RNA was isolated from heterozygous (wt/mut) and homozygous 
(mut/mut) mutator mouse brains (kind gift from Nils-Göran Larsson, Cologne). 
cDNA was synthesized by reverse transcriptases from two providers and ana-
lyzed for errors in the TaqI site in 12S rRNA as described. Figure shows mean 
value with SD       
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  The fi delity of PCR DNA polymerase additionally infl uences the 
results. In order to evaluate the error rates introduced by DNA 
polymerase, the 12S rDNA region was amplifi ed in PCR reaction 
with increasing cycles. The amplifi ed products were subsequently 
analyzed for mutation frequency. In Fig.  3 , the estimated values are 
plotted against the number of cycles. Zero cycles represent the 
values obtained by standard mutation quantifi cation procedure 
described above (from Subheading  3.1.3 ) and are subtracted from 
the other values in order to present artifi cial mutations. In sum-
mary, the amplifi cation step is associated with less than seven arti-
fi cial mutations per million nt.   

  To confi rm the sensitivity and linearity of the method, a serial dilution 
of mixed intact and mutant DNA was used. Intact DNA is repre-
sented by 12S rDNA PCR product amplifi ed from wt mouse brain 
as in Fig.  3 , and mutant DNA is obtained by amplifi cation of TaqI-
resistant 12S rDNA fragment. The TaqI recognition sequence is 
present in the intact DNA but not in the mutated DNA (Fig.  4a ). 
The intact and mutated PCR products were mixed in different 
ratios, and the subsequent mutation frequencies in the mixed sam-
ples determined and presented as ΔCT values (nonlinearized rela-
tion). Thus, the slope of the curve should ideally fi t the natural 
logarithm of 10, or 2.30. The fi gure demonstrates that the resolu-
tion of the assay is close to a mutation frequency of 1 × 10 −6  per nt 
for PCR-amplifi ed products (Fig.  4b ).     

3.2.4  Evaluation of Error 
Rates of DNA Polymerase

3.2.5  Calibration 
of the Method 
and Verifi cation 
of the Results
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  Fig. 3    Estimation of errors introduced by DNA polymerase during PCR amplifi ca-
tion. The 12S rDNA region was amplifi ed in a PCR reaction encompassing differ-
ent cycle numbers. Subsequent to amplifi cation, 100 ng DNA (PCR product) was 
analyzed for mutation frequency as described in Subheading  3.1.3 , subtracted 
by the mutation frequency of the same DNA that had not been amplifi ed. Data are 
means with SD from three independent experiments       
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4    Notes 

     1.    Tissue stored in RNAlater can be used for DNA and RNA iso-
lation. While the RNAlater can preserve RNA for up to 1 
month at 4 °C, it is recommended to start nucleic acid analyses 
within 2 weeks to minimize the risk of RNA degradation. It is 
also possible to remove the RNAlater and store the samples in 
−80 °C for long-term storage. Alternatively, this long- term 
storage can be done after homogenization.   

   2.    After homogenization, tissue is spread to the wall of the tube 
and dries out quickly. It is important to collect the sample to 
the bottom of the tube by spinning down immediately.   

   3.    Isolated total DNA contains single-stranded mtDNA that arise 
during replication and transcription, which would escape 
digestion by the double-stranded requiring TaqI enzyme and 
cause artifi cial mutation signals during real-time qPCR. S1 
nuclease treatment is added to remove this potential error 
source prior to restriction enzyme digestion.   

   4.    While data sheet indicates 100 % activity of TaqI restriction 
enzyme in NEBuffer 3, we have found that TaqI enzyme is 
working equivalently well in Power SYBR Green PCR 
Mixture. Therefore, TaqI digestion can be performed in the 
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  Fig. 4    Validation of method. ( a ) 12S rDNA PCR products amplifi ed from intact DNA (from 1-month-old mouse 
brain) and mutant DNA (TaqI-resistant DNA from homozygous mutator mouse) were treated with 20 units of 
TaqI at 65 °C for 10 min and analyzed for TaqI digestion by gel electrophoresis. ( b ) Mixture of intact and mutant 
DNA was assessed by the mutagenesis method, and the resulting logarithmic difference (ΔCT) between the 
ratio of TaqI-sensitive and insensitive PCR products was presented as a function of the mutant fraction       
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Power SYBR Green PCR Mixture by corresponding adjustment 
of reaction mixture volume. In this case, the lowest DNA 
concentration will be ~5 ng/μl for total 100 ng DNA.   

   5.    Complete TaqI digestion is essential for accurate determina-
tion of mutant molecules. To ensure complete digestion, we 
have introduced double treatments with TaqI enzyme. After 
100 ng of DNA is digested in 50 μl of TaqI reaction mixture, 
aliquot of 6 ng of DNA is digested again for 15 min within the 
qPCR mixture. This additional TaqI treatment in qPCR buffer 
signifi cantly reduced the false-positive signal caused by poten-
tial ineffi cient cleavage of intact DNA molecules. In the cur-
rent protocol, we routinely perform this two-round TaqI 
digestion, which results in a complete digestion of mouse brain 
total DNA and cDNA. However, determination of TaqI effi -
ciency is required for different batches of enzyme purchased, 
different loci of mtDNA due to secondary structure, and dif-
ferent tissue samples such as the liver and heart.   

   6.    The determination of absolute error frequency is dependent of 
complete TaqI digestion, which can be verifi ed by either 
sequencing analysis or agarose gel electrophoresis of qPCR 
products as suggested by previous reports [ 6 ,  7 ].   

   7.    CT values of non-digested DNA serve as loading control of 
DNA amounts, and CT values of digested DNA represent 
mutant molecules resistant to TaqI cutting.   

   8.    DNA contamination in the RNA isolation would mask the 
readout of low error frequency where CT values of TaqI- 
digested samples reach 32–34. In order to eliminate this poten-
tial problem, we verifi ed that double DNase treatment during 
RNA isolation effi ciently removed the remaining DNA. 
Following two steps of on-column DNase treatment during 
RNA isolation and an additional rDNase I treatment, qPCR 
with RNA indicated that residual DNA has been completely 
removed with CT values reaching 36–39 or undetermined.   

   9.    DNA polymerase has reverse transcriptase activity [ 8 ] and the 
remaining RNA existing in RNA:cDNA hybrids following 
cDNA synthesis would act as a template for Taq DNA poly-
merase, causing false-positive signals during PCR amplifi ca-
tion. Treatment of cDNA with RNase H signifi cantly removes 
unconverted RNA.   

   10.    As in the HotStart PCR reaction, cDNA is amplifi ed with 
gene-specifi c primers; individual genes need to be measured 
separately. The cycle number of the HotStart PCR needs to be 
adjusted based on transcriptional levels of each gene. For 
example, the ribosomal RNA (12S rRNA) has a high transcrip-
tion level which requires less than eight cycles to obtain enough 
PCR products.   
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   11.    In order to obtain accurate amounts of amplifi ed products for 
subsequent TaqI digestion, a qPCR with standard curve is 
required. Based on the exponential increase of the PCR reac-
tion, DNA amounts are estimated and a serial 1:10 dilution 
of PCR products is made. An appropriate amount (normally 
at dilution of 1:1,000–10,000 depending on the transcrip-
tional level of each gene) is selected and applied to qPCR 
quantifi cation.   

   12.    Based on standard curve, prepare 20 ng/μl of HotStart PCR 
products for TaqI digestion. If it is not possible for every sam-
ples, choose a lower dilution or adjust cDNA concentration to 
10 ng/μl. It is essential to make accurate amounts of cDNA 
from the same dilution for each sample. The mutation fre-
quency is calculated by the ΔCT of non-digested and TaqI- 
digested molecules. If the mutation frequency falls below 10 
per million, the ΔCT would reach 15–18. To ensure that the 
CT value of TaqI-digested sample lies within the trustable range 
for qPCR, it is necessary to adjust the CT value of non- digested 
sample to 15–16. In our experience, 6 ng of non- digested 
DNA as template normally gives a CT value around 16. This 
CT value can also be used as loading control of DNA amounts.         
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    Chapter 11   

 Mitochondria-Targeted RNA Import 

           Geng     Wang    ,     Eriko     Shimada    ,     Mahta     Nili    , 
    Carla     M.     Koehler    , and     Michael     A.     Teitell    

    Abstract 

   The import of a modest number of nucleus-encoded RNAs into mitochondria has been reported in species 
ranging from yeast to human. With the advent of high-throughput RNA sequencing, additional nucleus- 
encoded mitochondrial RNAs are being identifi ed. Confi rming the mitochondrial localization of candidate 
RNAs of interest (e.g., small noncoding RNAs, miRNAs, tRNAs, and possibly lncRNAs and viral RNAs) 
and understanding their function within the mitochondrion is assisted by in vitro and in vivo import assay 
systems. Here we describe these two systems for studying mitochondrial RNA import, processing, and 
functions.  

  Key words     Mitochondria  ,   RNA import  ,   Polynucleotide phosphorylase (PNPASE)  

1      Introduction 

 Mitochondria import a range of nucleus-encoded RNAs, with dif-
ferent species having different substrate specifi cities [ 1 ]. Some of 
these RNAs are processed within mitochondria and have func-
tions different from their cytosolic or nuclear counterparts [ 2 ]. 
Studying nucleus-encoded mitochondrial RNAs emphasizes a few 
general approaches. First, RNA localization inside mitochondria 
can be confi rmed using organelle fractionation after the substrate 
RNA is imported in vitro. Second, the processing or cleavage of 
imported RNAs can be studied using northern blotting or in vitro 
import of radiolabeled RNA substrates of known length. Specifi c 
RNA processing sites and the addition of nucleotides can be 
identifi ed using RNA ligation, followed by semiquantitative 
RT-PCR and sequencing, as described previously [ 3 ]. Finally, the 
functions of imported RNAs can be studied using approaches that 
are specifi c to the RNA species of interest. In addition to mechanis-
tic and functional studies, mitochondrial RNA import pathway(s) 



108

and signal sequence(s) can be co-opted to import RNAs of 
interest into mitochondria to rescue defects caused by mtDNA 
mutations or to change the mitochondrial genome expression 
profi le [ 4 ,  5 ]. Here, we describe two mitochondrial RNA import 
systems for these studies. One system is an in vitro import assay 
that uses in vitro-transcribed RNA substrates and either isolated 
yeast or mammalian mitochondria. A second, more challenging, 
and currently less effi cient and less well- understood system is an 
in vivo import assay that utilizes an RNA import signal sequence 
in exogenously expressed DNA to target nucleus-encoded RNAs 
for import into mitochondria. The RNA substrates for in vitro 
import can be either radiolabeled or unlabeled and detected using 
autoradiography or RT-PCR, respectively. For yeast mitochon-
dria, exogenous expression of the mammalian RNA import pro-
tein, polynucleotide phosphorylase (PNPASE), generates a system 
with enhanced import effi ciency for substrate RNAs [ 6 ]. The effi -
ciency of the in vivo import system varies markedly depending on 
the RNA to be imported; unfortunately, the precise rules for 
effi cient RNA import in vivo have not been fully elucidated. In vivo, 
pre-mitochondrial processing of target RNA in the nucleus and/or 
cytosol and traffi cking of RNA to the mitochondrion needs to be 
carefully considered, as these factors seem to greatly affect RNA 
import effi ciency [ 5 ].  

2    Materials 

 All solutions should be prepared using RNase-free water and the 
reagents used should be analytical grade. Unless indicated otherwise, 
all reagents should be prepared and stored at room temperature. 

       1.    MEGAscript ®  SP6 Kit from Ambion (catalog number: 
AM1330) is used for in vitro transcription. The kit contains an 
enzyme mix, 10× reaction buffer, and solutions of ATP, CTP, 
GTP, and UTP ( see   Note 1 ).   

   2.    α-P 32 -labeled CTP, 6,000 Ci/mmol, 10 mCi/mL ( see   Note 2 ).      

      1.    RNase-free water. Store at 4 °C.   
   2.    Trizol reagent (Invitrogen). Store at 4 °C.   
   3.    Chloroform.   
   4.    75 % Ethanol (RNAse-free). Store at 4 °C.   
   5.    Isopropyl alcohol.      

      1.    2× Import buffer for yeast mitochondria: 1.2 M sorbitol, 
100 mM KCl, 100 mM HEPES, 20 mM MgCl 2 , pH 7.1. Store 
at −20 °C.   

2.1  In Vitro 
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   2.    2× Import buffer for mammalian mitochondria: 0.45 M 
mannitol, 0.15 M sucrose, 20 mM HEPES, 50 mM KCl, 
10 mM MgCl 2 , pH 7.4. Store at −20 °C ( see   Note 3 ).   

   3.    100 mM ATP. Store at −20 °C.   
   4.    100 mM DTT (prepare fresh).   
   5.    500 mM NADH. Store at −20 °C.   
   6.    500 mM sodium succinate (prepare fresh).   
   7.    10 mg/mL RNase A. Store at −20 °C.   
   8.    10 mg/mL proteinase K. Store at −20 °C.   
   9.    SDS buffer: 1 % SDS, 100 mM NaCl, 10 mM Tris–HCl, pH 7.4.      

      1.    5× Tris-borate-EDTA (TBE) buffer.   
   2.    40 % Acrylamide/bisacrylamide (29:1) solution. Store at 4 °C.   
   3.    Ammonium persulfate: 10 % solution in water (prepare fresh).   
   4.     N,N,N,N -tetramethyl-ethylenediamine (TEMED).   
   5.    Formamide loading buffer: 95 % deionized formamide, 5 mM 

EDTA, 0.025 % (w/v) SDS, 0.025 % (w/v) bromophenol 
blue. Store at −20 °C ( see   Note 4 ).       

       1.    2× HEPES-buffered saline (HBS): 50 mM HEPES, 280 mM 
NaCl, 1.5 mM Na 2 HP0 4 , pH 7.1.   

   2.    1 M CaCl 2 .      

      1.    Mitoprep buffer: 0.225 M mannitol, 0.075 M sucrose, 20 mM 
HEPES, pH 7.4. Store at 4 °C.   

   2.    0.5 M EDTA. Store at 4 °C.   
   3.    0.2 M PMSF. Store at −20 °C.      

      1.    10 mg/mL digitonin (prepare fresh).   
   2.    10 mg/mL RNase A. Store at −20 °C.   
   3.    SDS buffer: 1 % SDS, 100 mM NaCl, 10 mM Tris–Cl, pH 7.4.   
   4.    RNase-free water. Store at 4 °C.   
   5.    Trizol reagent (Invitrogen). Store at 4 °C.   
   6.    Chloroform.   
   7.    75 % RNase-free ethanol. Store at 4 °C.   
   8.    Isopropyl alcohol.   
   9.    DNase I, RNase-free (Thermo Scientifi c).      

      1.    One-Step RT-PCR Kit (e.g., Promega).        
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3    Methods 

 Carry out all procedures at room temperature unless otherwise 
specifi ed. 

       1.    Prepare a DNA template that contains the SP6 polymerase 
promoter site for in vitro transcription.   

   2.    Perform in vitro transcription using the MEGAscript ®  Kit from 
Ambion ( see   Note 5 ). Mix all of the components at room tem-
perature in a 0.5 mL Eppendorf tube. The following is an 
example of a 20 μL reaction ( see   Note 6 ):

 ATP  1.5 μL 

 CTP  1.0 μL 

 GTP  1.5 μL 

 UTP  1.5 μL 

 10× Reaction buffer  2.0 μL 

 α-P 32 -CTP  7.5 μL 

 Linear template DNA a   0.1–1.0 μg 

 Enzyme mix  2.0 μL 

 Nuclease-free water  to 20 μL 

   a Use 0.1–0.2 μg PCR-product template or ~1 μg linearized plasmid 

        3.    Pipette the mixture up and down or fl ick the tube gently. Then 
centrifuge the tube briefl y to collect the reaction mixture at the 
bottom of the tube. Incubate at 37 °C for 2–4 h. If the tran-
scripts are less than 500 ribonucleotides (nt), a longer incuba-
tion time (up to 16 h) may be advantageous.      

      1.    After incubation, add 400 μL Trizol reagent and 170 μL chlo-
roform to the mixture and vortex for 1 min.   

   2.    Centrifuge the sample at 12,400 ×  g  for 5 min at room 
temperature.   

   3.    Transfer the upper aqueous phase into a fresh Eppendorf 
tube carefully without disturbing the interphase. Add 
300 μL isopropanol to the aqueous solution and mix by 
pipetting or inverting the tube.   

   4.    Centrifuge the sample at 20,000 ×  g  for 10 min at 4 °C 
( see   Note 7 ).   

   5.    Carefully remove the supernatant. Add 600 μL ice-cold 75 % 
ethanol to the tube and invert the tube ten times.   

   6.    Centrifuge at 20,000 ×  g  for 2 min at 4 °C. Remove the super-
natant ( see   Note 8 ).   
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   7.    Dry the RNA pellet at 37 °C and resuspend the RNA in RNase- 
free water ( see   Note 9 ). The RNA can be used fresh or stored 
at −80 °C for later use.      

  For import into mammalian mitochondria, always use freshly iso-
lated mitochondria. For import into yeast mitochondria, freshly 
isolated mitochondria or mitochondria that were previously iso-
lated, fl ash-frozen, and stored at −80 °C can be used. For import, 
fi nding a good negative control RNA that is not imported is 
required, and it is recommended that at least two different concen-
trations of test and control RNA is used in each experiment.

    1.    Freshly prepare 500 mM sodium succinate and 100 mM DTT. 
Thaw the 2× RNA import buffer, 500 mM NADH, and 
100 mM ATP at room temperature.   

   2.    Assemble the import reaction at room temperature. The fol-
lowing amounts are for a single 200 μL reaction in a 1.5 mL 
Eppendorf tube: 

 Yeast mitochondria import reaction:

 2× Import buffer (yeast)  98 μL 

 RNase-free water  62 μL 

 100 mM ATP  10 μL 

 500 mM NADH  2.0 μL 

 100 mM DTT  4.0 μL 

 Mitochondria (100 μg)  10 μL 

 5 pmol RNA  10 μL 

   Mammalian mitochondria import reaction:

 2× Import buffer (mammals)  98 μL 

 RNase-free water  58 μL 

 100 mM ATP  10 μL 

 500 mM sodium succinate  6.0 μL 

 100 mM DTT  4.0 μL 

 Mitochondria (100 μg)  10 μL 

 5 pmol RNA  10 μL 

       3.    Add together everything in the import reaction except the 
RNA and incubate at 30 °C for 5 min.   

   4.    Add RNA to the import reaction and mix gently. Incubate at 
30 °C for 10 min to import RNA ( see   Note 10 ).   

3.1.3  In Vitro RNA 
Import Assay
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   5.    After import, add 1 μL of 10 mg/mL RNase A to the import 
reaction. Incubate at 30 °C for 20 min ( see   Note 11 ).   

   6.    Transfer the mixture to a new tube and incubate at 30 °C for 
an additional 10 min ( see   Note 12 ).   

   7.    Centrifuge the mitochondria into a pellet at 11,000 ×  g  for 
4 min at room temperature. Proceed immediately to  step 2  in 
the next section.      

      1.    Add proteinase K to 1× SDS buffer at a fi nal concentration of 
25 μg/mL and heat the SDS buffer to 95 °C.   

   2.    Add 100 μL of SDS buffer from the previous step to the mito-
chondrial pellet and incubate at 80 °C for 1 min.   

   3.    Immediately isolate RNA according to the purifi cation steps 
detailed in Subheading  3.2 , above, and dry the RNA pellet.      

      1.    Prepare a 5 % urea-polyacrylamide gel before starting the 
import assay and pre-run the gel for 30 min at 300 V.   

   2.    Dissolve mitochondrial RNA in 30 μL of formamide loading 
buffer and incubate at 95 °C for 10 min.   

   3.    Immediately load RNA samples onto the urea-polyacrylamide 
gel. Electrophorese at 300 V until the dye front reaches the 
bottom of the gel ( see   Note 13 ).     

 When unlabeled RNA is used, the imported RNA can be 
detected by semiquantitative RT-PCR. Since many more steps are 
required, it may potentially introduce additional ineffi ciencies 
and/or may result in increased RNA degradation. Also, it is impor-
tant to note that if the RNA is processed upon import, the primers 
that detect the RNA precursor form may not detect the processed 
RNA version.  

      1.    Following electrophoresis, remove the gel and place it onto a 
Whatman fi lter paper and dry it on a vacuum gel dryer.   

   2.    Expose the gel for 1–7 days on X-ray fi lm ( see   Note 14 ).       

    The system described here is for adherent mammalian cells (e.g., 
HEK293, HeLa, mouse embryonic fi broblasts) only. Clone the 
RNA-encoding gene into a desired mammalian vector. Noncoding 
RNA promoters or mRNA promoters have both been used suc-
cessfully. Since semiquantitative RT-PCR is used for detection, it is 
essential to design primers that specifi cally amplify the imported 
RNA and distinguish it from endogenous sequences. In vivo RNA 
import is generally more complicated than in vitro RNA import 
with many parameters that affect effi ciency still to be defi ned and 
with RNA localization and processing issues to consider, so a mito-
chondrial RNA import signal appended to an RNA of interest 
alone rarely results in successful mitochondrial import without fur-
ther expression vector modifi cations. 

3.1.4  RNA Purifi cation
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      1.    Split a fairly confl uent (70–90 %) culture between 1:3 and 1:4 
into 15 cm plates ( see   Note 15 ).   

   2.    When the cells are 70 % confl uent, transfect the cells with con-
trol and RNA import constructs of interest (the protocol 
below is one example method of many;  see   Note 16 ).
   (a)    Replace cell media with fresh DMEM + 10 % FBS and 

supplements.   
  (b)    In a sterile tube, mix 100 μg of DNA with 128 μL 1 M 

CaCl 2 , 500 μL 2× HBS, and enough ddH 2 O to make up a 
total volume of 1 mL ( see   Note 17 ). Incubate the mixture 
at room temperature for 20 min.   

  (c)    Carefully add the mixture to the plates in a dropwise fash-
ion. Mix by rocking back and forth.   

  (d)    Incubate the transfected cells in a 5 % CO 2  incubator for 
48 h ( see   Note 18 ).    

            1.    Collect cells by centrifuging at 2,000 ×  g  for 2 min at room 
temperature. Remove the supernatant. Wash the cells with 
1 mL 1× PBS, pH 7.4.   

   2.    Resuspend the cells in 1.5 mL mitoprep buffer with 1 mM 
EDTA and 0.5 mM PMSF and transfer to a 5 mL glass/Tefl on 
homogenizer. Perform 30 dounce strokes ( see   Note 19 ).   

   3.    Transfer homogenate into a 1.5 mL Eppendorf tube and cen-
trifuge at 800 ×  g  for 5 min at 4 °C. Transfer the supernatant to 
a new Eppendorf tube.   

   4.    Resuspend the pellet in 1.5 mL mitoprep buffer. Perform 20 
dounce strokes. Transfer homogenate into a 1.5 mL Eppendorf 
tube and centrifuge at 800 ×  g  for 5 min at 4 °C. Transfer the 
supernatant to a new Eppendorf tube. Take out 25 μL from 
each supernatant and keep it on ice as a measure of assay input.   

   5.    Spin down the supernatants from the fi rst and second dounc-
ing at 800 ×  g  for 5 min at 4 °C.   

   6.    Transfer the supernatants to new Eppendorf tubes and centri-
fuge at 11,000 ×  g  for 5 min at 4 °C. Combine the pellets and 
wash with 1 mL mitoprep buffer. Centrifuge at 11,000 ×  g  for 
5 min at 4 °C, remove the supernatant, and resuspend the pel-
let in 30 μL mitoprep buffer.      

      1.    RNase A treatment.
   (a)    Add 200 μg fresh mitochondria into 200 μL mitoprep 

buffer.   
  (b)    Add 1 μL 10 mg/mL digitonin to the mitochondria. 

Vortex gently at a low speed ( see   Note 20 ).   
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  (c)    Add 0.5 μL RNase A to the mixture ( see   Note 21 ). 
Incubate the mixture at 27 °C for 20 min. After incuba-
tion, centrifuge at 11,000 ×  g  for 5 min. Remove as much 
supernatant as possible.       

   2.    Trizol RNA isolation.
   (a)    Resuspend the pellet from the previous step in 100 μL 

SDS buffer with 25 μg/mL proteinase K preheated to 
95 °C. Quickly put the tubes in an 80 °C heat block for 
5 min ( see   Note 22 ).   

  (b)    Add 400 μL Trizol reagent and 170 μL chloroform to the 
lysate. Purify the RNA as indicated in Subheading  3.2 , 
above, of the in vitro import protocol ( see   Note 23 ).       

   3.    DNase I treatment. 
 Resuspend the nucleic acid mixture in 30 μL DNase buffer 
with 0.5 unit of DNase I. Incubate at 37 °C for 30 min. 
Transfer the tubes to 65 °C and incubate for 10 min to inacti-
vate DNase I.      

  Use 1 μL sample as template for a 20 μL reaction. Specifi c primers 
are used for the one-step RT-PCR reaction ( see   Note 24 ).    

4    Notes 

     1.    For in vitro transcription, different RNA polymerase promoters, 
such as SP6, T7, or T3, can be used.   

   2.    The radiolabel can be on any of the four ribonucleosides, but 
it must be labeled at the α position. Do not use β- or γ-labeled 
ribonucleoside triphosphates. Make sure to use caution when 
working with radioactive materials and follow institutional 
handling, use, and waste management protocols.   

   3.    Many different buffers are used for mammalian mitochondria 
isolation. However, we recommend the use of a mannitol- 
sucrose buffer for the isolation procedure, so the mitochondria 
are maintained in the same conditions as the import buffer.   

   4.    Heating the RNA sample with formamide loading buffer dena-
tures the RNA and nucleases.   

   5.    It is essential to pick the kit for the specifi c promoter. It is not 
necessary to use a kit, and homemade transcription systems can 
be used instead. However, we have observed that the commer-
cial kits generally have a higher yield and increased full-length 
RNA products.   

   6.    Different genes can have very different yields even with the 
same promoter and the same kit, so it is important to adjust 
the volume and reaction time as needed.   

3.2.4  RT-PCR
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   7.    In most cases, a pale white RNA pellet will form at the bottom 
of the tube.   

   8.    Remove as much supernatant as possible. Otherwise the dry-
ing would take much longer.   

   9.    Do not dry the RNA at temperatures higher than 37 °C. Drying 
at a higher temperature makes it more diffi cult for the pellet to 
dissolve in water. For unlabeled RNA that requires semiquan-
titative RT-PCR for detection, it is necessary to perform the 
DNase treatment before proceeding to the next step.   

   10.    In general, RNA import is quick. 10 min is normally suffi cient, 
but the import reaction time can be adjusted up to 20 min.   

   11.    RNase A is chosen because it does not require a strict buffer 
condition, so a buffer exchange step is not required. It is 
important to handle RNase A carefully, so it will not contami-
nate the samples in later steps. Hold the stock tube with only 
one hand and change gloves right after adding the enzyme. 
Alternatively, 25 μg/mL of S7 nuclease may be used in a 
200 μL reaction containing 50 mM Tris–Cl, pH 8.0, and 
5 mM CaCl 2 .   

   12.    This step ensures thorough RNase A treatment because some 
RNA may stick on the upper wall of the tube and not mix with 
the enzyme.   

   13.    The percentage of the gel should be decided according to the 
length of the precursor and mature RNA species of interest. 
For RNA lengths between 200 and 500 nt, a 5 % urea- 
polyacrylamide gel is suffi cient. It is not recommended to run 
the dye front off of the gel. This will cause the buffer to become 
radioactive.   

   14.    Often, the import effi ciency is not high, so a long exposure 
time is needed.   

   15.    This method works best for adherent cells. The transfection 
effi ciency varies among cell lines.   

   16.    A control construct should encode RNA that is not imported 
into mitochondria. An import construct encodes the RNA of 
interest or RNA with an import signal and other sequences 
that are required for import.   

   17.    The amount of the construct used should be adjusted so that 
the control and the import RNAs are expressed at similar lev-
els, if possible.   

   18.    The incubation time after transfection should be determined 
according to the experimental need.   

   19.    It is important to avoid bubbles. Perform dounce strokes slowly.   
   20.    This step permeabilizes the mitochondrial outer membrane.   
   21.    Do not add too much RNase A because it cannot be easily 

inactivated even by added SDS and heat.   

Systems for RNA Import into Mitochondria
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   22.    SDS buffer should be preheated to 95 °C to enhance the 
inactivation of RNase A. In addition, put the sample in 80 °C 
quickly to prevent RNA degradation.   

   23.    It is important to dry the RNA at 37 °C. Do not over-dry the 
pellets.   

   24.    The import effi ciency in general can be low, so ~35 PCR cycles 
may be needed.         
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    Chapter 12   

 Accurate Measurement of Circulating Mitochondrial DNA 
Content from Human Blood Samples Using Real-Time 
Quantitative PCR 

              Saima     Ajaz*    ,     Anna     Czajka*    , and     Afshan     Malik    

    Abstract 

   We describe a protocol to accurately measure the amount of human mitochondrial DNA (MtDNA) in 
peripheral blood samples which can be modifi ed to quantify MtDNA from other body fl uids, human cells, 
and tissues. This protocol is based on the use of real-time quantitative PCR (qPCR) to quantify the amount 
of MtDNA relative to nuclear DNA (designated the Mt/N ratio). In the last decade, there have been 
increasing numbers of studies describing altered MtDNA or Mt/N in circulation in common nongenetic 
diseases where mitochondrial dysfunction may play a role (for review see Malik and Czajka, Mitochondrion 
13:481–492, 2013). These studies are distinct from those looking at genetic mitochondrial disease and are 
attempting to identify acquired changes in circulating MtDNA content as an indicator of mitochondrial 
function. However, the methodology being used is not always specifi c and reproducible. As more than 
95 % of the human mitochondrial genome is duplicated in the human nuclear genome, it is important to 
avoid co-amplifi cation of nuclear pseudogenes. Furthermore, template preparation protocols can also affect 
the results because of the size and structural differences between the mitochondrial and nuclear genomes. 
Here we describe how to (1) prepare DNA from blood samples; (2) pretreat the DNA to prevent dilution 
bias; (3) prepare dilution standards for absolute quantifi cation using the unique primers human mitochon-
drial genome forward primer (hMitoF3) and human mitochondrial genome reverse primer(hMitoR3) for 
the mitochondrial genome, and human nuclear genome forward primer (hB2MF1) and human nuclear 
genome reverse primer (hB2MR1) primers for the human nuclear genome; (4) carry out qPCR for either 
relative or absolute quantifi cation from test samples; (5) analyze qPCR data; and (6) calculate the sample 
size to adequately power studies. The protocol presented here is suitable for high- throughput use.  

  Key words     Mitochondrial DNA  ,   MtDNA  ,   Circulating MtDNA  ,   MtDNA copy number  ,   MtDNA 
content  ,   MtDNA qPCR  ,   Mt/N ratio  

1      Introduction 

 Mitochondria are eukaryotic organelles whose main function is to pro-
duce energy in the form of adenosine triphosphate (ATP) through 
oxidative phosphorylation (OXPHOS) [ 1 ]. As well as energy 
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production, mitochondria also play a role in the regulation of many 
cellular functions including cell proliferation, intracellular calcium 
homeostasis, and apoptosis. Because of their involvement in several 
fundamental cellular processes, mitochondrial dysfunction can 
result in a variety of diseases [ 2 ,  3 ]. In recent years, it has become 
widely accepted that acquired mitochondrial dysfunction (distinct 
from genetic mitochondrial disease) is involved in many common 
human diseases [ 2 – 4 ] and there is a growing interest in developing 
biomarkers of mitochondrial dysfunction. 

 Depending on their bioenergetic requirements, cells can have 
hundreds to many hundreds of thousands of mitochondria per cell. 
High numbers of mitochondria are found in energy-demanding 
tissues such as the brain where cells may have thousands of mito-
chondria [ 5 ] and ocytes which may contain several hundred thou-
sand mitochondria [ 6 ,  7 ]. Conversely, blood cells will typically 
have less than a hundred mitochondria [ 8 ]. The number of mito-
chondria in a particular cell type can change depending on many 
factors, including the stage in the cell cycle, the environment and 
redox balance of the cell, the stage of differentiation, and a number 
of cell signaling mechanisms [ 2 ,  9 ]. 

 Each mitochondrion can contain multiple copies of MtDNA 
[ 10 ,  11 ], a 16,569-base pair (bp) circular double-stranded DNA 
molecule which encodes 37 genes essential for mitochondrial func-
tion, with the remaining genes required for mitochondrial func-
tion located in the nuclear genome. MtDNA therefore is located in 
a different cellular compartment to the nuclear genome in the cell 
and can be more easily damaged by the cellular environment. The 
integrity and amount of MtDNA can impact on mitochondrial 
function, and the amount of MtDNA has been shown to correlate 
to mitochondrial function and OXPHOS activity [ 12 ,  13 ], leading 
to studies using its quantity as a determinant of mitochondrial 
activity. Disease-associated changes in MtDNA content from vari-
ous body fl uids have been reported in a broad range of human 
diseases, such as diabetes and its complications, obesity, cancer, 
HIV complications, and aging, as well as in normal development, 
fertility, and exposure to environmental factors [ 4 ]. The use of 
body fl uids for these studies is an attractive option as tissues and 
organs cannot easily be accessed, and most studies published have 
tended to use blood samples. 

 Cellular MtDNA content is often measured as mitochondrial 
versus nuclear genome ratio, which we termed Mt/N [ 14 ,  15 ]. 
Many methodological-based issues can signifi cantly alter Mt/N 
values resulting in false fi ndings [ 16 – 18 ]. These include the fol-
lowing: (1) duplication of the mitochondrial genome in the 
nuclear genome, (2) use of inappropriate nuclear primers, (3) 
dilution bias, and (4) template preparation problems. These prob-
lems can lead to serious errors in Mt/N determination and could 
be in part responsible for the confl icting data in the literature. 
A detailed discussion of these issues is provided in a recent review [ 4 ]. 
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Therefore, although there are some protocols for MtDNA 
quantifi cation [ 19 ,  20 ], these do not meet the two main criteria of 
specifi city and reproducibility as they fail to take account either the 
co- amplifi cation of nuclear regions and/or the dilution effect. 

 In the current article, we focus on studies using peripheral 
blood as it is often easier to obtain and store small amounts of 
whole blood samples for clinical studies. It is not always practical to 
fractionate blood samples, both because of issues involved with 
collection of such samples and because of the volumes that may be 
needed. Peripheral blood is comprised of a mixture of cells, and 
variations in the number or the relative amounts of different sub-
populations of blood cells might interfere with quantitative mea-
sures such as Mt/N. In addition, circulating cell-free MtDNA may 
also be present in serum or plasma, and in this case, the source of 
this MtDNA may not be clear. Nevertheless, many studies using 
peripheral blood have shown that disease-associated changes can 
be detected (reviewed in [ 4 ]). The method we describe here 
requires storage of a very small volume (10–100 μl) of blood for 
Mt/N assessment and as such could be easily used for existing or 
new clinical samples.  

2    Materials 

 All solutions were prepared using ultrapure water and stored at 
room temperature unless stated otherwise. 

      1.    BD Vacutainer ®  Plus Blood Collection 3 ml tubes containing 
K 2 EDTA.   

   2.    1.5 ml Eppendorf tubes   .      

      1.    DNeasy Blood & Tissue Extraction Kit (Qiagen, UK).   
   2.    Phosphate-buffered saline (PBS), pH 7.2, 50 mM potassium 

phosphate, 150 mM sodium chloride.   
   3.    Nuclease-free water.   
   4.    Ethanol absolute, 200 proof molecular biology grade.   
   5.    1.5 ml Eppendorf tubes.      

      1.    DreamTaq PCR Master Mix (Thermo Scientifi c).   
   2.    0.5× Tris-base boric acid-EDTA (TBE) buffer.   
   3.    Agarose—electrophoresis grade.   
   4.    Ethidium bromide.   
   5.    100 Base-Pair DNA Ladder (Thermo Scientifi c).   
   6.    Blue/Orange 6 × loading dye (Thermo Scientifi c).   
   7.    QIAquick Gel Extraction Kit (Qiagen).   

2.1  Blood Collection 
and Storage

2.2  DNA Extraction

2.3  Dilution 
Standards Preparation
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   8.    Ethanol absolute, 200 proof molecular biology grade.   
   9.    Isopropanol, 99.5 + %, extra pure, Acros Organics.   
   10.    Transfer RNA (tRNA).   
   11.    1.5 ml Eppendorf tubes.      

      1.    Quantifast SYBR Master Mix (2×) (Qiagen, UK).   
   2.    1.5 ml tubes.   
   3.    DNAse, RNase-free water (Thermo Scientifi c).   
   4.    96-Well PCR plates suitable for specifi c qPCR machine accord-

ing to the manufacturer’s instructions; here we used Roche 
480 Light Cycler plates, white with sealing (Thermal Seal RT2 
RR from Alpha Labs).      

      1.    Microcentrifuge (Biofuge, Heraeus).   
   2.    Real-time PCR machine (Roche LC 480, Roche).   
   3.    Thermal Cycler (LifePro Thermal Cycler, Bioer).   
   4.    Bath sonicator (Kerry, Pulsatron 55).   
   5.    Gel imaging system (   Syngene Bioimaging system, Scientifi c 

Laboratories).   
   6.    Spectrophotometer (NanoDrop ND-1000, Lab Tech 

International).       

3    Methods 

      1.    Collect peripheral blood in 3 ml capacity BD Vacutainer ®  Plus 
Blood Collection Tubes and invert the tubes gently eight to ten 
times for thorough mixing of blood with the anticoagulant.   

   2.    As soon as possible and preferably within 2–4 h, transfer the 
blood sample in 100 μl aliquots into sterile Eppendorf tubes 
and store at −80 °C ( see   Note 1 ).      

       1.    To prepare genomic DNA from the whole blood sample, use a 
column-based method (Qiagen DNeasy Blood & Tissue Kit), 
and the instructions below are modifi ed for this kit ( see   Note 2 ).   

   2.    Thaw the blood samples on ice and mix by vortexing. Add 
20 μl of proteinase K (>600 mAU/ml) and add 100 μl of PBS.   

   3.    To lyse the cells, add 200 μl of lysis buffer (buffer AL, without 
added ethanol). Mix thoroughly by vortexing, and incubate at 
56 °C for 10 min.   

   4.    Add 200 μl ethanol (96–100 %), and mix thoroughly by 
vortexing.   

   5.    Pipette the mixtures into the DNeasy Mini spin column placed 
in a 2 ml collection tube and follow the manufacturer’s method 
for washing and drying the column.   

2.4   qPCR

2.5  Equipment Used

3.1  Collection 
and Storage of Blood 
Samples

3.2  Extraction 
of DNA from Blood 
Samples
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   6.    To elute the DNA, add 50 μl of elution buffer (buffer AE) 
directly onto the DNeasy membrane. Incubate at room tem-
perature for 1 min, and then centrifuge for 1 min at 5000 ×  g  
and collect the eluent in a fresh tube. For maximum DNA 
yield, repeat elution once again in 50 μl buffer AE to make 
100 μl of total volume.   

   7.    You now have genomic DNA in a total volume of 100 μl. Use 
1–2 μl to determine the concentration and quality of the DNA 
using the NanoDrop or equivalent instrument ( see   Note 3 ).      

      1.    Transfer 30 μl of DNA into a clean 1.5 ml Eppendorf tube and 
place in a Bath sonicator (Kerry, Pulsatron 55) which uses 
38 kHz ± 10 % for 5–10 min.   

   2.    If you do not have access to a sonicating bath, we recommend 
shearing the DNA by passing through a needle of 21 gauge, 
0.8 mm diameter. For this take 30 μl of genomic DNA and add 
70 μl of TE buffer, and then shear 100 μl of this diluted DNA 
( see   Note 5 ).   

   3.    After sonication, determine the concentration of DNA again 
and adjust it to between 1 and 10 ng/μl. It is a good idea to 
have all the different samples under study adjusted to the same 
concentration.   

   4.    You can now check the samples by amplifying hMito and 
hB2M genes using PCR and specifi c primers given in Table  1 . 
Electrophorese the products on a gel. You should obtain clear 
bands and any problems at this stage would suggest that you 
should not proceed to the qPCR until they are resolved. Store 
the samples at 4 °C and avoid freezing for the duration of the 
study. Prior to use, gently vortex samples and spin briefl y.

              1.    Here we describe how to make dilution standards for absolute 
quantifi cation. Alternatively, to use the relative quantifi cation 
method, this section can be skipped to go straight to the real- 
time PCR method described in the next section.   

3.3  Pretreatment/
Fragmentation of DNA 
( See   Note 4 )

3.4  Preparation 
of Standards 
for Absolute 
Quantifi cation

    Table 1  
  Oligonucleotide sequences for Mt/N determination using real-time qPCR (adapted from [ 15 ])   

 Primer name  Primer sequence 5′ → 3′  Amplicon bp  Accession no 

 hMitoF3  CACTTTCCACACAGACATCA  127  NC_012920 
 hMitoR3  TGGTTAGGCTGGTGTTAGGG 

 hB2MF1  TGTTCCTGCTGGGTAGCTCT  187  NG_012920 
 hB2MR1  CCTCCATGATGCTGCTTACA 
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   2.    Amplify the hMito and hB2M PCR products with the appro-
priate primers ( see  Table  1 ) using human DNA isolated from a 
control sample. Prepare the reaction mixture by adding 12.5 μl 
of DreamTaq PCR Master Mix, 0.5 μl of forward and reverse 
primer (10 μM), and 10.5 μl RNase-free H 2 O. Add 1–2 μl of 
DNA template. Gently vortex the samples and spin down. 
Using a Thermal Cycler (such as LifePro Thermal Cycler, 
Bioer), perform PCR with initial denaturation at 94 °C for 
15 min (1 cycle), followed by denaturation at 94 °C for 30 s, 
annealing at 60 °C for 30 s, and extension 72 °C for 1 min and 
30 s (30 cycles). Final extension is at 72 °C for 7 min.   

   3.    Check the PCR products by electrophoresing 10 μl of the 
reaction on a 2 % agarose gel. If they are of the expected size 
with no other artifacts present, then electrophorese 20 μl of 
the PCR products out, visualize briefl y under UV light to 
identify, and excise the bands.   

   4.    Purify the DNA from the excised band using QIAquick Gel 
Extraction Kit (QIAGEN) according to the manufacturer’s 
instructions, and elute in 20–30 μl of elution buffer.   

   5.    Determine the concentration of each PCR product using the 
NanoDrop or a UV spectrophotometer and confi rm using a 
gel-based method if needed ( see   Note 6 ).   

   6.    Calculate the copy number per 1 μl of the purifi ed DNA as 
 follows ( see   Notes 7  and  8 ):
    (a)    For hMito: Copy number =  C  × 7.18 × 10 9 /μl.   
  (b)    For hB2M: Copy number =  C  × 4.87 × 10 9 /μl 

 (where  C  = concentration of DNA in ng/μl).    
      7.    Dilute the PCR product with calculated copy numbers to pre-

pare a stock solution of each of hMito and hB2M PCR prod-
ucts containing 1 × 10 9  copies per μl of the DNA ( see   Note 9 ).   

   8.    You will now prepare dilution standards for each of the two 
PCR products in tenfold dilution for 2–8 log. Prepare 7 tubes 
labeled 1 × 10 2  to 1 × 10 8  each containing 90 μl of water con-
taining 10 μg/ml transfer RNA (tRNA). Transfer a 10 μl ali-
quot of the stock solution (1 × 10 9  copy numbers) into the 
tube labeled 10 8 . Discard tip. Mix the tube and then transfer a 
10 μl aliquot from this tube into the 10 7  tube. Repeat until you 
reach 10 2  tube.   

   9.    The dilution standards labeled 10 2–8  should be stored at −20 °C 
( see   Note 10 ).      

       1.    In this section, the template DNA prepared in Subheading  3.2  
and the dilution standards prepared in Subheading  3.4  (if using 
absolute quantifi cation) are used for qPCR to determine the 
amount of MtDNA and nuclear DNA in the sample. Here we 

3.5  Real-Time 
Quantitative PCR
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use QuantiFast SYBR Green (Qiagen) but this can be substi-
tuted for an alternative real-time qPCR assay.   

   2.    For each DNA sample under investigation, carry out the reac-
tion in triplicate.   

   3.    Thaw QuantiFast SYBR Green PCR Master Mix (2× con-
centrated), template DNA (10 ng/μl), standards (dilutions: 
10 2 –10 8 ), primers (10 μM), and RNase-free water on ice, and 
vortex and briefl y spin down individual solution before pre-
paring reaction mix.   

   4.    Set up the reaction mix for each PCR assay containing 5 μl of 
QuantiFast SYBR Master Mix, 0.5 μl of forward and reverse 
primer (500 nM fi nal concentration each), and 2 μl template 
DNA; make up the reaction volume to 10 μl with RNase-
free water ( see   Note 11 ).   

   5.    Carry out the qPCR reaction in a real-time qPCR machine 
using the following conditions: preincubation at 95 °C for 
5 min (1 cycle); denaturation at 95 °C for 10 s; annealing and 
extension at 60 °C for 30 s (repeat denaturation and extension 
steps for 40 cycles); melting at 95 °C for 5 s, 65 °C for 60 s, 
and 95 °C continues (melt curve analysis −1 cycle); and, the 
last step, cooling at 40 °C for 30 s ( see   Note 12 ).   

   6.    In order to obtain copy numbers for tested samples, set up the 
threshold above the noise and on the linear/exponential part 
of amplifi cation curves. When running tenfold dilutions stan-
dards and after setting up the threshold ( see   Note 13 ), values 
for each standard will be plotted against their concentration, 
giving you also values for reaction effi ciency (recommended co 
effi ciency of reaction [ R  2 ] is 1.0) ( see  Figs.  3a, c  and  4a, c ).   

   7.    Based on the threshold, the software extrapolates values for 
each sample from standard curve and reports them in a table 
as copy numbers and Ct values (Ct stands for cycle thresh-
old = number of cycles required to cross the threshold line) 
for each gene.   

   8.    Check the specifi city of the primers using melt curve analysis; you 
should have one clear peak for each PCR product ( see  Figs.  3b  
and  4b ). You can also electrophorese the qPCR products on the 
gel to confi rm the specifi city and size ( see  Fig.  1a, b ).    

   9.    The resulting data can be analyzed using the software associ-
ated with the real-time qPCR instrument.   

   10.    Export data, copy numbers (if doing absolute quantifi ca-
tion), and Ct values to Excel spread sheets for analysis: For 
copy numbers, this should comprise of the 3 replicate values 
for hMito (sample hMito1 + hMito2 + hMito3) and hB2M 
(hB2M1 + hB2M2 + hB2M3) ( see  Table  2 ). Similarly for Ct, 
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enter the triplicate values for hMito and hB2M in separate col-
umns ( see  Table  3 ).

              1.    For analysis using the absolute quantifi cation method, calculate 
Mt/N by dividing the sum of hMito copy numbers (hMito1 + 
hMito2 + hMito3) by the sum of the hB2M copy numbers 
(hB2M1 + hB2M2 + hB2M3) ( see   Note 14 ).   

3.6  How to Analyze 
Your Results 
and Check Specifi city/
Accuracy 
of the Experiment

  Fig. 1       Agarose gel electrophoresis of purifi ed hMito and hB2M PCR products. The PCR products obtained from 
primers hMito F3and hMito R3 ( a ) and primers hB2M F1 and hB2M R1 ( b ) were gel purifi ed using spin column 
and electrophoresed on a 2 % agarose gel to check that the purifi cation had been successful. The 127 bph 
hMito and 189 bp hB2M PCR products are indicated by the  red arrows . Ladder bands are marked with  white 
arrows  and labeled with appropriate molecular weight sizes       

   Table 2  
     Absolute copy number for mitochondrial (hMito1–hMito3) and hB2M (hB2M1–hB2M3) genes detected 
in ten different blood samples   

 Samples  hMito 1  hMito 2  hMito 3 
 Average 
hMito  hB2M1  hB2M2  hB2M3 

 Aver 
hB2M  Mt/N 

 1  62100  85800  83200  77033  7460  7490  7500  7483  10.3 

 2  73600  64000  63500  67033  6740  6270  5650  6220  10.8 

 3  101000  86900  102000  96633  5530  6180  6410  6040  16.0 

 4  326000  326000  326000  326000  2530  2070  2200  2267  143.8 

 5  148000  153000  179000  160000  30600  34200  38100  34300  4.7 

 6  67300  62500  66700  65500  3820  3360  3440  3540  18.5 

 7  423000  411000  408000  414000  8640  8230  8230  8367  49.5 

 8  314000  313000  325000  317333  10400  10300  8840  9847  32.2 

 9  836000  664000  702000  734000  19100  22900  22100  21367  34.4 

 10  249000  253000  252000  251333  18700  18600  15500  17600  14.3 

  Columns 2–4 represent replicates of mitochondrial gene copy number; columns 6–8 represent replicates of hB2M copy 
number. Columns 5 and 9 represent average copy number of mitochondrial and hB2M genes, respectively. Mitochondrial 
DNA content (MT/N ratio) is shown in column 10  
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   2.    For relative quantifi cation (also known as the ΔCt method), 
you will need to assign a control or calibrator group and use 
the cycle threshold Ct (also known as Cp) values.

    (a)     Calculate ΔCt for every sample by subtracting the aver-
age hB2M Ct value from the average hMito Ct value 
(ΔCt = hMito Ct – hB2M Ct).   

   (b)     Calculate the mean ΔCt value for the control/calibrator 
group.   

   (c)     Calculate ΔΔCt for each sample by subtracting the ΔCt of 
the calibrators from the mean ΔCt of the sample (i.e., 
ΔΔCt = ΔCt of sample − ΔCt of calibrators).   

   (d)    Calculate fold difference using the formula 2 [2, −ΔΔCt] .          

  For studies where you wish to see if circulating Mt/N is altered in 
a disease setting, we recommend that you undertake the following 
three steps:

    1.    Determine Mt/N in >10 control samples and >10 affected 
samples. Calculate the mean and standard deviation of Mt/N 
values for each group.   

   2.    To calculate the effect size, you can, for example, use an online 
calculator such as the DanielSoper statistical calculator: 
 (  http://www.danielsoper.com/statcalc3/default.aspx    ). 

3.7  Calculation 
of the Sample Size 
to Adequately Power 
the Study

   Table 3  
  Cycle threshold (Ct) values for mitochondrial (hMito Ct1–hMito Ct3) and hB2M (hB2M Ct1–hB2M Ct3) 
genes detected in 10 different blood samples   

 Sample 
 hMito 
1 Ct 

 hMito 
2 Ct 

 hMito 
3 Ct 

 Average 
Ct 

 hB2m 
1 Ct 

 hB2M 
2 Ct 

 hB2M 
3 Ct 

 Average 
hB2M 

 1  16.1  16.3  16.1  16.2  21.6  21.4  21.4  21.5 

 2  16.0  16.0  16.1  16.0  21.7  21.8  21.6  21.7 

 3  17.0  16.9  16.9  16.9  21.8  21.4  21.5  21.6 

 4  17.1  17.3  17.2  17.2  21.4  21.4  21.4  21.4 

 5  16.2  16.2  16.1  16.2  22.2  22.1  23.1  22.5 

 6  16.8  16.8  17.0  16.9  21.9  22.0  21.9  21.9 

 7  17.8  17.4  17.2  17.5  22.3  22.3  22.3  22.3 

 8  17.0  16.9  16.8  16.9  22.3  22.3  22.3  22.3 

 9  15.9  15.9  16.3  16.0  22.4  22.4  22.3  22.4 

 10  16.6  16.7  16.8  16.7  22.2  22.3  22.1  22.2 

  Columns 2–4 represent replicates of mitochondrial gene Ct values; columns 6–8 represent replicates of hB2M Ct values. 
Columns 5 and 9 represent average Ct values of mitochondrial and hB2M genes, respectively  
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 Select “effect size (Cohen’s  d ) calculator for students  T  
test.” Enter the mean values and the standard deviations. The 
calculator will give you the value of Cohen’s  d  which is the 
effect size. For example, in a hypothetical study where group 1 
is a control group and group 2 is a disease group, mean (group 
1) 0.93, mean (group 2) 1.2, standard deviation (group 1) 
0.43, and standard deviation (group 2) 0.95, the calculator 
will give you a value of Cohen’s  d  as 0.366. 

 To calculate Cohen’s  d  yourself, use the following formula: 
 Cohen’s  d  = (mean 1 − mean 2)/ S , where  S  is the sum of 

the two standard deviations.   
   3.    To calculate the sample sizes, use the DanielSoper statistical 

online calculator (  http://www.danielsoper.com/statcalc3/
default.aspx    ). Select “sample size” and then select “ A priori  
sample size calculator for student  t -test.” Enter the effect size 
(Cohen’s  d ) which you calculated above and enter the statis-
tical power you want (usually set at 90 %) and the probability 
level (usually set at 0.05 %).     

 Using the same hypothetical example above, the effect size 
(Cohen’s  d ) was 0.36, the desired statistical power level was 0.9 
(0.9 if 90 % confi dence level or 0.8 if 80 % confi dence level), and 
probability level was 0.05. For these data, the minimum total sam-
ple size (two-tailed hypothesis) is 246 and the minimum sample 
size per group (two-tailed hypothesis) is 126.   

4    Notes 

      Preparation of DNA 
   1.    Once aliquoted, blood samples may be stored temporarily 

at −20 °C but −80 °C is recommended for long-term storage. 
We have found that we can thaw and refreeze samples numer-
ous times without losing DNA yields, although it is advisable 
to minimize freeze thawing. To thaw, place on ice and 
allow to thaw slowly. Mix well, remove aliquot, and refreeze 
immediately.   

   2.    If you want to use tissue samples, cells, or body fl uids instead 
of whole blood, you will have to adapt this protocol for DNA 
extraction, the rest of the steps will remain the same. For body 
fl uids (e.g., plasma, serum, saliva, cerebrospinal fl uid), it would 
be advisable to consider that your sample may contain cell-free 
MtDNA, and therefore, it may not be appropriate to normalize 
to nuclear DNA. In such cases, you may consider normalizing 
to volume of starting material or per ng of total DNA. 
We recommend that you use the same DNA extraction protocol 
for all your samples. We and others have found that using 
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 phenol chloroform-based methods can affect accuracy and we 
recommend column-based methods [ 4 ,  21 ].   

   3.    We compared the NanoDrop results of template DNA using 
fl  uorescence-based nucleic acid quantifi cation method using 
Quantus™ Fluorometer. Our results showed little variation 
between fl uorescence-based and absorbance-based methods so 
we recommend using either of them. In our experience, the 
typical yield of genomic DNA ranges from 3 to 6 μg from 
100 μl of whole blood. This amount will increase if you use 
buffy coat to approximately 20–30 μg from 5 × 10 6  cells.   

   4.    Preparation of genomic DNA from the sample as well as sam-
pling, dilution, and storage can result in procedural problems 
which can signifi cantly skew results, as the mitochondrial 
genome is small and circular compared to the nuclear genome, 
which consists of chromosomes, linear molecules of large 
molecular weight. We have found that the Mt/N value can be 
signifi cantly affected by the method of DNA extraction, dilu-
tion, or sampling and storage of DNA and termed this phe-
nomenon the “dilution effect” [ 15 ]. PCR-based methods to 
quantify MtDNA need to be specifi c (i.e., no co-amplifi cation 
of other regions apart from the desired target) and reproduc-
ible (i.e., no problems such as the dilution effect).   

   5.    For shearing, a volume of at least 100 μl is recommended, 
water or TE can be added to increase the volume. Place the 
liquid in a syringe and repeatedly pass through the needle for 
>2 min. The objective of this step is to fragment the DNA to 
reduce viscosity.    

  Preparation of Standards 
   6.    It is recommended that you electrophorese a small amount of 

the purifi ed band on a gel to ensure that you have successfully 
purifi ed the correct PCR product ( see  Fig.  1a, b ). We often 
check our fragments by running against DNA of known con-
centration at this point.   

   7.    Based on the given formula, copy numbers for each PCR prod-
uct are calculated in 1 μl. If 2 μl or more of DNA template/
standard is used in qPCR reaction, values have to be multiplied 
accordingly by 2 or more before making 1 × 10 9  dilution 
standards.   

   8.    The value of 7.18 × 10 9  is derived using the following formula: 
Avogadro’s constant (6.02 × 10 23 )/PCR product size (127 bp 
for hMito) × molecular weight of ds DNA (660 Da/bp). 

 The value of 4.87 × 10 9  is derived using the following formula: 
Avogadro’s constant (6.02 × 10 23 )/PCR product size (187 bp 
for hB2M) × molecular weight of ds DNA (660 Da/bp).   

   9.    It is a good idea to make about 100 μl of the 1 × 10 9  copies/μl 
stock solution for future use.   
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   10.    To test if the dilution has worked, re-amplify each dilution 
standard using PCR and electrophorese the products on a gel 
( see  Fig.  2a, b ). It is also recommended you test the dilution 
standards using qPCR as described in Subheading  3.5  (shown 
in Figs.  3  and  4 ).       

  Fig. 2    Checking dilution standards using PCR. After serial dilution of hMito and hB2M standards, 1 μl of each 
standard was used in PCR reaction and run on 2 % agarose gel.  Red arrow  indicates tenfold dilution (10 2 –10 7 ) 
of hMito standards ( a ) and a tenfold dilution (10 2 –10 7 ) of hB2M standards ( b ) with decreasing intensity which 
corresponds to decreased copy number       
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  Fig. 3    Amplifi cation of hMito in tenfold dilutions and standard curve generation. Dilution standards of hMito 
were prepared and 2 μl of each standard was used in qPCR reaction and amplifi ed. Fluorescence data was 
acquired once per cycle, and amplifi cation curve ( a ) was generated showing dilution series from 10 2  to 10 7  
copies of hMito. Melting point analysis ( b ) represents specifi city of multiplied product as one single melt peak 
is visible at 83 °C. ( c ) Standard curve showing the crossing point (Ct) for each of the tenfold dilutions plotted 
against a log concentration. Threshold line is shown in  red        
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  Preparation of qPCR and Analysis of Results 

   11.    Samples should be quantifi ed in duplicate or triplicate in the 
presence of 5–6 appropriate dilution standards. To avoid pipet-
ting errors, prepare master mix containing common reagents 
for all qPCRs and add these before the template. A blank (no 
template control) should be included in every qPCR run in 
order to detect occurrence of contamination.   

   12.    For melting curve analysis, use the analysis step built into the 
software of the real-time PCR instrument.   

   13.    We recommend using automatic setup of threshold and calcu-
lation of baseline; however, default settings might not always 
be accurate and it is a good idea to monitor this in every run.   

   14.    As mammalian cells contain a single genome with two copies 
of nuclear genome, the real MtDNA content per cell will be 
Mt/N × 2.    
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  Fig. 4    Amplifi cation of hB2M in tenfold dilutions and standard curve generation. Dilution standards of hB2M 
were prepared and 2 μl of each standard was used in qPCR reaction and amplifi ed. Fluorescence data was 
acquired once per cycle, and amplifi cation curve ( a ) was generated showing dilution series from 10 2  to 10 7  
copies of hB2M. Melting point analysis ( b ) represents specifi city of multiplied product as one single melt peak 
is visible at 79 °C. ( c ) Standard curve showing the crossing point (Ct) for each of the tenfold dilutions plotted 
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    Chapter 13   

 mTRIP: An Imaging Tool to Investigate Mitochondrial DNA 
Dynamics in Physiology and Disease at the Single-Cell 
Resolution 

              Laurent     Chatre      and     Miria     Ricchetti    

    Abstract 

   Mitochondrial physiology and metabolism are closely linked to replication and transcription of the genome 
of the organelle, the mitochondrial DNA (mtDNA). However, the characterization of mtDNA processing is 
poorly defi ned at the single-cell level. Here, we describe mTRIP ( m itochondrial  t ranscription and  r eplication 
 i maging  p rotocol), an imaging approach based on modifi ed fl uorescence in situ hybridization (FISH), which 
simultaneously reveals mitochondrial structures engaged in mtDNA initiation of replication and global mito-
chondrial RNA (mtRNA) content at the single-cell level in human cells. In addition, mTRIP can be coupled 
to immunofl uorescence for in situ protein tracking, or to MitoTracker, thereby allowing simultaneous label-
ling of mtDNA, mtRNA, and proteins or mitochondria, respectively. Altogether, qualitative and quantitative 
alterations of the dynamics of mtDNA processing are detected by mTRIP in human cells undergoing physi-
ological changes, as well as stress and dysfunction, with a potential for diagnostic of mitochondrial diseases.  

  Key words     Mitochondrial DNA  ,   FISH  ,   Imaging  ,   mTRIP  ,   Mitochondrial disease  ,   Transcription  , 
  DNA replication  ,   Single-cell  

1      Introduction 

 Mitochondria are highly dynamic organelles that can fuse and 
divide to produce a variety of morphologies ranging from individ-
ual entities to interconnected tubular networks, which are func-
tional to cell growth and cell physiology [ 1 – 3 ]. In eukaryotes, 
mitochondria play a central role in the energy metabolism that is 
regulated by the nuclear genome and, importantly, by the organ-
elle genome. Individual mitochondria carry multiple copies of 
double-stranded circular mtDNA, packed into nucleoid structures, 
and autonomously replicated and transcribed [ 4 – 6 ]. The human 
mtDNA is a 16.5 kbp molecule coding for two ribosomal RNAs, 
22 transfer RNAs, and 13 protein-coding genes that are transcribed 
into polycistronic precursor RNAs and then processed to mature 
mRNAs, rRNAs, and tRNAs [ 7 ] (Fig.  1 ). The dynamics of mtDNA 
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replication are still debated, and distinct models are proposed [ 8 – 10 ]. 
Nevertheless, in these models initiation of replication takes place at 
the O H  origin, and the nascent heavy (H) strand may subsequently 
pause about 700 nucleotides downstream generating the 7S DNA, 
which produces a characteristic triple displacement loop or D-loop. 
mtDNA replication and transcription have been extensively charac-
terized by biochemical approaches, which assess values within large 
cell populations (reviewed by [ 5 ,  6 ]). In addition, super-resolution 
imaging recently revealed, at the single-cell level, that mtDNA rep-
lication occurs only in a subset of nucleoids [ 11 ,  12 ]. These fi ndings 
underscore the urgency of combined protein and DNA analysis of 
mitochondrial substructures. However, actual FISH procedures 
may damage protein epitopes and are therefore not suitable also 
for immunofl uorescence analysis, thereby limiting the simultane-
ous track of mitochondrial nucleic acids and proteins.  

  Fig. 1    Schematic representation of the human mitochondrial DNA and probes 
used in mTRIP. The heavy (H) and light (L) strands of the mitochondrial genome are 
indicated in the  external  and  inner circle , respectively, with the position and name 
of single genes within. tRNA genes are indicated with a  black dot  and the  corre-
sponding letter . All genes are located on the H-strand, with the exception of  ND6  
and several tRNAs, located on the L-strand. Magnifi cation of the D-loop region 
(which contains H-strand origin of replication (O H ) and promoters of both H (PH1 
and PH2) and L (PL) strands) is shown on  top. Blue arrows  indicate the direction 
of DNA replication from O H  and O L . The position of probe mREP and probes 1, 6, 
and 11 is indicated with a  red box . mTRANS is a mix of probes 1, 6, and 11, which 
targets rRNA as well as several coding genes and tRNA on both strands       
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 mTRIP, a novel imaging protocol based on modifi ed FISH, 
identifi es mitochondrial entities engaged in the mtDNA initiation 
of replication and can simultaneously reveal the mitochondrial 
RNA (mtRNA) content in single human cells. Moreover mTRIP 
can be coupled to immunofl uorescence, making possible the com-
bined detection of mtDNA initiation of replication, mtRNA content, 
and proteins in single human cells [ 13 ] (Fig.  2 ). mtDNA initiation 

  Fig. 2    Scheme of mTRIP labelling. Summary and chronology of steps of mTRIP 
labelling described in detail in this document. After labelling, 3D confocal acqui-
sition and the subsequent treatment of acquisitions are shown. 3D acquisition is 
necessary for fl uorescence quantifi cation of the entire cell volume, but also 2D 
acquisition of a single plan (and thereby fl uorescence quantifi cation of this single 
plan) can be performed (not shown here)       
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of replication is identifi ed by the mREP probe, which targets a 
specifi c DNA region located upstream of the replication origin O H  
and within in the regulatory D-loop. Probe mREP recognizes only 
DNA in an open structure; therefore, the double- stranded mito-
chondrial genome that is not engaged in replication initiation is 
not detected by mREP. mTRANS, a mix of three DNA probes 
located on different regions of the mitochondrial genome, detects 
specifi c mtRNAs which are considered representative of global 
mtRNA levels (Fig.  1 ). We generally associate mTRIP analysis of 
mitochondrial nucleic acids with immunofl uorescence of a mito-
chondrial outer membrane protein (TOM22 or TOMM22) to 
identify the mitochondrial network. These labellings allow the 
detection and quantifi cation of at least three classes of mitochon-
drial subpopulations: (1) replication initiation active and transcript 
positive (Ia-Tp), (2) replication initiation silent and transcript posi-
tive (Is-Tp), and (3) replication initiation silent and transcript neg-
ative (Is-Tn) [ 13 ], revealing that individual mitochondria are 
strongly heterogeneous within human cells (Fig.  3a–d ). This het-
erogeneity is functional to physiological changes, as during the cell 
cycle [ 14 ], and can be also affected during stress and disease [ 13 ]. 
mTRIP can be also associated with MitoTracker labelling, which 
detects mitochondria in living cells, based on its binding to thiol 
groups present in the organelle (Fig.  3e–h ). Other probes than 
mREP and mTRANS can be produced that target specifi c regions 
of interest in the mitochondrial genome ( see  ref.  13 ). Described 
and novel mTRIP probes, combined with a variety of immunofl uo-
rescence and mitochondrial markers, should help decipher mtDNA 
dynamics and their impact under physiological changes, including 
stress, and in disease ( see   Notes 1  and  2 ).    

2    Materials 

 Prepare all solutions using ultrapure water when needed. Follow all 
waste disposal regulations when disposing waste materials. 

      1.    Lysis buffer to extract total genomic DNA: 0.2 % SDS, 5 mM 
EDTA, 0.2 mg/ml Proteinase K in 1× phosphate-buffered 
saline (PBS) buffer.   

   2.    Sodium acetate 3 M, pH 5.2, cold ultrapure isopropanol and 
ultrapure water.   

   3.    Taq DNA polymerase (we recommend LA Taq DNA poly-
merase TaKaRa).   

   4.    Primers for PCR amplifi cation of the mREP probe from total 
genomic DNA: 

 Coordinates of all primers are according to NC_012920 
GenBank. 

 mREP (98 nucleotides, nt): coordinates 446–544. 

2.1  Probe 
Preparation 
and Labelling
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 Forward 5′-ACATTATTTTCCCCTCCC-3′. 
 Reverse 5′-GGGGTATGGGGTTAGCAG-3′.   

   5.    Primers for PCR amplifi cation of the mTRANS probe from 
total genomic DNA: 

 mTRANS is an equimolar mix of three DNA probes: probe 
1, probe 6, and probe 11 (coordinates: 1905-2866, 7400-
8518, and  13416-14836, respectively). 

 Primers for PCR amplifi cation of DNA probe 1 (961 nt): 
 Forward 5′-ACCAGACGAGCTACCTAAGAACAG-3′. 
 Reverse 5′-CTGGTGAAGTCTTAGCATGT-3′. 
 Primers for PCR amplifi cation of DNA probe 6 (1,118 nt): 
 Forward 5′-CTACCACACATTCGAAGAACC-3′. 
 Reverse 5′-CGTTCATTTTGGTTCTCAGGG-3′. 
 Primers for PCR amplifi cation of DNA probe 11 (1,420 nt): 
 Forward 5′-CATACCTCTCACTTCAACCTC-3′. 
 Reverse 5′-TGAGCCGAAGTTTCATCATGC-3′.   

  Fig. 3    mTRIP colabelling with either immunofl uorescence of mitochondrial proteins or MitoTracker. Panels 
( a – d ): colabelling of TOMM22 immunofl uorescence ( green , panel  a ), mTRANS ( red , panel  b ), and mREP ( blue , 
panel  c ) probes shows mitochondrial initiation of replication, transcription, and mitochondrial network, respec-
tively. In merge, mREP essentially colocalizes with mTRANS ( purple ;  arrow ; Ia-Tp, replication initiation active 
and transcript positive), and independent mTRANS labelling ( orange ;  arrow ; Is-Tp, replication initiation silent 
and transcript active), as well as replication initiation silent and transcript negative mitochondrial structures 
( green ;  arrow , Is-Tn) are also observed. Panels ( e – h ): colabelling of MitoTracker Deep Red ( purple , panel  e ), 
mTRANS ( green , panel  f ), mREP ( red , panel  g ), and merge (panel  h , which was also counterstained with 
Hoechst, blue, for nucleus detection). MitoTracker labelling results in a more diffused signal than immunofl uo-
rescence and mTRIP; therefore, colocalization with other markers appears less defi ned in panel ( h ) than in 
panel ( d ). Ia-Tp, Is-Tp, and Is-Tn mitochondrial structures are detected also with this colabelling (presence or 
absence of labelling is shown in panels (e–g) rather than in merge, because of the limited resolution of the 
combined fl uorescence signal by visual detection). Scale bars = 10 μm       
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   6.    PCR product clean-up system kit ( see   Note 3 ).   
   7.    Labelling of purifi ed mREP and mTRANS PCR products. It is 

strongly recommended to label the DNA probes by Nick 
translation using Atto425 or Atto488 or Atto550 or Atto647 
NT labelling kit (Jena Bioscience) ( see   Note 4 ). 

 Labelled and purifi ed mREP and mTRANS probes must 
be aliquoted and stored at −20 °C in the dark.      

      1.    Tissue culture plates 6-well (12-well or 24-well plates are rea-
sonable alternatives for culture of rare primary cells or slow- 
growing cells).   

   2.    Microscope glass cover slips 18 mm diameter.   
   3.    2 % paraformaldehyde (PFA) in 1× PBS (mix 5 ml of 16 % PFA 

with 35 ml of 1× PBS).   
   4.    2 % PFA can be stored at 4 °C for a couple of weeks.   
   5.    Permeabilization buffer: 0.5 % Triton X-100 in 1× PBS (mix 

50 μl of 100 % Triton X-100 with 9,550 μl 1× PBS).   
   6.    20× saline sodium citrate (SSC) buffer: 150 mM NaCl, 15 mM 

   Na3citrate × 2H 2 O, pH 7.0. For SSC preparation, dissolve 
175.3 g of NaCl and 88.2 g of sodium citrate in 800 ml of ultra-
pure water. Adjust the pH to 7.0 with 14 N solution of HCl. 
Adjust the volume to 1 l with additional ultrapure water. Sterilize 
by autoclaving. Store at room temperature for up to 6 months.   

   7.    Pretreatment buffer for permeabilized cells: 50 % for-
mamide/2× SSC in 1× PBS. 

 Store the solution at room temperature for up to 6 months 
in the dark.   

   8.    Denaturation buffer for permeabilized cells: 70 % for-
mamide/2× SSC in 1× PBS. 

 Store the solution at room temperature for up to 6 months 
in the dark.      

      1.    Parafi lm.   
   2.    Hybridization buffer: 10 % dextran sulfate/50 % formamide/2× 

SSC in 1× PBS. 
 Store the solution at room temperature for up to 6 months 

in the dark ( see   Note 5 ).   
   3.    100 ng/μl salmon sperm DNA: dilute stock salmon sperm 

DNA with 1× PBS. 
 Store the solution at −20 °C.   

   4.    Washing buffer A: 2× SSC in 1× PBS.   
   5.    Washing buffer B: 1× SSC in 1× PBS.   
   6.    Washing buffer C: 0.1× SSC in 1× PBS.      

2.2  Cell Treatment

2.3  mTRIP 
Hybridization
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      1.    Parafi lm.   
   2.    Blocking buffer: 5 % bovine serum albumin (BSA) in 1× PBS. 

The solution can be stored at 4 °C for several weeks ( see   Note 6 ).   
   3.    Primary antibody ( see   Note 7 ): we recommend the use of 

unconjugated rabbit polyclonal anti-TOMM22 to label 
mitochondria.   

   4.    Fluorescent-conjugated secondary antibody ( see   Note 8 ): we 
recommend the use of Cy5 (or similar)-conjugated goat sec-
ondary anti-rabbit antibody.   

   5.    Hoechst 33342.      

  MitoTracker ®  probes, Invitrogen. Select a MitoTracker probe with 
appropriate spectral characteristics for successive labelling with 
mTRIP. Here we used MitoTracker ®  Deep Red (655 nm).  

      1.    Confocal microscope.   
   2.    Optional for 3D imaging: 3D reconstruction imaging software.   
   3.    Quantifi cation—imaging software such as ImageJ.       

3    Methods 

 mTRIP principles are summarized in Fig.  2 . 

  It is strongly recommended to use primary cells such as IMR90 at 
early passages (and not cancer-derived or immortalized cell lines) 
( see   Note 9 ).

    1.    Add 200 μl of fresh lysis buffer to the cell pellet at 50 °C 
for 3 h.   

   2.    Incubate at 50 °C for 3 h.   
   3.    Add 20 μl of sodium acetate 3 M, pH 5.2.   
   4.    Add 200 μl of cold ultrapure isopropanol.   
   5.    Incubate at −20 °C for 15 min.   
   6.    Centrifuge at 16,100 ×  g  at 4 °C for 30 min.   
   7.    Carefully discard the supernatant.   
   8.    Add 500 μl of 70 % ethanol.   
   9.    Centrifuge at 16,100 ×  g  at 4 °C for 5 min.   
   10.    Carefully discard the supernatant.   
   11.    Dry the DNA pellet for 5 min at room temperature. The pellet 

should be transparent after drying.   
   12.    Resuspend the DNA pellet in 100 μl of ultrapure water.   
   13.    Incubate at 4 °C overnight.   

2.4  mTRIP 
Coupled to 
Immunofl uorescence

2.5  mTRIP Coupled 
to MitoTracker ® 

2.6  Imaging 
Equipment

3.1  Extraction 
of Total Genomic DNA
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   14.    Quantify the total genomic DNA. Dilute in ultrapure water, 
if needed.   

   15.    Storage: −20 °C.    

        1.    Amplify the mREP probe by PCR using at least 100 ng/μl of 
total genomic DNA and LA Taq DNA polymerase (recom-
mendation: annealing temperature, 56 °C; extension, 68 °C).   

   2.    Amplify the mTRANS component probe 1 by PCR using at 
least 100 ng/μl of total genomic DNA and LA Taq DNA poly-
merase (recommendation: annealing temperature, 56 °C; 
extension, 68 °C).   

   3.    Amplify the mTRANS component probe 6 by PCR using at 
least 100 ng/μl of total genomic DNA and LA Taq DNA poly-
merase (recommendation: annealing temperature, 56 °C; 
extension, 68 °C).   

   4.    Amplify the mTRANS component probe 11 by PCR using at 
least 100 ng/μl of total genomic DNA and LA Taq DNA poly-
merase (recommendation: annealing temperature, 56 °C; 
extension, 68 °C).   

   5.    Purify the PCR products using 2 % agarose electrophoresis gel 
and conventional PCR product clean-up kit.   

   6.    Estimate the amount of the purifi ed PCR product. It is essen-
tial to get 1 μg of PCR product at a concentration of 75 ng/μl 
or higher. If this amount of DNA product is not reached, one 
can concentrate the DNA by sodium acetate and isopropanol 
precipitation and then resuspend in the appropriate volume of 
ultrapure water to reach the required concentration. Note that 
precipitation of highly diluted DNA is not recommended as it 
may result in salt concentration higher than necessary, in spite 
of intense washing. 

  Be careful as the following steps are dedicated to DNA probe 
fl uorescent labelling by Nick translation (NT) and are crucial 
for mTRIP. Consider that no other technique of DNA labelling 
than Nick translation has been tested in this context.    

   7.    Choose the fl uorescence label for mREP and mTRANS DNA 
probes ( see   Note 10 ). If mTRIP is coupled to immunofl uores-
cence and Hoechst 33342, resulting in four color channels, 
the recommended choice is mREP labelled with Atto550 NT 
kit, mTRANS labelled with Atto488 NT kit, immunofl uores-
cence with a Cy5-conjugated secondary antibody, and Hoechst.   

   8.    Preparation of the mREP DNA probe:
   (a)    Resuspend 1 μg of pure PCR product in a maximum vol-

ume of 14 μl in a 0.2 ml thin-wall 8-tube strip with caps 
for regular thermal cycler (PCR machine). 

 If the volume is smaller, adjust to 14 μl with PCR-
grade water from the kit.       

3.2  Preparation 
and Labelling 
of the DNA Probe
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   9.    Preparation of the mTRANS DNA mix probes:
   (a)    Mix 333 ng of mTRANS probe 1, 333 ng of mTRANS 

probe 6, and 333 ng of mTRANS probe 11 (equimolar 
amounts of the three probes) for a fi nal amount of 1 μg of 
DNA mix, in maximum volume of 14 μl in a 0.2 ml thin-
wall 8-tube strip with caps for regular thermal cycler (PCR 
machine). 

 If the volume is smaller, adjust to 14 μl with PCR-
grade water from the kit.     
 The following steps are identical for mREP and mTRANS 

fl uorescence labelling:   
   10.    Gently mix 14 μl of template DNA with 2 μl of 10× NT label-

ling buffer on ice.   
   11.    Add 2 μl of Atto488 or Atto550 NT labelling mix.   
   12.    Add 2 μl of 10× enzyme mix.   
   13.    Ensure sample homogeneity by gentle mixing.   
   14.    Incubate the mix at 15 °C for 90 min, for example, in a regular 

thermal cycler, in the dark.   
   15.    Add 5 μl of NT Kit Stop buffer to stop the reaction.   
   16.    Transfer the reaction mixture in 1.5 ml Eppendorf tube.   
   17.    Add 2 μl of 3 M pH 5.2 sodium acetate.   
   18.    Add 14 μl of ultrapure cold isopropanol.   
   19.    Gently mix the sample.   
   20.    Incubate at −20 °C for 15 min in the dark.   
   21.    Centrifuge at 16,100 ×  g  at 4 °C for 30 min.   
   22.    Discard the supernatant.   
   23.    Add 500 μl of 70 % ethanol.   
   24.    Centrifuge at 16,100 ×  g  at 4 °C for 5 min.   
   25.    Discard the supernatant.   
   26.    Add 500 μl of 70 % ethanol.   
   27.    Centrifuge at 16,100 ×  g  at 4 °C for 5 min.   
   28.    Discard the supernatant.   
   29.    Resuspend the fl uorescent-labelled DNA probe in 50 μl of 

ultrapure water to get a fi nal concentration of 20 ng/μl.   
   30.    Store the labelled DNA probe at −20 °C in the dark.      

   To reduce bench timing, Subheading  3.3  can be done in parallel 
with Subheading  3.4 .

    1.    Choice 1: one probe, preparation of the reaction mixture (in a 
1.5 ml tube): 

 If only one probe (e.g., mREP or mTRANS) is used, the 
reaction mix is done in a fi nal volume of 25 μl per cover slip. 

3.3  Pre-hybridization 
of the DNA Probe
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Gently mix 2 μl of 20 ng/μl of fl uorescent DNA probe (40 ng 
DNA probe is used per cover slip at a fi nal concentration of 
1.6 ng/μl) with 4 μl of 100 ng/μl salmon sperm DNA (400 ng 
of salmon sperm DNA is used for 40 ng of DNA probe and per 
cover slip) and 19 μl of hybridization buffer.   

   2.    Choice 2: two probes, preparation of the reaction mixture (in a 
1.5 ml tube): 

 If two probes (mREP  and  mTRANS) are used, the reac-
tion mix is done in a fi nal volume of 25 μl per cover slip. Gently 
mix 2 μl of 20 ng/μl fl uorescent mREP probe (40 ng of DNA 
probe is used per cover slip; fi nal concentration 1.6 ng/μl) and 
2 μl of 20 ng/μl fl uorescent mTRANS probe (40 ng DNA 
probe is used per cover slip; fi nal concentration 1.6 ng/μl) 
with 8 μl of 100 ng/μl of salmon sperm DNA (800 ng of 
salmon sperm DNA is used for 2× 40 ng of DNA probes and 
per cover slip) and 13 μl of hybridization buffer.   

   3.    Denaturation: incubate the reaction mixture at 80 °C for 
10 min in the dark.   

   4.    Precooling step: transfer the denatured reaction mixture- 
containing tube at 37 °C for at least 30 min in the dark. This 
time can be extended to a maximum of 1 h at 37 °C in the 
dark. This step helps lowering unspecifi c binding of salmon 
sperm DNA versus specifi c binding of DNA probes. Keep 
denatured reaction mixture under these conditions until the 
end of Subheading  3.4 .    

          1.    Culture cells under appropriate culture conditions in (6-well 
or 12-well) culture plates containing a clean cover slip at the 
bottom of each well. Ideally cells should be grown at about 
50–60 % confl uence to avoid plans with packed cells during 
microscope analysis. 

 If mTRIP is coupled to MitoTracker labelling, incubate 
live cells with MitoTracker ®  (e.g., Mitotracker ®  Deep Red) for 
1 h in appropriate culture conditions ( see   Note 11 ).   

   2.    Discard the culture medium.   
   3.    Wash cells once with 1× PBS.   
   4.    Add 2 % PFA at room temperature.   
   5.    Incubate for 20 min at room temperature.   
   6.    Discard PFA.   
   7.    Wash 2× with 1× PBS. At this step, PFA-fi xed cells can be 

stored in 1× PBS for several weeks at 4 °C.   
   8.    Discard PBS from the cover slip.   
   9.    Permeabilize cells with 0.5 % Triton X-100 in 1× PBS for 5 min 

at 4 °C.   
   10.    Discard Triton X-100.   

3.4  Preparation 
of Cells on Cover Slip
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   11.    Wash 4× with 1× PBS. 
 Optional: if required, at this step permeabilized cells can 

be incubated with specifi c nucleases for the time recommended 
by the manufacturer (generally 1 h at 37 °C). After incubation, 
wash 4× with 1× PBS ( see   Note 12 ).   

   12.    Discard PBS.   
   13.    Pretreat the permeabilized cells by adding pretreatment buffer 

(50 % formamide/2× SSC in 1× PBS).   
   14.    Incubate at room temperature for 30 min.   
   15.    Discard the pretreatment buffer.   
   16.    Add 70 % formamide/2× SSC in 1× PBS.   
   17.    Put the 6-well culture plate (with, at the bottom of each well, a 

cover slip with pretreated permeabilized cells) on the top of a 
metal block heater at 75 °C for 5 min to denature the sample.   

   18.    Immediately transfer the 6-well culture plate on ice (4 °C) 
and keep on ice at least 1 min but not longer than 10 min 
( see   Note 13 ).      

      1.    Put a 25 μl drop of denatured and precooled reaction mixture 
which contains DNA probe(s) on an appropriate surface of 
parafi lm (at least 3.6 × 3.6 cm for 18 mm diameter cover slip). 
For multiple labellings, use a single surface of parafi lm with 
enough room for multiple and well-separated drops.   

   2.    Put the cover slip upside down, with the face containing cells 
(samples previously undergone denaturation) directly on 
the drop.   

   3.    Incubate at 37 °C for 15 h either at the top of a heating metal 
block in the dark (cover with plastic top to set dark) or on a 
humid chamber at 37 °C in the dark.      

      1.    After 15 h incubation, remove the cover slip from parafi lm and 
put it back into a clean cell culture plate (6-well plate). 

  The following steps must be performed in the dark:    
   2.    Wash 2× with 2× SSC in 1× PBS for 2 min at room temperature 

(RT) with gentle shaking.   
   3.    Wash 2× with 1× SSC in 1× PBS for 2 min at RT with gentle 

shaking.   
   4.    Wash 2× with 0.1× SSC in 1× PBS for 2 min at RT with gentle 

shaking.   
   5.    Wash 2× with 1× PBS for 2 min at RT with gentle shaking. 

  At this point, either label the sample by immunofl uorescence, 
and in this case go to Subheading    3.7       (mTRIP coupled to immu-
nofl uorescence), or do not label the sample by immunofl uorescence 
(this is also the case for MitoTracker labelling), and in this case:    

3.5  mTRIP 
Hybridization

3.6  mTRIP Washing
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   6.    Incubate the cover slip for 1 h in the dark with 10 μg/ml 
Hoechst 33342 in 1× PBS.   

   7.    Wash 5× with 1× PBS.   
   8.    Mount the cover slip on a clean and dry glass slide using the 

favorite mounting buffer or a drop of 50 % glycerol in 1× PBS.   
   9.    Seal the slide with varnish and keep the mounted slide in a dark 

and clean box either at room temperature if confocal analysis is 
done the same day or at 4 °C until confocal analysis is done (it 
is recommended to analyze the slide not later than 2 weeks 
from labelling).      

   Follow the immunofl uorescence (IF) protocol suggested below 
( see   Note 14 ):

    1.    Incubate the cover slip with 5 % BSA in 1× PBS at RT for 1 h 
in the dark.   

   2.    Wash 2× in 1× PBS for 2 min at RT with gentle shaking.   
   3.    Dilute the primary antibody (anti-TOMM22 (1:200), recom-

mended for assessing the mitochondrial network) in 1 % BSA 
and 1× PBS.   

   4.    Put a 50 μl drop of diluted primary antibody mix on an appro-
priate surface of parafi lm.   

   5.    Put the cover slip upside down, with the face containing cells 
directly on the drop.   

   6.    Incubate at RT for 1 h in the dark. The incubation time 
depends on the primary antibody.   

   7.    Wash 3× in 1× PBS for 2 min at RT with gentle shaking.   
   8.    Dilute secondary antibody (1:1,000) in 1 % BSA and 1× PBS, 

and add 10 μg/ml of Hoechst 33342.   
   9.    Put a 50 μl drop of diluted secondary antibody mix on an 

appropriate surface of parafi lm.   
   10.    Put the cover slip upside down, with the face containing cells 

directly on the drop.   
   11.    Incubate at RT for 1 h in the dark.   
   12.    Wash 5× in 1× PBS for 2 min at RT with gentle shaking.   
   13.    Mount the cover slip on a clean and dry slide using the favorite 

mounting buffer or a drop of 50 % glycerol in 1× PBS.   
   14.    Seal the slide with varnish and keep the mounted slide in a dark 

and clean box either at room temperature if confocal analysis is 
done the same day or at 4 °C until confocal analysis is done (it 
is recommended to analyze the slide not later than 2 weeks 
from labelling).    

3.7  mTRIP 
Coupled to 
Immunofl uorescence
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        1.    Acquisition for subsequent quantifi cation is done with confo-
cal microscope ( see   Note 15 ).   

   2.    One can do either 2-dimensional (2D) or 3-dimensional (3D) 
acquisition. In the last case, 3D reconstruction of the image 
should follow 3D acquisition.   

   3.    With the image format (.tiff) of the acquired image, one can 
quantify the fl uorescence intensity per cell using the ImageJ 
software. 

 A 3D-reconstructed human cell stained by mTRIP is 
shown in Fig.  3  (panels b, c, f, g).       

4    Notes 

        1.    mTRIP tool is covered by patent applications: EP2500436 and 
WO2012123588 “Method, probe and kit for DNA in situ 
hybridization and use thereof.”   

   2.    mTRIP can be used with paraformaldehyde-fi xed human cells 
and paraffi n-embedded human tissue sections (method not 
described here).   

   3.     Wizard  ®   SV Gel, PCR Clean-Up System (Promega),  and 
 NucleoSpin  ®   Extract II (Macherey-Nagel)  worked well in our 
hands.   

   4.    Labelling of DNA probes with other techniques than Nick 
translation has not been tested. We do not exclude that other 
DNA probe label techniques are compatible with mTRIP.   

   5.    It is strongly recommended to prepare the hybridization buf-
fer several days (at least 2 days) before the experiment as dex-
tran sulfate takes a long time to dissolve.   

   6.    Alternative blocking buffers can also be used.   
   7.    Unconjugated rabbit polyclonal anti-TOMM22 is used to illu-

minate the mitochondrial network. However, you can use 
other primary antibodies for detecting the mitochondrial net-
work or other cellular structures or proteins of interest.   

   8.    The choice of the secondary antibody-conjugated fl uorescence 
depends on the available spectra after exclusion of the 
fl uorophore(s) used for DNA probes (mTRIP). All combina-
tions compatible with available fl uorophores and the equip-
ment (fl uorescence fi lters) of your microscope can be used.   

   9.    Cancer and immortalized cell lines may have mutated and/or 
highly heteroplasmic mitochondrial genomes.   

   10.    The fl uorescence color of the DNA probes can be different 
from the ones used here, and for this appropriate fl uorophores 
must be selected.   

3.8  Imaging 
Acquisition 
and Fluorescence 
Intensity 
Quantifi cation
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   11.    In this case, use mREP Atto550 and mTRANS Atto488 for 
mTRIP labelling and Hoechst.   

   12.    Treatment with DNaseI (recommended 100 U/ml) or RNase 
A (recommended 100 μg/ml) allows identifi cation of the DNA 
and RNA components of the mTRIP signal, respectively. 
Treatment with RNase H (recommended 100 U/ml) allows 
identifi cation of RNA/DNA structures, usually at replication 
origins and in transcription bubbles. For combined use of 
nucleases and the respective readouts on mitochondrial nucleic 
acids by mTRIP,  see  ref. [ 13 ].   

   13.    Do not keep denatured samples at room temperature, as this 
condition will interfere with the hybridization step. Keep the 
samples always on ice until hybridization.   

   14.    The favorite IF procedure, if different from the one described 
here, can alternatively be performed.   

   15.    Reliable quantifi cation requires fl uorescence measurement of 
the cell volume. Cell surface (2D acquisition) can also be 
acquired instead of cell volume, but the corresponding quanti-
fi cation will not measure the total cell fl uorescence.         
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    Chapter 14   

 Simultaneous Quantifi cation of Mitochondrial ATP 
and ROS Production 

           Liping     Yu    ,     Brian     D.     Fink    , and     William     I.     Sivitz    

    Abstract 

   Several methods are available to measure ATP production by isolated mitochondria or permeabilized cells 
but with a number of limitations, depending upon the particular assay employed. These limitations may 
include poor sensitivity or specifi city, complexity of the method, poor throughput, changes in mitochon-
drial inner membrane potential as ATP is consumed, and/or inability to simultaneously assess other mito-
chondrial functional parameters. Here we describe a novel nuclear magnetic resonance (NMR)-based assay 
that can be carried out with high effi ciency in a manner that alleviates the above problems.  

  Key words     ATP  ,   Mitochondria  ,   Superoxide  ,   Reactive oxygen species  ,   H 2 O 2   ,   NMR  ,   Bioenergetics  

1      Introduction 

 Here we describe a novel, highly sensitive, and specifi c nuclear 
magnetic resonance (NMR)-based ATP assay that can be carried 
out with reasonably high throughput using small amounts of 
mitochondrial isolates or permeabilized cells ( see   Note 1 ). There 
are several advantages of this method, including the ability to 
simultaneously carry out fl uorescent measurements. For example, 
it is possible to quantify the production of reactive oxygen species 
(ROS) simultaneously with ATP production measurement, as we 
discuss below. Another major advantage of the assay is that it 
avoids the problem of changing mitochondrial membrane poten-
tial (ΔΨ) while ADP is converted to ATP, as occurs in conven-
tional assays. In contrast to conventional assays, ΔΨ in our assay is 
clamped at fi xed levels determined by the amount of ADP added. 
We have used this assay to study muscle mitochondrial function in 
rats made diabetic with the islet cell toxin, streptozotocin [ 1 ], and 
to study liver and heart mitochondrial function in mice fed high 
dietary fat [ 2 ]. 
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  To assess mitochondrial functional parameters at fi xed ΔΨ, we use 
excess 2-deoxyglucose (2DOG) ( see   Note 2 ) and hexokinase (HK) 
to generate an “ATP energy clamp” (Fig.  1 ). The conversion of 
2DOG to 2DOG phosphate (2DOGP) occurs rapidly and irrevers-
ibly, thereby effectively clamping ADP concentrations and ΔΨ 
dependent on the amount of exogenous ADP added ( see   Note 3 ). 
This enables titration of membrane potential at different fi xed val-
ues with mitochondria in respiratory states ranging from state 4 
(no ADP, maximal potential) to state 3 (high levels of ADP, 
reduced potential) (Fig.  2 ).    

  Mitochondria are added to individual wells of 96-well plates in a 
total volume of typically 60 μL and incubated at 37 °C in respira-
tory buffer in the presence of HK, 2DOG, and the desired concen-
tration of ADP. [6- 13 C]2DOG is used in two-dimensional (2D) 
 13 C/ 1 H-HSQC NMR-based assays, while unlabeled 2DOG is used 
in one-dimensional (1D)  1 H NMR-based assays (see below). After 
incubation for the desired time, the contents of the microplate 
wells are removed to tubes on ice containing oligomycin to inhibit 
ATP synthase. The tubes are then centrifuged and the supernatants 
are held at −20 °C until NMR analysis. To prepare the NMR sam-
ple for measurement of ATP production by mitochondria, the 
assay supernatants are added to 5 mm (OD) standard NMR tubes 
along with appropriate NMR buffer (see below). 

 ATP production rates are calculated based on the percent con-
version of 2DOG to 2DOGP as determined by NMR, the initial 
2DOG concentration, incubation volume, and incubation time. 

 In order to simultaneously assess H 2 O 2  production, mitochon-
drial incubations can be carried out in the presence of 10-Acetyl-
3,7-dihydroxyphenoxazine (DHPA). Moreover, it is possible to 

1.1  2DOG ATP 
Energy Clamp

1.2  Use of the 2DOG 
ATP Energy Clamp 
to Quantify ATP 
Production in Isolated 
Mitochondria 
and Simultaneous 
Assessment of H 2 O 2  
Production

matrix

intermembrane
space

ATP
synthase

2DOG 2DOG phosphate

ATP ADP

ADP

ATP

HK

IMM

  Fig. 1    The 2-deoxyglucose (2DOG) energy clamp. Saturating amounts of 
2- deoxyglucose (2DOG) and hexokinase (HK) recycle ATP back to ADP by rapidly 
and irreversibly converting 2DOG into 2-deoxyglucose phosphate (2DOGP). The 
resulting ADP availability is clamped at levels determined by the amount of ADP 
added.  IMM  inner mitochondrial membrane       

 

Liping Yu et al.



151

ADP (µM)
5 10 20 40 80

1 3 10 30 100 300

a

b Heart

Liver

1007550250

Time (min)

Time (min)

ADP (µM)

295

300

290

285

280

El
ec

tr
od

e 
po

te
nt

ia
l (

m
V)

272

274

270

268

266El
ec

tr
od

e 
po

te
nt

ia
l (

m
V)

1006040200 80

  Fig. 2    Computer tracings of inner membrane potential vs. time obtained by incu-
bating normal mouse liver mitochondria, 0.5 mg/mL (panel  a ), or heart mito-
chondria, 0.25 mg/mL (panel  b ), fueled by the combined substrates, 5 mM 
succinate +5 mM glutamate +1 mM malate. ADP was added in incremental 
amounts to generate the fi nal total recycling nucleotide phosphate concentra-
tions (indicated by  arrows ). After each addition, a plateau potential was reached, 
consistent with recycling at a steady ADP concentration and generation of a 
stepwise transition from state 4 to state 3 respiration. Note that the potential 
shown on the  y -axis represents electrode potential (not mitochondrial potential). 
The actual ΔΨ follows a similar pattern after calculation using the Nernst equa-
tion based on the distribution of tetraphenylphosphonium (TPP) external and 
internal to mitochondria       
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use other fl uorescent probes to assess mitochondrial parameters 
such as membrane potential and calcium uptake as long as the 
probes do not interfere with the NMR detection. 

 Thus we describe a novel means to assess ATP production. 
The assay clearly has several advantages over existing methods 
( see   Note 4 ).   

2    Materials 

      1.    Isolation medium: 0.25 M sucrose, 5 mM HEPES (pH 7.2), 
0.1 mM EDTA, 0.1 % BSA (fatty acid-free).   

   2.    Purifi cation medium: 30 % v/v Percoll ® . Dilute three parts of 
Percoll ®  with seven parts of isolation medium. 2.4 mL of 
Percoll ®  +5.6 mL of isolation medium = 8 mL, suffi cient for 
two centrifuge tubes. Keep on ice.   

   3.    Beckman XL-80 ultracentrifuge or similar instrument, pre-
cooled to 4 °C, SW60 swinging bucket rotor with caps and 
greased O-ring seals, polyallomer centrifuge tubes ~4.2 mL 
max capacity per tube.      

      1.    Respiration medium: 0.3 % fatty acid-free BSA, 120 mM KCl, 
1 mM EGTA, 5 mM KH 2 PO 4 , 2 mM MgCl 2 , 10 mM HEPES, 
pH 7.2.   

   2.    Microplate with 96 wells (e.g., a Costar #3792 black round- 
bottom plate).   

   3.    5 U/mL hexokinase (HK).   
   4.    5 mM 2-deoxyglucose (2DOG) or [6- 13 C]2DOG.   
   5.    10-Acetyl-3,7-dihydroxyphenoxazine (DHPA or Amplex 

Red).   
   6.    Horseradish peroxidase (HRP).      

      1.    Sample dilution buffer: 120 mM KCl, 5 mM KH 2 PO 4 , 2 mM 
MgCl 2 , pH 7.2.   

   2.    Deuterium oxide (D 2 O).   
   3.    Standard 7 in. (length) × 5 mm (outer diameter) NMR tubes.      

      1.    NMR spectrometer equipped with a dual or triple resonance 
probe and capable of acquiring  1 H and  1 H/ 13 C HSQC NMR 
spectra.   

   2.    NMR spectrometer equipped with an auto sample changer, 
thus capable of continuous data acquisition of multiple sam-
ples, for example, 60 samples.       

2.1  Isolation 
of Mitochondria

2.2  Assay Incubation

2.3  Sample 
Preparation for NMR 
Spectroscopy

2.4  NMR 
Spectroscopy
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3    Methods 

      1.    Carry out all procedures on ice or at 4 °C.   
   2.    Harvest the tissue and rinse in isolation medium.   
   3.    Homogenize up to 1 g of tissue in 10–15 mL of isolation 

medium using a Potter-Elvehjem-type tissue grinder in an ice 
bucket. Fibrous tissues should be minced with scissors to aid 
tissue disruption. The Tefl on pestle is mounted on a drill set to 
approximately 300 rpm. Four to six passes are typically 
required. Optionally, a subsequent pass of the homogenate 
through a ground-glass-style homogenizer can increase the 
mitochondrial yield from fi brous tissues.   

   4.    Centrifuge homogenate at 500 ×  g  for 10 min (low-speed spin) 
( see   Note 5 ).   

   5.    Transfer the supernatant to Sorvall-type tube (Oakridge screw 
cap). Discard the pellet and centrifuge at 10,000 ×  g  for 10 min 
(high-speed spin). Discard supernatant.   

   6.    Wash the mitochondrial pellet with isolation medium  
without BSA.   

   7.    Resuspend the fi nal pellet at ~50 % v/v in isolation medium 
without BSA.      

      1.    Add 3.8 mL of 30 % Percoll ®  solution to each SW60 polyal-
lomer tube on ice.   

   2.    Resuspend mitochondrial crude prep pellets in 0.1 mL of 
 isolation medium containing BSA.   

   3.    Lay the mitochondria on top of the Percoll ®  solution and insert 
the tubes into the buckets.   

   4.    Use a balance to precisely equalize the mass of the buckets + 
tubes + lids, adding isolation medium containing BSA to adjust 
the mass. Ensure that the contents of the tubes are within 
3 mm of the top of the tubes.   

   5.    Securely attach the bucket caps. A liquid sample within a sealed 
bucket will be protected from the vacuum applied to the cen-
trifuge chamber.   

   6.    Hang the buckets on the precooled SW61 rotor at 4 °C and 
spin for 30 min at 30,000 rpm (~90,000 ×  g ).   

   7.    The pure mitochondria band appears near the bottom of the 
tube, just above a clear and dense mass of Percoll ® . Remove all 
contaminating fractions above the mitochondria band with a 
pipet.   

   8.    Transfer the mitochondria band to a 1.5 mL centrifuge tube.   

3.1  Isolation 
of Mitochondria 
from the Tissue

3.2  Further 
Purifi cation of
Isolated Mitochondria 
( See   Note 6 )
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   9.    Add 1 mL of isolation medium without BSA. Spin in a 
microfuge at 8,000 ×  g  for 5 min at 4 °C. Remove the super-
natant. If subjecting the mitochondria to endogenous Ca 2+  
depletion, then stop here and proceed with depletion proto-
col. Otherwise, resuspend the pellet in 1 mL of isolation 
medium without BSA and spin in a microfuge at 8,000 ×  g  for 
5 min at 4 °C.   

   10.    Resuspend the fi nal washed pellet in BSA-free isolation medium 
and keep on ice.      

         1.    Warm a 96-well microplate to 37 °C for 10 min. If carrying 
out simultaneous fl uorescent detection (e.g., for reactive oxy-
gen species), warm the plate in the plate reader and set the 
plate reader gain as desired.   

   2.    Preload all reagents (before adding mitochondria) to wells 
with 1.2× respiration medium (upon subsequent addition of 
mitochondria, the medium will be 1×) in a total volume of 
50 μL. For rat hind limb muscle mitochondria [ 1 ], we used the 
following fi nal or 1× assay concentrations: 5 mM succinate 
+5 mM glutamate +1 mM malate (or other mitochondrial fuel 
selection and concentrations as desired), 5 U/mL hexokinase 
(HK), 5 mM 2-deoxyglucose (2DOG) (using [6- 13 C]2DOG 
for 2D NMR detection or unlabeled 2DOG for 1D NMR 
detection; see below), and ADP at desired concentration (up 
to 100 μM). For simultaneous assay of reactive oxygen species, 
add 20 μM 10-acetyl-3,7-dihydroxyphenoxazine (DHPA or 
Amplex Red, Invitrogen) plus 5 U/mL of horseradish peroxi-
dase (HRP).   

   3.    Wells containing no added substrate should be present on the 
plate to serve as background control. Reserve some wells for 
inclusion of an H 2 O 2  standard curve, typically containing a 
range of H 2 O 2  concentrations up to a maximum of 
5–10 μM. These standard curve wells do not have added 
mitochondria.   

   4.    Two to three wells should be included in the plate to serve as 
positive controls and/or standards for NMR quantifi cation of 
the amount of 2DOGP. These wells have the same fi nal total 
volume of 60 μL as the others but only contain 5 mM 2DOG 
or [6- 13 C]2DOG (depending on whether 1D or 2D NMR 
methods are used for measurement, respectively; see below), 
5 U/mL hexokinase, and 10 mM ATP in 1× respiration 
medium. The use of twofold molar excess of ATP with respect 
to 2DOG is to ensure full conversion of 2DOG to 2DOGP.   

   5.    To start the assay, add 10 μL of 6× concentrated mitochondria 
suspended in 1× respiration medium. The well has a total vol-
ume of 60 μL now. The plate reader program is started and 

3.3  Assay Incubation
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fl uorescence determined at a frequency of once per minute or 
greater. Final mitochondrial concentrations are typically 0.1–
0.5 mg/mL.   

   6.    After incubation typically for 5–30 min, harvest the wells by 
transferring the well contents to 500 μL tubes containing 1 μL 
of 120 μM oligomycin. Then immediately centrifuge the tubes 
at 10,000 ×  g  for 4 min at 4 °C.   

   7.    Transfer the supernatants to new labeled tubes and hold them 
at −20 °C until NMR sample assembly.      

      1.    As indicated above, the assay wells contain DHPA (20 μM) 
and HRP (5 U/mL).   

   2.    Monitor DHPA fl uorescence over the duration of the assay at 
544 nm excitation and 590     nm emission.   

   3.    Determine the average fl uorescence over the duration of the 
assay for all points in the standard curve. Subtract the average 
background fl uorescence from all values for the standard curve. 
The background value is defi ned as fl uorescence in the absence 
of H 2 O 2  (the zero H 2 O 2  point in the standard curve).   

   4.    For all wells containing mitochondria, determine the slope of 
fl uorescence as a function of time ( see   Note 7 ). It is not neces-
sary to subtract a background fl uorescence value in order to 
determine the slope for these wells since the background is 
constant.   

   5.    Use a curve fi tting software to assess background-subtracted 
standard curve fl uorescence as a function of the molar amount 
of H 2 O 2  present in the well. Then use the fi tted curve equation 
to convert slope values for the wells containing mitochondria 
to molar values (e.g., pmol per min).      

       1.    Add 0.39 mL of sample dilution buffer, 50 μL of deuterium 
oxide (D 2 O), and 40 μL of assay well supernatant to a standard 
7 in. (length) × 5 mm (outer diameter) NMR tube.   

   2.    Deliver the prepared NMR samples (kept at 4 °C) to the NMR 
facility.      

      1.    In our studies, we use a Bruker Avance II 500 MHz NMR 
spectrometer equipped with a 5 mm TXI triple resonance non- 
cryoprobe operating at 37 °C. The spectrometer is also 
equipped with an automatic sample changer capable of hold-
ing a maximum of 60 samples. The amount of ATP produced 
by the mitochondria is quantifi ed by measuring the amount of 
2DOGP produced from 2DOG in the presence of hexokinase 
as described above.   

   2.    For precise measurement of the amount of 2DOGP formed, 
duplicate or triplet control samples are prepared during the 
assay ( see  Subheading  3.3 ). The control samples have the same 

3.4  Fluorescent 
Assessment of H 2 O 2  
Production

3.5  Processing 
the Well Contents 
for NMR-Based ATP 
Assay

3.6  NMR 
Spectroscopy 
for Quantifying ATP 
Production
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total volume of 60 μL as the other samples but only contain 
5 mM 2DOG or [6- 13 C]2DOG (depending on whether 1D or 
2D NMR methods are used for measurement, respectively.  
See   Note 8 ), 5 U/mL hexokinase, and 10 mM ATP in 1× 
 respiration medium. These control samples are then subjected 
to the same protocol for NMR sample preparation ( see  
Subheading  3.5 ). Due to the presence of excess ATP, these 
control samples have the 2DOG being fully converted into 
2DOGP. Therefore, these control samples serve as standards 
for quantifi cation of 2DOGP formation within the mitochon-
drial samples and are also used to check for assay reproducibility 
since duplicate or triplet control samples are used.   

   3.    Load the control samples and mitochondrial samples onto the 
sample changer. We can run 60 samples continuously without 
interruption at this spectrometer.   

   4.    Use a control sample or mitochondrial sample to lock, tune, 
and shim. Save the optimized shimming parameters which 
serve as the starting shimming setting for the subsequent auto-
matic robot run. Also, use this sample to calibrate  1 H and  13 C 
channel pulse widths ( 13 C pulse calibration is needed only 
when [6- 13 C]2DOG is used).   

   5.    For Bruker TopSpin software, start the automation program 
ICONNMR. Set up the automatic robot run by choosing 1D 
 1 H NMR experiment if unlabeled 2DOG is used or choosing 
2D  13 C/ 1 H HSQC NMR experiment if [6- 13 C]2DOG is used 
in the samples. Enter appropriate pulse program parameters 
such as pulse power level, pulse width, relaxation delay, num-
ber of scans, water presaturation parameters, number of t1 
increments, etc. Also, set to tune  1 H channel and shim on 
every sample. It takes about 25 min to collect either a 1D  1 H 
spectrum or a 2D  13 C/ 1 H HSQC spectrum for each sample. 
Start the robot run.   

   6.    Transfer the collected NMR data to another Linux computer 
where the acquired data are processed by using NMRPipe 
package [ 3 ] and analyzed using NMRView [ 4 ].   

   7.    Using the assigned  1 H and  13 C NMR resonances of 2DOG and 
2DOGP [ 1 ], measure the peak intensities in NMRView of 
2DOGP in the processed control and mitochondrial samples.   

   8.    Quantify the amount of 2DOGP present in the mitochondrial 
samples by comparing the peak intensity of 2DOGP of the 
mitochondrial sample with that of the control/standard sam-
ples. Since a fi xed amount of 2DOG (5 mM) is used in the 
assay incubation ( see  Subheading  3.3 ), the amount of 2DOGP 
formed corresponds to the amount of reduction of 2DOG and 
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thus can be expressed as percentage of conversion from 2DOG 
to 2DOGP. The amount of 2DOGP determined for the mito-
chondrial samples corresponds to the amount of ATP pro-
duced by the mitochondria. Representative data derived from 
the analysis by 1D and 2D NMR methods are shown in Fig.  3 .       

      1.    Determine the percent conversion of 2DOG to 2DOGP. From 
the known initial 2DOG concentration and percent conver-
sion; determine the molar amount of 2DOGP formed which 
equals to the molar amount of ATP generated. Calculate ATP 
production rates in the microplate assay wells based on the 
volume in the microplate, the amount used in NMR, and incu-
bation time.       

3.7  Calculation 
of ATP Production 
Rates
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  Fig. 3    Quantifi cation of ATP generated by mitochondria via measurement of 2DOGP converted from 2DOG by 
1D  1 H NMR method ( a ) and 2D  13 C/ 1 H HSQC NMR method ( b ). In panel  a , representative data are derived from 
the incubation of isolated gastrocnemius muscle mitochondria from a control rat. Mitochondria (0.1 mg/mL) 
are incubated for 20 min in respiration medium containing 5 mM 2DOG, 5 U/mL hexokinase, and variable 
concentrations of ADP and fueled with 5 mM succinate, 5 mM glutamate, and 1 mM malate. It clearly shows 
that the percent 2DOGP formed by the mitochondrial incubation increases with increasing amount of ADP used 
in the incubation. No subs means that substrates of succinate, glutamate, and malate are not added. In panel 
 b , overlay of representative 2D  1 H/ 13 C HSQC spectra is shown for the H6/C6 region of 2DOG and 2DOGP of the 
samples that contain mitochondria from a control ( black  ) and diabetic ( red  ) rat. Mitochondria (0.1 mg/mL) are 
incubated for 20 min in respiration medium containing 5 mM [6- 13 C]2DOG, 5 U/mL hexokinase, and 1 mM ADP 
and fueled with 5 mM succinate, 5 mM glutamate, and 1 mM malate. The cross peaks are labeled and 1D 
slices through the cross peaks of 2DOGP are included and clearly show that the control mitochondria produce 
more 2DOGP or ATP than the diabetic mitochondria       
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4    Notes 

     1.    The cytoplasm of permeabilized cells is replaced by the respira-
tory media enabling assessment of mitochondrial function 
independent of cytoplasmic events. The methods described 
herein are for isolated mitochondria. Permeabilized cells can 
also be used by adapting the methodology beginning in 
Subheading  3.3 .   

   2.    Cytoplasmic hexokinase is competitively inhibited by 
2- deoxyglucose, but this is not an issue in isolated mitochon-
dria or permeabilized cells wherein the cytoplasm is replaced 
by the incubation medium.   

   3.    The 2DOG clamp has been used in the past to assess 
mitochondrial- bound HK activity at constant ADP [ 5 ], but 
not to assess mitochondrial physiology or ATP production as 
described herein. Mitochondrial HK is not an issue in our assay 
since the amount of added HK is in excess.   

   4.    There are several advantages to our ATP assay. First, ΔΨ is 
clamped, allowing assessment of ATP as a function of its direct 
driving force (i.e., ΔΨ). Second, the assay is sensitive enough 
to measure ATP production using small amounts of mitochon-
dria. We found [ 1 ] that the 1D  1 H NMR method is 34-fold 
more sensitive and the 2D  1 H/ 13 C HSQC NMR method is 
41-fold more sensitive when compared to 1D  31 P NMR for 
ATP detection. The higher sensitivity of the 2D NMR method 
is due to the fact that the chemical shifts of the two H6 protons 
of the β-anomeric form of 2DOGP are degenerate, resulting in 
detection of one single C6/H6 HSQC cross peak with high 
intensity. Third, both the 1D and 2D NMR spectra are highly 
specifi c. Fourth, throughput is quite good since we add mito-
chondria to multiple wells of a 96-well plate, incubate, spin off 
the mitochondria, and then save the samples for NMR analysis. 
Fifth, a powerful aspect is that we can assess mitochondrial 
ROS simultaneously with ATP quantifi cation by NMR since 
the ROS probe does not interfere with mitochondrial ATP 
production or with NMR detection of 2DOGP for ATP quan-
tifi cation [ 1 ]. Therefore, the ATP assay described herein has 
clear advantages over conventional methods. Fluorescent and 
bioluminescent measurements are sensitive, but lack specifi city 
and may be confounded by background interference or varia-
tions in light emission [ 6 ]. Quantifying ATP by phosphorous 
NMR is not sensitive enough and requires long acquisition 
times unless large amounts of mitochondria are used. High-
pressure liquid chromatography is precise, but cumbersome. 
The ATP/O ratio is often considered representative of ATP 
production. However, ATP itself is not measured and the ratio 
can be altered by any condition that affects uncoupling, ATP 
synthase, or respiration.   
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   5.    To increase the mitochondrial yield with fi brous tissues, save 
the fi rst low-speed pellet for resuspension and regrinding using 
the ground-glass-type homogenizer. Spin the homogenate at 
low speed. Combine the supernatants from both low-speed 
spins prior to the high-speed spin.   

   6.    Crude mitochondria pellets obtained by standard methods can 
be further purifi ed using a self-generating Percoll ®  gradient. 
We use a published method [ 7 ] described for liver mitochon-
dria (which we adapted for heart and skeletal muscle mito-
chondria) by using a centrifugal force of 95,000 ×  g  to establish 
the gradient. Others recommend only 30,000 ×  g . In our initial 
attempts by using 30,000 ×  g , we did not get acceptable results 
as evidenced by loose, fl uffy, and diffuse bands or mitochon-
dria that stayed only at the top of the tube. When we increased 
the centrifugal force to 95,000 ×  g , we obtained excellent sepa-
ration of mitochondria from contaminants. In this way the 
mitochondrial band (near the bottom of tube) is clearly sepa-
rated from less dense contaminants and broken mitochondria 
(upper and middle bands, respectively).   

   7.    The observed increase in Amplex Red fl uorescence over time is 
usually quite linear. The slope for each well can be converted 
to molar H 2 O 2  per unit time per mg of mitochondrial protein 
with the aid of the standard curve.   

   8.    The 2D NMR method is preferred since it is more sensitive 
and has almost no background interference.         
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    Chapter 15   

 Live-Cell Assessment of Mitochondrial Reactive Oxygen 
Species Using Dihydroethidine 

           Marleen     Forkink    ,     Peter     H.    G.    M.     Willems    ,     Werner     J.    H.     Koopman     , 
and     Sander     Grefte   

    Abstract 

   Reactive oxygen species (ROS) play an important role in both physiology and pathology. Mitochondria are 
an important source of the primary ROS superoxide. However, accurate detection of mitochondrial super-
oxide especially in living cells remains a diffi cult task. Here, we describe a method and the pitfalls to detect 
superoxide in both mitochondria and the entire cell using dihydroethidium (HEt) and live-cell microscopy.  

  Key words     MitoSOX  ,   Membrane potential  ,   Imaging  

  Abbreviations 

   FCCP    Carbonyl cyanide-p-trifl uoromethoxyphenylhydrazone   
  HEt    Dihydroethidium   
  HT    HEPES-Tris   
  mito-HEt    Mito-dihydroethidium   
  ROS    Reactive oxygen species   
  TPP    Triphenylphosphonium   
  Δψ    Mitochondrial membrane potential   

1        Introduction 

 Reactive oxygen species (ROS) are generally known to damage 
 cellular macromolecules but are also increasingly recognized as 
 signaling molecules [ 1 – 3 ]. Mitochondria are an important source 
of mitochondrial ROS in both physiology and pathology, even 
though they might not be the main cellular producers [ 4 ]. The 
primary ROS superoxide (O 2  ·− ) is produced by membrane-bound 
parts of the respiratory chain and a number of soluble mitochon-
drial proteins. Although O 2  ·−  cannot traverse membranes and has 
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only limited reactivity with biological targets, it might function as 
a redox signal in mitochondria [ 5 – 7 ]. Since mitochondrial signal-
ing and cellular function are intricately linked, it is important to 
measure mitochondrial O 2  ·−  in the proper context—i.e., the living 
cell. However, it has proven diffi cult to develop fl uorescent probes 
or sensors that are specifi c for O 2  ·−  and sensitive enough to com-
pete with superoxide dismutase (SOD), which converts O 2  ·−  to 
hydrogen peroxide at an extremely high rate. For example, a recent 
development in O 2  ·−  detection involved the use of circularly per-
muted YFP (cpYFP) to detect superoxide fl ashes [ 8 – 10 ]. However, 
critical reevaluation of the data suggests that, under certain condi-
tions, cpYFP might not only respond to changes in O 2  ·−  levels but 
also to pH changes [ 11 – 13 ]. Quantifying the oxidation of dihy-
droethidium (HEt) is another widely applied strategy to detect 
O 2  ·−  in living cells. HEt is membrane permeable and reacts with 
O 2  ·−  to form the specifi c fl uorescent product 2-hydroxyethidium 
(2-OH-Et + ) (Fig.  1a ). In addition, when HEt acts as a hydride 
acceptor, its oxidation leads to the formation of the nonspecifi c 
fl uorescent product ethidium (Et + ) [ 14 ,  15 ].  

 Whereas the fl uorescence excitation peaks of 2-OH-Et +  
(Fig.  1b , upper blue curve) and Et +  (lower blue curve) overlap at 
around 500 nm, 2-OH-Et +  has one additional peak at 396 nm 
which has been used for more specifi c detection of 2-OH-Et +  [ 16 ]. 
Still, this assay should be considered semiquantitative due to the 
unknown reactivity of O 2  ·−  with SOD and the possible oxidation of 
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  Fig. 1    Chemical structures and excitation spectra of HEt and mito-HEt. ( a ) HEt and mito-HEt specifi cally react 
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HEt by cytochrome  c  and because HEt can catalyze O 2  ·−  dismutation 
[ 16 ,  17 ]. Although HEt oxidation can occur throughout the cell, 
both 2-OH-Et +  and Et +  are positively charged and therefore accu-
mulate in the nucleus where they intercalate with nucleic acids and in 
the mitochondrial matrix due to the inside-negative membrane 
 potential (Δψ) of this organelle. Utilizing Δψ, the more mitochon-
dria-specifi c O 2  ·−  probe MitoSOX red (i.e.,    mito-HEt) was designed, 
which consists of HEt extended with a cationic triphenylphospho-
nium (TPP) side group [ 16 ]. Here, we describe the critical loading 
procedure for different intact cells and methods to measure HEt-
sensitive ROS using live-cell microscopy.  

2    Materials 

     1.    Cells cultured on a glass coverslip (ø24 mm, Thermo Scientifi c, 
Etten-Leur, the Netherlands) placed in a 35-mm CELLSTAR 
tissue culture dish (Sigma-Aldrich) or disposable incubation 
chamber (WillCo Wells BV) ( see   Note 1 ).   

   2.    A microscope system with the following setup or similar; a 
monochromator (Polychrome IV, TILL Photonics) allowing 
excitation with 405 and/or 490 nm light, a 525DRLP dichroic 
mirror (Omega Optical Inc.) and 565ALP emission fi lter 
(Omega Optical Inc.), and an image capturing device    (f.i. Cool
SNAP HQ monochrome CCD camera (Roper Scientifi c)). 
The microscope should be equipped with an environmental 
control system to sustain cell viability.   

   3.    5× HEPES buffer: 662.2 mM NaCl, 50 mM HEPES, 
21.06 mM KCl, 6.1 mM MgCl 2  ( see   Note 2 ).   

   4.    1× HEPES-Tris buffer: 10 mM HEPES, 132 mM NaCl, 
4.2 mM KCl, 1.2 mM MgCl 2 , 1.0 mM CaCl 2 , 5.5 mM 
 D - glucose . Adjust the pH to 7.4 using Tris-base ( see   Note 3 ).   

   5.    HEt stock solution (31.7 mM in DMSO): Dissolve 1 mg of 
HEt powder (Invitrogen) in 100 μl DMSO. Prepare 10 μl 
 aliquots in brown Eppendorf tubes, overlay with N 2  gas, and 
store at −20 °C ( see   Note 4 ).   

   6.    HEt working solution (5 mM in DMSO): Thaw an aliquot of 
HEt stock solution and add 53.4 μl of DMSO to yield the 
5 mM HEt working solution.   

   7.    Mito-HEt working solution (500 μM in DMSO): Dissolve 
50 μg of MitoSOX powder (Invitrogen) in 132 μl 
DMSO. Prepare 4 μl aliquots in brown Eppendorf tubes, over-
lay with N 2  gas, and store at −20 °C.      

Measurement of Mitochondrial ROS in Living Cells
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3    Methods 

      1.    Seed the cells at such densities that the cells are 70–80 % 
confl uent at the time of imaging. This allows subtraction of 
the background signal ( see   Note 5 ).   

   2.    Transfer the cells to an incubator close to the microscope 
 system at least 1 h prior to imaging ( see   Note 1 ).   

   3.    Aliquot 2 μl of HEt working solution in Eppendorf tubes.   
   4.    Take 1 ml of medium from the culture dish, add it to the 

 aliquoted HEt, and vortex for 5–10 s to prepare a fi nal concen-
tration of 10 μM ( see   Note 6 ).   

   5.    Replace the rest of the medium from the dish by the medium/
HEt solution.   

   6.    Incubate the cells in a 37 °C, 5 % CO 2  incubator for exactly 
10 min ( see   Note 7 ).   

   7.    Wash the coverslip three times with 1 ml phosphate buffered 
saline (PBS).   

   8.    Replace the PBS by pre-warmed HT buffer and mount the 
coverslip in a Leiden chamber on the microscope [ 18 ]. When 
using oil-based objectives, be careful to remove all excess 
 buffer from the bottom of the coverslip with a tissue to avoid 
optical artifacts.   

   9.    Start loading of a next coverslip as soon as loading of the cur-
rent one is complete.   

   10.    Preferably, take images at both 405 and 490 nm excitation. Set 
the exposure time to 100 ms.   

   11.    Record at least ten different images, each containing ~15 cells 
( see   Note 8  and  9 ).      

      1.    Seed the cells at such densities that the cells are 70–80 % con-
fl uent at the time of imaging. This allows subtraction of the 
background signal.   

   2.    Transfer the cells to an incubator close to the microscope 
 system at least 1 h prior to imaging.   

   3.    Thaw the 4 μl mito-HEt contents of a brown Eppendorf tube.   
   4.    Take 1 ml of medium from the culture dish, add it to mito- 

HEt, and vortex for 5–10 s to prepare a fi nal concentration of 
2 μM ( see   Note 10 ).   

   5.    Replace the rest of the medium from the dish by the medium/
mito-HEt solution.   

   6.    Incubate the cells in a 37 °C, 5 % CO 2  incubator for exactly 
10 min ( see   Note 7 ).   

   7.    Wash the coverslip three times with 1 ml (PBS).   

3.1  Imaging 
of Dihydroethidium 
Oxidation

3.2  Imaging of Mito- 
dihydroethidium 
Oxidation
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   8.    Replace the PBS by pre-warmed HT buffer and mount the 
coverslip in a Leiden chamber on the microscope [ 18 ]. When 
using oil-based objectives, be careful to remove all excess 
 buffer from the bottom of the coverslip with a tissue to avoid 
focusing problems.   

   9.    Start loading of a next coverslip as soon as loading of the 
 current one is complete.   

   10.    Preferably, take images at both 405 and 490 nm excitation. Set 
the exposure time to 500 ms.   

   11.    Record an image sequence of one fi eld of view, acquiring one 
image every 5 or 10 s for a total of at least 2 min ( see   Note 11 ).      

      1.    Load the raw images into an image analysis program such 
as MetaMorph ®  (Molecular Devices Corporation, Palo Alto, 
CA, USA), Image-Pro Plus (Media Cybernetics), or the open 
source program ImageJ (  http://rsb.info.nih.gov/ij/    ).   

   2.    Draw circular regions of interest (ROIs) in (a) a mitochondria- 
dense area, (b) surrounding the nucleus, and (c) just outside 
every cell to correct for background intensity ( see   Note 9 ).   

   3.    Export the average ROI gray value to a spreadsheet program 
such as Excel (Microsoft) and calculate the background- 
subtracted values of the mitochondria and the nucleus of 
each cell.       

4    Notes 

     1.    Due to the positive charge of mito-HEt and the reaction 
 products of HEt oxidation, the fl uorescence intensity mea-
sured in the mitochondria is Δψ dependent (Fig.  2 ). Since the 
mitochondrial membrane potential is very sensitive to environ-
mental changes (e.g., temperature, pH), we advise to culture 
the cells in separate dishes and to allow cells to recover in an 
incubator close to the microscope system at least 1 h prior to 
imaging. In addition, we have noticed that HEt can react with 
residues on a number of glass-bottom culture dishes, leading 
to fl uorescent “spots” in the background. Therefore, always 
check background levels for disturbances of that kind.    

   2.    We store a large volume of 5× HEPES buffer at 4 °C, which 
can be stored for at least 6 months.   

   3.    We advise to make the 1×HT buffer supplemented with the 
required substrates at the day of imaging. We routinely use 
5.5 mM  D -glucose for human skin fi broblasts and myoblasts/
fi bers, whereas HEK293 cells are imaged in HT buffer containing 
25 mM  D -glucose. In addition, one can consider supplementing 
pyruvate and/or glutamine. If necessary, the HT buffer can be 
stored for ~1 week at 4 °C.   

3.3  Image Analysis
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   4.    Always keep HEt solutions protected from light and air, since 
this might cause extracellular HEt oxidation.   

   5.    Proper background correction close to the cells is of particular 
importance when the fl uorescent signal is close to the back-
ground intensity. Such a background correction is not possible 
at a confl uency higher than 80 %. Therefore, adjust the seeding 
condition according to the number of days the cells are 
cultured.   

   6.    We prefer to load the cells with HEt in the collected cell culture 
medium to detect ROS levels in the exact cell culture condi-
tions. However, we have noticed lower fl uorescence intensities 
in medium-loaded cells as compared to cells loaded with HEt in 
the HT buffer. This is possibly caused by the binding of the HEt 
to proteins present in the medium (i.e., serum) but might also 
be due to increased fl uorescence levels in HT medium (Fig.  3a ).    

   7.    The HEt incubation time should be determined  experimentally 
for each cell line separately. To be able to semiquantitatively mea-
sure HEt oxidation, the increase in fl uorescence intensity from 
oxidation products should be linear. To that end, we mount 
unloaded cells onto the microscope system in HT buffer, start 
imaging every 10 s, and add the required HEt in HT buffer in 
1:1 ratio. We then calculate the maximum time of incubation in 
which the increase is still linear. An incubation time of 10 min is 
most often used for HEK293 and human skin fi broblasts 
(Fig.  3b ). However, in some cell types such as primary mouse 
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  Fig. 2    Localization of HEt oxidation products is dependent on the membrane potential. Addition of the mito-
chondrial protonophore carbonyl cyanide-p-trifl uoromethoxyphenylhydrazone (FCCP, 0.5 μM) acutely induces 
the translocation of fl uorescent HEt and mito-HEt oxidation products from the mitochondria to the nucleus in 
HEK293 cells and human skin fi broblasts       
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myoblasts/myotubes, it appears to be safer to use shorter incu-
bation times because the signal increase deviates from linearity 
within 10 min (Fig.  3c ).   

   8.    When trying to image HEt oxidation at 405 nm, we advise to 
use the 490 nm light to locate cells and fi nd a good focus, 
because in our experimental setup, fl uorescence intensity is 
higher at 490 nm than at 405 nm excitation (Fig.  4a ). Moreover, 
we routinely only measure fl uorescence from 490 nm excita-
tion since, in some cell types, the 405 nm signal is too low for 
reliable quantifi cation. However, relative changes in emission 
fl uorescence observed following 405 and 490 nm excitation 
are similar, justifying the use of 490 nm as a measure of HEt 
oxidation [ 19 ].    

   9.    It is suffi cient to have only a portion of the cells in the fi eld of 
view, since only a certain area of the cell and not the entire cell 
is measured.   

   10.    We advise to use a mito-HEt concentration that is as low 
as possible, but still revealing detectable levels of fl uorescence. 
In theory, the positive charge accumulating in the mitochon-
drial matrix might interfere with mitochondrial bioenergetics 
and therefore report incorrect HEt oxidation values. In addi-
tion, Robinson et al. reported nuclear fl uorescence to occur at 
concentrations as low as 2 μM and therefore advised to use 
between 0.1 and 2.5 μM mito-HEt [ 16 ].   
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  Fig. 3    HEt loading procedure in intact cells. ( a ) HEK293 cells were incubated with HEt for exactly 10 min in the 
collected cell culture medium (DMEM) or washed and incubated for exactly 10 min in HT buffer. HEt oxidation 
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different experiments. Statistical signifi cance was assessed using a Mann–Whitney test. Numerals within bars 
indicate the number of analyzed cells. ( b ) Representative trace of nuclear HEt oxidation fl uorescence intensity 
at 490 nm excitation light in HEK293 cells. Up to approximately 10 min, the increase remains linear. Note that 
the mitochondrial increase occurs faster in these cells than in the nucleus. ( c ) Representative trace of mito-
chondrial HEt oxidation fl uorescence intensity at 490 nm in myoblasts. The increase is linear during 4.5 min       
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   11.    Removing excess HEt after incubation effectively removes all 
non-oxidized HEt, and therefore the signal remains stable for 
at least 10 min of continuous imaging [ 20 ]. The TPP moiety 
of mito-HEt induces accumulation of non-oxidized mito-HEt 
in the mitochondrial matrix that is insensitive to washing. 
Consequently, the fl uorescence signal continues to increase 
after washing, and therefore we advise to measure the slope of 
the increase after loading and washing (Fig.  4b ).         
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using 490 nm excitation light. Staining with HEt yields end point signals, whereas mito-HEt signals continue to 
increase in time       
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    Chapter 16   

 Detection and Differentiation Between Peroxynitrite 
and Hydroperoxides Using Mitochondria-Targeted 
Arylboronic Acid 

           Jacek     Zielonka     ,     Adam     Sikora    ,     Jan     Adamus    , and     B.     Kalyanaraman   

    Abstract 

   The development of boronic probes enabled reliable detection and quantitative analysis of hydrogen 
 peroxide and peroxynitrite. The major product, in which boronate moiety of the probe is replaced by the 
hydroxyl group, is however common for both oxidants. Here, we describe how  ortho -isomer of 
mitochondria- targeted phenylboronic acid can be used to detect and differentiate peroxynitrite-dependent 
and peroxynitrite-independent probe oxidation. This method highlights the detection and quantifi cation 
of both the major, phenolic product and the minor, peroxynitrite-specifi c nitrated product of probe 
oxidation.  

  Key words     Hydrogen peroxide  ,   Peroxynitrite  ,   Mitochondria-targeted probes  ,   Boronic probes  , 
   o -MitoPhB(OH) 2   ,   HPLC-MS  

1      Introduction 

 Boronate-based probes were developed over the last decade for 
the detection of hydrogen peroxide (H 2 O 2 ) and peroxynitrite 
(ONOO − ) in biological systems [ 1 ,  2 ]. Mitochondria-targeted 
boronate probes were developed to monitor hydrogen peroxide 
in mitochondria [ 3 – 6 ]. Boronates react directly and stoichiomet-
rically with both H 2 O 2  and ONOO −  [ 7 ,  8 ]. This is in contrast to 
more classical fl uorogenic probes (e.g., dichlorodihydrofl uores-
cein, DCFH, and dihydrorhodamine, DHR), which need the 
catalysts (e.g., iron, heme proteins) or react with the products of 
ONOO −  decomposition [ 9 ,  10 ]. Additionally, in contrast to bor-
onates, both DCFH and DHR form intermediate radical species 
that reduce oxygen to superoxide radical anion [ 10 ,  11 ]. 
However, most boronates lack specifi city needed to distinguish 
between hydrogen peroxide and peroxynitrite in a complex bio-
logical system, as discussed below [ 2 ,  7 ,  12 ]. In a simple system, 
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when bolus amounts of the reactants are quickly mixed, this 
limitation can be overcome due to signifi cant differences of the 
reaction rate constants. The rate constant of the reaction of boro-
nates with peroxynitrite is six orders of magnitude higher than 
that of the analogous reaction with hydrogen peroxide [ 2 ,  7 ]. 
For example, under the conditions when the reaction with 
ONOO −  is completed within 100 ms, the reaction with H 2 O 2  was 
not completed even after 12 h [ 7 ]. The situation is, however, dif-
ferent when the oxidants react with the probe in biological sys-
tems, with the oxidants continuously produced during the 
incubation with the probe. Therefore, we proposed the use of 
specifi c inhibitors of oxidants formation and/or specifi c scaven-
gers of the oxidants to differentiate between different species 
responsible for oxidation of boronate probes in cells [ 2 ,  13 ]. 
Recently, we reported a formation of both major, phenolic prod-
uct ( o -MitoPhOH) and minor, nitrated product ( o -MitoPhNO 2 ) 
during the reaction of peroxynitrite with  ortho -isomer of mito-
chondria-targeted phenylboronic acid ( o -MitoPhB(OH) 2 , Fig.  1 ) 
[ 14 ]. This particular nitrated product is specifi c for ONOO −  reac-
tion and is not produced by any other oxidant. Here, we show 
how this unique chemistry can be utilized to selectively detect 
peroxynitrite in cellular systems [ 15 ]. The method is based on 

  Fig. 1    Scheme of oxidation of  o -MitoPhB(OH) 2 .  o -MitoPhB(OH) 2  is oxidized to 
 o -MitoPhOH by both ONOO −  and H 2 O 2 . However,  o -MitoPhNO 2  is formed only in 
reaction between  o -MitoPhB(OH) 2  and ONOO −  as the minor product       
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probing the oxidants (ONOO −  and H 2 O 2 ) in cells by incubation 
of cells with  o -MitoPhB(OH) 2  followed by extraction and 
HPLC-MS/MS analysis of the products formed. We describe the 
protocol for probe preparation, processing of biological samples, 
and HPLC-MS-based analysis of the products formed.   

2    Materials 

      1.    2 g of triphenylphosphine.   
   2.    200 ml of anhydrous diethyl ether.   
   3.    1 g of 2-(bromomethyl)phenylboronic acid.   
   4.    100 ml of ethanol.   
   5.    Argon gas.      

      1.    Cell growth medium (for RAW 264.7 cells): DMEM containing 
10 % FBS, 100 U/ml penicillin, and 0.1 mg/ml streptomycin.   

   2.    Assay medium: HBSS supplemented with 25 mM HEPES 
(pH 7.4) and dtpa (0.1 mM) ( see   Note 1 ).   

   3.    Solution of 50 mM  o -MitoPhB(OH) 2  (for the description of 
synthesis,  see  Subheading  3.1 ) in DMSO.      

      1.    Cell lysis buffer: 10 ml DPBS containing 0.1 % Triton X-100 
spiked with 4 μM ethyltriphenylphosphonium cation (TPP + -C 2 ), 
place on ice (can be stored at 4 °C) ( see   Note 2 ).   

   2.    100 ml of ice-cold acetonitrile.   
   3.    10 ml of ice-cold acetonitrile containing 4 μM TPP + -C 2,  place 

on ice (can be stored at 4 °C).   
   4.    Protein assay reagent (Bradford reagent).   
   5.    BSA in lysis buffer: 20 mg/ml BSA. Prepare a series of BSA 

solutions by serial dilutions with the fi nal concentrations of 
0.5, 1.0, 1.5, 2, 3, 4, 5, 7, and 10 mg/ml. Keep the solutions 
on ice.      

      1.    HPLC mobile phase: 0.1 % formic acid in water (mobile phase 
A) and 0.1 % formic acid in acetonitrile (mobile phase B) ( see  
 Note 3 ).   

   2.    Solution of  o -MitoPhNO 2  (50 mM) in DMSO ( see   Note 4 ).   
   3.    Solution of  o -MitoPhB(OH) 2  (50 mM) in DMSO.   
   4.    Solution of  o -MitoPhOH (50 mM) in DMSO ( see   Note 4 ).   
   5.    Water-to-acetonitrile (3:1) mixture spiked with 1 μM TPP + -C 2 . 

This will be a solvent for the preparation of standards for 
HPLC calibration.   

2.1  Components 
for the Synthesis 
of  o -MitoPhB(OH) 2 

2.2  Cell Incubation 
Components

2.3  Cell Extraction 
Components

2.4  HPLC Analysis 
Components

Diagnostic Product of Peroxynitrite Reaction with Mitochondria-Targeted Probe
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   6.    Mixture of the standards of  o -MitoPhB(OH) 2 ,  o -MitoPhOH, 
and  o -MitoPhNO 2  (0.1 mM each) in water-to-acetonitrile 
(3:1) mixture containing 0.1 % formic acid spiked with 1 μM 
TPP + -C 2 . Prepare serial dilutions down to 1 nM concentration. 
Use the solvent for standards prepared in the previous step.       

3    Methods 

       1.    The preparation of the  o -MitoPhB(OH) 2  probe should be 
 carried out inside a hood with well-working ventilation!   

   2.    Prepare a solution of triphenylphosphine (1.048 g, 4.0 mmol) 
in anhydrous diethyl ether (30 ml).   

   3.    Add 2-(bromomethyl)phenylboronic acid (0.856 g, 4.0 mmol) 
with constant stirring under argon atmosphere.   

   4.    Stir the reaction mixture for 46 h (using magnetic stirrer) at 
room temperature under argon atmosphere.   

   5.    A crystalline precipitate of bromide salt of  o -MitoPhB(OH) 2  
should be obtained.   

   6.    Filter the suspension. Keep the solid and discard the fi ltrate.   
   7.    Wash the solid with anhydrous diethyl ether (30 ml). Filter the 

suspension again and keep the solid.   
   8.    Dissolve the solid in ethanol and precipitate the compound 

back by addition of diethyl ether (1:1). Filter the powder and 
keep the solid. Repeat this step once more.   

   9.    Leave the solid to dry. A white powder should be obtained 
with the melting point of 225–226 °C. Test the identity and 
purity of the synthesized probe ( see   Note 5 ).      

      1.    Prepare the cells according to the experimental conditions to 
be tested for peroxynitrite formation ( see   Note 1 ).   

   2.    Add  o -MitoPhB(OH) 2  to obtain the fi nal concentration of 
50 μM ( see   Notes 6  and  7 ).   

   3.    Incubate the cells for 1 h.   
   4.    Collect an aliquot of the medium (0.1 ml) in 1.5 ml microcen-

trifuge tube and freeze in liquid nitrogen.   
   5.    Remove the rest of medium and wash the cells twice with ice- 

cold DPBS.   
   6.    Add 1 ml of ice-cold DPBS and harvest the cells, place the cell 

suspension in 1.5 ml microcentrifuge tube, and spin down the 
cells by quick centrifugation. Remove the supernatant and 
freeze the cell pellet in liquid nitrogen.   

   7.    Frozen cell pellets and media can be stored at −80 °C for at 
least 1 week before analysis.      

3.1  Preparation 
of  o -MitoPhB(OH) 2 

3.2  Cell Incubation 
with the Probe

Jacek Zielonka et al.
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       1.    Preload one set of 1.5 ml microcentrifuge tubes with 0.1 ml of 
acetonitrile and place on ice.   

   2.    Preload a second set of 1.5 ml microcentrifuge tubes with 
0.1 ml of 0.1 % formic acid in water and place on ice.   

   3.    Prepare a clear-bottom 96-well plate for protein assay and 
place on ice.   

   4.    Place the tubes with frozen cell pellets on ice.   
   5.    Add 0.2 ml of the lysis buffer spiked with TPP + -C 2  (4 μM) and 

lyse the cells by ten syringe strokes using a 0.5 ml insulin 
syringe with the needle 28 G × 0.5 in. (0.36 mm × 13 mm).   

   6.    Transfer 0.1 ml of the cell lysates into the tubes containing ice-
cold acetonitrile, vortex for 10 s, and place on ice. Transfer 
3 × 2 μl of the cell lysate aliquots into 3 wells on 96-well plate 
for the protein assay.   

   7.    Incubate the mixtures of cell lysates with acetonitrile for 
30 min on ice.   

   8.    During incubation, measure the protein concentration in the 
cell lysates using Bradford assay and plate reader with absorp-
tion detection ( see   Note 8 ).   

   9.    Vortex the tubes again for 5 s and centrifuge for 30 min at 
20,000 ×  g  at 4 °C.   

   10.    Place the tubes back on ice and transfer 0.1 ml aliquots of the 
supernatants into the second set of tubes, containing 0.1 % for-
mic acid in water.   

   11.    Vortex the tubes for 5 s and centrifuge for 15 min at 20,000 ×  g  
at 4 °C.   

   12.    Transfer 0.15 ml of the supernatants into HPLC vials pre-
loaded with conical inserts, seal the vials, and place on ice. 
Once all solutions have been transferred, place the vials in 
HPLC autosampler precooled to 4 °C.      

      1.    Preload one set of 1.5 ml microcentrifuge tubes with 0.1 ml of 
0.1 % formic acid in water and place on ice.   

   2.    Place the tubes with frozen media on ice.   
   3.    Add 0.1 ml of the ice-cold acetonitrile spiked with TPP + -C 2  

(4 μM) to each tube, vortex for 10 s, and place on ice.   
   4.    Incubate the mixtures of media with acetonitrile for 30 min on 

ice.   
   5.    Vortex the tubes again for 5 s and centrifuge for 30 min at 

20,000 ×  g  at 4 °C.   
   6.    Place the tubes back on ice and transfer 0.1 ml aliquots of the 

supernatants into the tubes containing 0.1 % formic acid in 
water.   

3.3  Extraction 
of the Products

3.3.1  Cell Pellets

3.3.2   Media

Diagnostic Product of Peroxynitrite Reaction with Mitochondria-Targeted Probe
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   7.    Vortex the tubes for 5 s and centrifuge for 15 min at 20,000 ×  g  
at 4 °C.   

   8.    Transfer 0.15 ml of the supernatants into HPLC vials pre-
loaded with conical inserts, seal the vials, and place on ice. 
Once all solutions have been transferred, place the vials in 
HPLC autosampler precooled to 4 °C.       

      1.    Install the column Kinetex Phenyl-Hexyl 50 mm × 2.1 mm, 
1.7 μm (Phenomenex) in the HPLC-MS/MS system. The col-
umn should be equipped with a UHPLC column fi lter or 
guard column to extend the column lifetime.   

   2.    Equilibrate the column with the mobile phase (75 % of mobile 
phase A and 25 % mobile phase B).   

   3.    Set up the HPLC-MS/MS method and detection parameters 
according to Tables  1  and  2 , respectively ( see   Note 9 ).

        4.    Test the system by three injections of standards (10 μM) for the 
reproducibility of retention times and peak intensities for all 
analytes and internal standard (TPP + -C 2 ), as shown in Fig.  2 .    

3.4  HPLC-MS/MS 
Analysis of the 
Extracts

   Table 1  
  HPLC method parameters   

 Flow rate  0.5 ml/min 

 Gradient  0 min  75 % A  25 % B 
 2 min  68.3 % A  31.7 % B 
 2.5 min  0 % A  100 % B 
 3 min  0 % A  100 % B 
 3.5 min  75 % A  25 % B 

 Diverter valve  0 min  Waste 
 0.7 min  Detector 
 2.5 min  Waste 

    Table 2  
  MS/MS detection parameters   

 Analyte 
 Dominant 
MRM transition 

 Reference 
MRM transition 

 Reference MRM to dominant 
MRM intensities ratio 

 Retention 
time (min) 

 TPP + -C 2   291.10 > 182.95  291.10 > 107.95  0.55  1.12 

  o -MitoPhB(OH) 2   397.00 > 135.00  397.00 > 379.05  0.80  1.55 

  o -MitoPhOH  369.00 > 107.10  369.00 > 183.05  0.40  1.85 

  o -MitoPhNO 2   397.90 > 262.05  397.90 > 351.10  0.25  1.98 
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   5.    Run the analysis of the batch of samples.   
   6.    Include the system and column wash with water-to-methanol 

(1:1) mixture at the end of batch.   
   7.    Quantify each analyte based on the specifi c    multiple reaction 

monitoring (MRM) transitions and calibration curves con-
structed in the concentration range relevant to the samples 
analyzed ( see   Note 10 ).   

   8.    When appropriate, normalize the concentrations of analytes to 
the protein levels in cell lysates, as determined by Bradford 
method.   

   9.    Increase in peak intensities of both  o -MitoPhOH and 
 o -MitoPhNO 2  (Fig.  3 ) indicates the formation of ONOO − , 
while formation of  o -MitoPhOH, but not  o -MitoPhNO 2  
(Fig.  4 ), indicates the presence of other oxidants, most com-
monly H 2 O 2  ( see   Note 11 ).         

4    Notes 

     1.    The medium used may be selected according to experimental 
design and cell culture needs. However, it is preferred that 
when monitoring extracellular ONOO −  and/or H 2 O 2 , the 
components of the medium capable of scavenging those 

  Fig. 2    HPLC-MS/MS detection of  o -MitoPhB(OH) 2 ,  o -MitoPhOH, and  o -MitoPhNO 2 . 
The chromatograms have been obtained with the described method by the 
injection of 10 μl of the mixture of  o -MitoPhB(OH) 2 ,  o -MitoPhOH, and 
 o -MitoPhNO 2  (1 μM each). For each compound, two MRM transitions are shown: 
dominant ( solid lines  ) and reference ( dashed lines  ). The traces have not been 
scaled and thus represent the actual intensities of each MRM transition in the 
equimolar mixture       
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  Fig. 3    HPLC-MS/MS analysis of the extracts of RAW 264.7 macrophages activated to produce peroxynitrite. To 
produce peroxynitrite, RAW 264.7 cells were pretreated overnight with interferon-γ (IFN, 50 U/ml) and lipopoly-
saccharide (LPS, 1 μg/ml) followed by addition of    phorbol 12-myristate 13-acetate (PMA, 1 μM) in the pres-
ence or absence of L-NAME (1 mM) [ 13 ]. During stimulation with PMA,  o -MitoPhB(OH) 2  (50 μM) was present 
and incubated for 1 h. Cell pellets were collected and processed as described in the protocol. The intensities 
of  o -MitoPhOH signals were multiplied by a factor of 5 and intensities of  o -MitoPhNO 2  signals were multiplied 
by 1,000 to fi t the same scale as of  o -MitoPhB(OH) 2 .  Solid lines  represent the dominant transitions used for 
quantifi cation, and the  dashed lines  represent the reference transitions used for confi rmation of peak identity       

  Fig. 4    HPLC-MS/MS analysis of the media of neutrophil-like cells activated to produce hydrogen peroxide. To 
produce hydrogen peroxide, HL60 cells differentiated for 4 days with all- trans  retinoic acid were stimulated 
with PMA (1 μM) in the presence and absence of catalase (1 kU/ml) and co-treated with  o -MitoPhB(OH) 2 . 
Aliquots of media were collected after 30 min and processed and analyzed as described in the protocol, but 
with twofold lower concentration of the internal standard (TPP + -C 2 ). The intensities of the peaks for different 
analytes have been scaled in the same manner as described for Fig.  3        
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 oxidants should be avoided, if possible. For example, pyruvate 
in the medium may effi ciently compete with boronate probes 
for H 2 O 2 .   

   2.    Ethyltriphenylphosphonium cation (TPP + -C 2 ) is used as an 
internal standard to compensate for any sample loss during the 
preparation of samples for analysis and for any changes in 
detector sensitivity over the course of batch analysis. If signifi -
cant changes in the peak area of TPP + -C 2  are observed, nor-
malize the results to TPP + -C 2  peak area.   

   3.    LC-MS (preferably UHPLC-MS) grade solvents and formic 
acid should be used. After preparation, mobile phase should be 
passed through 0.2 μm fi lter. Prepare only the amount of 
mobile phase, which is necessary for the experiment. Do not 
store the mobile phase for longer than 2–3 days to avoid any 
growth of the biological matter.   

   4.    The standards of the products,  o -MitoPhOH and  o -MitoPhNO 2 , 
are commercially available but can be also synthesized. The 
phenolic product can be prepared by reaction  o -MitoPhB(OH) 2  
with hydrogen peroxide, followed by addition of catalase to 
remove excess H 2 O 2 . The nitrated product can be synthesized 
in an analogous protocol as described for  o -MitoPhB(OH) 2 , 
but starting with 2-nitrobenzyl bromide instead of 2-(bromo-
methyl)phenylboronic acid.   

   5.    Purity of synthesized  o -MitoPhB(OH) 2  should be tested by 
HPLC and the compound repurifi ed, if needed. The identity 
should be confi rmed by    nuclear magnetic resonance (NMR) 
analysis.  1 H NMR (Bruker 250 MHz, DMSO-d 6 )  δ  ppm : 8.18 
(s,  2 H,  B - OH ), 7.91–7.98 (m,  7 H), 7.72–7.79 (m,  6 H), 
7.34–7.38 (m,  2 H), 7.07–7.12 (m,  1 H), 5.43 (d,  2 H, 
J = 15.5 Hz,  CH   2  ). Mass spectrometry analysis: 396.1561 
([M − 1] + , 22 %), 397.1529 ([M] + , 100 %), 398.1568 
([M + 1] + , 25 %), 399.1569 ([M + 2] + , 4 %) [ 14 ].   

   6.    The concentration of  o -MitoPhB(OH) 2  used for probing of 
ONOO −  should be chosen so as it does not interfere with 
mitochondrial function. We did not observe signifi cant effects 
of 50 μM  o -MitoPhB(OH) 2  on the rate of oxygen  consumption 
by RAW 264.7 cells.   

   7.    When exposing cells to  o -MitoPhB(OH) 2 , it is preferred to add 
the medium containing the probe, rather than directly adding 
a solution of concentrated  o -MitoPhB(OH) 2  in DMSO, to 
avoid local exposure of cells to high concentrations of DMSO.   

   8.    If plate reader with absorption detection is not available, 
p rotein measurements can be carried out using regular spec-
trophotometer. The volume of cell lysate needed for the assay 
may be higher, depending on the volume of the spectropho-
tometer cell.   

Diagnostic Product of Peroxynitrite Reaction with Mitochondria-Targeted Probe
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   9.    To protect the detector, only portion of eluate is fl owed into 
mass detector. This is achieved by using a diverter valve, which 
directs the fl ow into waste before 0.7 min and after 2.5 min 
after injection. Between 0.7 and 2.5 min, the fl ow is directed 
into the detector and the signals recorded.   

   10.    For each compound, two MRM transitions (pairs of parent 
ion/daughter ion) are recorded. The primary (dominant) 
transition is used for quantifi cation, while the secondary (refer-
ence) transition is used for confi rmation of the identity of the 
analyte. If the ratio of reference to dominant MRM transitions 
(Table  2 ) is outside the range allowed (typically ±30 %), the 
peak is rejected and not used for quantifi cation. Due to similar 
 m / z  values of  o -MitoPhB(OH) 2  and  o -MitoPhNO 2 , there is a 
small peak of the boronate appearing in the channel of the 
nitro derivative (Fig.  2 , a peak at 1.55 min), which may show 
up as the dominant peak, when  o -MitoPhB(OH) 2  is in high 
excess comparing to  o -MitoPhNO 2  (Fig.  3 ). This peak is not 
however observed in the reference channel, exemplifying the 
usefulness of the reference transitions for peak identifi cation.   

   11.    The identity of the oxidizing species can be tested by the appli-
cation of specifi c inhibitors and/or scavengers [ 13 ,  15 ]. 
Confi rmation of peroxynitrite involvement may be obtained 
by testing the inhibitory effects of inhibitors of nitric oxide 
synthase, for example, L-NAME, as shown in Fig.  3 . Similarly, 
the inhibitory activity of catalase on the yield of  o -MitoPhOH 
(Fig.  4 ) indicates the involvement of H 2 O 2 .         
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    Chapter 17   

 Time-Resolved Spectrometry of Mitochondrial NAD(P)H 
Fluorescence and Its Applications for Evaluating 
the Oxidative State in Living Cells 

           Julia     Horilova    ,     Hauke     Studier    ,     Zuzana     Nadova    ,     Pavol     Miskovsky    , 
    Dusan     Chorvat     Jr    ., and     Alzbeta     Marcek Chorvatova    

    Abstract 

   Time-resolved fl uorescence spectrometry is a highly valuable technological tool to detect and characterize 
mitochondrial metabolic oxidative changes by means of endogenous fl uorescence (Chorvat and 
Chorvatova, Laser Phys Lett 6: 175–193, 2009). Here, we describe the detection and measurement of 
endogenous mitochondrial NAD(P)H (nicotinamide adenine dinucleotide (phosphate)) fl uorescence 
directly in living cultured cells using fl uorescence lifetime spectrometry imaging after excitation with 
405 nm picosecond (ps) laser. Time-correlated single photon counting (TCSPC) method is employed.  

  Key words     Mitochondrial oxidative state  ,   Endogenous NAD(P)H fl uorescence  ,   FLIM  ,   Time- 
resolved spectrometry  ,   Energy metabolism  

1      Introduction 

 Fluorescence lifetime imaging and spectroscopy has made an 
important impact in the fi eld of monitoring the mitochondrial 
metabolic processes leading to energy production in living cells 
and tissues [ 1 – 4 ]. Naturally occurring endogenous fl uorophores 
and their fl uorescence (also called autofl uorescence) offer the 
possibility to study noninvasive mitochondrial metabolic pro-
cesses. Despite their lower fl uorescence yield when compared to 
fl uorescence probes or dyes, endogenous fl uorophores are highly 
advantageous for noninvasive tracking of changes in mitochon-
drial metabolic state by natural means. To evaluate mitochondrial 
metabolism, NAD(P)H and fl avoproteins were proposed to be 
the marker of metabolic oxidative state thanks to their principal 
role in energy production [ 5 – 7 ]. Addition of the time resolution 
into fl uorescence spectroscopy enabled a deeper insight into met-
abolic processes thanks to the ability to distinguish fl uorophores 
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involved in energy production and their forms [ 8 ]. Fluorescence 
lifetime is an internal property of the fl uorophore. In general, it 
depends on the ability of a fl uorophore to transfer energy to its 
environment—and thus on the physicochemical characteristics of 
such environment, while being independent on the fl uorophore 
concentration [ 9 ,  10 ]. 

 Endogenous NAD(P)H fl uorescence is an intrinsic property of 
living cells, stimulated after excitation of the sample by UV (ultra-
violet) light [ 1 ,  7 ,  11 ], and results predominantly from mitochon-
dria [ 12 – 14 ]. It is therefore a good practice to verify the 
mitochondrial localization of the recorded confocal images of cel-
lular autofl uorescence. NAD(P)H is best excited in the range from 
250 to 400 nm [ 11 – 13 ,  15 ,  16 ]. Its fl uorescence occurs with maxi-
mum at 440–460 nm. At these wavelengths, fl uorescence of fl avins 
(starting to emit at around 480–490 nm) can affect the recording 
of NAD(P)H fl uorescence. Polarization fi lter can serve to distin-
guish polarized molecular states [ 17 ]. Time-resolved approach 
identifi ed two fl uorescence decay components: 0.4–0.6 ns for 
“free” form of NAD(P)H and 1.8–2.0 ns for NAD(P)H most 
likely “bound” to enzymes of the mitochondrial ETC (electron 
transport chain), in other words “in use NAD(P)H” [ 11 – 13 ,  15 , 
 18 ]. After donating its electrons, NAD(P)H is oxidized into NAD +  
(oxidized nicotinamide adenine dinucleotide), a non-fl uorescing 
molecule. For the best results, it is crucial to darken the experi-
mental setup as much as possible: enclose it into a light- impermeable 
box/cover, or prevent the outside light to enter the laboratory. 

 Despite the fact that NADH and NADPH are not spectro-
scopically distinguishable, they are involved in different metabolic 
pathways and bind to different enzymes. NADH is an electron 
donor for the mitochondrial electron transport chain resulting in 
the creation of the proton-motive force, the proton gradient driv-
ing the ATP (adenosine triphosphate) synthesis. NADH serves as 
an oxidizing/reducing agent by keeping the NAD + /NADH ratio 
high. NADPH takes place in anabolic pathways as strong reducing 
agent with NADP + /NADPH ratio kept low and contributes to 
ROS (reactive oxygen species) elimination. They can therefore be 
distinguished by metabolic modulation [ 11 ,  19 ]. Modulation of 
the processes of energy production enables to study their roles in 
the cell metabolic state and can also provide a “calibration” of the 
metabolic oxidative state. OXPHOS (oxidative phosphorylation) 
can be either inhibited to reduce the oxidation, leaving the cells in 
a fully reduced state, or uncoupled from energy production, thus 
inducing a fully oxidized state [ 11 ,  20 ]. 

 Both NAD(P)H and fl avins can serve as metabolic oxidative 
state modulators. Except for the marginal collagen fl uorescence, 
there are no endogenous fl uorophores emitting in the regions of 
NAD(P)H. On the other hand, there are fl uorophores absorbing 
and emitting in the spectral regions of fl avins (lipofuscins, melanin, 
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ribofl avin, porphyrins, etc.), and there are also several types and 
forms of fl avins emitting in a wide spectral band from 480 to 
approximately 560 nm [ 8 ,  10 ,  21 ]. NAD(P)H is therefore more 
unambiguous for interpretation. However, due to UV-induced 
damage and lack of technological means for an in vivo NAD(P)H 
diagnostics, fl avin fl uorescence is often used for in vivo recordings 
[ 10 ]. The ability to detect and to distinguish between different 
forms of NAD(P)H by time-resolved spectroscopy is useful for 
closer insight into the mitochondrial metabolism of various tissues 
[ 8 ] and thus during either physiological (aging, differentiation) or 
pathophysiological conditions linked with changes in mitochon-
drial metabolic oxidative state such as infl ammations, transplanted 
tissue rejections, hypoxia, and/or cancer. Here, we describe 
NAD(P)H fl uorescence lifetime microscopy imaging (FLIM) in a 
model cell line: U87-MG (human glioblastoma cell line).  

2    Materials 

 Prepare all solutions using ultrapure water (produced by purifying 
the deionized water to attain a resistivity of 18 MΩ cm at 25 °C):

    1.    U87-MG, human glioma cell line (Cell Lines Services, 
Germany).   

   2.    Dulbecco’s Modifi ed Eagle’s Medium (DMEM) high glucose 
(4,500 mg/L).   

   3.    GlutaMAX™ heat-inactivated fetal bovine serum.   
   4.    Penicillin/streptomycin and trypsin, 0.05 % (1×) with EDTA 

4Na.   
   5.    Phosphate buffered saline (PBS) solution: dissolve one PBS 

tablet (in 1 L of deionized H 2 O). Dissolving one tablet yields 
140 mM NaCl, 10 mM phosphate buffer, and 3 mM KCl, pH 
7.4 at 25 °C. Sterilize PBS solution by autoclaving ( see   Note 1 ).   

   6.    Carbonyl cyanide  m -chlorophenylhydrazone (CCCP): 20 mM 
stock solution in ethanol and store at −20 °C.   

   7.    Carbonyl cyanide 4-(trifl uoromethoxy)phenylhydrazone (FCCP):
2 mM stock solution in DMSO and store at −20 °C.      

3    Methods 

 Carry out all procedures at room temperature ( see   Notes 2  and  3 ). 
Time-resolved confocal FLIM system DCS-120 with two parallel 
detection channels, equipped with hybrid detectors, was used [ 2 ] 
( see   Note 4 ). The scanner was mounted on an inverted Axio 
Observer microscope (Zeiss, Germany), transforming it into a 
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time-resolved confocal laser scanning microscope. TCSPC  electronics 
Simple-Tau with SPC-152 module (Becker&Hickl, Germany) was 
employed. The microscope was furnished with a Zeiss Neofl uar 
63×/NA1.25 oil immersion objective. For excitation of NAD(P)H, 
405 nm picosecond (ps) diode laser with single mode fi ber coupler 
was used ( see   Note 5 ). The setup was kept in the darkness. 

      1.    Harvest cells, routinely maintained in DMEM containing 10 % 
FBS and 1 % antibiotics, by low-speed centrifugation (100 ×  g , 
5 min, 4 °C).   

   2.    Seed the cells at concentration approximately 10 5 /mL onto 
glass cover slip bottoms.   

   3.    Incubate the cells at 37 °C in a humidifi ed atmosphere of 5 % 
CO 2  until the cells are 60–80 % confl uent.   

   4.    For microscopy recording, replace culture medium by the ster-
ile PBS ( see   Note 1 ).      

      1.    Put cover slips with cells onto a microscopy stage.   
   2.    Prepare recording setup: for NAD(P)H measurements, based 

on its excitation/emission characteristics (as detailed in the 
Introduction), use excitation at 405 nm (or below,  see   Note 5 ) 
with an appropriate emission fi lter. To collect maximum fl uo-
rescence, we used LP 435 nm.  See   Note 6  on how to gather 
spectrally resolved data.   

   3.    Create recording protocol: collect high-resolution time- 
resolved images of cells for 120 s with ADC (analog-to-digital 
converter) resolution 256 to record image size of 256 × 256 
pixels ( see  Fig.  1  for illustration). To improve data resolution, 
 see   Note 7 . For recording of fast processes,  see   Note 8 .    

3.1  Cell Preparation 
for Microscopy

3.2  Fluorescence 
Lifetime Imaging 
of NAD(P)H 
Fluorescence in 
Living Cells

  Fig. 1       Intensity ( left  ) and FLIM ( right  ) image of NAD(P)H fl uorescence recorded in U87-MG cells in control 
conditions after excitation with 405 nm picosecond laser diode and emission with LP 435 nm. Fluorescence 
decay image scale is between 0.2 and 1 ns       
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   4.    When the recording is fi nished, save data in a corresponding 
fi le.   

   5.    Verify the mitochondrial localization of the endogenous fl uo-
rescence and absence of the nuclear one from the recorded 
confocal images.   

   6.    Use cells for up to 20–25 min or until the deterioration of their 
viability   .      

      1.    Fluorescence probe Rhodamine 123 can be employed to test 
the cell viability, as well as to evaluate the presence of mito-
chondria in living cells ( see   Note 9 ). Apply Rhodamine 123 in 
PBS at fi nal concentration of 1 μM to the cells. Leave for 
15 min, and then replace with fresh PBS.   

   2.    Put cover slips with cells onto a microscopy stage.   
   3.    Prepare recording setup: with excitation/emission of 

500/530 nm for Rhodamine 123 [ 22 ]; we have used excita-
tion with 473 nm picosecond laser and LP 485 nm.   

   4.    Create recording protocol: collect high-resolution time- 
resolved images of cells for 120 s with ADC resolution 256 
( see  Fig.  2  for illustration; the same recording setup and 
protocol can be employed for the measurement of fl avin 
endogenous fl uorescence). Verify the mitochondrial local-
ization of the Rhodamine 123 fl uorescence from the 
recorded confocal images.       

3.3  Viability Testing

  Fig. 2    Intensity ( left  ) and FLIM ( right  ) image of Rhodamine 123-stained U87-MG cells after excitation with 
473 nm picosecond laser diode and emission with LP 485 nm. Fluorescence decay image scale is between 
1 and 2 ns       
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      1.    Prepare CCCP at 1–5 μM in PBS.   
   2.    Apply CCCP to unstained cells by gently replacing PBS 

medium with PBS + CCCP.   
   3.    Leave CCCP to act for 5 min at room temperature ( see   Note 2 ): 

cells are now in a fully reduced state.   
   4.    Verify that fl uorescence intensity has increased and fl uores-

cence lifetime shifted toward faster lifetimes ( see  example at 
Fig.  3 ).  See   Notes 10 – 12  for testing of other metabolic 
modulators.    

   5.    Record corresponding images using exactly the same protocol 
that was employed in control conditions to insure 
comparability.   

   6.    Use cells for up to 20–25 min or until the deterioration of their 
viability.      

      1.    Prepare FCCP at 0.5–1 μM in PBS.   
   2.    Apply FCCP to cells by gently replacing PBS medium with 

PBS + FCCP.   
   3.    Leave FCCP to act for 5 min at room temperature ( see   Note 2 ): 

cells are now in a fully oxidized state following uncoupling of 
ATP synthesis.   

   4.    Verify that fl uorescence intensity has decreased and fl uorescence 
lifetime shifted toward longer lifetimes ( see  example at Fig.  4 ). 
 See   Note 10  for the use of other metabolic uncouplers.    

3.4  Reducing 
Mitochondrial 
Oxidation by OXPHOS 
Inhibition

3.5  Increasing 
Mitochondrial 
Oxidation by 
Uncoupling 
of Respiratory Chain

  Fig. 3    Intensity ( left  ) and FLIM ( right  ) image of NAD(P)H fl uorescence recorded in U87-MG cells in a reduced 
state, in the presence of CCCP (1 µM) after excitation with 405 nm picosecond laser diode and emission with 
LP 435 nm. Fluorescence decay image scale is between 0.2 and 1 ns       
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   5.    Record corresponding images using exactly the same protocol 
that was employed in control conditions to insure comparability.   

   6.    Use cells for up to 20–25 min or until the deterioration of their 
viability.      

  Use SPCImage software to perform fi rst estimation of intensity 
and fl uorescence decays in the recorded images:

    1.    Send data to SPCImage.   
   2.    Calculate decay matrix (for a selected channel).   
   3.    Use the predefi ned instrument response function (IRF) (or  

see   Note 13  to use the recorded IRF).   
   4.    To improve image, use export color-coded images.   
   5.    If the result is not good (e.g., bright specks are present in the 

image), go to “Intensity” tab and turn the “Autoscale” off.   
   6.    Keep an eye on the goodness of the fi t represented by chi- 

squared value ( χ  2 ): usually, it should not be higher than 1.2 ( see  
 Note 14  on how to improve  χ  2 ).   

   7.    For advanced analysis, refer to linear unmixing of individual 
components [ 11 ] or phasor approach [ 23 ].       

4    Notes 

     1.    PBS can be replaced by a self-designed external solution, 
depending on the type of the cultured and/or isolated cells 
used [ 11 ]. Remember to check that the applied solution does 
not contain molecules fl uorescing in the detected spectral 

3.6  Analysis

  Fig. 4    Intensity ( left  ) and FLIM ( right  ) image of NAD(P)H fl uorescence recorded in U87-MG cells in an oxidized 
state in the presence of FCCP (1 µM) after excitation with 405 nm picosecond laser diode and emission with 
LP 435 nm. Fluorescence decay image scale is between 0.2 and 1 ns       
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range, most commonly the phenol red, and that the medium is 
able to maintain the cells alive for the necessary measurement 
time, without affecting their metabolism and/or viability. For 
example, DMEM without phenol red, FluoroBrite™ DMEM 
medium can be successfully used.   

   2.    Procedures can be carried out at 35–36 °C using an onstage 
incubator for tracking temperature-dependent changes. In 
such case, do not forget to use preheated solutions for cell 
preparation and verify that the level of photobleaching did not 
increase.   

   3.    Oxygenation of the solution by different O 2 /N 2  mixture can 
be insured by an onstage incubator/controller.   

   4.    Alternative to TCSPC, frequency-modulated (amplitude 
domain) approach can be employed to evaluate fl uorescence 
lifetimes [ 3 ,  4 ].   

   5.    Excitation by 405 nm ps laser can be replaced by shorter 
wavelength, namely, 375 nm ps laser [ 11 ].    Use an appropriate 
LP (long-pass) or BP (band-pass) fi lter. If lower wavelengths 
are used, it is necessary to verify UV-induced damage to the 
cell [ 24 ].   

   6.    To gather spectrally resolved data, specifi c narrow BP fi lters 
can be employed accordingly. For the most effective detection 
of NAD(P)H fl uorescence, we recommend to use either BP 
fi lter to record wavelengths in the range 440–480 nm or LP 
fi lter to detect wavelengths longer than 440 nm to cut off the 
excitation pulse and its refl ections, as well as the Raman peak 
of water. For example, to record spectrally resolved NAD(P)H 
fl uorescence, BP 440 ± 10 nm and BP 470 ± 10 nm can be used 
to evaluate “bound” and “free” NAD(P)H, respectively. 
Another possibility is to use a monochromator in front of the 
detector with the advantage of choosing the exact wavelength 
detected, but with the disadvantage of recording lower signal 
intensity.   

   7.    Always verify the state of the recorded cells before and after 
recording. Discard all recordings during which the cells pre-
sented change in their shape and/or state. Consequently, 
although shorter recordings are more suitable, the length of 
the recording has to be appropriate to reach a suffi cient num-
ber of photons for multiexponential decay data analyses (for 
more details, refer to [ 2 ] or the Becker & Hickl TCSPC hand-
book   http://www.becker-hickl.de/literature.htm    ).   

   8.    The recording time can be adjusted depending on the rapidity 
of the studied processes. For fast processes, synchronized 
recording can be considered [ 25 ].   
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   9.    Other fl uorescence probes for viability testing can also be used, 
depending on the cell type and/or setup characteristics.   

   10.    Effect of metabolic modulators can vary depending on the cell 
type and/or pathway that it employs. To test the oxidative 
phosphorylation, we have employed CCCP and FCCP to 
inhibit and/or uncouple the ATP production by the respira-
tory chain, respectively. At the same time, CCCP can be 
replaced by rotenone (the inhibitor of the complex I) and/or 
cyanides (NaCN or KCN, the inhibitors of the complex IV), 
while FCCP can be replaced by 2,4-dinitrophenol [ 11 ].   

   11.    In cells preferentially using glycolysis instead of oxidative phos-
phorylation [ 26 ,  27 ], modulators mentioned in  Note 9  would 
induce only limited effect and other pathways, such as modula-
tion of NADH production [ 11 ,  23 ], and/or regulation of oxi-
dative stress [ 19 ,  23 ], etc., need to be tested.   

   12.    Sensitivity of cells to oxidative stress can be tested by applying 
compounds such as hydrogen peroxide [ 19 ,  23 ].   

   13.    For precise evaluation of the fl uorescence lifetimes, measure 
the IRF [ 28 ] and apply it for the fl uorescence lifetime data 
analysis. The Becker-Hickl SPCImage analysis software does 
not require the measured IRF; fast lifetime verifi cation can be 
done with the predefi ned IRF. However, IRF measurement 
should always be performed on the new sample and verifi ed 
regularly to achieve a precise lifetime evaluation. IRF measure-
ment is also needed when another analysis software is employed 
that requires specifi cation of the number of time windows 
and/or the number of windows to be analyzed.   

   14.    Goodness of the fi t can be enhanced (the  χ  2  lowered) by chang-
ing the offset and scatter parameters in the SPCImage  software, 
but also by improving the recorded image, for example, by 
insuring that less background light is entering the setup—
darkening of the setup can signifi cantly improve the goodness 
of the fi t.         
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Chapter 18

Novel Methods for Measuring the Mitochondrial  
Membrane Potential

Roger Springett

Abstract

The mitochondrial membrane potential is a critical parameter for understanding mitochondrial function, 
but it is challenging to quantitate with current methodologies which are based on the accumulation of 
cation indicators. Recently we have introduced a new methodology based on the redox poise of the 
b-hemes of the bc1 complex. Here we describe the thermodynamic framework and algorithms necessary to 
calculate the membrane potential from the measured oxidation states of the b-hemes.

Key words Mitochondria, Membrane potential, bc1 complex, Redox potential

1  Introduction

The membrane potential (ΔΨ) across the inner mitochondrial 
membrane is a critical parameter for understanding mitochondrial 
energetics, but the quantitation, particularly in cells, is difficult and 
current methods rely on measuring the accumulation of a 
membrane- permeable cation. The free energy change on import of 
the cation, ΔG, expressed in millivolts (1 kJ/mol = 10.36 mV), is 
given by
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where R is the gas constant, T is the absolute temperature, F is the 
Faraday constant, and Cc and Cm are the concentrations (strictly 
activity) of the cation in the cytosol (or extra-mitochondrial space) 
and matrix, respectively. This allows the membrane potential to be 
calculated once the system has reached equilibrium and ΔG = 0.

In isolated mitochondria, ΔΨ has been quantified using radio-
active rubidium (Rb+) [1] or tetraphenylphosphonium (TPP+) [2]. 
In the former, the inner membrane is made permeable to Rb+ with 
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valinomycin, and the mitochondria and suspension medium are 
separated using a filter so that the quantity of Rb+ in each can be 
measured from the radioactivity. The method has the disadvantage 
that measurements cannot be made in K+ buffers due to the pres-
ence of valinomycin and only supplies a point measurement and 
not a continuous trace. TPP+ is a membrane-permeable cation, and 
a continuous trace of the concentration in the medium can be mea-
sured with a TPP + electrode. The concentration in the matrix can 
then be estimated from the loss in the medium allowing ΔΨ to be 
calculated. Both methods require the relative volume of the matrix: 
the former to convert radioactivity to concentration and the latter 
to calculate the matrix concentration from the loss in the medium. 
The matrix volume, which can change depending on the respira-
tory state of the mitochondria [3], can be measured from the space 
occupied by water but not by sucrose, but not simultaneously with 
the measurement of Rb+ distribution.

Cells are more problematic due to the presence of the plasma 
membrane which also maintains a potential (ΔΦ, positive out-
side) which leads to the accumulation of the label in the cytosol 
according to
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where Ce is the concentration of the label in the extracellular space. 
Quantitation relies on the accumulation of membrane-permeable 
cationic fluorophores, typically tetramethylrhodamine methyl ester 
(TMRM+) measured with fluorescence flow cytometry [4] or fluo-
rescence microscopy [5, 6]. Further complications are nonspecific 
binding of the fluorophore (only the free pools contribute to the 
concentrations in Eqs. 1 and 2), possible enhanced fluorescent 
quantum efficiency associated with binding, fluorescence quench-
ing due to aggregation at higher concentrations, and spectral shifts 
in the excitation and emission spectra on binding. Quantitation has 
been attempted with flow cytometry [4] where the effects of the 
plasma membrane were assumed to be negligible at low concentra-
tions of fluorophore, an assertion not supported by Eq. 2. Optical 
resolution of the fluorescence of matrix from the cytosol has been 
attempted using fluorescence microscopy by enhancing the spatial 
resolution by deconvoluting the image with the spatial response of 
the imaging system, but this technique still cannot resolve the cris-
tae and matrix signals [5]. A recent attempt to calibrate the TMRM+ 
signal [6] found that it accumulated with an effective charge of 
only 0.71 rather than 1.0, a physical impossibility explained by the 
presence of nonspecific binding.

Recently we have introduced a new method of quantitating 
the membrane potential in cells and mitochondria using the redox 
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poise of the two b-hemes of the bc1 complex [7]. The b-hemes 
straddle the membrane and are directly sensitive to the electric field 
generated by ΔΨ such that ΔΨ can be quantitated from the differ-
ence in their redox potentials, which in turn can be calculated from 
their oxidation state measured with multiwavelength cell spectros-
copy in both isolated mitochondria and cell suspensions. This 
method has the advantage that the measurement is entirely inde-
pendent of the plasma membrane potential and the volume of the 
matrix and does not require extrinsic indicators. The goal of this 
protocol is to rigorously describe the calculation of ΔΨ from the 
oxidation state of the bL and bH hemes.

Finally, it should be remembered that although the majority of 
ΔP is in the form of ΔΨ, it is not dominant, and the function of the 
electron transport chain (ETC) can only be understood in its 
entirety if the electron flux, ΔpH, and redox potential of the redox 
intermediates are also measured, preferably simultaneously.

2  Model

During turnover of the bc1 complex, ubiquinol is oxidized at the 
Qo site close to the cytosolic side of the membrane (Fig. 1). The 
two protons are released to the cytosolic side, and the two elec-
trons are bifurcated such that one electron passes down a high- 
potential chain consisting of the mobile Rieske center and the c1 
heme from where it is passed to Cytc and onto cytochrome  oxidase. 

Fig. 1 A cartoon of the bc1 complex showing the approximate positions of the 
reaction and redox centers with respect to the membrane

Novel Methods for Measuring ∆ψ
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The other electron passes down the low-potential chain  consisting 
of a low- and high-potential b-heme (bL and bH, respectively) to 
reduce ubiquinone at the Qi center close to the matrix side of the 
membrane using protons from the matrix. Energy is conserved 
into a proton concentration gradient (ΔpH) by the uptake and 
release of protons and into ΔΨ by the movement of charge across 
the membrane.

The b-hemes straddle the membrane and their redox poise is 
sensitive to the electric field generated by ΔΨ. The free energy 
change for the movement of an electron from bL to bH is given by

 
D DYG E Eh h h

L H H Lb b b b® = - -( ) + b ,
 

(3)

where Eb
h
H  and Eb

h
L  are the redox potentials of the bH and bL 

hemes, respectively, and β is the dielectric fraction of the mem-
brane that the electron must traverse and is estimated to be 0.5 
[8]. The term in brackets on the left is the energy released when an 
electron moves between the redox potentials of bL and bH, and the 
second term is the energy required to move the electron against 
the electric field. The forward and reverse rate constants for elec-
tron transfer are large compared to the net flux such that this reac-
tion is expected to operate close to equilibrium whereupon 
DGb b

h
L H® » 0  allowing the ΔΨ to be calculated from Eb

h
H  and Eb

h
L  

derived from their oxidation states. However, the b-hemes do not 
titrate according to the Nernst equation due to redox anticoopera-
tivity requiring a bioenergetic model which takes into account 
both the redox interaction and ΔΨ.

Here we use a thermodynamic framework rather than a redox 
framework (see [9]) to generate a model because the inclusion of 
ΔΨ is less error prone in the former and a thermodynamic frame-
work is the more fundamental approach. Figure 2 shows the energy 
levels for the reduction of the hemes under standard conditions 
(ambient redox potential, Eh, of 0 mV, ΔΨ = 0 mV). The states are 
labeled <XX> where the first letter refers to the oxidation state of 
bH (O for oxidized, R for reduced), and the second letter refers to 
that of bL. The midpoint potentials of bH and bL are +40 mV and 
−20 mV [8], respectively, so that the standard free energies (ΔG0) 
of <RO> and <OR> are −40 and 20 mV with respect to <OO> 
(assumed to be 0 mV). The ΔG0 of the fully reduced state, <RR>, 
would be the sum of the ΔG0 of <RO> and <OR> where it is not 
for an interaction that occurs when both hemes are reduced that 
raises the energy of the <RR> state by 70 mV. This interaction 
energy (ΔEi), presumably due to electrostatic repulsion, gives rise 
to redox anticooperativity in redox titrations such that the appar-
ent midpoint potential of bH is −30 mV when bL is reduced (differ-
ence between the energies of states <RR> and <OR>) and that of 
bL is −90 mV when bH is reduced (difference between the energies 
of states <RR> and <RO>).
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Under nonstandard conditions (a nonzero Eh) and in the 
 presence of ΔΨ, the energies of the states are given by
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where it is assumed electron transfer from the ambient redox 
potential to bH does not occur against the electric field generated 
by ΔΨ, whereas the electron moves a distance −β to reduce bL. In 
this context, Eh is the redox potential of bH.

Once the thermodynamic system has come into equilibrium, 
the probability, P<S>, of finding the bc1 complex in state <S> will be 
governed by the Boltzmann distribution and given by
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(5)

where RT/F = 26.7 mV at 37 °C and Z is the partition function of 
the system given by

 Z e e e e= + + +- - - -< > < > < > < >E F RT E F RT E F RT E F RTOO RO OR RR/ / / / .  (6)

The probability of finding bH or bL reduced is given by P<RO> + P<RR> 
and P<OR> + P<RR>, respectively. The goal is then to determine Eh and 
ΔΨ such that the calculated probability of finding bH and bL reduced 
is equal to their spectroscopically determined reduction state.

Fig. 2 Free energies of the oxidation states of the b-hemes of the bc1 complex 
under standard conditions (Eh = 0, ΔΨ = 0) in the presence and absence of antico-
operativity. The states are labeled <XX> where the first letter represents the oxida-
tion state of bH (O for oxidized and R for reduced) and the second letter that of bL
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3  Solution

Although the reduction state of bH and bL is an analytical function 
of Eh and ΔΨ, it is unlikely to be analytically invertible, so we use 
an iterative minimization technique. An objective error function, 
χ2, is defined as the square of the error, e.g.,
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where P1
m and P1(Eh, ΔΨ) are the measured and calculated proba-

bility of bH being reduced, respectively, and P2
m and P2(Eh, ΔΨ) are 

the same for bL. χ2 is then minimized with respect to Eh and ΔΨ. 
The reduction state of bH and bL is a nonlinear but differentiable 
function of Eh and ΔΨ so that the more appropriate minimization 
technique is the iterative Levenberg-Marquardt algorithm [10]. 
The functional form of the reduction state of bH and bL is expanded 
as a first-order Taylor series, e.g.,
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where δ1 and δ2 are small changes in Eh and ΔΨ, respectively, and J 
is called the Jacobian and given by
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Equation 7 can be rewritten in matrix form as
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Equation 10 can be solved by setting the differential with respect 
to δ1 and δ2 to zero giving
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(11)

where J T is the transpose of J, I is the 2 × 2 identity matrix, and λ is 
a nonnegative regularization parameter introduced ad hoc to 
ensure the iterative step does not overshoot the minimum; a large 
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value of λ forces small steps down the maximum descent, whereas 
a value of zero steps directly to the parabolic minimum approxi-
mated by the Taylor expansion. We use a starting estimate of 
20 mV and 70 mV for Eh and ΔΨ, respectively, and find rapid con-
vergence without the need for regularization. However, only cal-
culate ΔΨ when both bH and bL are between 5 and 95 % reduced 
(outside this range, small error in reduction state leads to large 
errors in ΔΨ) which encompasses almost all physiological states.

4  Disequilibrium

A fundamental assumption of the model is the estimation of equi-
librium between bH and bL. This section estimates the disequilib-
rium and shows it to be inconsequential to the calculation of ΔΨ.

The electron transfer from bL to bH is described by the reaction 
from state <OR> to state <RO> with forward and reverse rate con-
stants of kf and kr, respectively, that can be estimated from the sepa-
ration of the hemes and their midpoint potential using the Dutton 
ruler [11]. The Gibbs free energy for this reaction is given by
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where Jf and Jr are the instantaneous forward and reverse fluxes 
equal to P<OR >kf and P<RO >kr, respectively. The net flux, Jn, is the 
difference between Jf and Jr and given by

 J P k P kn RO f OR r= -< > < > .  (13)

At equilibrium ΔGh = 0, and the net flux is zero so that Jf and Jr are 
equal such that

 J P k P ki
eq
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eq

f OR
eq

r= =< > < > ,  (14)

where Ji
eq is the instantaneous flux at equilibrium and P eq

<OR > and 
P eq

<RO > are the values of P<OR > and P<RO > at equilibrium.
The only way to increase Jn from equilibrium is either to 

increase P<OR > or to decrease P<RO >, e.g.,
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where ΔG1 and ΔG2 parameterize the variation from the equilib-
rium values. Substituting Eq. 15 into Eq. 12 yields ΔGh = ΔG1 + ΔG2. 
Making the substitution of Eq. 15 into Eq. 13 yields
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where the approximation can be made provided that ΔG1 and ΔG2 
are small compared to RT/F such that the exponentials can be 
approximated by their first-order Taylor series. Thus, the deviation 
from equilibrium necessary to support a flux Jn can be approxi-
mated by
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The rate constants can be estimated directly from the Dutton ruler 
and are 735 and 77.7/ms, but each must be scaled by e± ½ βΔΨF/RT 
(≈4, 0.25 for a membrane potential of 150 mV and β = 0.5) to 
account for the membrane potential giving 184/ms and 310/ms, 
respectively. P1 and P2 can be measured directly from the reduction 
state of bL and bH and are 0.58 and 0.39 if it is assumed that the 
probability of both hemes being reduced is small such that the 
instantaneous flux is between 106 × 103 and 124 × 103 e/s. This 
gives a ΔG of 0.04 mV to support a net flux of 150 e/s using the 
lower value for the instantaneous flux. This in turn would intro-
duce an error of <0.1 mV in the calculation of ΔΨ.
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    Chapter 19   

 High-Throughput Real-Time Analysis of Cell Oxygenation 
Using Intracellular Oxygen-Sensitive Probes 

           James     Hynes      and     Conn     Carey   

    Abstract 

   Knowledge of in situ oxygenation of cells in 2D and 3D cultures offers important insights into the impact 
of oxygen on cellular function. Here we outline how such measurements can be performed in 2D cultures 
of adherent cells and also in cells cultured on 3D scaffolds. Measurements are performed on conventional 
time-resolved fl uorescence plate readers using the intracellular oxygen-sensitive probe MitoXpress ® -Intra. 
We also illustrate how the impact of drug treatment on cell oxygenation can be assessed and how the link 
between oxygenation and glycolytic metabolism can be examined.  

  Key words     Hypoxia  ,   Mitochondrial function  ,   Cell metabolism  ,   Oxidative phosphorylation  ,   Time- 
resolved fl uorescence  ,   Intracellular oxygen  ,   Oxygen-sensitive probe  ,   Oxygenation  ,   Electron transport 
chain  ,   High throughput  

1      Introduction 

 Molecular oxygen is the terminal acceptor of the electron transport 
chain and is therefore a highly informative marker of cellular 
metabolism and mitochondrial function. Oxygen consumption is 
closely regulated by the    ATP/ADP ratio, the levels of available 
oxygen and the action of signalling molecules such as NO and Ca 2+  
such that the analysis of molecular oxygen facilitates the elucida-
tion of critical biochemical pathways including cell survival and 
death, and the metabolic implications of various stimuli and disease 
states. A deeper understanding of the role of the mitochondria 
across various disease states [ 1 – 3 ] and the impact of oxygen in these 
cellular events [ 4 – 6 ] has led to a growing appreciation that typical 
cell culture conditions refl ect a hyperoxic state for most cell types 
[ 7 ]. This has led to a trend toward the use of lower and more bio-
logically relevant oxygen concentrations, the importance of which 
is underscored by the impact of oxygenation levels on processes as 
diverse as stem cell differentiation and drug resistance development 
within tumors. However, while the control of ambient  oxygen 
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concentrations is easily achievable, the key information required 
to delineate these critical oxygen-sensitive processes is the level of 
tissue oxygenation. To date, the lack of in vitro tools capable of 
measuring this parameter has prevented a detailed understanding 
of the relationship between available oxygen and concomitant 
metabolic alterations. This is particularly true of 3D models where 
relative deoxygenation can be even more pronounced. Here we 
describe a microtiter plate assay for the assessment of fl uctuations 
in intracellular oxygen using a fl uorescent intracellular oxygen-sen-
sitive probe (MitoXpress ® -Intra) and also outline how such mea-
surements can be coupled with the analysis of glycolytic fl ux 
(pH-Xtra™ Glycolysis Assay). 

 The phosphorescent emission of the MitoXpress ® -Intra probe 
is quenched by molecular oxygen such that a decrease in the con-
centration of oxygen causes an increase in measured signal. The 
probe is taken up by endocytosis whereupon probe signal can 
be measured to indicate intracellular oxygen concentrations, while 
changes in this signal indicate altered levels of intracellular oxygen. 
The contactless nature of probe interrogation circumvents the dif-
fi culties associated with the invasive nature of microelectrode- based 
assessments of intracellular oxygen, thereby offering a means of 
broadening the range of biological phenomena which may be 
 investigated [ 8 ,  9 ]. Lifetime-based sensing is favoured for such 
measurements as it allows direct correlation with absolute oxygen 
concentrations and provides greater robustness as it is independent 
of variability in probe loading, fl uctuations in intensity, and scatter-
ing; factors that can signifi cantly affect standard prompt fl uores-
cence measurements. Lifetime measurements can be achieved 
relatively easily using spectrofl uorometers or time-resolved plate 
fl uorometers. The lifetime of the probe is calculated by measuring 
probe intensity at two delay times following successive intensity 
pulses and using the ratio of these two intensity measurements to 
calculate an emission lifetime [ 10 – 12 ] (Fig.  1a ). Such lifetime mea-
surements provide a robust calibration function allowing measured 
lifetime values to be transposed into an oxygen scale without the 
need for dedicated calibration (Fig.  1c ); however, for maximum 
accuracy, cell and instrument calibrations are recommended.  

 This approach allows real-time information on the concentra-
tion of molecular oxygen within the cell monolayer or 3D struc-
ture to be generated across multiple samples facilitating the 
analysis of transient changes in metabolic activity and providing a 
critical parameter in the study of hypoxia, something which is 
beyond the capacity of extracellular sensing methodologies. In 
addition, tissue deoxygenation can be modelled using a plate 
reader equipped with an atmospheric control unit, and sample 
data is presented illustrating that the oxygen concentration within 
metabolically competent monolayers or 3D structures can deviate 
signifi cantly from the applied oxygen concentration, particularly 
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at physiologically relevant oxygen concentrations. This can impact 
signifi cantly on the balance between oxidative and glycolytic ATP-
generating pathways. The impact of pharmacological modulation 
of cellular oxygen consumption on intracellular oxygen levels can 
also be evaluated, and sample data is presented. Addition of 
uncouplers such as    FCCP causes an immediate and substantial 
increase in the concentration of intracellular oxygen. This is due 
to an increased rate of oxygen consumption and is refl ected by an 

  Fig. 1    ( a ) Measurement principle for plate reader-based measurement of phosphorescence lifetime using 
ratiometric time-resolved phosphorescence intensity. ( b ) The effect of antimycin and FCCP treatment on the 
oxygen levels at a HepG2 cell monolayer. Antimycin is an ETC inhibitor, while FCCP uncouples oxygen con-
sumption from ATP production. Initial probe signal refl ects the steady-state oxygen level lower than ambient 
oxygen due to cellular oxygen consumption. Antimycin treatment inhibits this consumption resulting in oxygen 
diffusing into the monolayer, returning it to ambient concentrations. FCCP treatment causes an increase in 
oxygen consumption resulting in a rapid decrease in the concentration of oxygen at the cell monolayer until a 
new steady state is reached. Glucose oxidase is added to achieve complete deoxygenation. ( c ) Probe lifetime 
data can be converted to an oxygen scale using a predetermined calibration. ( d ) Endpoint measurements 
are also possible to view the new steady-state reached post-drug treatment. The effect of drug treatment in 
the steady-state oxygen concentration can be assessed, thereby increasing throughput. Data generated on 
FLUOstar Omega (BMG LABTECH)       
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increase in  measured probe lifetime (Fig.  1b ). Alternatively, 
 inhibitors of  oxidative phosphorylation such as antimycin A result 
in intracellular probe lifetimes returning to basal levels represent-
ing an intracellular oxygen concentration of approximately 21 kPa 
(Fig.  1b ). Similar effects can be seen in response and calcium sig-
naling events and related receptor activation [ 9 ,  13 ]. The tech-
nique therefore facilitates simple, lifetime-based sensing of 
intracellular oxygen on a medium- to high-throughput scale yield-
ing detailed and biologically relevant information on the dynamics 
of cellular oxygenation.  

2    Materials 

 Prepare all solutions using Millipore grade water. Filter sterilize if 
required and store at 2–8 °C for long-term storage and use. 

      1.    DMEM—Dulbecco’s Modifi ed Eagle’s Medium. Supplement 
DMEM with  L -glutamine (0.58 g/L), 10 % FBS, penicillin 
(100 units/mL), and streptomycin (0.1 mg/mL) under sterile 
conditions.      

      1.    Measurement buffer 1: measurement buffer 1 is required for 
long-term kinetic measurements to control buffer pH, as the test 
plate is without applied 5 % CO 2  for long periods (>2 h). Dissolve 
DMEM powder (Sigma-Aldrich D5030, powder) in ~900 mL 
of sterile water. Add 20 mM HEPES, 1 mM sodium pyruvate, 
20 mM glucose, 10 % FBS, Pen-Strep as above (if required). 
Filter sterilize this media for long-term storage and use.   

   2.    Measurement buffer 2: measurement buffer 2 is only required 
if performing multiplexed measurements with pH- Xtra™. 
Create a 1 mM phosphate buffer solution (0.5 mM KH 2 PO 4 , 
0.5 mM K 2 HPO 4 ). Add 0.07 M NaCl, 0.05 M KCl, 0.8 mM 
MgSO 4 , 2.4 mM CaCl 2 , and 20 mM glucose. Adjust solution 
pH to 7.40 and fi lter sterilize. Do not use NaOH to pH the 
solution.      

      1.    MitoXpress ® -Intra (cat # MX-300).   
   2.    pH-Xtra™ (cat # PH-100).   
   3.    96-well black body, clear bottom plate.   
   4.    T75 cm 2  tissue culture fl asks.   
   5.    Test compounds and appropriate solvents.   
   6.    Antimycin A.   
   7.    Rotenone.   
   8.    FCCP.   
   9.    Glucose oxidase (GOx) (1 mg/mL).   

2.1  Cell 
Culture Medium

2.2  Measurement 
Buffers

2.3  Consumables/
Reagents
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   10.    8- or 12-channel 200 μL pipettor.   
   11.    P1000 and P200 pipette and tips.   
   12.    Plastic tubes (15 + 50 mL).      

      1.    Time-resolved fl uorescence (TRF) plate reader (Table  1 ).
       2.    Multi-Blok heater (VWR cat. no. 12621-108).   
   3.    Laminar fl ow hood.   
   4.    Aspirator and pump.   
   5.    CO 2  incubator.   
   6.    CO 2 -free incubator (required for pH-Xtra multiplexing only).   
   7.    Repeater pipette such as Gilson Distriman ® .   
   8.    Multichannel P20 pipette.       

3    Methods 

      1.    HepG2 cells (ATTC, Manassas, VA) were grown in glucose 
containing media and kept in 5 % CO 2  at 37 °C. Cells should 
be maintained on T75 cm 2  fl asks and seeded onto 96-well 
plates for individual experiments.      

2.4  Equipment

3.1  Cell Culture

    Table 1  
     Recommended instrument and measurement settings   

 FLUOstar and POLARstar 
Omega, and CLARIOstar 
(BMG LABTECH) 

 Victor series X3, X4, 
X5 (PerkinElmer) 

 Cytation 3, SYNERGY 
H1, H4, 2 (BioTek) 

 Light source  Xe-fl ashlamp  Xe-fl ashlamp  Xe-fl ashlamp 

 Optical 
confi guration 

 Filter-based top/bottom 
reading 

 Filter-based top 
reading 

 Filter-based top/
bottom reading 

 Measurement 
mode 

 Ratiometric  Ratiometric  Ratiometric 

 TRF  TRF  TRF 

 (2 multichromatics)  (2 counting windows)  (2 read kinetic loops) 

 Excitation  380 ± 20 nm (TR-EX L)  340 ± 40 nm (D340)  380 ± 20 nm 

 Emission  655 ± 50 nm (BP-655)  642 ± 10 nm (D642)  645 ± 15 nm 

 Delay time 1  30 μs  30 μs  30 μs 

 Delay time 2  70 μs  70 μs  70 μs 

 Gate time 1  30 μs  30 μs  30 μs 

 Gate time 2  30 μs  30 μs  30 μs 

   TRF  time-resolved fl uorescence 
  NOTE : Preset Protocol Files for BMG instruments are available from   www.luxcel.com     and BMG Technical Support  

High-Throughput Real-Time Analysis of Cell Oxygenation…
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      For 2D monolayer analysis, the intracellular probe (MitoXpress ® -
Intra) loading is performed on 96-well plates seeded with adherent 
cells. The cell monolayer is then loaded with MitoXpress ® -Intra in 
individual sample wells:

    1.    Count HepG2 cells and adjust cell density to 3 × 10 5  cells/mL 
(6 × 10 4  cells/200 μL) using cell culture medium. Plating cell 
concentrations can vary depending on cell type and cell size. 
Typically cells are plated at a density to achieve full confl uence. 
Plating density and basal metabolic rate will determine the 
steady-state oxygen concentration at the cell monolayer.   

   2.    Using a repeater pipette, carefully add the homogenous cell 
solution to a 96-well plate at 200 μL per well, yielding a mono-
layer of ~6 × 10 4  cells per well. Use the designated section of 
the 96-well plate as described in Fig.  2 . Then add 200 μL 
of culture medium to all outer wells of 96-well plate to help 

3.2  Cell Plating 
and MitoXpress ® -Intra 
Loading: 2D 
Monolayers

  Fig. 2    ( a ) Recommended plate map for cell plating, cell loading, overnight incubations, and correct inclusion of 
blank samples (media only 150 μL addition). All inner wells ( white ) of the 96-well plate can be used for cell 
plating. The outer wells ( black ) should contain growth media or measurement buffer 1 (~200 μL). Blank wells 
are H11 and H12 and should contain 150 μL of measurement buffer 1 only. ( b ) Recommended plate map for 
kinetic or endpoint measurements (Subheading  3.4 ) or calibrations (Subheading  3.5 )       
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reduce possible evaporation and improve temperature consistency 
across the plate. Place 96-well plate in CO 2  incubator for over-
night culture, typically >14 h.    

   3.    Place 11 mL of cell culture medium in a 15 mL plastic tube, 
and warm to measurement temperature (typically 37 °C). 
Then reconstitute MitoXpress ® -Intra probe in 1 mL of this 
culture medium, and add to the remaining 10 mL of medium, 
creating a stock of 11 mL ( see   Note 1 ).   

   4.    After the overnight culture, place the 96-well plate containing 
cells on the Multi-Blok equilibrated at 37 °C. Remove spent 
media (~200 μL) from each well using an aspirator being care-
ful not to dislodge cells from the base of the wells. The Multi- 
Blok helps maintain measurement temperature of 96-well plate 
and minimizes warm-up time once measurement is started. 
To prevent cells from drying out, do not aspirate more than 
20 wells at a time.   

   5.    Using a multichannel or repeater pipette, add 100 μL of the 
pre-warmed MitoXpress ® -Intra probe stock (from  step 3 ) to 
each well being careful not to dislodge cells ( see   Note 2 ) and 
then return the plate to the CO 2  incubator for overnight 
 culture, typically >14 h ( see   Note 3 ).   

   6.    Place ~40 mL of measurement buffer 1 in a 50 mL plastic 
tube, and warm to measurement temperature (typically 37 °C) 
in water bath ( see   Note 4 ).   

   7.    Prepare test compound(s) in the appropriate solvent according 
to the required plate map. Typically 150× stock concentrations 
are recommended in order to minimize the fi nal DMSO/ 
solvent concentrations in the well (~0.6 % v/v) after addition.   

   8.    Wash cells by placing the plate on the Multi-Blok plate heater 
equilibrated to measurement temperature (typically 37 °C), 
and remove spent media/probe solution using an aspirator, 
being careful not to dislodge cells from the base of the wells. 
Using a multichannel or repeater pipette, add 100 μL of 
the pre-warmed measurement buffer 1 to each well. Plate 
 preparation time should be kept to a minimum.   

   9.    Repeat wash step.   
   10.    Aspirate the previous 100 μL addition, and fi nally add 150 μL/

well of the pre-warmed measurement buffer 1 for subsequent 
plate reader measurement. Ensure to include 150 μL of mea-
surement buffer 1 in the designated blank wells of 96-
well plate (wells: H11 and H12, Fig.  2 ). The blank wells are 
required for the proper blank correction of the measured fl uo-
rescence signal. If using standard culture medium for cells, use 
same for blank wells.    

High-Throughput Real-Time Analysis of Cell Oxygenation…
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    When loading 3D cultures, MitoXpress ® -Intra loading is typically 
performed directly in the T75 cm 2  fl ask prior to plating. The 3D 
matrix is then seeded with cells preloaded with MitoXpress ® -Intra. 
This ensures all cells within the 3D construct contain probe 
( see   Note 5 ). Here we describe a 3D culture method using HepG2 
and collagen as a culture matrix using the    RAFT™ system (TAP 
Biosystems). Other matrices such as highly microporous polysty-
rene can also be used (e.g., Alvetex ®  scaffolds):

    1.    Culture HepG2 in a single T75 cm 2  fl ask to reach approx 
70–80 % confl uence in preparation for probe loading.   

   2.    Place 12 mL of cell culture medium in a 15 mL plastic tube, 
and warm to measurement temperature (typically 37 °C) in a 
water bath.   

   3.    Reconstitute MitoXpress ® -Intra probe in 1 mL of this culture 
medium, and add to the remaining 11 mL of medium, creating 
a stock of 12 mL.   

   4.    Remove spent media from T75 cm 2  fl ask containing HepG2 
cells at ~70–80 % confl uence, and add in the 12 mL of 
MitoXpress ® -Intra stock to the fl ask being careful not to 
 dislodge cells. Then return cell fl ask to CO 2  incubator for 
 overnight culture, typically >14 h.   

   5.    After overnight culture, remove spent culture medium from 
the fl ask (~12 mL), and wash the T75 cm 2  fl ask to remove any 
residual MitoXpress ® -Intra in solution.   

   6.    Count HepG2 cells and adjust cell density to the required 
 concentration for subsequent dilution into collagen solution, 
typically 2.5 × 10 5  cells/mL (6 × 10 4  cells/240 μL).   

   7.    Prepare the collagen RAFT 3D scaffold as described by the 
 manufacturer’s instructions (  www.raft3dcellculture.com    ) (typical 
duration ~0.5 h).   

   8.    Apply 100 μL of pre-warmed fresh culture medium to each 
well containing cells, and return the plate to the CO 2  incuba-
tor for overnight culture, typically >14 h ( see   Note 3 ).   

   9.    Place ~20 mL of measurement buffer 1 in a 50 mL plastic 
tube, and warm to measurement temperature (typically 37 °C) 
in a water bath ( see   Note 4 ).   

   10.    Prepare test compound(s) in the appropriate solvent 
(150×) according to the required plate map.  See      step 7 , 
Subheading  3.2 .   

   11.    Aspirate the spent medium from all wells (~100 μL), and add 
150 μL/well of the pre-warmed measurement buffer 1 for 
subsequent plate reader measurement. Ensure to include 
150 μL of measurement buffer 1 in the designated blank 

3.3  MitoXpress ® -
Intra Loading and Cell 
Plating: 3D Cultures

James Hynes and Conn Carey
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wells of the 96-well microplate (wells: H11 and H12, Fig.  2 ). 
The blank wells are required for the proper blank correction of 
the measured fl uorescence signal. If using standard culture 
medium for cells, use same for blank wells.    

           1.    Warm instrument to measurement temperature (typically 37 °C). 
Adjust the instrument parameters for correct measurement. 
 See  Table  1 .   

   2.    Prepare a kinetic measurement protocol with the correct 
instrument settings to read the desired wells of the plate at 
2–3 min intervals over the desired duration, typically 2 h. For 
endpoint measurement, a kinetic cycle is not required.      

      1.    Insert plate into the fl uorescence plate reader equilibrated to 
measurement temperature, and commence kinetic reading. 
Allow the baseline signal to be measured for a minimum of 
20 min.   

   2.    Pause the measurement and eject the plate from the reader; 
using a multichannel or repeater pipette, add 1 μL of test com-
pound (150×) to each well ( see   Note 6 ). To avoid cooling, 
ensure to minimize the time for which the plate is outside the 
plate reader chamber.   

   3.    Reinsert the plate into the plate reader and recommence the 
kinetic measurement.   

   4.    Optional: after transient response(s) is observed and the probe 
signal has stabilized again, further compound additions to 
the same well(s) can be made, as outlined above in  step 2 . 
The plate can then be used for additional assays ( see   Note 7 ).   

   5.    When measurement cycle is complete, remove plate from 
instrument, and save measured data to fi le.      

      1.    Using a multichannel or repeater pipette, add 1 μL of test 
compound (150×) to each well. Then return the plate to cul-
ture for the required incubation period. The endpoint proto-
col should include an incubation period to allow temperature 
equilibration, drug action, and re-equilibration of intracellular 
oxygen concentrations. The time required is dependent on the 
culture system being used and the biological processes under 
investigation; however, a period of 60 min is typically used.   

   2.    Insert plate into the fl uorescence plate reader equilibrated to 
measurement temperature and commence endpoint reading. 
When measurement cycle is complete, remove plate from 
instrument and save measured data to fi le. The plate can then 
be used for additional assays ( see   Note 7 ).       

3.4  Instrument 
Setup, Drug 
Treatment, and Plate 
Measurement

3.4.1  Instrument Setup

3.4.2  Kinetic Assay 
with Compound 
Treatments

3.4.3  Endpoint 
Assay with Compound 
Treatments

High-Throughput Real-Time Analysis of Cell Oxygenation…



212

   Oxygen calibration can be performed either using a hypoxic 
 chamber with oxygen controller while containing a suitable fl uo-
rescence plate reader or using a fl uorescence plate reader with 
 pre-installed atmospheric control unit (ACU). Both approaches 
use nitrogen gas to modulate the level of % oxygen within mea-
surement chamber ( see   Note 8 ):

    1.    Culture and plate cells as described above.   
   2.    Prepare the plate and fl uorescence plate reader as described 

above, ensuring that it is pre-warmed to measurement tem-
perature and that the oxygen concentration has equilibrated to 
room air conditions (~21 % O 2 ).   

   3.    Add 1 μL of antimycin A (150×) to the designated wells prior 
to measurement to inhibit cellular oxygen consumption. 
Antimycin A treatment removes the infl uence of cell respira-
tion on intracellular oxygen concentrations such that measured 
probe signal refl ects the applied oxygen concentration, allow-
ing the construction of a calibration function.  See  Fig.  2 .   

   4.    Add 10 μL of glucose oxidase (GOx) solution to the  designated 
wells prior to measurement to provide complete sample deoxy-
genation. GOx treatment completely removes oxygen from 
the sample wells such that measured probe signal refl ects com-
plete deoxygenation (0 % O 2 ).  See  Fig.  2 .   

   5.    Insert the 96-well plate into the plate reader and measure 
kinetically as outlined above.   

   6.    Reduce the applied oxygen concentration in a stepwise man-
ner. After each reduction, measure probe signal for 30–45 min 
or until the signal reaches a plateau. A typical oxygen concen-
tration range is as follows: ~20, 15, 10, 7.5, 5, 2.5, and 1 % O 2 . 
Sample data is presented in Fig.  3a . Typically an 8–10-point 
calibration is recommended.     

    An ability to measure both intracellular oxygen and glycolytic fl ux 
in parallel can be particularly advantageous as it facilities the analy-
sis of the interplay between available oxygen and the balance 
between oxidative and glycolytic ATP generation:

    1.    In preparation for the multiplexed glycolysis measurement 
using pH-Xtra™, prepare 96-well plate with loaded HepG2 
cells as described in Subheading  3.2 , by completing  steps 1 – 10 .   

   2.    Load cells with MitoXpress ® -Intra as outlined in Subheading  3.2 , 
and return to culture overnight ( see   Note 3 ).   

   3.    After overnight culture, place the 96-well plate containing 
loaded cells in a CO 2 -free incubator for 3 h ( see   Note 9 ).   

   4.    Place 16 mL (tube A) and 25 mL (tube B) of measurement 
buffer 2 in two separate 50 mL plastic tubes, and warm to 
37 °C in water bath.   

3.5  Calibration

3.6  Measurement 
of Intracellular Oxygen 
and Glycolytic Flux

James Hynes and Conn Carey
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   5.    Prepare test compound(s) in the appropriate solvent according 
to the required plate map, typically using 150× concentrations. 
 See   step 7  of Subheading  3.2 .   

   6.    Reconstitute pH-Xtra™ vial in 1 mL of buffer from tube A and 
add to the remaining 15 mL of medium, creating a stock of 
16 mL.   

  Fig. 3    ( a ) Typical calibration data showing the effect of decreasing oxygen concentrations on probe signal. Antimycin 
treatment removes the infl uence of cell respiration intracellular oxygen, thereby allowing the construction of a 
 calibration curve. Measuring untreated cells demonstrates the degree to which cell respiration contributes to cell 
deoxygenation at reduced ambient oxygen concentrations. ( b ) Typical calibration curve. ( c ) The difference in oxy-
gen scale between antimycin-treated and antimycin-untreated cells illustrating the degree to which cell respiration 
contributes to cell deoxygenation under test conditions. ( d ) The effect of decreasing oxygen on cellular glycolytic 
fl ux. Data generated on FLUOstar Omega with integrated atmospheric control (BMG LABTECH)       
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   7.    Wash cells by placing the plate on the Multi-Blok plate heater 
equilibrated to 37 °C, and remove spent media/probe solution 
using an aspirator, being careful not to dislodge cells from the 
base of the wells. Using a multichannel or repeater pipette, add 
100 μL of the pre-warmed buffer from tube B to each well.   

   8.    Repeat wash step.   
   9.    Aspirate the previous 100 μL addition, and fi nally add 150 μL/

well of the pre-warmed pH-Xtra™ stock from tube A for 
 subsequent plate reader measurement as per manufacturers’ 
instruction and as outlined elsewhere [ 14 ]. Ensure to include 
150 μL of buffer from tube B in the designated blank wells of 
96-well microplate (wells: H11 and H12, Fig.  2 ). Typical data 
is presented in Fig.  3d  illustrating the effect of reduced oxygen 
availability on the glycolytic fl ux cells within a 3D collagen 
matrix.      

      1.    Export plate reader data into Excel, and average the measured 
signal (RFU) from the blank wells (H11 and H12) at each 
time point for the dual intensity readings ( D 1 and  D 2). Then 
subtract these values from all measured samples in order to 
blank correct sample wells at each time point for both  D 1 and 
 D 2 ( see   Note 10 ). On some plate readers, this analysis can be 
carried out on associated data analysis packages using dedi-
cated data analysis templates ( see   Note 11 ).   

   2.    Use the blank corrected dual intensity readings to calculate 
the corresponding lifetime ( τ ) using the following:  τ  = 40/
ln( D 1/ D 2), where  D 1 and  D 2 represent read 1 and read 2, 
respectively. This provides lifetime values with units of μs.   

   3.    Plot time profi les for each well.   
   4.    These lifetime profi les can be converted in an oxygen scale 

using the supplied default calibration function or by creating a 
dedicated calibration using the calibration section  3.4 . This 
conversion is achieved by converting these lifetime values ( τ ) 
into O 2 % using the following: O 2 % = 522.8 × (− τ /9.064). For 
maximum accuracy, dedicated calibrations can be developed.   

   5.    Plot time profi les in oxygen scale for each well. The    Electron 
Transport Chain (ETC) activity of respiring cells will result in 
the measurement usually beginning at oxygen concentrations 
below air-saturated levels. This is dependent on cell density 
and resting metabolic rate. Reduced ETC activity results in an 
increase in intracellular oxygen concentration due to the back 
diffusion of oxygen into the cell monolayer or 3D construct. 
Increased ETC activity results in a decrease in intracellular oxy-
gen concentration due to an increased level of oxygen con-
sumption. Increases may be prolonged or more transient, 
depending on the processes involved and the measurement 
conditions.   

3.7  Data Analysis 
and Typical 
Data Output
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   6.    For oxygen calibration data analysis, time profi les of lifetime 
signal should be plotted and average lifetime values calculated 
where the signal has stabilized due to equilibration of the oxy-
gen concentration. The GOx sample is used to provide the 0 % 
O 2  signal. Using the non-respiring samples (antimycin A), plot 
the average lifetime (μs) values versus the applied oxygen con-
centration (% O 2 ).  See  Fig.  3b . These data are then used to 
determine the analytical relationship between lifetime ( τ ) and 
O 2  concentration (% O 2 ).   

   7.    When assessing the contribution of cell metabolism to observed 
2D or 3D oxygen depletion delta, oxygen (∆O 2  %) can be cal-
culated by comparing non-respiring (antimycin A treated) and 
untreated samples.  See  Fig.  3c .   

   8.    When assessing the impact of available oxygen on glycolytic fl ux 
using pH-Xtra™, blank correction and lifetime ( τ ) calculation 
are performed in a similar manner using the following equation: 
 τ  = 200/ln( D 1/ D 2), where  D 1 and  D 2 represent read 1 and 
read 2, respectively. These lifetime values can be converted into 
pH and subsequently [H + ] values [ 14 ].  See  Fig.  3d .       

4    Notes 

     1.    Standard probe package is for one 96-well plate (~100 assay 
points). Once probe is diluted in culture medium, it should be 
used on the same day or within 24 h. Alternatively reconstitute 
in 1 mL of sterile water; this stock can be stored at +4 °C for 
up to 5 days. Dilute 1:11 in culture medium for the correct 
working concentration for cell loading procedure.   

   2.    Probe cellular loading can be performed directly in T75 cm 2  
fl asks as an alternative and as outlined for 3D cell culture load-
ing. The same recommended concentration of MitoXpress ® -
Intra and overnight incubation period should be used.   

   3.    Shorter incubation times with a higher probe concentration can 
be used if necessary. For example, a 6 h probe loading incuba-
tion using a 1.5× probe concentration will yield comparable 
cellular loading and baseline fl uorescence signal. This may be 
cell-type dependant, so optimization is recommended if changes 
to probe loading incubation time and concentration are made.   

   4.    Measurement using standard cell culture medium is possible for 
short-term experiments <2 h in CO 2 -free conditions. Measu re-
ment buffer 1 allows longer-term measurement (>2 h) outside 
a CO 2  incubator (in a plate reader), as it is capable of maintain-
ing physiologically relevant pH for a prolonged period, without 
applied CO 2 . Some plate reader models come with atmospheric 
control units (ACU), which allow 5 % CO 2  to be applied to 
measurement chamber.   
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   5.    For 3D cell culture loading, the outer cell surface of a 3D 
 construct can be loaded with MitoXpress ® -Intra probe after 
the 3D structure has been formed in the 96-well plate. This 
allows measurement of intracellular oxygen concentration 
from the top layer of the 3D construct.   

   6.    Some plate readers allow automated compound additions within 
the instrument using injectors.   

   7.    As the assay is nondestructive, the plate can be used for subse-
quent analyses such as protein content, cellular ATP content, 
or    LDH release.   

   8.    Measurement is performed under defi ned measurement condi-
tions (temperature, assay volume, and instrument parameters) 
across multiple applied oxygen concentrations, typically start-
ing at “normoxic” conditions (room air) and gradually reduc-
ing the applied oxygen concentration in a stepwise manner 
over time. Data is generated from samples which are treated 
with 1 μM of the ETC inhibitor antimycin A. This removes the 
infl uence of cell respiration on intracellular oxygen concentra-
tions such that measured probe signal refl ects the applied oxy-
gen concentration allowing the construction of a calibration 
function.   

   9.    Under CO 2 -free conditions, the CO 2  trapped in the plate 
leaches into the sample culture media during the 3 h incuba-
tion, which is then removed and washed from the plate, thereby 
providing a plate free of CO 2 . Without this step, CO 2  leaching 
during the assay will cause background acidifi cation. Alter-
natively to avoid the 3 h incubation, the HepG2 cells can be 
cultured in CO 2 -free conditions constantly using L-15 culture 
media.   

   10.    Blank correction is recommended in order to yield the most 
accurate determination of lifetime signal and hence subsequent 
oxygen scale calculation. This is particularly important where 
signal-to-blank (S:B) values in window 2 are below 10.   

   11.    Some plate reader manufacturer’s supply software that allows 
this type of data analysis without the need for Excel such that 
both the    lifetime calculation and oxygen conversion occur 
automatically. The MARS data analysis software (BMG 
LABTECH) is one such package. Suitable template fi les are 
available and can be imported into the software. Alternatively 
Excel templates can also be used.         
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Chapter 20

In Vivo Assessment of Mitochondrial Oxygen Consumption

Floor A. Harms and Egbert G. Mik

Abstract

The protoporphyrin IX-triplet state lifetime technique (PpIX-TSLT) has been proposed by us as a potential 
clinical noninvasive tool for monitoring mitochondrial function. We have been working on the develop-
ment of mitochondrial respirometry for monitoring mitochondrial oxygen tension (mitoPO2) and mito-
chondrial oxygen consumption (mitoVO2) in skin. In this work we describe the principles of the method 
in experimental animals.

Key words Oxygen-dependent quenching, Mitochondrial oxygen tension (mitoPO2), Mitochondrial 
oxygen consumption (mitoVO2), Phosphorescence quenching, Tissue oxygenation

1 Introduction

Recently, growing interest in mitochondrial pathophysiology has 
led to a continuing increasing number of scientific papers about 
the impact of mitochondrial dysfunction in a variety of human 
disorders, like process of cellular aging and cancer [1], cardiovas-
cular diseases [2], and sepsis and septic shock [3–5]. This increased 
knowledge about mitochondrial-related disorders is associated 
with a growing interest and research in treatment strategies aimed 
at “targeting mitochondria” [6]. However, as is well known, the 
mitochondria play a central role in energy metabolism and cellular 
survival. Pharmacological intervention on the mitochondrial level 
might have negative impact on these processes and could have 
side effects with serious consequences for affected organisms. 
Such side effects will potentially result in a small therapeutic 
window for future mitochondrial-targeted drugs. Therefore, the 
ability to monitor mitochondrial function for diagnosis, treatment 
effects, and the occurrence of side effects in patients might be of 
great benefit.

In 2006 introduced protoporphyrin IX-triplet state lifetime 
technique (PpIX-TSLT) [7] opens opportunities to monitor mito-
chondrial oxygenation and oxygen consumption in vivo [8, 9]. 
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This relative new technique enables us to measure mitochondrial 
oxygen tension (mitoPO2) by means of the oxygen-dependent 
optical properties of 5-aminolevulinic acid (ALA)-induced mito-
chondrial protoporphyrin IX (PpIX) [10]. But the technique does 
also provide us with a means to monitor the respiration rate of the 
mitochondrial respiratory chain [11]. In this work we describe in 
detail the technical details and application of this novel method for 
in vivo respirometry in small animals, based on dynamic measurement 
of mitoPO2 during local blockage of microvascular blood flow.

2 Materials

 1. A computer-controlled tunable laser (Opolette 355 I, Opotek, 
Carlsbad, CA, USA), providing pulses with a specified dura-
tion of 4–10 ns and over the tunable range of 410–670 nm.

2.1 Laser  
Setup (Fig. 1)

Fig. 1 Measurement setup. (1) Opolette 355 I—computer-controlled tunable laser with fiber coupling, both 
mounted on an optical bench. (2) Gated microchannel plate photomultiplier tube with gated socket assembly 
and thermoelectric cooler in a standard housing (gray part) with the measuring fiber coupled to the detector 
by in-house build optics (black part). (3) The data acquisition system and housing of the electronics (power 
supplies, amplifier, and gating circuits). The shown case houses a two-channel setup for simultaneous mea-
surements. (4) The power supply/control unit of the Opolette 355 I

Floor A. Harms and Egbert G. Mik
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 2. Fiber Delivery System (Opotek, Carlsbad, CA, USA) consisting 
of 50 mm plano-convex lens, x–y fiber mount, and a fiber with 
a length of 2 m and a core diameter of 1,000 μm (FOA- Inline, 
Avantes b.v., Eerbeek, the Netherlands).

 3. Two 1,000 μm optical fibers both with a length of 1 m (P1000-
2- VIS-NIR, Ocean Optics, Dunedin, FL, USA).

 4. A stainless steel rod with a length of 5 cm and a diameter of 
10 mm.

 5. Gated microchannel plate photomultiplier tube (MCP-PMT 
R5916U series, Hamamatsu Photonics, Hamamatsu, Japan), 
see Note 1.

 6. A gated socket assembly (E3059-501, Hamamatsu Photonics, 
Hamamatsu, Japan).

 7. A thermoelectric cooler (C10373, Hamamatsu Photonics, 
Hamamatsu, Japan).

 8. A regulated high-voltage DC power supply (C4848-02, 
Hamamatsu Photonics, Hamamatsu, Japan).

 9. Oriel Fiber Bundle Focusing Assembly (Model 77799, 
Newport, Irvine, CA, USA).

 10. Plano-convex lens with focal length of 90 mm (BK-7, 
OptoSigma, Santa Ana, CA, USA).

 11. Electronic shutter (04 UTS 203, Melles Griot, Albuquerque, 
NM, USA).

 12. OEM Shutter Controller Board (59 OSC 205, Melles Griot, 
Albuquerque, NM, USA).

 13. Longpass filter, 590 nm (OG590, Newport, Irvine, CA, USA).
 14. Broadband band-pass filter, 600–750 nm (Omega Optical, 

Brattleboro, VT, USA).
 15. Amplifier (Amplifier C6438-01, Hamamatsu Photonics, 

Hamamatsu, Japan) with an input impedance of 50 Ω, 500 
times voltage amplification, and a bandwidth around 50 MHz.

 16. PC-based data acquisition system containing a 10 MS/s simul-
taneous sampling data acquisition board (NI-PCI-6115, 
National Instruments, Austin, TX, USA) (Fig. 1(3)).

 17. BNC interface (BNC-2090A, National Instruments, Austin, 
TX, USA).

 18. Control software, for example, written in LabVIEW (version 
10.0 or higher, National Instruments, Austin, TX, USA).

Adult Wistar rats with a bodyweight of 275–325 g (Charles River, 
Wilmington, MA, USA). All animal care and handling should be in 
accordance with the National Institutes of Health (NIH) Guide for 
the Care and Use of Laboratory Animals or alternatively national law. 
In our case the experiments were approved by the Animal Research 
Committee of the Erasmus MC University Medical Center Rotterdam.

2.2 Animals

In Vivo Assessment of Mitochondrial Oxygen Consumption
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 1. Hydrophilic cremor lanette (Lanette creme I FNA, Bipharma, 
Weesp, the Netherlands).

 2. 5-aminolevulinic acid, see Note 2.
 3. Ketamine 90 mg/kg.
 4. Medetomidine 0.5 mg/kg.
 5. Atropine 0.05 mg/kg.
 6. Hair removal cream.
 7. Heparin solution 10 IE/ml.
 8. Voluven.
 9. Ringer solution.
 10. Alcohol preps.

 1. Tube: enteral feeding tube L. 40 cm, 06 Fr, ref 310.06, Vygon, 
Ecouen, France, cut to a length of 1.5 cm with a marking at 
1 cm.

 2. Catheters: 15 cm fine bore polythene tubing PE50, 0.58 mm 
ID, 0.96 OD (Portex Smiths Medical, Kent, UK) connected 
to a 22 G × ½″ needle (Luer stub, Instech laboratories Inc., 
Plymouth Meeting, PA, USA).

 3. Syringes (1 ml).
 4. Suture# 4-0 (Silkam® black, B. Braun, Aesculap, Tuttlingen, 

Germany).
 5. Heating pad with rails for connection fiber standard and BP 

transducer.
 6. Spring scissors (Vannas-Tübingen FST curved 8.5 cm, no. 

15004-08).
 7. Iris scissors (Strabismus FST, 9 cm, no. 14075-09).
 8. Forceps (Graefe forceps FST, 1 × 2 teeth tip, width 0.8 mm, 

no. 11053-10).
 9. Forceps fine (Dumont #7, Dumostar standard tip, no. 

11297-00).
 10. Hemostats (Halsted-Mosquito FST, curved, no. 13009-12).
 11. Clamp (Schwartz Micro Serrefines FST straight, no. 18052-01).
 12. Hot Beads Sterilizer (FST 250 sterilizer, no. 18000-45).
 13. Sterile towel 45 × 75 cm (BARRIER® Mölnlycke Health Care, 

Göteborg, Sweden).
 14. Operation microscope.

 1. Dräger Babylog with anesthetic breathing system pediatric.
 2. Siemens Monitor SC 9000 XL.
 3. CAPNOSTAT® CO2.

2.3 Chemicals, 
Fluids, and Reagents

2.4 Surgical Tools

2.5 Ventilation 
and Monitoring

Floor A. Harms and Egbert G. Mik
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 4. CO2 cuvette neonatal.
 5. Pritt poster buddies Henkel NL BV (for fixation of the CO2 

cuvette).
 6. Oxygen 100 % and air.
 7. Data acquisition system (PowerLab).
 8. Disposable BP transducer connected to a stopcock.
 9. Simulator and tester Delta-Cal.
 10. T-type Implantable Thermocouple probe in use with ML312 

T-type Pod.
 11. T copper–constantan thermocouple in use with ML290 

Thermometer for T-type thermocouple.
 12. Infusion pump.
 13. 20 ml syringes.
 14. Stopcocks.
 15. Extension line L. 100 cm.

3 Methods

Couple the excitation source of the pulsed tunable laser into the 
Fiber Delivery System, and connect it through an x–y connector 
with the excitation probe. Connect the excitation fiber with the 
reflection fiber by mounting the terminal tips of both fibers into 
a small aluminum rod with a separation of 1 mm between the 
fibers (Fig. 2).

3.1 Delayed 
Luminescence Setup

Fig. 2 The measuring probe. Excitation and emission fibers are mounted in a small 
aluminum rod, allowing application of local pressure on the measurement volume. 
The shown probe has two additional fibers for spectroscopic measurements

In Vivo Assessment of Mitochondrial Oxygen Consumption
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The MCP-PMT should preferably have enhanced (infra)red 
sensitivity. To this end, our device has been custom adapted with 
an enhanced red-sensitive photocathode having a quantum effi-
ciency of 24 % at 650 nm. The MCP-PMT should be mounted on 
a gated socket assembly and cooled to −30 °C by the thermoelectric 
cooler. The MCP-PMT can be operated at a voltage range between 
2,000 and 2,700 V. Fit the emission branch of the reflection probe 
into a fiber bundle focusing assembly, and couple it to the MCP-
PMT by an optic assembly, which consists of a filter holder, a 
plano-convex lens (90 mm focusing distance), and an electronic 
shutter. The shutter protects the MCP-PMT, which is configured 
for the “normally on” mode. Filter out the PpIX emission light 
by a combination of a 590 nm longpass filter and a broadband 
(675–25 nm) band-pass filter fitted in the filter holder. Convert the 
output current of the photomultiplier to a voltage by an amplifier 
with an input impedance of 50 Ω, 500 times voltage amplification, 
and a bandwidth around 50 MHz. The data acquisition is performed 
by a PC-based data acquisition system containing a 10 MS/s simul-
taneous sampling data acquisition board. The amplifier is coupled 
to the DAQ board by a BNC. The data acquisition should preferably 
be performed at the highest possible rate of 10 mega samples per 
second, allowing for digital post- processing (e.g., low-pass filter-
ing) if necessary. Control of the setup and analysis of the delayed 
luminescence signals can be performed with software written in 
LabVIEW, using standard virtual instruments (VIs).

MitoPO2 can be calculated from the delayed fluorescence life-
time by using the Stern–Volmer relationship:

 
mitoPO q2 01 1= -( )/ / / ,t t k

 
(1)

in which kq is the quenching constant (830 mmHg/s) and τ0 is the 
lifetime in the absence of oxygen (0.8 ms) [12]. So the task is now 
to recover the delayed fluorescence lifetime from the photometric 
signal by using an adequate fitting procedure.

Since mitochondrial oxygen tension, and thus delayed fluores-
cence lifetimes, is heterogenous in respiring tissues, we do not 
advice to use a simple mono-exponential fitting procedure to the 
signal. This will lead to a bias toward longer lifetimes and thus 
results in underestimation of the average mitoPO2. A convenient 
way to recover a good estimation of the average mitoPO2 within 
the measuring volume is fitting a rectangular distribution to the 
delayed luminescence data [13]:

 
Y t Y k t k t k t( ) = - +( )éë ùû ( )á ñ0 0 21exp / sinh / ,t d dq q qmitoPO

 
(2)

where Y(t) is the delayed fluorescence signal, t is the time from the 
start of the fit, Y0 is the initial signal intensity at t = 0, <mitoPO2> is 
the average mitochondrial oxygen tension, and δ is the half- width 
of the PO2 distribution.

Floor A. Harms and Egbert G. Mik
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The oxygen disappearance curve, i.e., the kinetics of mitoPO2 
after cessation of local blood flow, can be analyzed by an adapted 
Michaelis–Menten approach. In contrast to in vitro respirometry 
in oxygen-closed reaction vessels, you have to take oxygen back 
diffusion into the measuring volume in account when performing 
analysis in vivo. We have previously shown that in skin the follow-
ing formula can be used if autoconsumption of oxygen by the mea-
suring technique is neglectable [11]:

 d dP n V P P P Z P Pn n n n/ / .= - ×( ) +( ) + -( )0 50 0  (3)

In this equation, Pn is the measured PO2 after excitation flash num-
ber n, P0 is the mean PO2 before stop-flow, Z is the inflow coeffi-
cient of oxygen, P50 is the PO2 at which cellular oxygen consumption 
is reduced to 1/2V0, and dPn/dn is the rate of oxygen 
disappearance.

 1. Anesthetize the rat with an intraperitoneal (IP) injection of a 
mixture of ketamine, medetomidine, and atropine.

 2. After the rat reaches a surgical level of anesthesia, shave the 
skin of the abdomen and of the tracheal region.

 3. Place the animals in a supine position and perform a tracheot-
omy. Insert a tube into the trachea until the tip is approxi-
mately 1 cm above the carina, and fixate the tube with a suture 
around the trachea.

 4. Connect the tube to the ventilation system, which consists of a 
pediatric breathing system, breathing hoses, a CO2 cuvette, 
and a CO2 monitor.

 5. Fixate the CO2 cuvette with Pritt poster buddies.
 6. Start on the following standard ventilator settings: inspiration 

time (Ti) 0.34 s, expiration time (Te) 0.68 s, ventilation 
 frequency (fset) 59 bpm, inspiration-to-expiration ratio (I:E 
ratio) 1:2, inspired oxygen fraction (FIO2) 40 %, inspiratory 
pressure (Pins) 16 mbar, and positive end-expiratory pressure 
(PEEP) 3.3 mbar. Adjust the ventilator settings based on end- 
tidal PCO2 and oxygenation needs, and keep the arterial PCO2 
between 35 and 45 mmHg.

 7. Insert a polyethylene catheter into the right jugular vein. 
Connect the catheter via an extension with an infusion pump 
for intravenous administration of fluids and maintenance anes-
thetics with ketamine.

 8. Insert a similar catheter in the left femoral artery, and connect 
it via the BP transducer with PowerLab to monitor arterial 
blood pressure and heart rate.

 9. Perform every hour an analysis of the arterial blood gas, and if 
necessary adjust your ventilation settings.

3.2 Animal 
Preparation (Fig. 3)

In Vivo Assessment of Mitochondrial Oxygen Consumption



226

 10. Measure the body temperature with a rectally inserted  
thermometer, and keep the temperature at 38 ± 0.5 °C by 
adjustments of the heating pad; see Note 3.

 1. Prepare the ALA cream by mixing hydrophilic lanette crème with 
2.5 % (mass percentage) 5-aminolevulinic acid; see Note 4.

 2. Prepare the abdominal skin of the rats by shaving and remov-
ing remaining hairs with a hair removal cream. Remove the 
hair removal cream after 5 min, and clean the abdominal skin 
with alcohol preps.

 3. Apply the ALA cream topically on the prepared abdominal skin 
of the rats, and leave it on for 3 h.

 4. To avoid evaporation, cover the exposed skin with an adhesive 
film, and prevent premature light exposure of PpIX by cover-
ing the area with aluminum foil.

3.3 Experimental 
Procedures

Fig. 3 Animal preparation. (1) Shave the skin of abdomen and tracheal region. (2) Supine position. (3) 
Tracheotomy. (4) CO2 cuvette. (5) Connect tube to ventilation system. (6) Carotid artery. (7) Catheter into carotid 
artery. (8) BP transducer. (9) Catheter into jugular vein. (10) Apply hair removal crème. (11) Remove hair 
removal crème. (12 and 13) Apply 5-aminolevulinic acid crème. (14) Adhesive film. (15) Cover area with alu-
minum foil. (16) Remove 5-aminolevulinic acid crème. (17) Start experiments

Floor A. Harms and Egbert G. Mik
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 5. After 3 h, there is a sufficient amount of PpIX converted in 
the mitochondria to start the mitochondrial oxygenation 
measurements.

 6. Remove the ALA cream before the start of the measurements.
 7. Perform the mitochondrial respiration measurements by 

repeated measurements of mitoPO2. Use the following settings 
for the PpIX-TSLT software: laser output of the excitation 
branch, 200 μJ/pulse; pulsfrequentie, 1 Hz; and measurement 
time, 60 s; see Note 5.

 8. Start for the first 10 s with the measurement of the initial 
mitoPO2; do this by keeping the probe just above the ALA- 
treated skin surface.

 9. After the first 10 s, apply local pressure with the measurement 
probe for a period of approximately 30 s. This local pressure 
blocks the oxygen supply by temporally occluding the microves-
sels. After the flow arrest in the microvessels, you will observe 
that the mitoPO2 gradually drops; this is due to the ongoing 
oxygen consumption inside the mitochondria.

 10. Release the pressure on the abdominal skin after 30 s (you have 
to obtain a new steady mitoPO2 reading at a much lower level), 
and hold the measurement probe in a stationary position above 
the measured area. Figure 4 shows a typical example of time 
course of mitoPO2, and Fig. 5 shows the result of fitting Eq. 3 
to another example; see Note 6.

4 Notes

 1. Gating of the photomultiplier tube is essential to prevent satu-
ration of the detector and electronics because of intense 
prompt fluorescence.

 2. Store the stock ALA at 6 °C, and beware for this very hydro-
philic compound to attract water.

 3. We find that it is essential to keep the body temperature of the 
rats around the 38 °C.

 4. It’s best to prepare the ALA cream fresh each time.
 5. Reduce the excitation energy and the number of measure-

ments to a usable minimum to prevent oxygen autoconsump-
tion by the measuring method and excessive photoexcitation 
of the measuring volume.

 6. We find that repeated oxygen consumption measurements are 
possible. However, we advise to change measurement sites on 
the ALA-treated skin surface for repeated measurements.

In Vivo Assessment of Mitochondrial Oxygen Consumption
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Fig. 4 Dynamic mitoPO2 measurement. Typical time course of mitoPO2 before, during (starting at 10 s), and 
after release (at 63 s) of local pressure with the measuring probe

Fig. 5 In vivo respirometry. Typical example of applying Eq. 3 to the mitochondrial 
oxygen disappearance signal. Recorded data (globules line) and the analysis of 
the data (straight line)

Floor A. Harms and Egbert G. Mik
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    Chapter 21   

 Imaging Mitochondrial Hydrogen Peroxide in Living Cells 

           Alexander     R.     Lippert     ,     Bryan     C.     Dickinson    , and     Elizabeth     J.     New   

    Abstract 

   Hydrogen peroxide (H 2 O 2 ) produced from mitochondria is intimately involved in human health and disease 
but is challenging to selectively monitor inside living systems. The fl uorescent probe MitoPY1 provides a 
practical tool for imaging mitochondrial H 2 O 2  and has been demonstrated to function in a variety of 
diverse cell types. In this chapter, we describe the synthetic preparation of the small-molecule probe 
MitoPY1, methods for validating this probe in vitro and in live cells, and an example procedure for measur-
ing mitochondrial H 2 O 2  in a cell culture model of Parkinson’s disease.  

  Key words     Hydrogen peroxide  ,   Fluorescent probes  ,   Boronate  ,   Fluorescence microscopy  ,   Mito-
chondria  ,   Triphenylphosphonium cations  

1      Introduction 

 Mitochondria are vital organelles that not only house the electron 
transport chain and oxidative phosphorylation machinery but also 
play key regulatory roles for many processes including apoptosis [ 1 ], 
metabolism, and proliferation [ 2 ]. Given their fundamental impor-
tance in human biology, there has been extensive interest in studying 
the mitochondria for their role in disease genesis and as potential 
therapeutic targets [ 3 ]. Mitochondria are an important site for the 
production of reactive oxygen species (ROS), a family of distinct 
oxygen derivatives with unique physical properties and biological 
activities. These ROS are generated as presumably undesired side 
products of the mitochondrial electron transport chain and often 
mediate deleterious effects associated with disease and aging [ 4 – 6 ]. 
However, some ROS are now known to function as signaling 
agents to modulate cellular processes. For example, hydrogen per-
oxide (H 2 O 2 ) has emerged as an important ROS due, in part, to its 
ability to mediate signaling cascades involved in redox homeostasis 
[ 7 ]. Determining H 2 O 2  levels in mitochondria in living cells in real 
time, however, remains a signifi cant challenge. 
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 Small-molecule fl uorescent probes have enabled the imaging 
of a wide range of analytes [ 8 ]. Boronate-based probes, in particu-
lar, offer a method for the selective imaging of H 2 O 2  by using the 
chemoselective and biocompatible oxidation of boronates into 
phenols [ 9 ]. For example, the fi rst-generation probe PF1, based 
on a caged fl uorescein, displays the remarkable ability to selectively 
visualize exogenously added H 2 O 2  in living cells [ 10 ]. This strat-
egy has been generalized to develop boronate-based H 2 O 2  probes 
with a wide range of optical properties [ 11 ,  12 ]. One general chal-
lenge in the use of a small-molecule fl uorescent probe is to control 
its subcellular localization so that it accumulates in the region of 
interest within a cell. Mitochondrial localization of a small mole-
cule can be achieved by appending an alkylated triphenyl phospho-
nium tag as fi rst described by Murphy and Smith [ 13 ]. This 
methodology utilizes the fact that lipophilic cations tend to accu-
mulate in the mitochondria due to the highly negative mitochon-
drial membrane potential [ 14 ]. We show here that a mitochondrially 
localizing H 2 O 2  probe can be designed based on the PF dye series 
by incorporation of a triphenyl phosphonium tag to provide the 
probe MitoPY1, which can be used to selectively image H 2 O 2  in 
the mitochondria of living cells [ 15 ,  16 ]. 

 The protocol outlined in this chapter provides a detailed 
description of the synthesis of MitoPY1 and its application to imag-
ing H 2 O 2  in the mitochondria of living cells. As a working exam-
ple, we use MitoPY1 to image mitochondrial H 2 O 2  in a cellular 
model of Parkinson’s disease.  

2    Materials 

       1.    2-(2,4-Dihydroxybenzoyl)benzoic acid [ 17 ] ( see   Note 1 ).   
   2.    1-(2-Hydroxyphenyl)-piperazine.   
   3.    Trifl uoroacetic acid (TFA).   
   4.    Diethyl ether.   
   5.    Methanol.   
   6.    9-Fluorenylmethyl chloroformate (Fmoc-Cl).   
   7.    Sodium bicarbonate (NaHCO 3 ).   
   8.    Rotary evaporator.   
   9.    Acetonitrile.   
   10.    Ethyl acetate.   
   11.    Hexanes.   
   12.    Silica gel.   
   13.    Sodium sulfate.      

2.1  Synthetic 
Chemistry 
Components

2.1.1  Step 1: Synthesis 
of Fmoc-Piperazine Rhodol

Alexander R. Lippert et al.
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      1.     N -Phenyl bis(trifl uoromethanesulfonamide).   
   2.    Sodium carbonate (Na 2 CO 3 ).   
   3.    Dimethylformamide (DMF).      

      1.    Pd(dppf)Cl 2 ·CH 2 Cl 2 .   
   2.    Potassium acetate (KOAc).   
   3.    Toluene.   
   4.    Microwave reactor.      

      1.    Piperidine.   
   2.    (4-Iodobutyl)triphenylphosphonium iodide [ 18 ] ( see   Note 2 ).   
   3.    Glove box.   
   4.    Dichloromethane.       

      1.    Eppendorf tubes.   
   2.    Fluorescence spectrometer ( see   Note 4 ).   
   3.    Human embryonic kidney cells (HEK293T).   
   4.    Dulbecco’s modifi ed Eagle’s medium (DMEM).   
   5.    Fetal bovine serum (FBS).   
   6.    Trypsin.   
   7.    Cell culture dishes appropriate for microscopy ( see   Note 5 ).   
   8.    Dimethyl sulfoxide (DMSO).   
   9.    Dulbecco’s phosphate-buffered saline (DPBS).   
   10.    Hydrogen peroxide (H 2 O 2 ).   
   11.    Paraquat.   
   12.    Glutamine.   
   13.    Poly- L -lysine.   
   14.    Inverted confocal microscope ( see   Note 6 ).       

3    Methods 

          1.    Add 2-(2,4-dihydroxybenzoyl)benzoic acid (1.0 equiv.,  
see   Note 1 ) and 1-(3-hydroxyphenyl)-piperazine (1.0 equiv.) 
to a heavy-walled pressure fl ask ( see   Note 7 ).   

   2.    Add 16 mL TFA per 1 g 2-(2,4-dihydroxybenzoyl)benzoic 
acid to the fl ask. Seal the fl ask and stir for 3 h in an oil bath 
held at 95 °C ( see   Note 8 ).   

   3.    Cool the reaction to room temperature and add 240 mL 
diethyl ether per 1 g 2-(2,4-dihydroxybenzoyl)benzoic acid. 
A solid red precipitate should be observed.   

2.1.2  Step 2: Synthesis 
of Fmoc-Piperazine Rhodol 
Trifl ate

2.1.3  Step 3: Synthesis 
of Fmoc-Piperazine Rhodol 
Boronate

2.1.4  Step 4: Synthesis 
of MitoPY1

2.2  Cellular Imaging 
Components 
( see   Note 3 )

3.1  Synthetic 
Chemistry (Fig.  1 )

3.1.1  Synthesis 
of Fmoc-Piperazine Rhodol

Imaging Mitochondrial H2O2
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   4.    Collect the precipitate by fi ltration and immediately dissolve in 
methanol ( see   Note 9 ).   

   5.    Transfer to a round-bottom fl ask and dry under high vacuum. 
Add this unpurifi ed product to a dry Schlenk tube ( see   Note 10 ).   

   6.    Add Fmoc-Cl (0.68 equiv.), NaHCO 3  (1.7 equiv.), and 
 approximately 8 mL anhydrous acetonitrile per 1 g 
2-(2,4- dihydroxybenzoyl)benzoic acid, enough to dissolve the 
material. Stir under ambient temperature for 3 h.   

   7.    Dilute the reaction in ethyl acetate and then wash with water 
( see   Note 11 ).   

  Fig. 1    Stepwise synthetic scheme for the preparation of MitoPY1       

 

Alexander R. Lippert et al.



235

   8.    Evaporate the organic layer using a rotary evaporator. This 
crude product can be purifi ed by silica column chromatography, 
eluting with 1:1 hexanes:ethyl acetate ( see   Note 12 ) to provide 
Fmoc-piperazine rhodol as a red solid in 39 % yield.      

      1.    Add the Fmoc-piperazine rhodol (1 equiv.),  N -phenyl bis(trifl 
uoromethanesulfonamide) (2 equiv.), and Na 2 CO 3  (10 equiv.) 
to a dry Schlenk tube ( see   Note 10 ).   

   2.    Add 2 mL anhydrous DMF per 100 mg Fmoc-piperazine. Fill 
the fl ask with nitrogen and stir at ambient temperature for 
12 h. After this time, dilute reaction in ethyl acetate and wash 
with water ( see   Note 11 ).   

   3.    Evaporate the organic layer using a rotary evaporator.   
   4.    Purify using silica column chromatography ( see   Note 12 ), 

eluting with 1:1 hexanes:ethyl acetate to give Fmoc-piperazine 
rhodol trifl ate as a white solid in 46 % yield.      

      1.    Add the Fmoc-piperazine rhodol trifl ate (1 equiv.), Pd(dppf)
Cl 2 ·CH 2 Cl 2  (0.3 equiv.), bis(pinacolato)diboron (1.0 equiv.), 
KOAc (10 equiv.), and 4.5 mL toluene per 100 mg Fmoc- 
piperazine rhodol trifl ate to a dry pressure fl ask ( see   Note 7 ) 
inside an inert atmosphere glove box. Remove the tube from 
the box and heat at 110 °C in a microwave reactor for 4 h.   

   2.    Cool to ambient temperature and transfer to a round-bottom 
fl ask using dichloromethane. Concentrate using a rotary 
evaporator.   

   3.    Purify by silica column chromatography ( see   Note 12 ), eluting 
with 1:1 hexanes:ethyl acetate to yield Fmoc-piperazine rhodol 
boronate as a white solid in 74 % yield.      

      1.    Add the Fmoc-piperazine rhodol boronate (1 equiv.) to a 
round-bottom fl ask, and dissolve in 15 mL 15 % piperidine in 
acetonitrile per 100 mg Fmoc-piperazine rhodol boronate. Stir 
under ambient temperature for 30 min.   

   2.    Evaporate all solvent using a rotary evaporator. Transfer the 
reaction vessel into an inert atmosphere glove box. Add (4-
iodobutyl)triphenylphosphonium iodide (2 equiv.,  see   Note 2 ), 
NaHCO 3  (5 equiv.), and 1.5 mL acetonitrile per 10 mg Fmoc-
piperazine rhodol boronate.   

   3.    Stir the reaction for 24 h under ambient temperature inside the 
glove box.   

   4.    Remove the reaction from the glove box. Filter any solid mate-
rial and evaporate to dryness using a rotary evaporator.   

   5.    Purify by silica column chromatography ( see   Note 12 ), eluting 
with 9:9:1 dichloromethane:ethyl acetate:methanol to yield 
MitoPY1 as a light pink solid in 76 % yield.       

3.1.2  Synthesis 
of Fmoc-Piperazine 
Rhodol Trifl ate

3.1.3  Synthesis 
of Fmoc-Piperazine 
Rhodol Boronate

3.1.4  Synthesis 
of MitoPY1
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       1.    Dissolve MitoPY1 at a concentration of 4.3 mg/mL methanol 
for a fi nal concentration of 5 mM ( see   Note 13 ).   

   2.    Aliquot 20 μL portions of the MitoPY1 solution into Eppendorf 
tubes. Allow the methanol to evaporate ( see   Note 14 ).   

   3.    Store dry stocks at −20 °C. On the day of the imaging experi-
ment, dissolve dry stocks in 20 μL DMSO to make 5 mM stock 
solutions.      

      1.    Add 2 μL of the 5 mM stock solution of MitoPY1 in DMSO 
to 1.998 mL of DPBS to make a 5 μM solution of MitoPY1 in 
DPBS.   

   2.    Separate this solution into two 1 mL aliquots.   
   3.    Prepare a 100 mM solution of H 2 O 2  by adding 11 μL of 30 % 

(wt/vol) H 2 O 2  to 989 μL H 2 O.   
   4.    Treat a 1 mL aliquot of MitoPY1 in DPBS with 1 μL of 

100 mM H 2 O 2  for a fi nal concentration of 100 μM H 2 O 2 . For 
the negative control, treat the other 1 mL aliquot of 5 μM 
MitoPY1 in DPBS with 1 μL H 2 O.   

   5.    Collect the fl uorescence spectra with a fl uorescence spectrom-
eter ( see   Note 4 ), using an excitation wavelength of 503 nm 
and collecting the spectrum between 513 and 650 nm, with an 
emission maximum at  λ  em  = 530 nm. An increase in fl uores-
cence intensity should be observed for the aliquot that was 
treated with H 2 O 2  compared with the aliquot treated with 
H 2 O (Fig.  2a ).       

      1.    Maintain HEK293T cells in exponential growth as a mono-
layer in DMEM supplemented with 10 % FBS ( see   Note 15 ).   

   2.    One or two days before imaging, seed a 24-well plate ( see   Note 5 ) 
with cells ( see   Note 16 ). At this stage, cytotoxicity ( see   Note 17 ) 
and mitochondrial membrane potential (MMP,  see   Note 18 ) 
can be measured to ensure that the probe is not perturbing 
normal mitochondrial function.      

      1.    Add 12 μL of 5 mM MitoPY1 in DMSO to 6 mL DPBS for a 
fi nal concentration of 10 μM MitoPY1.   

   2.    Remove the 24-well plate from the incubator and replace the 
medium in six of the wells with 1 mL of the 10 μM MitoPY1 
solution in DPBS ( see   Note 19 ).   

   3.    Add MitoTracker Deep Red at a concentration of 25–100 nM 
( see   Note 20 ).   

   4.    After 30 min of incubation at 37 °C to allow dye uptake 
into cells ( see   Note 21 ), wash the cells with 2 × 1 mL DPBS 
( see   Note 22 ).   

   5.    Treat three wells with 100 μM H 2 O 2  in 1 mL DPBS and the 
other three wells with 1 mL DPBS as a control.   

3.2  Cellular Imaging 
with MitoPY1

3.2.1  Preparation 
of Aliquots

3.2.2  Validation of Probe 
Response to H 2 O 2  In Vitro

3.2.3  Cell Culture

3.2.4  Validation of Probe 
Response to Mitochondrial 
H 2 O 2  in Cell Culture
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   6.    Image the cells using a fl uorescence microscope ( see   Note 6 ). 
Either a 488 or 510 nm excitation wavelength may be used with 
a collection window between 527 and 580 nm. MitoTracker 
Deep Red can then be imaged using a 633 nm excitation wave-
length with a collection window between 666 and 698 nm. 
The mean fl uorescence intensity of the H 2 O 2 -treated cells should 
be signifi cantly higher than the control cells ( see   Note 23 ). 
An example of these results is shown in Fig.  2b .      

  Fig. 2    ( a ) Fluorescence turn-on response of 5 μM MitoPY1 to H 2 O 2 . Time points 
represent 0, 5, 15, 30, 45, and 60 min after the addition of 100 μM H 2 O 2 . 
 λ  ex  = 503 nm. ( b ) Imaging mitochondrial H 2 O 2  in live cells with MitoPY1. HeLa 
cells loaded with 5 μM MitoPY1 and 50 nM MitoTracker Deep Red for 20 min at 
37 °C and then stimulated with either H 2 O control or 100 μM H 2 O 2  for 40 min. 
Scale bar = 20 μm. Adapted with permission from Dickinson, B. C. and Chang, 
C. J. (2008) A targetable fl uorescent probe for imaging hydrogen peroxide in the 
mitochondria of living cells. J Am Chem Soc 130:9638–9639. Copyright 2008 
American Chemical Society       
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  Once the synthesized MitoPY1 has been validated in vitro and in 
cells, biological imaging experiments may be performed. As an 
example, an imaging experiment that uses an overnight exposure 
to 1 mM paraquat as a cellular model of Parkinson’s disease will be 
described:

    1.    The day before imaging, prepare a 1 mM solution of paraquat 
in DMEM containing 10 % FBS and 2 mM glutamine.   

   2.    Remove the medium from three wells and replace with 1 mL 
of the 1 mM paraquat solution.   

   3.    Incubate for 24 h at 37 °C.   
   4.    Remove the 24-well plate from the incubator and replace the 

medium of the three paraquat-treated wells and three untreated 
control wells ( see   Note 24 ).   

   5.    Replace with 1 mL of the 10 μM MitoPY1 solution in DPBS.   
   6.    Add MitoTracker Deep Red at a concentration of 25–100 nM 

( see   Note 20 ).   
   7.    After 30 min to allow dye uptake into cells ( see   Note 21 ), wash 

the cells with 2 × 1 mL DPBS ( see   Note 22 ).   
   8.    Image the cells using a fl uorescence microscope ( see   Note 6 ). 

Either a 488 or 510 nm excitation wavelength may be used, 
with a collection window between 527 and 580 nm. 
MitoTracker Deep Red can then be imaged using a 633 nm 
excitation wavelength with a collection window between 666 
and 698 nm. Relative quantifi cation of mitochondrial H 2 O 2  
can be evaluated by measuring the mean pixel intensity of the 
fl uorescence images ( see   Note 23 ).        

4    Notes 

     1.    2-(2,4-Dihydroxybenzoyl)benzoic acid can be prepared by an 
adapted literature procedure [ 17 ]. Briefl y, dissolve resorcinol 
(1.1 equiv.) and phthalic anhydride (1.0 equiv.) in 30 mL dry 
nitrobenzene per 1 g of phthalic anhydride under an inert 
atmosphere. Cool the reaction mixture to 0 °C and add alu-
minum (III) chloride (2.3 equiv.). The reaction mixture 
should turn dark green. Stir the suspension for 16 h and then 
pour into a rapidly stirring mixture of 2:1 hexanes:1 M HCl. 
Filter the precipitate. The solid can be recrystallized from 
methanol/water.   

   2.    (4-Iodobutyl)triphenylphosphonium iodide can be prepared 
from a literature procedure [ 18 ]. Briefl y, add 1,4- diiodobutane 
(5 equiv.) to triphenylphosphine (1 equiv.) in a screw-top pres-
sure fl ask. Cover the fl ask with aluminum foil to block out any 
light and heat at 100 °C for 1.5 h. After cooling to ambient 

3.2.5  Imaging 
of Mitochondrial H 2 O 2  
in a Cellular Model 
of Parkinson’s Disease

Alexander R. Lippert et al.
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temperature, wash the resulting yellow solid three times with 
diethyl ether. Dissolve the solids in a small amount of dichloro-
methane, and then add diethyl ether. A yellow solid should 
precipitate. Carefully decant the solvent by slowly pouring the 
liquid into another fl ask or gently pipetting the solvent without 
removing any solids. Repeat this process three times, combine 
all solids, and remove any residual solvent under high vacuum. 
The synthesized (4-iodobutyl)triphenylphosphonium iodide 
should be used immediately or stored in the dark at −20 °C.   

   3.    Given components are for HEK293T cells, but these can be 
adapted to other cell lines as needed.   

   4.    A plate reader with fl uorescence mode can also be used to vali-
date the probes in vitro.   

   5.    When using an inverted microscope, cells must be imaged 
through a thin layer of glass to minimize refraction. Cells can 
be grown in chamber slides (e.g., Nunc makes Lab-Tek cham-
bered coverglass with 1, 2, 4, or 8 wells) or in glass-bottom 
multi-well plates (MatTek Corporation supplies such plates). 
Alternatively, cells can be grown on sterile coverslips in plastic 
multi-well plates and mounted onto glass slides immediately 
before imaging. Experiments described here involve use of a 
24-well glass-bottom plate.   

   6.    Imaging may be performed with an inverted or an upright 
fl uorescence microscope. In addition, these dyes can be ana-
lyzed by fl ow cytometry. If an upright microscope is used, the 
cells should be grown on sterile coverslips. 12 mm round cov-
erslips fi t easily into 24-well plates, so cells can be grown as 
described below ( see   Note 15 ). Immediately before the imag-
ing experiment, wash the cells with DPBS, pick up the cover-
slip with forceps, and transfer it to a 4 cm diameter Petri dish 
containing 2 mL phenol red-free DMEM and any dyes of 
interest. This Petri dish can be placed on the microscope stage, 
and the appropriate objective can be dipped into the medium.   

   7.    The fl ask should have a recommended working pressure of at 
least 60 psi. These fl asks are available from Chemglass 
(CG-1880- 10). Ensure that there are no cracks or deformities 
in the glass and use a blast shield in case of explosion.   

   8.    A silicone oil bath on a hotplate stirrer equipped with tempera-
ture control can be used.   

   9.    After the fi ltration, the crude product tends to turn into an oil, 
most likely due to residual TFA. Immediate dissolution into 
methanol followed by evaporation usually results in a solid 
product.   

   10.    Schlenk tubes are available from Chemglass (AF-0537). The 
Schlenk tube should be pre-dried in an oven for 4 h at 130 °C 
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and then attached to a Schlenk line using a gas inlet adapter. 
With the stopcock closed, open the fl ask to the high vacuum. 
Vacuum for 10–15 min and then fi ll with dry N 2  using the 
Schlenk line. Attach the stopcock side of the Schlenk tube to 
the N 2  line and begin a positive fl ow of N 2 . Open the stopcock 
and replace the gas inlet adaptor with a septum. A round- 
bottom fl ask equipped with a septum can alternatively be used 
in this step.   

   11.    This operation is typically performed with a separatory funnel. 
Pour the reaction mixture into the separatory funnel. Next, 
add the water or other aqueous solution to the funnel. Shake 
the separatory funnel, being sure to release pressure at regular 
intervals by pointing the vent away from the face or body. The 
mixture will separate into two phases, with the water compos-
ing the bottom layer and the ethyl acetate composing the top 
layer. If the organic solvent used is dichloromethane, it will fall 
to the bottom layer because dichloromethane is denser than 
water. Remove the stopper, open the stopcock, and collect the 
desired layer.   

   12.    Silica chromatography can be performed by the method of Still 
[ 19 ]. Add a small piece of cotton to a chromatography column 
and attach the tip to a house vacuum line. Push the cotton 
down with a wooden rod, using the house vacuum line to hold 
it in place if necessary. Add a small layer of sand (~1–2 cm), and 
then add silica gel (~15–25 cm, depending on the amount of 
material and width of the column). Tap gently to make a fl at 
layer and then turn on the vacuum to pack the silica gel. Keep 
under house vacuum for 10–15 min. Add another layer of sand 
(~1–2 cm). Prepare eluent (~1 L) and then carefully pour into 
the column with the vacuum on, being careful not to upset the 
silica bed. For best results, the top of the silica layer should be 
fl at. Close the stopcock and turn off the vacuum before any 
solvent enters the vacuum line. Remove the vacuum line and 
clean the column tip with acetone. Fill the column with eluent 
and then push through using air pressure. Allow the solvent to 
empty until just above the sand layer. Close the stopcock. 
Dissolve the crude product in the minimum amount of dichlo-
romethane, or other low- polarity solvent that dissolves the 
crude material, and then gently add it to the column using a 
pipet to drip it slowly down the side of the column. Open the 
stopcock and allow the crude product to be adsorbed to the top 
of the silica layer, washing with the minimum amount of eluent 
or dichloromethane. Once the product has been adsorbed, fi ll 
the reservoir with eluent and collect the eluent that comes off 
of the column into different test tubes. Analyze the test tubes 
using thin-layer chromatography, and then combine and evapo-
rate the fractions that contain the pure product.   

Alexander R. Lippert et al.
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   13.    The concentration of MitoPY1 can be confi rmed by using the 
extinction coeffi cient of 14,200 M −1  cm −1  at 510 nm.   

   14.    The evaporation can be accomplished by placing the tubes in a 
fume hood overnight, by blowing air or nitrogen gas over the 
tubes, taking care to avoid splashing, or by placing in a vacuum 
desiccator.   

   15.    Cells should be maintained between 10 and 90 % confl uence in 
a 37 °C, 5 % CO 2  tissue culture incubator. HEK293T cells 
typically double every 36 h, so maintaining exponential growth 
will require passage of the culture twice a week. Culture cells 
in a T75 culture fl ask. At 100 % confl uence, the fl ask will hold 
approximately 1 × 10 7  cells. All manipulations that expose cells 
should be performed in a sterile laminar fl ow hood. For pas-
saging, remove the medium from the fl ask by aspirating or 
carefully decanting. Wash with 2 mL DPBS. Add 0.05 % tryp-
sin in DMEM at 37 °C and incubate for 2 min. After confi rm-
ing that cells have detached from the plastic, add 10 mL 
DMEM and determine cell density using a hemocytometer. 
Pellet the cells at 500 ×  g  for 5 min, remove the supernatant by 
aspiration or decanting, and resuspend the cells in 
DMEM. These cells can then be added to new fl asks contain-
ing medium. For propagating cells, seed 1 × 10 6  cells into 
10 mL DMEM in a T75 culture fl ask.   

   16.    Cells should be plated in phenol red-free medium to avoid 
fl uorescence background from the media and an appropriate 
cell number plated for 50–70 % confl uence on the day of 
 imaging. 100 % confl uence in a 24-well plate corresponds to 
approximately 5 × 10 5  cells. Seeding 2 × 10 5  cells overnight will 
typically give an appropriate confl uence. Use between 0.5 and 
1.0 mL medium per well.   

   17.    A number of mitochondrially localizing compounds disrupt 
mitochondrial function, causing cell death. It is therefore valu-
able to confi rm cell viability upon treatment with MitoPY1 or 
similar cellular probes. Cell viability can be confi rmed by a 
number of standard assays. Simple methods include counting 
of cell populations treated with trypan blue or propidium 
iodide, which only stain dead or dying cells. For more robust 
statistics, plate readers or fl ow cytometers enable collection of 
data from much larger numbers of cells. The colorimetric MTT 
or WST-1 assays can be performed in a multi-well plate and 
analyzed on a plate reader. Flow cytometric methods include 
concurrent use of a live stain (such as calcein AM) with a dead 
stain (such as propidium iodide).   

   18.    Molecules that localize to the mitochondria can interact 
with the mitochondrial membrane, thus perturbing the mem-
brane potential and hence overall mitochondrial function. 
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Measurement of MMP in the presence of MitoPY1 can confi rm 
that this sensor does not act in such a way. MMP can be mea-
sured by fl ow cytometric assays that utilize two different mito-
chondrial dyes, such as in the method described by Pendergrass 
et al. [ 20 ].   

   19.    For short-term experiments in robust cell lines, a laminar fl ow 
hood is usually not necessary. For longer-term experiments 
and/or sensitive cell lines, it is best to perform all cellular oper-
ations in a laminar fl ow hood with sterile solutions.   

   20.    MitoTracker Deep Red is available from Life Technologies and 
should be used according to the manufacturer’s instructions. 
This dye will confi rm mitochondrial localization and serves as 
an important control.   

   21.    Depending on the cell type, the optimal time for cellular uptake 
ranges from 15 to 40 min.   

   22.    Wash cells by removing the medium and adding 1 mL of DPBS 
warmed to 37 °C and repeating this step with an additional 
1 mL of DPBS at 37 °C.   

   23.    Mean fl uorescence intensity is typically quantifi ed in ImageJ 
(National Institutes of Health) by setting identical thresholds 
in both wells, such that the intracellular fl uorescence in both 
images is selected. Other quantifi cation methods can be used, 
but these should be clearly reported to ensure lab-to-lab 
reproducibility.   

   24.    In general, it is best to have at least three biological repli-
cates for every experiment to ensure reproducibility and 
significance.         
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    Chapter 22   

 Simultaneous High-Resolution Measurement 
of Mitochondrial Respiration and Hydrogen 
Peroxide Production 

           Gerhard     Krumschnabel    ,     Mona     Fontana-Ayoub    ,     Zuzana     Sumbalova    , 
    Juliana     Heidler    ,     Kathrin     Gauper    ,     Mario     Fasching    , and     Erich     Gnaiger    

    Abstract 

   Mitochondrial respiration is associated with the formation of reactive oxygen species, primarily in the form 
of superoxide (O 2  •− ) and particularly hydrogen peroxide (H 2 O 2 ). Since H 2 O 2  plays important roles in 
physiology and pathology, measurement of hydrogen peroxide has received considerable attention over 
many years. Here we describe how the well-established Amplex Red assay can be used to detect H 2 O 2  
production in combination with the simultaneous assessment of mitochondrial bioenergetics by high- 
resolution respirometry. Fundamental instrumental and methodological parameters were optimized for 
analysis of the effects of various substrate, uncoupler, and inhibitor titrations (SUIT) on respiration versus 
H 2 O 2  production. The sensitivity of the H 2 O 2  assay was strongly infl uenced by compounds contained in 
different mitochondrial respiration media, which also exerted signifi cant effects on chemical background 
fl uorescence changes. Near linearity of the fl uorescence signal was restricted to narrow ranges of accumu-
lating resorufi n concentrations independent of the nature of mitochondrial respiration media. Finally, we 
show an application example using isolated mouse brain mitochondria as an experimental model for the 
simultaneous measurement of mitochondrial respiration and H 2 O 2  production in SUIT protocols.  

  Key words     Amplex Red  ,   Resorufi n  ,   High-resolution respirometry  ,   Oxygraph  ,   Respiration media  , 
  Substrate–uncoupler–inhibitor titration  ,   Mouse brain mitochondria  

1      Introduction 

 Mitochondria are the primary source of aerobic ATP production 
and at the same time main producers of reactive oxygen species 
(ROS) in the cell [ 1 ,  2 ]. ROS are a by-product of respiratory activ-
ity, act as signaling molecules and as toxic factors for cell function 
when physiological ranges are exceeded, and are thus implicated in 
many physiological and pathological pathways. Accordingly, there 
is considerable interest in the evaluation of the interplay between 
mitochondrial metabolism and ROS formation. The mitochondrial 
electron transfer complexes I and III are considered as the main 
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producers of ROS, primarily in the form of superoxide anions 
(O 2  •− ) (reviewed in ref.  3 ). Most of the superoxide radicals pro-
duced are immediately converted to hydrogen peroxide (H 2 O 2 ) in 
a reaction catalyzed by mitochondrial superoxide dismutase 
(SOD). In contrast to the superoxide anion, H 2 O 2  passes biologi-
cal membranes easily, and therefore, for theoretical reasons and 
practical purposes, measurement of H 2 O 2  emission is the method 
of choice for estimation of mitochondrial ROS formation. A widely 
applied method to detect H 2 O 2  emission is the Amplex Red (AmR) 
assay which combines relative stability of the assay components, 
i.e., the substrate AmR and the product resorufi n, and a high fl uo-
rescence output [ 4 – 6 ]. This makes it a primary choice for the 
detection of H 2 O 2  production at high sensitivity and stability as 
required for the simultaneous measurement of ROS formation and 
mitochondrial respiration. The AmR assay has been intensively 
described and discussed in the literature focusing not only on 
applicability but also on limitations of the method [ 7 – 10 ]. So far, 
however, with one exception [ 11 ], most applications were designed 
to detect H 2 O 2  production over rather short experimental periods 
of time. Here, we present a basal evaluation of the use of the AmR 
assay in prolonged experiments aiming to simultaneously measure 
mitochondrial respiration by high-resolution respirometry (HRR) 
and the production of H 2 O 2 . We address the impact of the compo-
sition of the respiration medium on sensitivity, on linearity and 
stability, and specifi cally on the time-dependent changes of chemi-
cal background fl uorescence. Potential sources of error were ana-
lyzed and avoided by optimized strategies for calibrations carried 
out repeatedly during the time course of substrate–uncoupler–
inhibitor titration (SUIT) protocols.  

2    Materials 

      1.    The Oxygraph-2k for HRR. 
 The Oxygraph-2k (O2k, OROBOROS INSTRUMENTS, 
Austria;   http://www.oroboros.at    ) for measurement of respira-
tion is described in detail elsewhere [ 12 ,  13 ]. The O2k is a 
closed-chamber respirometer for high-resolution respirometry 
(HRR), monitoring oxygen concentration,  c  O2  [μM], in the 
incubation medium over time. Supported by an application- 
dedicated and user-friendly software (DatLab), it allows to fol-
low aerobic respiration of biological samples ( J  O2 ) in real time, 
to repeatedly reoxygenate the respiration medium in order to 
prevent undesired hypoxic conditions, and to add and titrate in 
unlimited steps various substrates, uncouplers, inhibitors, and 
other substances during prolonged experimental runs.   

   2.    The O2k-Fluorescence LED2-Module. 

2.1  System for High- 
Resolution 
Respirometry (HRR)

Gerhard Krumschnabel et al.
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 The O2k-Fluorescence LED2-Module is an add-on compo-
nent of the O2k with optical sensors including a light-emitting 
diode, a photodiode, and specifi c optical fi lters. These sensors 
are inserted through the front window of the O2k chambers 
(Fig.  1 ), using the Fluorescence-Sensor Green (525 nm) with 
Amplex Red (H 2 O 2 , 11) or TMRM (mt-membrane potential) 
or the Fluorescence-Sensor Blue (465 nm) with Magnesium 
Green™ (ATP production,  14 ), safranin (mt-membrane poten-
tial,  15 ), Calcium Green™ (Ca 2+ ), and numerous other appli-
cations open for O2k-user innovation.  

 Excitation and emission fi lters were optimized for applica-
tions with Amplex ®  UltraRed to ensure that only emission 
(linear relationship with analyte concentration, positive signal) 
but not absorption phenomena (logarithmic relationship with 
analyte concentration, negative signal) contribute to the signal 
change detected by the photodiode (Fig.  2 ). The photodiode 
(Fig.  2a ) was replaced by a 600-μm light guide, connected to a 
mini spectrometer. Fluorescence was induced by the addition of 
resorufi n, which is the reaction product of H 2 O 2  formed with 
Amplex ®  UltraRed in the presence of horseradish peroxidase 
(HRP) (Fig.  2b ). Difference spectra for 0 and 3 μM resorufi n 
in 100 mM potassium phosphate buffer (pH = 7) were obtained 
for different fi lter confi gurations (Fig.  2b–d ). The difference 
spectrum obtained initially using only a long-pass emission fi l-
ter (50 % transmission at approximately 600 nm) indicated a 
distinct absorption (negative) contribution below approxi-
mately 580 nm to the output signal. Examining a multitude of 
fi lter combinations, we ultimately selected a short-pass excita-
tion fi lter with 50 % transmission at 445 nm and a long-pass 
emission fi lter with 50 % transmission at 620 nm (Fig.  2d ) 
resulting in an optimized signal output specifi c for changes in 
resorufi n concentration. Further information is available in the 
O2k-Fluorescence LED2-Module manual [ 16 ].       

  Fig. 1    OROBOROS Oxygraph-2k with O2k-Fluorescence LED2-Module. Excitation: green LED (520 nm) or blue 
LED (465 nm) with short-pass fi lter. Detector: photodiode and long-pass fi lter. Recording: amperometric chan-
nel of Oxygraph-2k and DatLab       
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       1.    MiR05: 110 mM sucrose, 60 mM K + -lactobionate, 0.5 mM 
EGTA, 3 mM MgCl 2 , 20 mM taurine, 10 mM KH 2 PO 4 , 
20 mM HEPES adjusted to pH 7.1 with KOH at 30 °C, and 
1 g/l BSA essentially fatty acid-free [ 17 ].   

   2.    MiR06: MiR06 is MiR05 plus 280 U/ml catalase.   
   3.    MiRK03: 130 mM KCl, 20 mM HEPES free acid, 10 mM 

KH 2 PO 4 , 3 mM MgCl 2 , 0.5 mM EGTA adjust pH to 7 with 
KOH, and 0.1 % BSA [ 18 ]. Creatine (Cr; 20 mM) was added 
to both media (MiR05Cr, MiRK03Cr).   

2.2  Media 
and Reagents

2.2.1  Mitochondrial 
Respiration Media

  Fig. 2    Optimization of fl uorescence-sensor fi lters for detection of H 2 O 2 . ( a ) Fluorescence-Sensor Green with 
light source (LED with  green  excitation fi lter), detector (photodiode with  red  emission fi lter). ( b ) The difference 
spectrum obtained with an initial fi lter combination reveals a distinct absorption (negative) contribution. ( c ) 
Difference spectra with different fi lter combinations. ( d ) Optimized fi lter confi guration: The difference spectrum 
( red line ) shows no negative contribution. Triangular areas show schematically the LED spectrum ( dark green ) 
and excitation and emission spectra of resorufi n ( light green  and  red triangles ). Approximate cutoff regions of 
the excitation and emission fi lters are shown by  gray bars        
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   4.    MiR05Cr: add 20 mM creatine (Cr) to MiR05.   
   5.    MiRK03Cr: add 20 mM creatine to MiRK03.      

      1.    Isolation medium for mouse brain mitochondria: 320 mM 
sucrose, 1 mM EDTA, and 10 mM TRIS, pH adjusted to 7.4 
with HCl (25 °C).      

      1.    ADP (D) stock solution: 0.5 M ADP in distilled water, store 
at −20 °C.   

   2.    Glutamate (G) stock solution: 2 M glutamate in distilled water, 
adjust to pH 7 with KOH, store at −20 °C.   

   3.    Malate (M) stock solution: 400 mM malate in distilled water, 
adjust to pH 7 with KOH, store at −20 °C.   

   4.    FCCP or CCCP: 1 mM FCCP or CCCP in ethanol ( see   Note 1 ).   
   5.    Rotenone (Rot):1 mM rotenone in ethanol.   
   6.    Antimycin A (Ama): 5 mM antimycin A in ethanol.   
   7.    Oligomycin (Omy): 4 mg/ml oligomycin in ethanol.   
   8.    Pyruvate (P) stock solution: 2 M pyruvate in distilled water, 

prepare fresh daily.   
   9.    Malonic acid (Mna): 2 M malonic acid in distilled water, 

adjusted to pH 7 with KOH (25 °C), prepare fresh daily,  see  
Fontana-Ayoub et al. [ 19 ] for further information.       

      1.    Amplex ®  UltraRed: a 10 mM storage solution of Amplex ®  
UltraRed reagent (AmR) is prepared by adding 340 μl of 
fresh, high-quality DMSO to one commercial vial of Amplex ®  
UltraRed reagent (1 mg) with rigorous vortexing. The stor-
age solution is diluted 1:5 with DMSO to yield a 2 mM stock 
solution. Aliquots (100 μl) of the 2 mM stock solution are 
stored at −20 °C in the dark, protected from moisture. When 
stored properly, the 2 mM stock solution is stable for at least 
6 months ( see   Note 2 ).   

   2.    Horseradish peroxidase (HRP): a stock solution containing 
500 U HRP/ml in MiR05 or MiR05Cr is prepared for storage 
at −20 °C. 4 μl of stock solution are titrated into the 2-ml O2k 
chamber for a fi nal concentration in the chamber of 1 U/ml.   

   3.    Superoxide dismutase (SOD): use the enzyme at a concentra-
tion of 5 U/ml ( see   Notes 3  and  4 ).   

   4.    Calibration standards of H 2 O 2 : prepare fresh by diluting 284 μl 
of a commercial solution of 3 wt.% H 2 O 2  (880 mM) with 
10 μM HCl (1 ml of 1 mM HCl fi lled to 100 ml with distilled 
water) to a total volume of 25 ml, to obtain a 10 mM H 2 O 2  
solution A. Dilute 400 μl of solution A with 10 μM HCl to a 
volume of 50 ml to obtain a stock solution of 80 μM H 2 O 2 . 
Store the stock solution in the refrigerator ( see   Note 5 ).       

2.2.2  Mitochondrial 
Isolation Medium

2.2.3  Substrates, 
Uncouplers, and Inhibitors 
for Titrations (SUIT 
Chemicals)

2.3  Solutions 
for Measurement 
of Hydrogen Peroxide 
Production
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3    Methods 

      1.    Dissect the brain from the mouse skull and place immediately 
in ice-cold MiR05.   

   2.    Determine wet weight ( W  w  [mg]).   
   3.    Transfer brain to a precooled glass beaker (20 ml) and wash 

twice with ice-cold MiR05.   
   4.    Mince the tissue into small pieces using a pair of sharp scissors 

and suspend with fi ve volume  W  w  ice-cold MiR05.   
   5.    Transfer to a precooled glass/Tefl on potter and homogenize 

the tissue with eight strokes at    1,000 × g.   
   6.    Transfer the homogenate to 20 ml of ice-cold mitochondrial 

isolation medium with 2.5 mg BSA/ml.   
   7.    Centrifuge at 1,000 ×  g  for 10 min at 4 °C.   
   8.    Transfer the supernatant into new tube and centrifuge at 

6,200 ×  g  for 10 min at 4 °C.   
   9.    Discard the supernatant and wash mitochondrial pellet with 

ice-cold mitochondrial isolation medium.   
   10.    Resuspend mitochondria in a small volume of MiR05 (~200 μl/

brain).   
   11.    Store isolated mitochondria on ice until use [ 20 ].      

      1.    Linearity of the emission signal. 
 The Amplex method is based on the H 2 O 2 -dependent oxida-
tion of AmR to the red fl uorescent compound resorufi n cata-
lyzed by the enzyme HRP. The increase of the resorufi n-linked 
fl uorescence signal with time yields a slope which is related to 
the reaction fl ux of H 2 O 2  production, while the H 2 O 2  concen-
tration is maintained practically at (or close to) zero. Thus, the 
concentration of AmR diminishes during an experiment, and 
the resorufi n concentration increases concurrently, which has 
to be taken into account particularly in extended SUIT proto-
cols designed for evaluation of mitochondrial energetics [ 21 ]. 
As is generally true for enzyme-catalyzed reactions, the accu-
mulated product concentration must not surpass a certain 
threshold to prevent product inhibition of the reaction [ 22 ]. 
In addition, accumulation of resorufi n may lead to an allosteric 
inhibition of HRP, which ultimately limits the AmR reaction 
with H 2 O 2  [ 23 ]. Therefore, it is critical to evaluate inhibitory 
thresholds of AmR depletion and resorufi n accumulation. In 
addition, the concentration of accumulated resorufi n should 
ideally be linearly related to the fl uorescence emitted, so as to 
allow for simple one-step calibrations ( see   Note 6 ). 

3.1  Isolation 
of Mouse Brain 
Mitochondria

3.2  Determination 
of H 2 O 2  Production
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 We determined the relation between the concentration of 
resorufi n and the fl uorescence emission signal in a set of pilot 
experiments. Two basically different respiration media were 
used, MiR05Cr and MiRK03Cr. The fi rst medium has been 
specifi cally developed for the assessment of mitochondrial res-
piration and preservation of mitochondrial function during 
prolonged experimental incubation times [ 17 ]. The latter 
medium was based on the respiration buffer used by Komary 
et al. [ 18 ] and modifi ed for the determination of H 2 O 2  pro-
duction with AmR. In these experiments, resorufi n was titrated 
stepwise into the Oxygraph-2k chambers containing 20 μM 
AmR, 1 U/ml HRP, and 5 U/ml SOD, using the Titration-
Injection microPump TIP2k (OROBOROS INSTRUMENTS) 
programmed to titrate resorufi n in 0.1 μM steps up to 5 μM 
followed by 0.2 μM steps up to 7 μM. As shown in Fig.  3 , the 
fl uorescence signal was nonlinearly dependent on resorufi n 
concentration over the entire concentration range, showing 
considerable deviation from linearity above 3 μM resorufi n. 
This deviation from the ideal behavior may be corrected for 
with repeated calibrations (see below) and should be taken 
into account when experiments are planned where a high 
cumulative H 2 O 2  production is expected ( see   Note 6 ). 
Nonlinearities were very similar in experiments with MiR05Cr 
and MiRK03Cr (Fig.  3 ).    
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  Fig. 3    Relative fl uorescence signal in resorufi n titrations with MiR05Cr or MirK03Cr, containing AmR (20 μM), 
HRP, and SOD. Resorufi n was titrated automatically into the 2-ml Oxygraph-2k chambers in 0.1 μM steps up 
to 5 μM and 0.2 μM steps up to 7 μM using the Titration-Injection microPump TIP2k. Fluorescence was nor-
malized to the change observed after the fi rst injection of 0.1 μM resorufi n (extrapolated  dashed line ) to 
account for differences in sensor sensitivities. Means ± SE of 5 experiments       
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   2.    Calibrations with H 2 O 2  and factors impacting on assay 
sensitivity. 
 Theoretically, calibrations of the fl uorescence signal can be 
performed by titrations of H 2 O 2  or resorufi n [ 11 ], as fl uores-
cence of the latter is the experimental readout. However, con-
sidering the scavenging power of different media based on 
their antioxidant properties, it appears that actual mitochon-
drial production of H 2 O 2  is best evaluated based on calibra-
tions by H 2 O 2 . Here, we investigated the potential use of 
calibrations with H 2 O 2  and resorufi n and the necessity of 
repeated calibrations to account for changes in sensitivity over 
time. In addition, we studied whether additional calibrations 
with titration of resorufi n can be used to separate effects infl u-
encing the direct sensitivity of the assay ( see   Note 7 ) for detec-
tion of resorufi n concentration from H 2 O 2 -scavenging effects 
of the respiration medium and any experimental substances 
used in a titration protocol. To this end, we determined the 
sensitivity to calibrations with H 2 O 2  and resorufi n in back-
ground SUIT protocols (without biological sample) over the 
duration of a typical extended experiment. Calibrations were 
performed by fi rst adding resorufi n followed by the titration of 
H 2 O 2  within 1–2 min, avoiding time-dependent differences in 
sensitivity toward addition of H 2 O 2  and resorufi n. In order to 
account for the different sensitivities obtained in MiR05Cr and 
MiRK03Cr (see below), data were normalized to the value 
obtained in the fi rst calibration step. Figure  4  summarizes the 
results on the infl uence of respiration medium (MiR05Cr, blue 
lines; MiRK03Cr, green lines), experimental time, and AmR 
concentration (10 μM, straight lines; 20 μM, dashed lines) on 
the sensitivity. In both media, these AmR concentrations had 
no signifi cant infl uence on sensitivity. However, the relative 
H 2 O 2  sensitivity over time did show considerable variations, as 
we observed an initial 1.1-fold increase in MiR05Cr but a 
slowly progressing decrease to 0.65-fold in the initial value in 
MiRK03Cr. In comparison, we observed a relatively steady 
decrease of sensitivity over time in both media in resorufi n cali-
brations but also found that day-to-day reproducibility was 
inexplicably bad (not shown). The observed decrease of sensi-
tivity over time seen with both H 2 O 2  and resorufi n calls for 
repeated calibrations at different time points of an experimen-
tal run. At the same time, total accumulation of resorufi n by 
direct resorufi n titrations or after titrations of H 2 O 2  should be 
limited to minimize  nonlinearities and avoid depletion of 
AmR. Taken together, we thus strictly advise against the use of 
resorufi n for calibration and suggest performing calibrations 
with H 2 O 2  ( see   Note 8 ) at the start and end of an experiment, 
complemented by repeated one-step calibrations throughout 
prolonged experiments ( see   Note 9 ).  
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 A further important insight derived from these experi-
ments was that changes in medium composition dramatically 
affected the sensitivity of the reaction between AmR and 
H 2 O 2 . A systematic evaluation of this issue comparing assay 
sensitivities at two different concentrations of AmR, two dif-
ferent calibration standards, and a number of different sensors 
( see   Note 10 ) uncovered a generally much lower sensitivity in 
MiR05Cr as compared to MiRK03Cr (Fig.  5 ) which was largely 
independent of the other parameters considered ( see   Note 11 ). 
Varying medium composition of MiR05, we observed that 
sensitivity in this medium could be considerably elevated by 
replacing lactobionate with KCl, whereas it was little affected 
by omitting either sucrose or taurine in the medium (Fig.  6 ). 
Taken together, these data indicate that sensitivity needs to be 
carefully determined to assess the suitability of any experimen-
tal medium, while at the same time the suitability of any such 
medium for the evaluation of mitochondrial energetics must 
not be forgotten.     

   3.    Chemical background fl ux. 
 Under unfavorable conditions [ 5 ], AmR is spontaneously oxi-
dized even in the absence of H 2 O 2 . Spontaneous oxidation is 
also observed in the presence of HRP, measured as background 
fl ux of H 2 O 2  without biological sample and is, therefore, unrelated 
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  Fig. 4    Changes in relative fl uorescence sensitivity over the period of a SUIT protocol in MiR05Cr ( blue lines ) 
and MiRK03Cr ( green lines ) at initial AmR concentrations of 10 μM and 20 μM ( full  and  dashed lines ). The rela-
tive sensitivity for H 2 O 2  titrations declined in MiRK03Cr but remained practically constant in MiR05Cr. Three 
experiments were performed each in respiration media without titrations, titrations of carrier, and SUIT proto-
col titrations (Fig.  4 ). These titrations did not exert a signifi cant effect on sensitivity. Means were calculated 
from the averages ( n  = 3) for the three regimes and plotted ± SD ( N  = 3)       
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to mitochondrial H 2 O 2  production. The magnitude of this 
background fl ux depends on the light intensity used to excite 
the fl uorescence probe [ 7 ,  24 ] and on components of the 
respiration medium. Opposing these effects, mitochondrial 
respiration media that are designed to exert protective antioxi-
dant properties will scavenge a variable fraction of the H 2 O 2  
that is either produced by mitochondria or added for calibration 
purposes before it can react with AmR and HRP, thereby 
diminishing the sensitivity of the H 2 O 2  detection assay. To eval-
uate the impact of different respiration media, we analyzed the 
background fl ux based on resorufi n fl uorescence changes over 
time in MiR05Cr and MiRK03Cr. These experiments showed 
a much higher background fl ux in MiR05Cr (apparent fl ux of 
H 2 O 2  ≈ 0.28–0.45 pmol/s/ml) as compared to MiRK03Cr 
(apparent fl ux of H 2 O 2  ≈ 0.05 pmol/s/ml) (Fig.  7 ). When 
observed over the entire protocol, this resulted in a much 
higher background accumulation of resorufi n in MiR05Cr 
compared to MiRK03Cr, leading to a fi nal apparent resorufi n 
concentration of 6.9 ± 0.95 μM resorufi n in MiR05Cr as 
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  Fig. 5    Effect of Amplex Red and H 2 O 2  concentration on background slope [pmol/s/ml] and sensitivity [V/μM 
H 2 O 2 ] in MiR05Cr and MiRK03Cr. The change in fl uorescence was recorded over time in the presence of either 
10 μM or 20 μM AmR, and with 1 U/ml HRP and 5 U/ml SOD, at a temperature of 37 °C and a setting of 1 mA 
for light intensity. Experiments were performed with different sensors of the type Fluorescence-Sensor Green. 
MiR05Cr ( blue symbols ) and MiRK03Cr ( green symbols ) are compared after the addition of either 0.4 μM or 
0.1 μM H 2 O 2 . Data are means ± SE of averages ( n  = 3 replica) of different sensors ( N  = 3)       
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compared to 2.8 ± 0.2 μM in MiRK03Cr within 2 h and 
40 min. Interestingly, the background fl ux was independent of 
the concentration of AmR originally added to the medium 
(Fig.  7 ), suggesting that 20 μM rather than 10 μM AmR may 
be advantageous to avoid depletion of the probe during pro-
longed experiments ( see   Note 12 ). Correction for chemical 
background fl ux is important, particularly in MiR05Cr at low 
experimental mitochondrial densities. Based on these observa-
tions, we recommend analyzing the background in each exper-
iment. We did not observe any infl uence of the tested SUIT 
chemicals on background fl ux ( see   Note 13 ), indicating that 
respirometric analyses using various substrates, uncouplers, 
and inhibitors are compatible with the combined measurement 
of H 2 O 2  production.  
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  Fig. 6    Effect of components in mitochondrial respiration media on background slope (fl uorescence increase) 
[pmol/s/ml] and sensitivity [V/μM H 2 O 2 ] of the determination of H 2 O 2  with Amplex Red. Background slope was 
estimated from the change in fl uorescence over time observed in the absence of biological sample but in the 
presence of 5 μM AmR and 1 U/ml HRP at 37 °C at a setting of 1 mA for light intensity and a gain of 1,000. 
Sensitivity was determined by conducting three-point calibrations consisting of two consecutive injections 
each of 0.04 μM to 0.4 μM H 2 O 2 . Media used were either MiR05Cr, MiRK03Cr, MiRK02Cr, or alternative formu-
lations of MiR05Cr where lactobionate, sucrose, taurine, or combinations of these compounds were omitted 
and osmotically replaced by KCl. Elimination of lactobionate increased the sensitivity, whereas taurine and 
sucrose exerted small effects on sensitivity. The background slope was reduced by elimination of either tau-
rine, sucrose, or lactobionate. Replacing taurine and sucrose by increasing lactobionate from 60 to 130 mM 
increased the background slope from 0.04 ( red / black triangle ) to 1.2 pmol/s/ml (not shown)       
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 In order to analyze which components of MiR05Cr are 
responsible for the high background fl ux, MiR05Cr-based 
media were prepared with different compositions (Fig.  6 ). 
Analysis of background fl ux showed that not only sucrose but 
also the two compounds with antioxidant activity, taurine and 
lactobionate, are responsible for elevated resorufi n production. 
When these compounds were omitted in MiR05Cr (and iso-
tonically replaced with KCl), the background fl ux was decreased 
to values similar to MiRK03Cr.      

      1.    Prepare Oxygraph-2k chambers and settings as described 
above.   

   2.    Inject 10 (or 20) μl of the AmR stock solution into each respi-
ration chamber, obtaining an f.c. of 10 (or 20) μM, and add 
4 μl of HRP stock (f.c. 1 U/ml) and 5 U/ml SOD.   

   3.    Let the system stabilize for 15 min to get a stability of oxygen 
and H 2 O 2  fl ux.   

   4.    Titrate 20 μl of isolated mouse brain mitochondria into the 
chambers (Fig.  8 ).    

3.3  Experiment 
with Isolated Mouse 
Brain Mitochondria
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  Fig. 7    Background accumulation of resorufi n in a SUIT protocol without sample in 
respiration media MiR05Cr and MiRK03Cr, at initial AmR concentrations shown by 
numbers (10 and 20 μM). Resorufi n concentrations were calculated from the fi rst 
H 2 O 2  calibration. Means ± SD of three experiments. Mitochondrial isolation 
medium was injected to mimic the addition of isolated mitochondria followed by 
the addition of 2.5 mM ADP, 10 mM succinate, and three uncoupler titrations each 
with 0.5 μM CCCP, 0.5 μM complex I inhibitor rotenone, and 5 mM complex II 
inhibitor malonic acid. Data points are shown for specifi c time points where reso-
rufi n and H 2 O 2  were added in steps of 0.4 μM to assess changes in sensitivity       
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   5.    Add C I -linked substrates glutamate (10 mM f.c.), malate 
(2 mM f.c.), and pyruvate (5 mM f.c.) to obtain C I -linked 
LEAK respiration and H 2 O 2  production.   

   6.    Add ADP (2.5 mM f.c.) to induce C I -linked OXPHOS, followed 
by succinate (10 mM f.c.) to observe C I+II -linked OXPHOS.   

   7.    Add rotenone (0.5 μM f.c.) to inhibit complex I and measure 
C II -linked OXPHOS.   

   8.    Add oligomycin (2 μg/ml f.c.) to inhibit ATP synthase and 
measure LEAK respiration in the presence of adenylates.   

   9.    Titrate FCCP to obtain maximum noncoupled respiration 
fueled by complex II.   

   10.    Add malonate (5 mM f.c.) to inhibit C II  and observe residual 
oxygen consumption (ROX).   

   11.    Add antimycin A (2.5 μM f.c.) to inhibit C III  at the Qi site and 
observe ROX.   

   12.    Add myxothiazol (0.5 μM f.c.) to inhibit C III  at the Qo site and 
observe ROX.       
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  Fig. 8    Simultaneous measurement of respiration ( top ) and of H 2 O 2  production ( bottom ) of isolated mouse brain 
mitochondria: C I -linked in the LEAK state followed by ADP titration, and substrate control in the OXPHOS state 
from C I -, C I+II -, to C II -linked states, sequential titration of oligomycin and FCCP, and inhibition to the ROX state. 
H 2 O 2  production ( bottom ) is independent of respiratory rate and is a function of metabolic state, decreasing 
with stimulation by ADP and uncoupling (FCCP) but increasing with inhibition by rotenone, oligomycin, and 
antimycin A       
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4    Notes 

     1.    CCCP: A 1 mM stock solution (ethanol) is used. Other 
preparations such as intact yeast may require much higher 
concentrations of uncoupler compared to mammalian cells or 
mitochondrial preparations.   

   2.    The preparation of the 10 mM storage solution follows the 
procedure suggested by the manufacturer. The manufacturer 
states only an approximate molecular weight for the Amplex ®  
UltraRed formulation and does not publish details how the 
Amplex ®  UltraRed formulation deviates from the substance 
10-acetyl-3,7-dihydroxyphenoxazine (CAS# 119171-73-2), 
known as Amplex ®  Red.   

   3.    Superoxide dismutase is optionally included to generate H 2 O 2  
from superoxide. Results may be compared with and without 
SOD for evaluation of the contribution of superoxide not 
endogenously dismutated with the formation of peroxide.   

   4.    Different batches of SOD preparation may contain a specifi c 
activity of 2,000–6,000 U/mg protein so the fi nal volume to 
be added to the respiratory chamber has thus to be adjusted 
accordingly.   

   5.    Different calibration concentrations are used dependent on 
the expected amounts of H 2 O 2  produced. We have tested stan-
dard calibrations from 0.1 to 0.4 μM. The commercial 880 mM 
H 2 O 2  stock is stabilized with approx. 200 ppm acetanilide, 
which is diluted by a factor of 11,000 and should thus not 
affect the measurements.   

   6.    It should be considered that H 2 O 2  calibration steps also con-
sume AmR and produce resorufi n, which affects the total 
amount of resorufi n production in an experiment. Therefore 
we recommend the use of 0.1 μM H 2 O 2  calibration steps 
when performing experiments where a high H 2 O 2  production 
is expected.   

   7.    Sensitivity is defi ned here as the signal change expressed as 
voltage change (or fl uorescence change) of the sensor per unit 
sample [V/μM] after addition of H 2 O 2  or resorufi n.   

   8.    Stocks of H 2 O 2  appeared fairly instable at room temperature, 
and therefore the 80 μM H 2 O 2  stock had to be prepared freshly 
before the experiment and was immediately divided into sev-
eral Eppendorf tubes which were then kept on ice or in the 
refrigerator during the experiment. For each calibration, a 
fresh cooled aliquot was taken for immediate use.   

   9.    A comparison of one- and two-step additions of H 2 O 2  stan-
dards for calibration indicated that sensitivity does not differ 
between these procedures. Sensitivity [V/μM] amounted to 
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0.219 ± 0.048, 0.226 ± 0.061, and 0.222 ± 0.054 ( n  = 14 assays 
in each case) when either the emission signal before and after 
the fi rst calibration standard, before and after the second addi-
tion, or before the fi rst and after the second addition were 
taken for calibration, respectively. Thus, we recommend single- 
step calibrations as suffi ciently accurate while at the same time 
minimizing accumulation of resorufi n.   

   10.    Differences in sensitivity between sensors may be caused by 
different luminous intensities of LEDs, slightly different geo-
metrical alignments of the LED in respect to measuring cham-
ber and photodiode, different photosensitivities of photodiodes, 
and different absorption characteristics of fi lters. We observed 
strong effects on the observed signal when the orientation 
(rotation, angle) of an LED was slightly changed. Further, we 
measured the light intensities recorded by the photodiode of 
each sensor ( n  = 16) using either the sensors’ integrated LED 
as light source (experiment A) or using an external (always the 
same) LED as light source (experiment B). Although the geo-
metric reproducibility of experiment B was problematic, the 
standard deviation was reduced from 7 % in experiment A to 
2 % in experiment B. This indicates that the variation of LED 
luminosity and small variations in LED alignment may be the 
main contributing factors to the total variance in sensor sensi-
tivity. In fact, the variance of LED luminosity is a well-known 
problem, partially addressed by LED manufacturers in a pre-
sorting process (“binning” or “ranking”). Even within such 
presorted “bins” (that are not always available), manufacturers 
state typical luminosity variations of ±15 to ±20 %, if any state-
ment is given at all.   

   11.    In a set of preliminary experiments, we also tested for the effect 
of medium oxygenation on assay sensitivity, as a classical study 
by Boveris and Chance [ 25 ] indicated signifi cant oxygen 
dependence of mitochondrial H 2 O 2  production from the 
hypoxic to the hyperoxic range. We did not detect any signifi -
cant impact of hyperoxic conditions but observed potential 
differences in hypoxia, the underlying mechanism of which still 
awaits further clarifi cation.   

   12.    The assay concentration of Amplex ®  UltraRed suggested by 
the commercial supplier is 50 μM, whereas concentrations as 
low as 1 μM were used in very short experimental assays [ 26 ]. 
In experiments with 20 μM Amplex ®  UltraRed, we observed 
that oxygen fl uxes of 293T human embryonic kidney cells and 
specifi cally complex I-linked OXPHOS may be signifi cantly 
inhibited by the probe (unpublished observation). In contrast, 
Hickey et al. [ 11 ] observed robust complex I-linked OXPHOS 
at 50 μM Amplex ®  UltraRed in permeabilized ventricle fi bers 
of the epaulette shark. Respiratory fl uxes in yeast were also not 

Combined Measurement of Respiration and Radical Formation



260

affected by 20 μM Amplex ®  UltraRed (unpublished observation). 
We thus recommend that the fi nal concentration of the probe 
be tested for potential impacts on respiratory fl uxes in each 
experimental system.   

   13.    A number of substances and classes of substances are strictly 
incompatible with the AmR method: inhibitors of horseradish 
peroxidase (cyanide, azide), enzymes and substances consum-
ing or scavenging H 2 O 2  (catalase, pyruvate at high concentra-
tions), and strongly redox active substances (cytochrome  c , 
TMPD/ascorbate). The effect of substances in the medium 
that consume H 2 O 2  slowly is taken into account by H 2 O 2  cali-
bration and is indicated by a decline of the H 2 O 2  sensitivity. In 
preliminary experiments, we evaluated the applicability of typi-
cal SUIT chemicals which can be used in conjunction with the 
AmR method: DMSO, ethanol, malate, glutamate, pyruvate (a 
strong scavenger of H 2 O 2 ), succinate, (ADP + Mg 2+ ), (ATP + 
Mg 2+ ), rotenone, FCCP, oligomycin, antimycin A, malonate, 
and myxothiazol.         
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    Chapter 23   

 Measurement of Mitochondrial NADH and FAD 
Autofl uorescence in Live Cells 

           Fernando     Bartolomé     and     Andrey     Y.     Abramov    

    Abstract 

   In the process of energy production, mitochondrial networks are key elements to allow metabolism of 
substrates into ATP. Many pathological conditions have been associated with mitochondrial dysfunction as 
mitochondria are associated with a wide range of cellular processes. Therefore, any disruption in the energy 
production induces devastating effects that can ultimately lead to cell death due to chemical ischemia. To 
address the mitochondrial health and function, there are several bioenergetic parameters refl ecting either 
whole mitochondrial functionality or individual mitochondrial complexes. Particularly, metabolism of 
nutrients in the tricarboxylic acid cycle provides substrates used to generate electron carriers (nicotinamide 
adenine dinucleotide [NADH] and fl avin adenine dinucleotide [FADH 2 ]) which ultimately donate elec-
trons to the mitochondrial electron transport chain. The levels of NADH and FADH 2  can be estimated 
through imaging of NADH/NAD(P)H or FAD autofl uorescence. This report demonstrates how to per-
form and analyze NADH/NAD(P)H and FAD autofl uorescence in a time-course-dependent manner and 
provides information about NADH and FAD redox indexes both refl ecting the activity of the mitochon-
drial electron transport chain (ETC). Furthermore, total pools of NADH and FAD can be estimated 
providing information about the rate of substrate supply into the ETC. Finally, the analysis of NADH 
autofl uorescence after induction of maximal respiration can offer information about the pentose phosphate 
pathway activity where glucose can be alternatively oxidized instead of pyruvate.  

  Key words     Mitochondria  ,   NADH  ,   NAD(P)H  ,   FAD  

1      Introduction 

 Mitochondrial health and function are key elements in the mainte-
nance of cellular homeostasis and are responsible for numerous vital 
processes including energy production (ATP). As a result, it is not 
surprising that mitochondrial dysfunction is related to disruptions 
in cellular activities which can ultimately lead to cell death [ 1 ,  2 ]. 
Many human pathological conditions affecting a variety of organs [ 3 ] 
have been linked to malfunctioning mitochondria [ 4 – 7 ]. In fact, a 
majority of neurodegenerative disorders have been associated with 
altered mitochondrial physiology which has been directly linked to 
neuronal death. Therefore, it is of high importance to investigate 
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mitochondrial health with powerful tools to allow a leap forward in 
the understanding of mitochondrial health and disease. 

 ATP production in mitochondria requires functional coupling 
between the electron transport chain (ETC) and oxidative phos-
phorylation. The tricarboxylic acid cycle (TCA, also known as 
Krebs cycle) provides electron carriers in the form of nicotinamide 
adenine dinucleotide (NADH) and fl avin adenine dinucleotide 
(FADH 2 ) that donate their electrons to complex I and II, respec-
tively, enabling the respiratory chain to function. Commercially 
available biochemical assays for assessments of mitochondrial com-
plexes, their functional effi ciency, and possible interactions between 
mitochondrial and non-mitochondrial proteins require the use of 
isolated mitochondria which render very important information 
but bearing some limitations. 

 Fluorescent imaging of mitochondria in living cells provides a 
helpful tool to monitor mitochondrial function in more “native” 
conditions [ 8 – 10 ]. Here, live cell imaging can be employed to cap-
ture the autofl uorescence of NADH/NAD(P)H and the oxidized 
form of FADH 2  (FAD) which allows the quantifi cation of NADH 
as well as FADH 2 . The assessment of mitochondrial activity 
through NADH and FAD autofl uorescence by live cell microscopy 
gives a range of outputs refl ecting the activity of the ETC as well as 
substrate supply which is conceptually and practically appealing. 

 This report provides a guide on how to measure NADH and 
FAD autofl uorescence through the employment of live cell imag-
ing in a time-course-dependent manner. Furthermore, it is shown 
how to analyze these bioenergetic intermediates in order to moni-
tor the ETC activity and substrate supply in the mitochondria 
through NADH and FAD redox indexes, NADH and FAD pools, 
and NADH production rates. Moreover, monitoring of non- 
mitochondrial autofl uorescence of NADH and NAD(P)H can 
provide information about the activity of the pentose phosphate 
pathway.  

2    Materials 

     1.    Primary cells, cell lines, or tissue slices ( see   Note 1 ).   
   2.    HBSS: 156 mM NaCl, 3 mM KCl, 2 mM MgSO 4 , 1.25 mM 

KH 2 PO 4 , 2 mM CaCl 2 , 10 mM glucose, and 10 mM HEPES; 
pH adjusted to 7.35 with NaOH ( see   Note 2 ).   

   3.    Phospho-trifl uoromethoxy carbonyl cyanide phenylhydrazone 
(FCCP) ( see   Note 3 ).   

   4.    Sodium cyanide (NaCN) ( see   Note 4 ).   
   5.    Fluorescent imaging setting ( see   Note 5 ).      
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3    Methods 

 The autofl uorescence of mitochondrial NADH and FAD (from 
complex II fl avoprotein) can be differentiated from cytosolic 
NADH/NAD(P)H and FAD as well as other sources (including 
mitochondrial monoamine oxidase’s fl avoprotein) through the 
maximization of substrate consumption followed by a total inhibi-
tion of electron donation to the ETC. The redox state of NADH 
or FAD refl ects the balance between the mitochondrial ETC activ-
ity and the rate of substrate supply. Here it is shown how to analyze 
the NADH (substrate for the ETC complex I) and FAD autofl uo-
rescence to obtain information about the respiration process and 
other possible pathways affected in cells. 

 Once the basal autofl uorescence levels are obtained through 
live acquisition (2 min), the maximally oxidized signal through the 
stimulation of maximal respiration (FCCP) and the maximally 
reduced signal by full inhibition of respiration are obtained. The 
maximally oxidized signal is defi ned as response to the uncoupler 
FCCP (1 μM) that stimulates maximal respiration. Conversely, the 
maximally reduced signal is defi ned as the response to NaCN 
(1 mM) that fully inhibits respiration. Finally, the “NADH and 
FAD redox indexes” will be generated by expressing the basal 
NADH or FAD levels respectively as a percentage of the difference 
between the maximally oxidized and maximally reduced signals. 
The NADH and FAD redox indexes along the NADH and FAD 
pools provide information about ETC activity as well as any mito-
chondrial complex impairment. Additionally, obtaining the 
NAD(P)H levels through the NADH autofl uorescence analysis 
allows the assessment of pentose phosphate pathway activity where 
glucose can be alternatively oxidized. 

       1.    Place the coverslip (containing cells or tissue slices) into the 
microscope chamber ( see   Note 6 ).   

   2.    Transfer the coverslip containing the attached cells to the 
imaging chamber.   

   3.    Wash the cells with HBSS buffer and replace it with fresh 
HBSS buffer for all imaging experiments.   

   4.    Place the chamber onto the microscope. For NADH autofl uo-
rescence measurements, ensure that the UV-compatible quartz 
objective is used.   

   5.    Once    visualized the cells, change the excitation light to 360 nm 
wavelength which allows visualization of the NADH/NAD(P)
H autofl uorescence. Adjustment of the focus may be required.   

   6.    Set up time intervals for the recording of fl uorescence (every 
5–10 s).   

3.1  NADH 
Autofl uorescence

NADH and FAD Live Autofl uorescence
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   7.    Start the acquisition.   
   8.    Once the signal is stabilized (usually after 1 min of acquisition), 

add 1 μM FCCP to maximize mitochondrial respiration. Here, 
the fl uorescence signal represents the minimum as the cells oxi-
dize NADH due to the uncoupling effect exerted from FCCP.   

   9.    Upon fl uorescence signal stabilization (but lower than basal 
levels), add 1 mM NaCN which fully blocks respiration. Here, 
the fl uorescence signal will be at its maximum as the ETC is 
not working leading to NADH accumulation (record for a few 
minutes to ensure capture of the maximum fl uorescence).   

   10.    Analyze the data representing the traces of fl uorescence in a 
time-dependent manner as Fig.  1  shows. The difference 
between the average fl uorescence values after application of 
NaCN and the average fl uorescence values after addition of 
FCCP provides the total NADH pool value in these cells 
(Fig.  1 ). The averaged maximum fl uorescence values obtained 
after NaCN addition and the averaged minimum fl uorescence 
values obtained after FCCP addition represent 100 % and 0 % 
respectively (Fig.  1 ). The values within the 0–100 % scale rep-
resent the NADH redox index (Fig.  1 ). The averaged fl uores-
cence values after the addition of FCCP correspond to the 
NAD(P)H values as all mitochondrial NADH is oxidized 
(Fig.  1 ) ( see   Note 7 ). Further, a rate of NADH production can 
be monitored through the analysis of the fl uorescence signal 
increase after NaCN addition and the NaCN-induced fl uores-
cence peak (Fig.  1b ). The rate of NADH production is a direct 
refl ection of the TCA effi ciency since NaCN blocks all respira-
tion taking place.       

      1.    Follow  steps 1 – 3  from Subheading  3.1  (above) for FAD mea-
surements and ensure that an UV-compatible quartz objective 
is used.   

   2.    Using the confocal microscope software, start the continuous 
scan. Choose the appropriate imaging optics, excite at 454 nm, 
and use a band-pass fi lter between 505 and 550 nm to collect 
the emitted light. To allow localization of FAD inside the cells, 
a regulation of the pinhole may be required to achieve an opti-
cal slice of ~2 μm. The laser power should again not exceed 
0.2 % to prevent cell damage. However, an increase in the gain 
may be required to visualize FAD autofl uorescence (allowing a 
reasonable signal-to-noise ratio).   

   3.    Open the settings panel in the software and adjust the laser 
power and gain to avoid saturated fl uorescence.   

   4.    Stop the continuous scanning again and increase the image 
averaging reducing the scan speed if you wish to have higher- 
quality acquired images with better resolution of your FAD 
autofl uorescence ( see   Note 8 ).   

3.2  FAD 
Autofl uorescence
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  Fig. 1    Representative traces of NADH in healthy SH-SY5Y cells ( a ) and SH-SY5Y cells defi cient in p62 ( b ). NADH 
pool, NADH redox index, and NAD(P)H levels can be obtained through the analysis of NADH autofl uorescence. 
( a  and  b ) The basal autofl uorescence is taken for the fi rst 1–2 min. Once the signal is stable, 1 μM of the 
uncoupler FCCP is added to maximize the respiration, oxidizing all the NADH leading to the lowest fl uorescence 
signal. After stabilization of the signal, respiration is blocked through addition of 1 mM NaCN obtaining the 
highest fl uorescence signal. The NADH pool is calculated by subtracting the lowest fl uorescence value (after 
FCCP) from the highest (after NaCN) (55 arbitrary units in panel ( a ) and 40 arbitrary units in panel ( b )). 
Thereafter, the minimum NADH autofl uorescence (after FCCP) is normalized to 0 % and the maximum auto-
fl uorescence (NaCN) is normalized to 100 %. The NADH redox index is represented in the basal autofl uores-
cence before the addition of any inhibitors and is expressed as a percentage (38 % in panel ( a ) and 73 % in 
panel ( b )). Finally, the NAD(P)H value is calculated by subtracting the background from the minimum fl uores-
cence (163 arbitrary units in panel ( a ) and 170 arbitrary units in panel ( b )). This analysis enabled the identifi ca-
tion of a higher NADH redox index in p62-defi cient SH-SY5Y cells when compared to its healthy counterpart       
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   5.    Set up the time intervals for recording the fl uorescence (every 
5–10 s).   

   6.    Start the acquisition.   
   7.    Once the signal is stabilized (usually after 1 min of acquisition), 

add 1 μM FCCP to maximize the respiration. The induced fl u-
orescence signal will be the maximum as the cells reduce the 
FAD due to the uncoupling effect exerted from FCCP.   

   8.    Upon stabilization of the fl uorescence (higher than basal levels), 
add 1 mM NaCN. The fl uorescence signal will reach its mini-
mum as all respiration including complex II is blocked. Ensure 
that the recording is continued until a stable signal is recorded.   

   9.    Analyze the data representing the traces of fl uorescence in a 
time-dependent manner as Fig.  2  shows. The difference 
between the recorded average fl uorescence values after applica-
tion of NaCN and the average fl uorescence values after addi-
tion of FCCP provides the total FAD pool value in these cells 
(Fig.  2 ). The averaged maximum fl uorescence values obtained 
after NaCN addition and the averaged minimum fl uorescence 
values obtained after FCCP addition represent 100 % and 0 % 
respectively (Fig.  2 ). The basal fl uorescence values within the 
0–100 % scale represent the FAD redox index (Fig.  2 ).        

4    Notes 

        1.    In all cases, cells are grown on glass coverslips in 6-well plates, 
whereas tissue slices are placed on glass coverslips just before 
the experiment. While imaging, cells and tissue should be buff-
ered using HEPES-buffered salt solution (HBSS medium).   

   2.    This buffer allows the imaging of cells or slices in a static chamber 
avoiding the need for continuous CO 2 -equilibrated buffering.   

   3.    FCCP is a lipid-soluble weak acid used as a mitochondrial 
uncoupling agent. FCCP is negatively charged allowing the 
anions to diffuse freely through nonpolar media, such as phos-
pholipid membranes. It abolishes the obligatory linkage 
between the respiratory chain and the oxidative phosphoryla-
tion system which occurs in intact mitochondria.   

   4.    NaCN is a respiratory chain inhibitor and it blocks respiration 
in the presence of either ADP or uncouplers such as FCCP. It 
specifi cally blocks the cytochrome oxidase (complex 4) and 
prevents both coupled and uncoupled respirations despite the 
presence of substrates, including NADH, and succinate.   

   5.    NADH and NAD(P)H autofl uorescence can be measured 
using an epifl uorescence inverted microscope equipped with a 
×20 fl uorite objective. Excitation light should be fi xed at 
360 nm and the emitted fl uorescence light must be registered 
at 455 nm. NADH/NAD(P)H can also be measured using a 
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confocal microscope equipped with a UV lasers. The excitation 
spectrum of NADH/NAD(P)H autofl uorescence is covering 
400 nm as we recently demonstrated when analyzing the mito-
chondrial NADH using the 405 nm laser from the Zeiss 710 
VIS CLSM system [ 11 ]. The convenience of using a confocal 
microscope equipped with the UV laser also provides additional 

  Fig. 2    Representative traces of FAD in healthy SH-SY5Y cells ( a ) and SH-SY5Y cells defi cient in p62 ( b ). FAD 
pool and FAD redox index can be obtained through the analysis of FAD autofl uorescence. ( a  and  b ) The basal 
autofl uorescence is taken for the fi rst 1–2 min. Once the signal is stable, 1 μM of the uncoupler FCCP is added 
to maximize the respiration, reducing all the FAD leading to the highest fl uorescence signal. After stabilization, 
respiration is blocked through addition of 1 mM NaCN obtaining the lowest fl uorescence signal. The FAD pool 
is calculated by subtracting the highest fl uorescence value (after FCCP) from the lowest (after NaCN) (119 
arbitrary units in panel ( a ) and 82 arbitrary units in panel ( b )). Thereafter, the maximum FAD autofl uorescence 
(after FCCP) is normalized to 100 %, and the minimum autofl uorescence (NaCN) is normalized to 0 %. The FAD 
redox index is represented in the basal autofl uorescence before the addition of any inhibitors and is expressed 
as a percentage (37 % in panel ( a ) and 94 % in panel ( b )). This analysis enabled the identifi cation of a higher 
FAD redox index in p62-defi cient SH-SY5Y cells when compared to its healthy counterpart       
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advantages as it allows simultaneous measurements of NADH 
and FAD autofl uorescence. FAD autofl uorescence should be 
monitored using a confocal microscope. Cells should be excited 
by 454 nm (Argon laser line) and the emission fl uorescence 
light must be registered from 505 to 550 nm. Illumination 
intensity must be kept to a minimum (at 0.1–0.2 % of laser out-
put) to avoid phototoxicity and the pinhole set to give an opti-
cal slice of ~2 μm.   

   6.    Here it should be noted that ~70 % of cell confl uence is 
required to allow NADH or the FAD autofl uorescence 
measurements.   

   7.    The registered NADH fl uorescence upon addition of FCCP 
represents both the non-mitochondrial NADH autofl uores-
cence and the NAD(P)H autofl uorescence. To ensure that 
only NAD(P)H autofl uorescence is recorded and analyzed, 
background fl uorescence is deducted from the total fl uores-
cence output.   

   8.    The settings for the FAD autofl uorescence may not record solely 
FAD autofl uorescence but also autofl uorescence signal from the 
mitochondrial monoamine oxidase’s fl avoprotein which may be 
increased due to cellular stress. To distinguish between these 
signals, FCCP and NaCN are added during the experiment. 
Here, the uncoupler FCCP allows only mitochondrial FAD to 
increase, whereas NaCN triggers only for mitochondrial FAD to 
decrease due to the inhibition of respiration.         

   References 

    1.    Lopez-Otin C, Blasco MA, Partridge L, 
Serrano M, Kroemer G (2013) The hallmarks 
of aging. Cell 153(6):1194–1217  

    2.    Edeas M, Weissig V (2013) Targeting mito-
chondria: strategies, innovations and challenges: 
the future of medicine will come through mito-
chondria. Mitochondrion 13(5):389–390  

    3.    Monsalve M, Borniquel S, Valle I, Lamas S 
(2007) Mitochondrial dysfunction in human 
pathologies. Front Biosci 12:1131–1153  

    4.    Burchell VS, Gandhi S, Deas E, Wood NW, 
Abramov AY, Plun-Favreau H (2010) 
Targeting mitochondrial dysfunction in neuro-
degenerative disease: part I. Expert Opin Ther 
Targets 14(4):369–385  

   5.    Burchell VS, Gandhi S, Deas E, Wood NW, 
Abramov AY, Plun-Favreau H (2010) 
Targeting mitochondrial dysfunction in neuro-
degenerative disease: Part II. Expert Opin Ther 
Targets 14(5):497–511  

   6.    Gandhi S, Abramov AY (2012) Mechanism of 
oxidative stress in neurodegeneration. Oxid 
Med Cell Longev 2012:428010  

    7.    Lin MT, Beal MF (2006) Mitochondrial dys-
function and oxidative stress in neurodegen-
erative diseases. Nature 443(7113):
787–795  

    8.    Bartolome F, Wu HC, Burchell VS, Preza E, 
Wray S, Mahoney CJ, Fox NC, Calvo A, 
Canosa A, Moglia C, Mandrioli J, Chio A, 
Orrell RW, Houlden H, Hardy J, Abramov AY, 
Plun-Favreau H (2013) Pathogenic VCP 
mutations induce mitochondrial uncoupling 
and reduced ATP levels. Neuron 78(1):
57–64  

   9.    Moncada S, Bolanos JP (2006) Nitric oxide, 
cell bioenergetics and neurodegeneration. 
J Neurochem 97(6):1676–1689  

    10.    Brand MD, Nicholls DG (2011) Assessing 
mitochondrial dysfunction in cells. Biochem J 
435(2):297–312  

    11.    Ludtmann MH, Angelova PR, Zhang Y, 
Abramov AY, Dinkova-Kostova AT (2014) 
Nrf2 affects the effi ciency of mitochondrial 
fatty acid oxidation. Biochem J 457(3):
415–424    

Fernando Bartolomé and Andrey Y. Abramov



271

Volkmar Weissig and Marvin Edeas (eds.), Mitochondrial Medicine: Volume I, Probing Mitochondrial Function, 
Methods in Molecular Biology, vol. 1264, DOI 10.1007/978-1-4939-2257-4_24, © Springer Science+Business Media New York 2015

    Chapter 24   

 Mitochondrial Coenzyme Q10 Determination via Isotope 
Dilution Liquid Chromatography Tandem Mass 
Spectrometry 

           Outi     Itkonen      and     Ursula     Turpeinen   

    Abstract 

   Coenzyme Q10 (CoQ10) is an essential part of the mitochondrial respiratory chain. Here, we describe an 
accurate and sensitive liquid chromatography tandem mass spectrometry (LC-MS/MS) method for deter-
mination of mitochondrial CoQ10 in isolated mitochondria. In the assay, mitochondrial suspensions are 
spiked with CoQ10-[ 2 H 6 ] internal standard, extracted with organic solvents, and CoQ10 quantifi ed by 
LC-MS/MS using multiple reaction monitoring (MRM).  

  Key words     Ubiquinone  ,   Coenzyme Q10  ,   LC-MS/MS  ,   Mitochondrial disease  

1      Introduction 

 Coenzyme Q10 (CoQ10), also called ubiquinone, is an essential 
part of the mitochondrial respiratory chain. The high transfer 
energy-containing electrons of NADH and FADH 2  formed in gly-
colysis, fatty acid oxidation, and the citric acid cycle are transferred 
to O 2  by the respiratory chain in a process called oxidative phos-
phorylation (OXPHOS). In this way, the energy in the diet is 
transformed to adenosine triphosphate (ATP) for cellular functions 
[ 1 ]. In the respiratory chain, CoQ10 transfers reducing equiva-
lents from respiratory complexes I and II to complex III [ 2 ]. Apart 
from its role in the respiratory chain, CoQ10 also allows protons 
to be extruded from mitochondrial matrix to the intermembrane 
space [ 3 ], acts as pro- or antioxidant [ 4 ], has a role in pyrimidine 
biosynthesis [ 5 ], and modulates apoptosis [ 6 ]. 

 Disorders in OXPHOS chain cause lack of energy in cells and 
tissues resulting in heterogeneous symptoms in the patient. 
Patients with primary and secondary CoQ10 defi ciency have been 
reported [ 7 ]. There are no curative treatments for OXPHOS dis-
orders. However, some patients with CoQ10 defi ciency benefi t 
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from CoQ10 substitution [ 8 ]; the treatment is relatively cheap 
and lacks severe side effects. CoQ10 quantifi cation may be used to 
aid in diagnosis of mitochondrial CoQ10 defi ciency and to iden-
tify patients for potentially effective substitution therapy. 

 The reported assays for CoQ10 in biological samples are based 
on liquid chromatography (LC) with ultraviolet (UV) [ 9 – 12 ], 
electrochemical (EC) [ 13 – 16 ], mass spectrometric (MS) [ 17 ], and 
tandem mass spectrometric (MS/MS) detection [ 18 – 23 ]. The 
highest sensitivity and specifi city is reached by LC-MS/MS tech-
nology employing an isotopically labeled internal standard [ 18 ].  

2    Materials 

 Always use reagents of the highest analytical quality and deionized 
water with a resistance of 18 MΩ at 25 °C. The performance of 
the analytical balance, spectrophotometer, and the LC-MS/MS 
instrument should be assured either by an external quality assur-
ance scheme or by the procedures of the respective instrument 
manufacturer. 

      1.    Homogenizing buffer: 100 mM KCl, 50 mM potassium dihy-
drogen phosphate, 50 mM tris(hydroxymethyl)aminometh-
ane, 5 mM MgCl 2 , 1.8 mM ATP, and 1 mM EDTA, pH 7.2. 
Weigh 1.86 g potassium chloride (KCl, p.a.), 1.70 g potassium 
dihydrogen phosphate, 1.51 g tris(hydroxymethyl)amino-
methane, 0.254 g magnesium chloride hexahydrate, 0.101 g 
ethylenediaminetetraacetic acid, dipotassium salt, and 0.248 g 
adenosine- 5′-triphosphate, disodium salt. Add 200 mL of 
water into a 250 mL beaker. Under mixing with a magnetic 
stirrer, add the weighed reagents. Adjust the pH to 7.2 with 
1 mM HCl. Transfer the solution into a volumetric fl ask and 
make up to 250 mL with water. Mix well. Store in 3 mL ali-
quots at −20 °C in glass vials. Use within a year.   

   2.    Resuspension solution: 250 mM sucrose, 15 mM K 2 HPO 4 , 
2 mM MgAc 2 , 0.5 mM EDTA, and 0.5 g/L albumin, pH 7.2. 
Weigh 0.25 g human albumin (essentially fatty acid-free) and 
put aside ( see   Note 1 ). Weigh 42.8 g sucrose, 1.02 g KH 2 PO 4 , 
0.215 g magnesium acetate tetrahydrate, and 0.101 g 
EDTA×2H 2 O. Add 400 mL of water into a 500 mL beaker. 
Under stirring with a magnetic stirrer, add the weighed 
reagents except albumin ( see   Note 1 ). Adjust the pH to 7.2 
with 5 M KOH. Add albumin to the solution and stir until 
dissolved. Transfer the solution into a volumetric fl ask and 
make up to 500 mL with water. Mix well. Store in 4 mL aliquots 
at −20 °C in plastic vials. Use within a year.   

   3.    Cooled (+4 °C) centrifuge for Eppendorf vials with a speed up 
to 15,000 ×  g .   

2.1  Mitochondrial 
Isolation
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   4.    Homogenizer (60 rpm) and Potter-Elvehjem homogenizer 
tube (inner diameter 8.0 mm, frosted walls) with a Tefl on pes-
tle (diameter 7.8 mm).      

      1.    Spectrophotometer and quartz cuvettes.   
   2.    CoQ10 calibrator stock solution, 400–700 μM. Prepare a 

stock solution by weighing 20–30 mg of CoQ10 (Sigma). 
Make up to 50 mL in a volumetric fl ask with chloroform 
(p.a.) and mix thoroughly ( see   Note 2 ). The actual CoQ10 
concentration of the stock solution is calculated based on the 
molar absorptivity of CoQ10. Set the spectrophotometer at 
275 nm. Blank with chloroform. Read the absorbance of the 
CoQ10 solution and calculate the concentration ( see   Note 3 ). 
Divide into 1.5 mL aliquots into glass (borosilicate) vials and 
store at −20 °C.   

   3.    Working calibrators. Prepare a 1,000 nM working calibrator by 
diluting the stock solution with mobile phase A in a 50 mL 
volumetric fl ask ( see   Note 4 ). Mix well. Divide into 1.5 mL 
aliquots into glass (borosilicate) vials and store at −20 °C. Other 
working calibrators are prepared freshly into Eppendorf tubes 
as follows:

   500 nM: mix 250 μL of 1,000 nM solution and 250 μL of 
mobile phase A.  

  250 nM: mix 250 μL of 1,000 nM solution and 750 μL of 
mobile phase A.  

  100 nM: mix 100 μL of 1,000 nM solution and 900 μL of 
mobile phase A.  

  10 nM: mix 10 μL of 1,000 nM solution and 990 μL of mobile 
phase A.  

  1 nM: mix 100 μL of 10 nM solution and 900 μL of mobile 
phase A.      

   4.    Stable isotope-labeled internal standard (IS). Prepare a 1.2 mM 
(1 g/L) stock solution of IS ([ 2 H 6 ]-CoQ10, IsoSciences, King 
of Prussia, PA, USA,   http://isosciences.com/    ) in chloroform. 
Mix well ( see   Note 2 ). Store as 1.5 mL aliquots in glass vials at 
−80 °C. Prepare a 0.5 μM IS working solution in 1-propanol 
by diluting 10.4 μL of IS stock solution to 25 mL in a volu-
metric fl ask. Store at +4 °C.   

   5.    Ethanol-hexane (2 + 5). Mix 80 mL of ethanol and 200 mL of 
hexane.   

   6.    Multi-tube vortexer (Lab-Tek International, Christchurch, 
New Zealand).   

   7.    Sample evaporator TurboVap ®  LV (Caliper Life Sciences, 
PerkinElmer, Hopkinton, MA, USA).   

2.2  Assay

Mitochondrial CoQ10 Determination
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   8.    High-pressure liquid chromatograph with a binary pump, 
degasser, column oven (+40 °C), and autosampler.   

   9.    Triple quadrupole mass spectrometer with an electrospray ion 
source (we use an AB Sciex 4000 triple quadrupole MS with a 
Turbo V electrospray ionization ion source, AB Sciex, Toronto, 
Canada).   

   10.    SunFire C18 analytical column (2.1 × 50 mm, 3.5 μm particle 
size, Waters Corporation, Milford, MA, USA).   

   11.    Mobile phase A: 82 % (v/v) methanol and 18 % 1-propanol 
containing 500 μM ammonium acetate. Mix 205 mL of meth-
anol (MS grade), 45 mL of 1-propanol, and 125 μL of 1 mol/L 
ammonium acetate ( see   Note 5 ).   

   12.    Mobile phase B: 50 % methanol and 50 % 1-propanol contain-
ing 500 μM ammonium acetate. Mix 125 mL of methanol 
(MS grade), 125 mL of 1-propanol, and 125 μL of 1 M ammo-
nium acetate.       

3    Methods 

  For isolation of mitochondria, use published standard procedures 
like that described for muscle samples in  24  ( see   Note 6 ).

    1.    Homogenize the muscle sample (roughly 100 mg) for 4 min 
in a homogenizer fi tted with a Tefl on pestle. Use a volume 
(μL) of homogenizing buffer that corresponds to muscle 
weight (mg) × 20 (min 700 μL) ( see   Note 7 ).   

   2.    Centrifuge fi rst the homogenate for 3 min at 650 ×  g  and then 
the supernatant for 3 min at 15,000 ×  g .   

   3.    Wash the pelleted mitochondria with 300 μL of homogenizing 
buffer, centrifuge for 3 min at 15,000 ×  g , and resuspend the 
pellet in resuspension solution in a volume (μL) corresponding 
to muscle weight (mg) × 4 (min 200 μL) ( see   Notes 8  and  9 ). 
This suspension corresponds to 0.25 mg tissue wet weight/μL. 
The suspension can be stored at −80 or at −20 °C until analysis 
( see   Note 10 ).    

        1.    Dilute 10 μL of the mitochondrial suspension (0.25 mg tissue 
wet weight/μL) with 240 μL of water to obtain a solution cor-
responding to 0.01 mg wet weight/μL ( see   Note 11 ).   

   2.    Transfer 100 μL of calibrators and diluted mitochondrial solu-
tion into Eppendorf tubes ( see   Note 12 ).   

   3.    Add 20 μL of IS working solution and vortex-mix. Calibrators 
are then ready for analysis.   

   4.    To QA and patient samples, add 300 μL of 1-propanol and mix.   

3.1  Isolation 
of Mitochondria

3.2  Sample 
and Calibrator 
Preparation

Outi Itkonen and Ursula Turpeinen



275

   5.    Centrifuge at 10,000 ×  g  for 2 min at room temperature.   
   6.    Transfer 350 μL of the upper phase into 10 mL glass tubes.   
   7.    Add 3 mL of ethanol-hexane (2 + 5) and vortex-mix for 3 min 

in a multi-tube vortexer.   
   8.    Add 0.5 mL of water and mix for further 3 min. Let the tubes 

stand for 15 min at room temperature.   
   9.    Transfer the upper phase into clean glass tubes. Evaporate to 

dryness under a fl ow of nitrogen ( see   Note 13 ).   
   10.    Dissolve the residue into 100 μL of mobile phase A and trans-

fer into autosampler vials.      

      1.    Set up an HPLC method with a fl ow rate 300 μL/min and the 
following gradient:
   (a)     t  = 0 min,  B  = 0 %   
  (b)     t  = 0.2 min,  B  = 0 %   
  (c)     t  = 0.21 min,  B  = 100 %   
  (d)     t  = 2 min,  B  = 100 %   
  (e)     t  = 2.1 min,  B  = 0 %   
  (f)     t  = 10 min,  B  = 0 %       

   2.    Set the column oven at +40 °C and the injection volume at 
5 μL. The MS is operated in positive ion mode with the ion 
source spray voltage at +5,500 V, declustering potential at 70 V, 
temperature at 275 °C, and collision energy at 27 V. The curtain 
gas setting is 20 L/min; gas 1, 45 L/min; gas 2, 30 L/min; 
and collision gas setting 4 ( see   Note 14 ). For MS/MS detec-
tion, follow the transitions of  m / z  880.8 → 197.2 (dwell time 
500 ms) corresponding the ammonium adduct of CoQ10 and 
 m / z  886.8 → 203.2 (250 ms) for ammonium adduct of [ 2 H 6 ]-
CoQ10, respectively.   

   3.    Equilibrate the HPLC system with mobile phase A and keep 
the column at 40 °C for 20 min ( see   Note 15 ). Let the ion 
source and MS equilibrate before connecting the column out-
let to the ion source and then let equilibrate for further 15 min 
( see   Note 16 ).   

   4.    Inject 5 μL of the calibrators and extracted samples to the 
LC-MS/MS. CoQ10 and the IS elute at retention time of 
about 4.7 min.      

  Review peak integration and construct a calibration curve based 
on the ratio of the peak areas of CoQ10 and IS using 1/ x  2  
weighted linear least-squares regression by the instrument software 
( see   Note 17 ). The automatically calculated results are expressed 
as nmol/L. To express the result as nmol/g wet weight, the 
obtained result (nM) must be divided by 10 (if the suspension was 
0.01 mg wet weight/μL) ( see   Note 18 ).   

3.3  LC-MS/MS 
Analysis

3.4  Calculation 
of the Results
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4    Notes 

     1.    The pH of the solution is low before adjustment. To prevent 
albumin denaturation, fi rst adjust the pH to 7.2 and then add 
albumin.   

   2.    We found it important to dissolve the stock calibrator into 
chloroform because CoQ10 showed poor solubility in 
1- propanol. Especially at −20 °C, CoQ10 tends to precipitate 
in 1-propanol but not in chloroform.   

   3.    Calculate the concentration of CoQ10 according to the equa-
tion  c  ( M ) =  A  275 nm /( ε  ×  l ), where  A  275 nm  is the absorbance,  ε  is 
14,250 L/mol cm (the molar absorptivity of CoQ10), and  l  is 
the sample path length (cm).   

   4.    The volume of the stock solution to be diluted is calculated 
according to the equation: stock solution volume 
(mL) =1 μmol/L × working calibrator volume (mL)/stock 
solution concentration (μM).   

   5.    To ensure effi cient mixing of the mobile phases, it is important 
that also mobile phase A contains 1-propanol.   

   6.    Enriched mitochondria from any tissue or cell line can be used 
for the CoQ10 assay. The present procedure has been opti-
mized for isolation of muscle mitochondria.   

   7.    Avoid foaming and high pressure during homogenization.   
   8.    All reagents and materials were cooled and kept ice cold during 

the entire isolation procedure.   
   9.    Practically all mitochondrial CoQ10 is oxidized during sample 

pretreatment, and no ubiquinol oxidation is needed for quan-
tifi cation of total CoQ10 in isolated mitochondria [ 18 ].   

   10.    Mitochondrial CoQ10 is stable for several years at −80 °C and 
at least 4 weeks at −20 °C when stored in concentrated 
(0.25 mg/μL) rather than in dilute suspensions [ 18 ].   

   11.    A mitochondrial suspension corresponding to 0.01 mg wet 
weight/μL is optimal for analysis of CoQ10 in human muscle 
mitochondria. Different cells and tissues contain varying 
amounts of mitochondria, and therefore, optimal dilution 
depends on the samples used and needs to be tested.   

   12.    It is highly recommended to prepare own quality assurance 
(QA) samples to ascertain assay quality. Treat QA samples 
identically to unknown samples.   

   13.    For rapid evaporation of the solvents, we recommend the 
TurboVap ®  evaporator (Caliper Life Sciences) with the tem-
perature set at 37 °C.   

   14.    The MS settings are instrument dependent and must be 
optimized.   

Outi Itkonen and Ursula Turpeinen
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   15.    Proper equilibration of the HPLC column prior to analysis and 
a thorough cleanup procedure after analysis are essential for 
repeated high-quality analysis.   

   16.    For accurate and repeatable analysis, always inspect the ion 
source spray prior to analysis, run a blank sample and a test 
solution, e.g., a calibrator, and record the signal-to-noise ratio 
for each assay series.   

   17.    The method linearity depends on the instrumentation and 
should be validated in each laboratory. In our laboratory, the 
linear range was 0.5–1,000 nM (0.432–863 ng/mL) with an 
LOD of 0.06 nmol/L (52 pg/mL) and LOQ of 0.5 nM 
(432 pg/mL) [ 18 ].   

   18.    The activity of citrate synthase (CS) is generally accepted as a 
matrix enzyme and a marker for mitochondrial abundance in a 
sample. Clinically, the most important application of CoQ10 
assay is detection of CoQ10 defi ciency of the respiratory chain. 
For this purpose, normalization of the CoQ10 concentration 
in relation to CS activity, i.e., mitochondrial abundance, is 
likely to refl ect the available CoQ10 content most accurately 
[ 18 ]. CS activity in the sample can be determined by following 
the reduction of 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB) 
at 412 nm coupled to the reduction of coenzyme A in the pres-
ence of oxaloacetate [ 25 ] in a solution containing 0.12 % 
 n -dodecyl-β- d -maltopyranoside (Anatrace). The mean mito-
chondrial CoQ10 concentration in  quadriceps  ( vastus lateralis ) 
muscle is 9.6 nmol/g wet weight (95 % CI 8.6–10.5 nmol/g 
wet weight) or CoQ10/CS 1.7 nmol/U (95 % CI 1.6–
1.7 nmol/U) [ 18 ].         
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    Chapter 25   

 Assessing the Bioenergetic Profi le of Human 
Pluripotent Stem Cells 

           Vanessa     Pfi ffer     and     Alessandro     Prigione    

    Abstract 

   Assessing the bioenergetics of human pluripotent stem cells (hPSCs), including embryonic stem cells 
(ESCs) and induced pluripotent stem cells (iPSCs), provides considerable insight into their mitochondrial 
functions and cellular properties. This might allow exposing potential energetic defects caused by 
m itochondrial diseases. However, certain challenges have to be met due to unique growth conditions in 
highly specialized and costly culture media. Here, we describe a method that facilitates the assessment of 
the bioenergetic profi les of hPSCs in a noninvasive fashion, while requiring only small sample sizes and 
allowing for several replicates. Basal respiratory and glycolytic capacities are assessed using a XF24 
Extracellular Flux Analyzer by simultaneous measurements of the oxygen consumption rate (OCR) and 
extracellular acidifi cation rate (ECAR), respectively. In addition, bioenergetic parameters are estimated by 
monitoring OCR and ECAR values upon metabolic perturbations via the consecutive introduction of 
mitochondria- specifi c inhibitors.  

  Key words     Pluripotent stem cells  ,   iPS cells  ,   Mitochondria  ,   Bioenergetics  ,   Extracellular Flux Analyzer  

1      Introduction 

 Pluripotent stem cells (PSCs) are defi ned by their unique features: 
indefi nite propagation and ability to differentiate into any given 
cell type of the body. Embryonic stem cells (ESCs) were fi rst iso-
lated from the inner cell mass of the mouse blastocyst by Martin 
Evans in 1981 [ 1 ], and later in humans, by James Thomson in 
1998 [ 2 ]. Additionally, a groundbreaking discovery of Shinya 
Yamanka in 2006 demonstrated that PSCs can also be established 
from somatic cells following the introduction of ESC-specifi c tran-
scription factors [ 3 ]. 

 The mitochondrial and metabolic features of human PSCs 
(hPSCs) have been recently started to be investigated [ 4 – 7 ]. 
Understanding the mitochondrial and bioenergetic features of 
PSCs, and how to modulate them, may shed light on the general 
properties of stem cells and also contribute to the development of 
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innovative cellular modeling systems for mitochondrial disorders. 
Indeed, iPSCs have been lately generated from somatic cells derived 
from patients carrying mitochondrial DNA mutations with the aim 
of addressing the related disease mechanisms ( see     Review Chap.   24    , 
Volume II, in this book). 

 Valuable insights into the energy metabolism of hPSCs can be 
acquired through measuring the oxygen consumption rate (OCR), 
an indicator for mitochondrial respiration, and the extracellular 
acidifi cation rate (ECAR), suggestive of glycolytic activity. By using 
the Extracellular Flux Analyzer (Seahorse Bioscience), these two 
key parameters can be determined simultaneously within the same 
cell population and without the need of laborious mitochondrial 
isolation, thereby allowing bioenergetic investigations of hPSCs 
within their natural culture environment. In order to provide accu-
rate measurements, adherent cells need to be grown in uniform 
monolayers. Since hPSCs grow as colonies under standard culture 
conditions, the bioenergetic analysis of this cell type harbors unique 
challenges [ 8 ]. 

 The OCR/ECAR ratio related to basal respiration can serve as 
an indicator to assess cellular preference for oxidative phosphoryla-
tion (OXPHOS) or glycolysis to respond to their energy demand. 
Additionally, by monitoring OCR values upon metabolic perturba-
tion caused by consecutive addition of different mitochondrial 
inhibitors, the bioenergetic profi les can be analyzed in more details 
and different parameters can thus be estimated, including basal res-
piration, ATP turnover, maximal respiration, and spare respiratory 
capacity. In particular, oligomycin is fi rst added after measuring 
basal OCR and ECAR values, resulting in the inhibition of ATP 
synthase. Since protons are prevented from moving through the 
ATP synthase, the proton gradient across the mitochondrial inner 
membrane increases while the consumption of oxygen drops, as 
shown by OCR reduction. The injection of the uncoupling agent 
FCCP reestablishes proton fl ux nonspecifi cally across the inner 
membrane resulting in complete uncoupling of electron transport 
and ATP generation and thereby giving rise to the maximal con-
sumption of oxygen. Finally, concurrent addition of the electron 
transfer chain (ETC) inhibitors rotenone and antimycin A shuts 
down oxygen consumption completely by preventing the transfer 
of protons in the ETC (Fig.  1 ).   

2    Materials 

      1.    CO 2  incubator (set to 37 °C, 5 % CO 2 ).   
   2.    Non-CO 2  incubator (set to 37 °C).   
   3.    Neubauer hemocytometer.   
   4.    pH meter.   

2.1  Equipment
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   5.    Plate reader (Tecan, Infi niti M200).   
   6.    “Rapid”-Filtermax.   
   7.    Six-well tissue culture plates.   
   8.    Water bath (set to 37 °C).   
   9.    XF24 Extracellular Flux Analyzer (Seahorse Bioscience).   
   10.    XF24 FluxPak (Seahorse Bioscience).   
   11.    XF24 V7 cell culture microplate (Seahorse Bioscience).      

  Fig. 1    ( a ) The day of the assay, hPSCs appear as a cellular monolayer but still maintain the expression of 
pluripotency- specifi c protein markers, such as NANOG. The human ESC line H9 is shown here as an example. 
( b ) Typical OCR and ECAR profi les of hPSCs. The human ESC line H9 is reported here as an example. The four 
injection times in the specifi c four ports ( A – D  ) are reported in  blue . The bioenergetic profi le of PSCs is quite 
remarkable. In the  upper graph , it is noticeable the low OCR response to FCCP (port  B  ), suggestive of reduced 
spare respiratory capacity. In the  lower graph , the low ECAR response to oligomycin (port  A  ) and FCCP 
(port  B  ) can be appreciated, indicative that the cells are functioning with maximal glycolytic capacity that can-
not be further increased upon mitochondrial inhibition. The OCR and ECAR values are fi rst normalized to the 
DNA content using the CyQUANT kit and then presented in the graphs as the percentage of the basal state (rate 
number 3, before the injection of oligomycin in port  A )       
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      1.    Antimycin A.   
   2.    B-27 (50×).   
   3.    Basic fi broblast growth factor (bFGF).   
   4.    BSA (30 %).   
   5.    Carbonyl cyanide-4-(trifl uoromethoxy)phenylhydrazone (FCCP).   
   6.    CyQUANT ®  Cell Proliferation Assay Kit (Invitrogen).   
   7.    DMSO.   
   8.    Dulbecco’s Modifi ed Eagle’s Medium Base (8.3 g/L).   
   9.    Dulbecco’s Modifi ed Eagle Medium: Nutrient Mixture F-12 

(DMEM/F-12).   
   10.    Glucose.   
   11.     L -glutamine (200 mM).   
   12.    Matrigel Basement Membrane Matrix (BD Bioscience).   
   13.    MEM nonessential amino acids (NEAA, 100×).   
   14.    N-2 supplement (100×).   
   15.    NaCl.   
   16.    Nuclease-free distilled water (dH 2 O).   
   17.    Oligomycin.   
   18.    PBS (1×, pH 7.4).   
   19.    Penicillin–Streptomycin (P/S, 10 mg/ml).   
   20.    Phenol Red.   
   21.    Rotenone.   
   22.    Sodium pyruvate (100 mM).   
   23.    Thiazovivin.   
   24.    Trypsin-EDTA (0.05 %).   
   25.    Trypsin inhibitor.   
   26.    XF Assay Medium (pH 7.4, Seahorse Bioscience).   
   27.    XF Calibrant Solution (pH 7.4, Seahorse Bioscience).      

     In a “rapid”-FilterMax (0.22 μm pore size), supplement 
DMEM/F-12 medium with fi nal concentrations of 1 mM sodium 
pyruvate, 2 mM  L -glutamine, 0.1 mg/ml P/S, 1× NEAA, 1× N-2, 
1× B-27 and 0.05 % BSA. Filter-sterilize and store the solution at 
4 °C. Example: supplement 500 ml DMEM/F-12 with 5 ml 
100 mM sodium pyruvate, 5 ml 200 mM  L -glutamine, 5 ml 
10 mg/ml P/S, 5 ml 100× NEAA, 5 ml 100× N-2, 10 ml 50× 
B-27, and 800 μl 30 % BSA. Filter-sterilize the medium. Before 
usage, add bFGF to a fi nal concentration of 10 ng/ml.  

2.2  Reagents

2.3  Stem Cell 
Medium for Feeder-
Free Conditions Prior 
to the Assay
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  Supplement DMEM/F-12 medium as described above and 
 fi lter- sterilize the resulting solution. Before usage, add bFGF and 
the ROCK inhibitor thiazovivin to fi nal concentrations of 20 ng/
ml and 0.5 μM, respectively.  

  Supplement commercially available XF Assay Medium with sodium 
pyruvate (1 mM fi nal concentration) and glucose (25 mM fi nal 
concentration). Prepare this medium freshly with each use. Warm 
medium to 37 °C and adjust a 7.4 pH using NaOH. Filter-sterilize 
the solution. 

 Alternatively, XF Assay Medium can be prepared as follows: 
separately, dissolve DMEM Base in 500 ml dH 2 O and dissolve 
1.85 g NaCl in 500 ml dH 2 O. Combine both solutions and remove 
20 ml from the mixture. To the remaining 980 ml, add 10 ml 
200 mM  L -glutamine, 10 ml 100 mM sodium pyruvate and 15 mg 
Phenol Red. Add 4.5 g glucose for a fi nal concentration of 
25 mM. Warm medium to 37 °C and adjust a 7.4 pH using 
NaOH. Filter-sterilize the solution and store 50 ml aliquots at 
−20 °C.  

  Store all inhibitors at −20 °C for up to 6 weeks.

    1.    Oligomycin: 2.5 mM in DMSO.   
   2.    FCCP: 2.5 mM in DMSO.   
   3.    Rotenone: 2.5 mM in DMSO.   
   4.    Antimycin A: 2.5 mM in DMSO.       

3    Methods 

 All working steps including viable human PSCs need to be carried 
out under sterile conditions on clean benches. 

       1.    Coat a six-well plate with Matrigel and prewarm the plate at 
37 °C. Depending on cell density and growth, prepare 2–3 six- 
wells per PSC line.   

   2.    Prewarm stem cell medium for feeder-free conditions supple-
mented with 10 ng/ml bFGF ( see  Subheading  2.3 ) in a 37 °C 
water bath.   

   3.    Split PSCs from MEF feeder layer to Matrigel-coated six-wells 
(cut-and-paste technique): split selected colonies with a needle 
into equal pieces. Replace old culture medium with 1 ml fresh 
prewarmed stem cell medium for feeder-free conditions sup-
plemented with 10 ng/ml bFGF. Detach the colony pieces 

2.4  Stem Cell 
Medium for Feeder-
Free Conditions During 
the Assay in XF24 V7 
Cell Culture 
Microplates

2.5  XF 
Assay Medium

2.6  Mitochondrial 
Inhibitors

3.1  Growth of PSCs 
Under Feeder- Free 
Conditions 
on Matrigel- Coated 
Plates Prior 
to the Assay
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with a pipette tip, carefully transfer the cell suspension onto 
the Matrigel-coated six-wells prepared in  step 1  containing 
prewarmed stem cell medium for feeder-free conditions sup-
plemented with 10 ng/ml bFGF and incubate in a CO 2  incu-
bator (37 °C, 5 % CO 2 ). The total volume for each six-well is 
2.5 ml culture medium, which should be changed daily ( see  
 Note 1 ).      

      1.    Coat a XF24 V7 cell culture microplate with Matrigel and pre-
warm the plate at 37 °C.   

   2.    Prewarm 1× PBS and stem cell medium for feeder-free condi-
tions supplemented with 20 ng/ml bFGF and 0.5 μM thia-
zovivin ( see  Subheading  2.3  and  2.4 ) in a 37 °C water bath.   

   3.    Aspirate the culture medium from the PSCs grown under 
feeder-free conditions ( see  Subheading  3.1 ) and wash each six- 
well with 1 ml 1× PBS.   

   4.    Aspirate the PBS, add 1 ml of 0.05 % trypsin-EDTA and incu-
bate cells for 7 min at 37 °C. Add 1 ml trypsin inhibitor and 
carefully transfer the cell suspension into a 15 ml Falcon tube 
( see   Note 2 ). Collect cells by centrifuging for 4 min at 120 rcf 
at room temperature (RT), remove the supernatant, and resus-
pend the cell pellet in PBS ( see   Note 3 ).   

   5.    Count the cells (e.g. with a Neubauer hemocytometer,  see  
 Note 3 ) and calculate the required amount of culture medium 
to obtain a concentration of 50,000 cells per 100 μl. After col-
lecting cells by centrifugation (4 min, 120 rcf, RT), resuspend 
the cell pellet in the determined amount of prewarmed stem 
cell medium for feeder-free conditions supplemented with 
20 ng/ml bFGF and 0.5 μM thiazovivin ( see   Note 4 ).   

   6.    Seed 50,000 cells per well of a Matrigel-coated XF24 V7 cell 
culture microplate prepared in  step 1  by pipetting 100 μl PSC 
suspension per well ( see   Note 5 ). Leave 2–4 wells of the XF24 
microplate empty and fi ll these wells with 100 μl medium only 
to serve as background controls. Incubate the seeded XF24 V7 
cell culture microplate in a CO 2  incubator (37 °C, 5 % CO 2 ) 
for 1–2 h until cells have adhered to the well’s bottom.   

   7.    Add 150 μl of prewarmed stem cell medium for feeder-free 
conditions supplemented with 20 ng/ml bFGF and 0.5 μM 
thiazovivin into each well to a fi nal volume of 250 μl ( see  
 Note 6 ).   

   8.    Incubate the XF24 V7 cell culture microplate in a CO 2  incuba-
tor (37 °C, 5 % CO 2 ) overnight. Proceed to  steps 9  and  10  
before overnight incubation.   

   9.    Add 1 ml XF Calibrant Solution into each well of the lower 
part (24-well microplate) of a XF24 FluxPak and place the 

3.2  Day 1: Seeding 
PSCs onto a XF24 V7 
Cell Culture Microplate 
and Preparation 
of XF24 FluxPak
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upper part (green XF24 sensor cartridge) onto the hydrated 
microplate ( see   Note 7 ). Incubate the hydrated XF24 FluxPak 
in a non-CO 2  incubator at 37 °C overnight ( see   Note 8 ). 
Proceed to  step 10  before overnight incubation.   

   10.    Turn on the XF24 Extracellular Flux Analyzer and start the 
XF24 software to allow the instrument to stabilize at 37 °C 
overnight.      

      1.    Prewarm XF Assay Medium in a 37 °C water bath (~50 ml per 
XF24 V7 cell culture microplate,  see   Note 9 ).   

   2.    Inspect PSCs on the XF24 V7 cell culture microplate, which 
has been incubated overnight, under a microscope to ensure 
confl uent cell monolayers. Remove the stem cell medium from 
all wells without disturbing the cells ( see   Note 10 ).   

   3.    Wash the cells once with 1 ml prewarmed XF Assay Medium 
before adding XF Assay Medium to a fi nal volume of 500 μl 
per well. Incubate the plate in a non-CO 2  incubator at 37 °C 
for 1 h.   

   4.    Meanwhile, prepare 10× solutions of mitochondrial inhibitors 
in XF Assay Medium ( see   Note 11 ). Prepare 10 μM oligomy-
cin by adding 8 μl of 2.5 mM oligomycin stock solution to 
2 ml XF Assay Medium, 10 μM FCCP by adding 12 μl of 
2.5 mM FCCP stock solution to 3 ml XF Assay Medium and 
10 μM rotenone +10 μM antimycin A by adding 8 μl of both 
2.5 mM rotenone and antimycin A stock solutions to 2 ml XF 
Assay Medium.   

   5.    Load XF24 sensor cartridge placed in the hydrated microplate 
with 10× solutions of mitochondrial inhibitors prepared in 
 step 4 . Load 50 μl of 10 μM oligomycin solution into port A, 
55 μl of 10 μM FCCP solution into port B, 61 μl of 10 μM 
FCCP solution into port C and 67 μl of 10 μM rotenone + anti-
mycin A solution into port D ( see   Note 12 ). The fi nal concen-
trations of the inhibitors will be 1 μM after injection during the 
assay ( see   Note 13 ). Place the loaded cartridge in the hydrated 
microplate in a non-CO 2  incubator at 37 °C until starting the 
assay.   

   6.    Set up a protocol in the XF24 Extracellular Flux Analyzer 
software.   

   7.    Press ‘START’, take out the loaded cartridge placed in the 
hydrated microplate from the non-CO 2  incubator and place it 
into the XF24 Extracellular Flux Analyzer for calibration ( see  
 Note 14 ).   

   8.    When calibration is fi nished, remove the calibrant plate, take 
out the seeded XF24 V7 cell culture microplate from the non-
 CO 2    incubator and place it into the XF24 Extracellular Flux 
Analyzer. Click ‘CONTINUE’ to start measurements ( see  
 Note 14 ).   

3.3  Day 2: Exchange 
of Assay Medium, 
Loading of XF24 
Sensor Cartridge with 
Injection Compounds 
and Assay Run
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   9.    When the run is fi nished, remove the XF24 V7 cell culture 
microplate from the XF24 Extracellular Flux Analyzer and 
remove the medium from all wells without disturbing the cells. 
Wash each well with 0.5 ml 1× PBS ( see   Note 15 ), remove the 
PBS, and freeze the plate at −20 °C ( see   Note 16 ).      

      1.    Per XF24 V7 cell culture microplate, prepare 5 ml 1× cell-lysis 
buffer by diluting 0.25 ml of 20× cell-lysis buffer in 4.75 ml 
nuclease-free dH 2 O and thaw the frozen XF24 V7 cell culture 
microplate containing the PSCs at RT.   

   2.    Add 25 μl of the 400× CyQUANT ®  GR dye into 5 ml of 1× 
cell-lysis buffer prepared in  step 1  and mix thoroughly ( see  
 Note 17 ).   

   3.    Add 200 μl of the cell-lysis buffer/CyQUANT ®  GR dye mix-
ture into each well and incubate the plate for 5 min at RT 
protected from light. Measure the fl uorescence at 480 nm 
excitation and 520 nm emission wave lengths.   

   4.    Analyze normalized data.       

4    Notes 

     1.    In order to avoid contamination with mouse embryonic 
 fi broblasts (MEFs), usually required for culturing of human 
PSCs, cells should be grown under feeder-free conditions on 
Matrigel-coated plates for 1–2 passages before seeding onto 
XF24 V7 cell culture plates.   

   2.    It is crucial to dissociate PSCs into single cells using trypsin to 
facilitate the formation of a cell monolayer when seeding onto 
a XF24 V7 cell culture microplate, which is required for con-
sistent measurements of OCR and ECAR. In case large cellular 
aggregates remain after 7 min of trypsinization, do not exceed 
incubation time to more than 10 min, since cells might suffer 
resulting in a decreased cellular yield. Add trypsin inhibitor to 
stop the reaction and dissociate cells mechanically by careful 
up- and down-pipetting before transferring the cells into a 
15 ml Falcon tube.   

   3.    PSCs are very small cells. Therefore, uniformly resuspend the 
cell pellet in ~3 ml and dilute cells further if the cell density is 
too high for accurate counting. If resuspending cells in PBS, 
work quickly to avoid additional stress. Alternatively, cells can 
be resuspended in culture medium before determining cell 
number.   

   4.    The increased amount of bFGF as well as the addition of the 
ROCK inhibitor thiazovivin is needed to minimize cell death 
and maintain the survival of human PSCs as single cells. 

3.4  Normalization by 
Measuring Cellular 
DNA Content and Data 
Analysis
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Both components can be stored at −20 °C. Thiazovivin should 
be stored as small aliquots and be used freshly, since its activity 
decreases upon repeated thawing and freezing steps.   

   5.    When seeding, rest the pipette tip against the lower circular 
wall of the well and carefully release the cell suspension to pro-
duce a homogenous monolayer of cells.   

   6.    Rest the pipette tip against the upper rectangular wall of the 
well and add the medium gently without disturbing the only 
just attached cells.   

   7.    Make sure that the sensor cartridge is placed on top of the 
microplate in the correct orientation (notch on the bottom left 
corner) and that all sensors are covered in the XF Calibrant 
Solution completely.   

   8.    Incubation in a non-CO 2  incubator is crucial, since CO 2  affects 
the pH of the XF Calibrant Solution and therefore results in 
distorted ECAR measurements.   

   9.    It is crucial that the pH of the media is 7.4 at 37 °C.   
   10.    To remove the medium, carefully invert the whole plate and 

then dry the plate on clean paper, as we have not found cellular 
loss during this procedure. Alternatively, remove the medium 
with a pipette, while avoiding contact of the pipette tip with 
the wells’ bottoms. Since measurements will only occur within 
the area confi ned by three dots in each XF24 V7 well, rest the 
pipette tip at the well’s border outside this area. Work quickly 
to avoid cell drying.   

   11.    We found that mitochondrial inhibitors’ activity decreases after 
a while. Therefore, only use stock solutions, which are stored 
at −20 °C no longer than 6 weeks.   

   12.    Before loading the XF24 sensor cartridge, check its orienta-
tion (notch on the bottom left corner) and the order of the 
injection ports A, B, C, and D (starting at the bottom right). 
The second injection of FCCP provides additional informa-
tion about maximal respiration and spare respiratory capacity 
of the investigated PSCs, but can be omitted if required. In 
that case load 10 μM rotenone + antimycin A solution into 
port C and leave port D empty. Alternatively, port A can be 
employed for the injection of other drugs (such as 2DG), and 
the other ports can be used for oligomycin, FCCP, and rote-
none and antimycin A.   

   13.    The ideal concentrations of mitochondrial inhibitors may dif-
fer among cell lines and should be titrated before.   

   14.    Make sure the plates are inserted into the XF24 Extracellular 
Flux Analyzer in the correct orientation and without the lid.   
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   15.    A washing step with PBS is recommended to clear cells from 
the Phenol Red inside the culture medium, which might inter-
fere with adjacent determination of cellular DNA content by 
CyQUANT ®  GR dye.   

   16.    The freezing step is required for effi cient cell lysis in the 
 adjacent CyQUANT ®  assay. The plates should not be stored 
longer than 4 weeks.   

   17.    We fi nd that 2× CyQUANT ®  GR dye dilution, which provides 
a linear detection range of ~50 to 250,000 cells, allows more 
accurate results than a 1× CyQUANT ®  GR dye dilution, which 
only allows a linear detection range up to 50,000 cells.         
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Chapter 26

Integrative Methods for Studying Cardiac Energetics

Philippe Diolez, Véronique Deschodt-Arsac, Guillaume Calmettes, 
Gilles Gouspillou, Laurent Arsac, Pierre dos Santos, Pierre Jais, 
and Michel Haissaguerre

Abstract

The more recent studies of human pathologies have essentially revealed the complexity of the interactions 
involved at the different levels of integration in organ physiology. Integrated organ thus reveals functional 
properties not predictable by underlying molecular events. It is therefore obvious that current fine molecu-
lar analyses of pathologies should be fruitfully combined with integrative approaches of whole organ func-
tion. It follows an important issue in the comprehension of the link between molecular events in 
pathologies, and whole organ function/dysfunction is the development of new experimental strategies 
aimed at the study of the integrated organ physiology. Cardiovascular diseases are a good example as heart 
submitted to ischemic conditions has to cope both with a decreased supply of nutrients and oxygen, and 
the necessary increased activity required to sustain whole body—including the heart itself—oxygenation.

By combining the principles of control analysis with noninvasive 31P NMR measurement of the ener-
getic intermediates and simultaneous measurement of heart contractile activity, we developed MoCA (for 
Modular Control and Regulation Analysis), an integrative approach designed to study in situ control and 
regulation of cardiac energetics during contraction in intact beating perfused isolated heart (Diolez et al., 
Am J Physiol Regul Integr Comp Physiol 293(1):R13–R19, 2007). Because it gives real access to inte-
grated organ function, MoCA brings out a new type of information—the “elasticities,” referring to inter-
nal responses to metabolic changes—that may be a key to the understanding of the processes involved in 
pathologies. MoCA can potentially be used not only to detect the origin of the defects associated with the 
pathology, but also to provide the quantitative description of the routes by which these defects—or also 
drugs—modulate global heart function, therefore opening therapeutic perspectives. This review presents 
selected examples of the applications to isolated intact beating heart and a wider application to cardiac 
energetics under clinical conditions with the direct study of heart pathologies.

Key words Modular control analysis, Noninvasive 31P NMR, Calcium, Adrenaline, Levosimendan, 
Calcium sensitizer, Perfused heart, System’s biology

1 Introduction

Being the first cause of mortality worldwide, cardiovascular diseases 
are responsible for about 700,000 deaths each year in Europe. Half 
of this mortality is due to heart failure (ineffective contraction) 
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which is a chronic and complex process. While the impact of cardiac 
diseases of genetic origin (known molecular origin) is relatively low, 
prevalence of acquired modifications of the heart (ischemic events, 
infarction scar, cardiomyopathy or aging) is essential. Cardiac 
 contraction is entirely dependent, downstream of the electrical 
stimulation, on the adequacy in the response of contractile appara-
tus and in energy balance, both disrupted during heart failure.

Heart failure is a complex syndrome of numerous dysfunc-
tional components which converge to cause chronic progressive 
failure of heart contractile function and maintenance of cardiac 
output demand [1]. Therefore, cardiovascular disease, as well as 
the cardiovascular effects of drugs, are essentially multifactorial 
problems involving interactions between many proteins, depen-
dent on highly organized cell, tissue, and organ structures. As a 
consequence, biochemical modifications of heart function during 
pathology must reflect this complexity. This is also one reason why 
the side effects of drugs are often unanticipated, and remain to 
date difficult to analyze, since integrated organ function reveals 
fundamental properties that make it different from the sum of the 
underlying molecular events. It appears difficult to unravel such 
questions without using a system’s approach, i.e. focussing on pro-
cesses, not just molecular components [2]. It is also more and 
more obvious that current fine molecular analyses of pathologies 
should be fruitfully combined with integrative approaches. 
Therefore, it appears that an important issue in the comprehension 
of the link between molecular events in pathologies and whole 
organ function/dysfunction is the development of new experimen-
tal and analytical strategies aimed at the study of integrated organ 
physiology.

The complete description of a biological or physiological func-
tion depends on the synergy between adapted experimental and 
analytical approaches. System’s Biology of important biological 
functions, like heart contraction, is a current issue in physiology as 
it not only reveals a new type of fundamental information, but also 
may turn out as new diagnostic and therapeutic strategies [3]. 
System’s Biology starts with what we have learned from the huge 
progress at the molecular level and goes further towards the under-
standing of how small scale events integrate into biological func-
tions. These new strategies require both the development of 
noninvasive techniques allowing investigations at the integrated 
level (ex vivo and in vivo) and suitable analytical tools. The analyti-
cal tools of the Top-down or Modular approaches to Metabolic 
Control Analysis (MCA) [4–7] were used by us and others to over-
come the complexity of intra-cellular regulations [8–12] and to 
describe heart energetics [13, 14]. In the Top-down (modular) 
approach, the complexity of the system is reduced by grouping 
reactions and reactants into large modules connected by a small 
number of intermediates. While each module may be of any 
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 complexity, their interactions should only take place through the 
identified intermediate(s). The fundamental principle is that the 
kinetic interactions (elasticities) [4–7] between the intermediates 
(substrates and products) and the different modules (or single 
enzymes) determine and maintain steady state conditions (fluxes 
and concentrations). Therefore regulation of the pathway (i.e. 
activity and steady state changes) by a drug or a pathology  originates 
in modulations (adaptation or defect) of these kinetic interactions, 
which can be studied by MCA.

A wider application to the effects of cardiac drugs in conjunc-
tion with the study of heart pathologies models may be considered 
in the near future. MoCA can potentially be used not only to detect 
the origin of the defects associated with a pathology (elasticity 
analyses), but also to provide a quantitative description of how 
these defects influence global heart function (regulation analysis) 
and therefore open new therapeutic perspectives. Among these 
perspectives, these approaches are perfectly fitted for testing toxic-
ity of drugs on cardiac mitochondria. Several key examples of the 
applications to intact isolated beating heart are presented in this 
short review, and the perspectives for clinical application are 
considered.

Like muscle and brain, other energy consuming organs, heart tis-
sues contain apart from ATP a second energy-transferring mole-
cule: phosphocreatine (PCr). However, an important difference 
has been observed in the regulation of the energetics between skel-
etal muscle and heart. Indeed, the activation of contraction in skel-
etal muscle is accompanied by the decrease of both PCr and 
phosphorylation potential (∆Gp). This decrease indicates that the 
energy balance in muscle is achieved with different metabolite con-
centrations and biochemical steady states [15]. By contrast, the 
energy balance in heart bioenergetics is characterized by an 
improved energetics homeostasis [15–17], indicating a perfect 
energy balance whatever heart activity. Indeed, almost no changes 
in the energetic intermediates (PCr, ATP, and Pi, and therefore 
∆Gp) can be observed even for important increases in heart activity, 
as seen by 31P NMR spectroscopy on isolated perfused heart [13, 
18] or in vivo in human heart [19]. How this homeostasis is 
achieved in heart—but not in muscle—during the so-called 
excitation- contraction coupling is still a debated fundamental 
question. Incidentally, while PCr (∆Gp) recovery after exercise can 
be used as a clinical index of the energetics capacity of skeletal 
muscle for detection of mitochondrial defects (or myopathies) 
[20–22], the absence of change excludes this direct approach to 
heart energetics dysfunctions. As a major outcome, integrative 
approaches like MoCA allow to measure and compare the relative 
importance of the different routes—i.e. supply, demand, and 
metabolite changes—by which the effect(s) of a drug/hormone 

1.1 Energy 
Homeostasis in Heart
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[23–25] or a pathology [26, 27] are transmitted and alter  integrated 
organ function, e.g. how inotropic drugs/action activates heart 
contraction. These approaches may appear as an alternative to get 
better insight in heart energetics regulation [19]. The results of 
MoCa elasticity analysis applied to isolated rat and guinea pig 
hearts under reference conditions have been described elsewhere 
[13, 25] and the present review will emphasize examples of the 
applications of MoCA Regulation analysis to the study of heart 
energetics regulation following the action of inotropic drugs.

By using MoCA, we could demonstrate in intact beating heart the 
essential role of the activation of mitochondrial oxidative phos-
phorylation by intracellular calcium in the coupling process 
between electrical excitation of the myocyte and the energetics of 
contraction in heart [13], previously demonstrated in vitro [16, 
17] and in silico [28]. This has been demonstrated by analyzing 
the response of heart contraction to changes in Ca2+ in the perfus-
ate, which established the almost-perfect parallel activation of both 
Supply and Demand under these conditions, responsible for energy 
homeostasis. This activation cascade has also been established for 
the activation of the different processes of mitochondrial oxidative 
phosphorylation by Ca2+ [29–31] (see Fig. 2 of ref. 32).

We also applied MoCA regulation analysis to the response of 
heart contraction to adrenaline [24]. The inotropic effect of 
adrenaline involves a complex physiological mechanism involving 
important modulations in intracytosolic calcium. These effects 
include changes in both mean cytosolic concentration and tran-
sient Ca2+ rises. Interestingly, a direct relationship has been dem-
onstrated between contractile activity and cytosolic calcium 
concentration when heart contraction was modulated either by 
varying calcium concentration in the perfusion medium or by 
stimulating ß1- adrenergic receptor [16, 33]. Figure 1 presents 
the evolution of the 31P NMR spectra of a typical rat-isolated 
perfused heart in response to adrenaline addition to the perfus-
ate. Surprisingly, we could observe that in striking contrast with 
skeletal muscle the energetic intermediate (PCr and therefore 
∆Gp, not shown) paradoxically increased in response to the ino-
tropic action of adrenaline. The stronger activation of energy 
supply (oxidative phosphorylation) by adrenaline when compared 
to external Ca2+ addition could be explained by the marked facili-
tation of Ca2+ transients in the presence of adrenaline [34]. This 
hypothesis could be tested by applying MoCA regulation analysis 
to the effect of adrenaline, using information from the MoCA 
elasticity analysis under reference steady state conditions [13] 
and the changes in steady state flux (contractile activity) and 
intermediate concentration (PCr) observed after adrenaline addi-
tion (cf. Fig. 1). The results of the regulation analysis are pre-
sented in Fig. 2. The total inotropic effect corresponding to the 

1.2 Parallel 
Activation 
of Mitochondria 
and Myofibrils by 
Calcium
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Fig. 1 Typical changes in 31P NMR spectra of perfused rat heart induced by the addition of adrenaline (0.8 and 
1.6 μg/l) in the perfusate. On this representative experiment, isolated rat hearts were perfused using pyruvate 
as substrate and in the presence of 2.0 mM free calcium concentration. Adrenaline increased the contractile 
activity (Rate Pressure Product, RPP) by 73 or 84 % at the concentration of 0.8 and 1.6 μg/l, respectively. At 
the same time, the PCr concentration was surprisingly increasing for both adrenaline concentrations (+2 % 
and +4 % for 0.8 and 1.6 μg/l respectively, n = 6 different experiments) above the mean value of control spec-
tra (see ref. 24 for more details)

Fig. 2 MoCA regulation analysis of the integrated effect of adrenaline on rat iso-
lated heart energetics. The Direct and Indirect effects of the addition of 1.6 μg/l 
adrenaline on both supply and demand modules were experimentally determined 
as described in ref. 13 and experimental values are from ref. 24. Indirect effects 
are calculated from the observed change in PCr concentration (+4 %) and the 
responsiveness of the module considered to PCr change (i.e. the elasticity). This 
allows the determination of the Direct effects of adrenaline on Supply and Demand 
modules as the integrated elasticity (Inotropic effect − indirect effect) [9]. Since a 
new steady state is reached after adrenaline addition, the final increase in flux is 
the same for both modules (83.7 %) and is the sum of the direct effect (by adrena-
line) and the indirect effect (through PCr changes). The sizes of the arrows evoke 
the magnitude of the different effects, expressed as the percentage change from 
the starting steady state condition in the absence of adrenaline
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small but significant increase in PCr of 4 % amounted to about 
84 % for the contractile activity. The analysis effectively revealed 
that adrenaline had a much greater direct effect on the supply 
module (about 50 % higher, 125 % compared to 80 %) than on 
the demand module [24]. While comparable activations of supply 
and demand modules were obtained after addition of Ca2+ in the 
perfusate (parallel activation) [13, 32], resulting in an almost 
perfect homeostasis of the energetic intermediates, the overacti-
vation of energy supply by adrenaline resulted in a paradoxical 
increase in cell energy status. The analysis also showed that the 
new steady state of contraction is obtained through a marked 
back inhibition of oxidative phosphorylation by the increase of 
PCr (about 40 %). Since Ca2+ activates both modules the same 
way, these results clearly show that physiological activation by 
adrenaline cannot be reduced to a simple calcium effect and that 
a specific activation of mitochondrial oxidative phosphorylation 
occurs. There is still no clear explanation for these results, and the 
role of cAMP on calcium transients and relaxation (re- uptake of 
calcium by sarcoplasmic reticulum), and/or mitochondrial inte-
gration of Ca2+ signal, is  currently under study.

We also tested the potential of MoCA regulation analysis to detect 
the side effects of drugs on the energetics of heart contraction. 
This study was carried out on Levosimendan, member of a new 
class of cardiovascular drugs, the calcium-sensitizers. Levosimendan 
is a positive inotropic drug developed for the treatment of acute de 
novo or decompensated heart failure [34–36]. Levosimendan acts 
via selective binding on calcium-saturated cardiac troponin C 
(TnC) [37, 38] and stabilizes the conformation of the Ca2+TnC 
complex [34, 39, 40]. As a consequence, Levosimendan increases 
the sensitivity of myofilaments to calcium, leading to increased 
myocardial contraction. However, some phosphodiesterase 3 
(PDE 3) inhibition has been observed on permeabilized myocytes 
in the presence of Levosimendan at high concentrations [41]. This 
side effect may interfere with the inotropic effect mechanisms of 
levosimendan since PDE 3 inhibition could induce an increase in 
cyclic AMP (cAMP) and a subsequent increase in intracellular cal-
cium concentration. As demonstrated above, since MoCA regula-
tion analysis may reveal direct mitochondrial activation, it appeared 
sensible to test the possibility of a side effect of levosimendan 
besides the Ca2+-sensitization mechanism.

Since it has no effect on rats, the inotropic effects of 
Levosimendan have been studied on Guinea-pig paced perfused 
hearts [25]. The results of the MoCA regulation analysis are 
 presented in Fig. 3. By contrast with the analysis of the effects 
of adrenaline, the inotropic effect of levosimendan (+45 %) is 
accompanied by a decrease in heart PCr content (about 7 %, 

1.3 Drug Effects: 
Levosimendan
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Fig. 3 MoCA regulation analysis of the integrated effect of Levosimendan—a 
Ca2+ sensitizer—on Guinea pig-isolated heart energetics. This figure presents 
the regulation analysis of the effects of the addition of 0.7 μM Levosimendan in 
the perfusion medium of Guinea pig-isolated hearts (data are from ref. 25). In the 
almost total absence of direct effect of Levosimendan on energy Supply (+5.1 %), 
the activation of oxidative phosphorylation (+40 %) occurs through a significant 
decrease in PCr (and therefore ∆Gp) in order to match the ATP requirement by 
the inotropic effect. See methods for details on the calculation

spectra not shown). The regulation analysis presented in Fig. 3 
show that this decrease in PCr (∆Gp) is responsible for the acti-
vation of  mitochondrial activity to sustain energy demand 
(40 %) and allow the inotropic effect. Most interestingly, these 
results also evidenced a very small direct effect of Levosimendan 
on energy supply (only 5 %), as compared to the 50 % direct 
activation of demand. Even if it is close to the experimental 
error, this slight activation of Supply may be correlated to a 
light inhibition of PDE 3 activity and/or rise in cAMP and the 
corresponding rise in cytosolic Ca2+ and do not allow to rule out 
completely this side effect. This result evidences that under our 
conditions, a possible effect of Levosi mendan on PDE3 activity 
and/or intracellular calcium cannot be totally ruled out but 
remains very low on mitochondrial activity and rather insignifi-
cant on integrated cardiac energetics. Thus, it may be concluded 
that, at least under our ex vivo conditions, Levosimendan ino-
tropic effect on Guinea pig heart depends almost entirely on the 
Ca2+-sensitizing properties leading to myofilaments activation 
and on the concomitant activation of energy supply by the 
decrease in PCr (and ∆Gp) [25, 42].

The results presented here show that regulation of heart contrac-
tion energetics can be studied in intact beating heart, as a supply- 
demand system, by using MoCA elasticity and regulation analyses. 
MoCA regulation analysis has first been used to demonstrate for 
the first time in intact beating heart that physiological activation of 
heart contraction involves a parallel activation of both energy sup-

1.4 Conclusion 
and Perspectives
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ply and demand, observed during calcium or adrenaline activation 
in heart, which is crucial for the homeostasis of energetic interme-
diates and for heart physiological response. The results presented 
in this paper show how MoCA may be used to describe the internal 
regulations of energy flux in heart contraction and to describe 
qualitatively and quantitatively the effects of drugs. Therefore, 
MoCA may also be used to study pathological deregulations, as 
well as for the detection of side effects of drugs, with a special 
access to mitochondrial toxicity.

System’s biology analysis delivers the description of healthy 
heart function through integrated internal regulations which 
are currently not accessible with available medical tools. One of 
the challenges for the future is to develop integrated in vivo 
experimental approaches to evaluate such complex biological 
processes as intact organ function and to lead to a comprehen-
sive understanding of heart function [19]. The transfer of the 
analysis under in vivo conditions will require preliminary experi-
ments on large animals in order to determine in vivo elasticities 
under physiological conditions (oxygenation, multiple sub-
strates, etc.) and adequate modulations of heart activity and 
energetics.

MoCA will now be tested as a noninvasive clinical tool for 
human heart contraction energetics. 31P spectroscopy is already 
available on medical MRI apparatus and specific coils have been 
developed for human chest. MoCA application also requires the 
noninvasive assessment of heart contractile activity, which can be 
measured by a specific 3D MRI protocol that we developed recently 
for in vivo mouse heart activity [43]. The different steady states of 
heart activity required for the elasticity analysis will be obtained 
by allowing patients to exercise inside the magnet. A careful analy-
sis of how these regulations (elasticities) change in response to 
heart pathologies should be helpful for diagnosis and therapeutic 
design. We propose that these complementary information may be 
of some help in the future for diagnosis and therapeutics follow-up 
in human heart pathologies.

2 Methods and Rationale

The present study complies with the European Community 
Guidelines for the Care and Use of Experimental Animals, with the 
recommendations of the Directive 2010/63/EU of the European 
Parliament. All the protocols used were also approved by our ethics 
committee “Comité d’éthique regional d’Aquitaine,” France (# 
3308010). PD has a permanent license for experimentation on ani-
mals (03/17/1999). Surgery was performed under isoflurane 
anesthesia, and every effort was made during animal manipulation 
to minimize stress.

2.1 Methods

2.1.1 Ethical Approval
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Male rats (weighing 300–350 g, Janvier, France) for adrenaline 
protocol or male guinea-pigs (300–350 g, Charles River, France) 
for levosimendan protocol, received water and food ad libitum. 
Animals were anesthetized with isoflurane (2–3 %) using a face 
mask (4 L/min), and 30 mg/kg of sodium pentobarbital were 
injected intraperitoneally before the thorax was opened and heart 
quickly excised and immediately cooled in iced Krebs buffer. 
Hearts were perfused by an aortic canula delivering warmed 
(37 °C) Krebs Henseleit solution at constant pressure (100 mmHg), 
containing (in mM: NaCl 118, NaHCO3 12.5, KCl 5.9, EDTA 
0.5, MgSO4 1.2, glucose 16.7, NaPyruvate 10, CaCl2 1.75–3.5), 
continuously gased with a mixture of 95 % O2 and 5 % CO2 
(pH 7.35, temperature 37 °C at the level of the aortic cannula). 
Left ventricle pressure (LVP) of heart was measured under iso-
volumic conditions of contraction thanks to a latex balloon inserted 
into the left ventricle through the left atrial appendage and con-
nected to a pressure transducer (Statham Kelvin P23Db). 
Mechanical performance is expressed as the Rate Pressure Product 
(RPP in mmHg beat/min) and evaluated as the product between 
heart rate (HR, beat/min) and developed pressure (∆P, mmHg).

Perfused heart was placed into a 1H/31P double-tuning 20-mm 
probe in a 9.4-T super-conducting magnet (Bruker DPX400 
Avance). The probe was tuned to the phosphorus resonance fre-
quency of 161.94 MHz, and the magnetic field homogeneity was 
optimized by shimming on the proton signal coming from the 
heart and the surrounding medium. Partially saturated 31P NMR 
spectra were obtained by averaging data from 150 free induction 
decays (5-min acquisition time).

In order to eliminate endogenous substrates and possible 
remaining anesthetics, 20 min were allowed for stabilization of 
heart activity before any measurements was carried out. For the 
elasticity analysis (not presented in this paper), hearts were either 
submitted to an increase of the left intraventricular pressure by 
inflating the balloon (from 75 to 150 μl) (rat, n = 6; Guinea pig, 
n = 7) to obtain the elasticity of the Supply module (see below) or 
to the infusion of NaCN (0.1–0.2 mM final concentration) by 
using a clinical electric syringe (Carefusion, France) and a 60 time 
dilution to obtain the elasticity of the Demand module.

For regulation analysis, hearts were treated as control (n = 9) or 
subjected to the (1) addition of 0.7 μM Levosimendan (synthe-
sized by Abbot Scandinavia, Solna, Sweden) [44] (n = 7) or (2) 
addition of 1.6 μg/L adrenaline (n = 8) [24].

In order to assess mitochondrial oxidative phosphorylation in per-
fused heart, MVO2 (μmol O2/min/g dry weight) was measured 
continuously in hearts under all conditions. Immediately after per-
fusion, the pulmonary artery was cannulated with a plastic cannula, 
which was connected to specific tubing and perfusate was pulled by 

2.1.2 Heart Perfusion 
and 31P NMR Spectroscopy

2.1.3 Myocardium 
Oxygen Consumption
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a peristaltic pump (1 ml/min) through the oxygen sensor 
(Strathkelvin Instruments, Scotland, UK).

We designed MoCA (Modular Control and Regulation Analysis) 
for the study of the regulation of the energetics of heart contrac-
tion. The main concern from the very beginning was the develop-
ment of a noninvasive integrated description of heart energetics 
which could be applicable not only to basic research but also for 
clinical purposes.

By combining the general principles of MCA with the experi-
mental determination of energetic intermediates by noninvasive 
31P-NMR measurement and the simultaneous measurement of 
heart contractile activity, it was possible to design an integrative 
approach to study control and regulation of cardiac energetics dur-
ing contraction in intact beating perfused isolated heart [13]. 
Within MoCA, the energetics of heart contraction is simplified in 
the framework of modular control analysis [9] in a two-module 
system (energy Supply and energy Demand) only connected by the 
energetic intermediate ∆Gp (phosphorylation potential or ∆G for 
ATP hydrolyis, see 45 as reference for bioenergetics). The system of 
heart contraction energetics considered for modular control analy-
sis is presented in Fig. 4. Concerning the energetic intermediate, 
since ADP concentration is too low (in the tens of μM range) to be 
detected by 31P-NMR spectroscopy on intact organ and in the total 
absence of changes in ATP, Phosphocreatine (PCr) concentration 
changes are used as representatives of the changes in ∆Gp, the true 
energetic intermediate [13].

2.2 Modular Control 
Analysis of Heart 
Energetics (MoCA)

2.2.1 Rationale 
and System Definition

Fig. 4 System Definition for Modular Control Analysis of the energetics of per-
fused heart. Heart contraction energetics is defined as two modules connected 
by the energetic intermediate (phosphorylation potential, ∆Gp). The Supply 
module comprises all the metabolic steps from substrate and oxygen supply to 
mitochondrial production of ATP/PCr, responsible for ∆Gp generation. The 
Demand module comprises all the steps consuming ATP/PCr linked to contrac-
tile activity; i.e. ATP used by myofilaments for contraction and ATP used for Ca2+ 
recapture during relaxation. The elasticities (responsiveness) of supply (εPCr

Supply) 
and Demand (εPCr

Demand) module towards changes in the intermediate ∆Gp (rep-
resented by changes in PCr measured by 31P NMR) are experimentally deter-
mined after induction of slight changes in steady state contractile activity and 
energetic intermediates by alteration—inhibition or activation—of the other 
module (see ref. 13)
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In heart, since energetics is almost completely aerobic, the 
Supply module thus comprises all the metabolic steps from sub-
strate and oxygen supply to the intact heart down to mitochondrial 
production of ATP/PCr and ∆Gp generation and poise. On the 
other hand, the Demand module comprises all the metabolic steps 
consuming ATP/PCr that are linked to contractile activity. This 
includes not only the ATP directly used by myosin-ATPases of 
myofilaments for contraction, but also the ATP used for Ca2+ 
recapture occurring during relaxation (mainly recapture by SERCA 
in sarcoplasmic reticulum and Ca2+ exchange over the sarcolemmal 
membrane).

The rationale of the modular control analysis is that the inter-
nal regulation of the entire system is the consequence of the inter-
actions between the different modules and connecting 
intermediates. By reducing the complexity of the energetics of 
heart contraction to two modules and one intermediate (see Fig. 4), 
it follows that the entire system may be described by determining 
the responsiveness (called “elasticity,” ε) of Supply and Demand 
modules to changes in PCr concentration. Control and regulation 
of our modular system can then be analyzed using MoCA as long 
as intermediates concentrations and modules activities (fluxes) can 
be studied. Continuous 31P NMR spectroscopy gives access to 
phosphorylated energetic metabolites, including our intermediate: 
PCr. The energetic flux through the two modules of the system 
may be concomitantly assessed as heart oxygen consumption 
(Supply) and contractile activity (Demand) measured by heart 
rate-ventricular pressure product (RPP).

As this will be described below, these elasticities may be experi-
mentally determined in intact beating heart and have been used to 
describe normal or pathological control pattern and further per-
form regulation analysis of pathologies and drugs effects (see refs. 
13, 32 for a complete description of the analysis).

The principle of the experimental determination of the elasticities 
of the different modules towards changes in the intermediate has 
been extensively described by the group of M. Brand [8, 9]. By 
applying these principles to heart energetics, we could determine 
the elasticity (εPCr

Module) of each module towards the energetic 
intermediate from the changes in module’s activity (oxygen con-
sumption or contractile activity for supply and demand modules, 
respectively) induced by a slight change in PCr concentration. 
This change is typically obtained by a slight modulation of the 
other module, activation or inhibition, and the obtention of a new 
steady state. This modulation should only affect the module under 
study through the changes in the intermediate (see refs. 8, 14 for 
details).

The analysis requires that only small changes in the intermediate 
should be considered for calculations of the elasticities, which may 
sometimes be difficult to obtain experimentally. However, the 

2.2.2 Experimental 
Determination 
of the Elasticities
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response of the module under study around the reference steady 
state should be the same for an increase or a decrease in the inter-
mediate, and therefore the best way to ascertain that deviations are 
not occurring due to too large changes in the intermediate is to 
carry out both positive and negative modulations of PCr.

Experimentally, in order to measure Demand module elasticity   
(εPCr

Demand), low concentrations of cyanide (0.1–0.2 mM NaCN) are 
used to progressively inhibit mitochondrial cytochrome oxidase 
and thus obtain a new steady state of contractile activity and PCr 
concentration. Then the evolution in RPP is plotted as a function 
of [PCr] and εPCr

Demand calculated from the following equation, where 
the indices “start” stand for the starting (reference) situation for 
which the elasticity is determined:

 
ePCr

Module start

start

RPP RPP
PCr PCr

=
[ ] [ ]
D

D
/
/

 
(1)

Supply module elasticity (εPCr
Supply) is usually measured the same 

way, but changes in [PCr] were induced by inducing a Frank- 
Starling effect by increasing the internal volume of the balloon 
placed in the ventricle and utilized for recording heart contractile 
activity. This inotropic physiological effect induces an increase in 
myofibrils ATPase activity resulting in a concomitant increase in 
contractile activity and a decrease in PCr [13]. The elasticity may 
also be calculated by using Eq. 1.

The control coefficients of both modules (C Supply
Flux  and CDemand

Flux  )    
may be calculated from experimentally measured εPCr

Supply and εPCr
Demand 

according to Summation and Connectivity theorems [6, 7].

The rationale for Regulation Analysis can be found elsewhere 
[13, 46, 47], and only the specific application to heart energetics 
is presented here. While Modular Control Analysis (see above) 
describes how steady states are maintained (flux and metabolites 
homeostasis), Regulation Analysis [9, 46] has the potential to pro-
vide a quantitative description of how regulation by an external or 
internal effector leads the system to move to a new steady state. 
This includes the integrated effect of drugs (external effector) and 
of pathologies (internal modifications of modules’ elasticities).

For the complete Regulation Analysis of the effect of any type 
of effector on the energetics of heart contraction, the only data 
required are:

 – The complete elasticity analysis (see above) under the refer-
ence conditions (absence of drug or healthy heart, depending 
on the effect analyzed).

 – The global effect of the effector on both contractile activity 
and intermediate concentration—expressed as relative changes 
in RPP and [PCr]—by comparison with reference conditions.

2.2.3 Regulation Analysis
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The final effect of any effector on the integrated modular sys-
tem of heart energetics is complex, since it is the sum of the direct 
effects on each module and the indirect effects due to reciprocal 
effects on the intermediate [6–8, 13]. However, knowing the 
response of every module to the change in the intermediate 
(the elasticities determined previously), these indirect effects may 
be easily calculated from the observed change in the intermediate 
(PCr) in response to the effector. For each module, the Indirect 
Effect due to this relative change in PCr depends on its responsive-
ness—its elasticity—and is the product of the relative change in 
PCr and module’s elasticity towards PCr:

 
Indirect effect on supply PCr PCrPCr

Supply
Start

: /e ´ [ ] [ ]D
 

(2)

 
Indirect effect on demand PCr PCrPCr

Demand
Start

: /e ´ [ ] [ ]D
 

(3)

Finally, it is possible to decipher the Direct Effect of the effector on 
each Module (defined as the Integrated Elasticity, IE) [46, 47] as 
the difference between the total measured effect on contraction 
(ΔRPP/RPPStart) and the Indirect Effect determined above:

Direct effect on supply RPP RPP PCr PCrStart PCr
Supply: / /D D- ´ [ ] [ ]e

SStart  
(4)

Direct effect on demand RPP RPP PCr PCrStart PCr
demand: / /D D- ´ [ ] [ ]e

SStart  
(5)

The direct effect determined experimentally here may be 
expressed as percent of the activity of the module under reference 
(starting) conditions and reflects the initial effect(s) of the effector 
(or pathology) on each module and therefore describes by which 
route (qualitatively) and how (quantitatively) the effector modu-
lates heart energetics.
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    Abstract 

   Computational methods are invaluable when protein sequences, directly derived from genomic data, need 
functional and structural annotation. Subcellular localization is a feature necessary for understanding the 
protein role and the compartment where the mature protein is active and very diffi cult to characterize 
experimentally. Mitochondrial proteins encoded on the cytosolic ribosomes carry specifi c patterns in the 
precursor sequence from where it is possible to recognize a peptide targeting the protein to its fi nal desti-
nation. Here we discuss to which extent it is feasible to develop computational methods for detecting 
mitochondrial targeting peptides in the precursor sequences and benchmark our and other methods on the 
human mitochondrial proteins endowed with experimentally characterized targeting peptides. Furthermore, 
we illustrate our newly implemented web server and its usage on the whole human proteome in order to 
infer mitochondrial targeting peptides, their cleavage sites, and whether the targeting peptide regions 
contain or not arginine-rich recurrent motifs. By this, we add some other 2,800 human proteins to the 124 
ones already experimentally annotated with a mitochondrial targeting peptide.  

  Key words     Targeting peptide  ,   Prediction of subcellular localization  ,   Arginine motifs  ,   Cleavage site  , 
  Machine learning  

1      Introduction 

  Recent estimates in mammals indicate that mitochondrial pro-
teomes comprise from about 1,500 to 2,500 protein types, all 
involved in biological processes including to different extent the 
mitochondrion [ 1 ,  2 ]. Large-scale proteomics experiments, based 
mainly on mass spectrometry and green fl uorescent protein (GFP) 
tagging, allow characterizing proteins clearly localized in the mito-
chondrial space, including outer and inner mitochondrial mem-
branes [ 3 ]. Consequently, different databases gather the currently 
available data and therefrom annotate mammalian proteins based 
on direct assays or upon sequence similarity detection. Among 
them, MitoMiner (  http://mitominer.mrc-mbu.cam.ac.uk    ) [ 4 ] and 

1.1  Targeting 
Peptides
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MitoCarta (  http://www.broadinstitute.org/pubs/MitoCarta/    ) [ 3 ] 
currently list 2,241 and 1,013 human mitochondrial proteins, 
respectively. Targeting peptides have different compositional and 
structural features that may unravel the different types of translo-
cating protein machineries in the different eukaryotic species. 
Apparently, the mitochondrial sequence precursors may carry also 
characteristic arginine-rich motifs at the N-terminal position [ 6 ]. 

 In humans, the mitochondrial genome encodes only for 13 
proteins that are part of the respiratory complexes labeled as I, III, 
IV, and V. The nuclear genome encodes for the vast majority of the 
remaining mitochondrial proteins that are synthesized on the cyto-
solic ribosomes and therefrom translocated to the different submi-
tochondrial localizations (the outer and the inner membrane, the 
intermembrane space, and the matrix). Different protein machiner-
ies that recognize protein precursors harboring either N-terminal 
cleavable signals or internal non-cleavable signals control the import 
into the mitochondrion and the sorting toward submitochondrial 
compartments [ 5 ,  6 ]. The most characterized and widespread 
mechanism involves the detection of an N-terminal pre-sequence, 
called targeting peptide, which directs the protein across the trans-
locase complexes located on the outer and the inner mitochondrial 
membranes and is then proteolytically cleaved when the protein 
reaches the fi nal destination. In the genomic era, the detection of 
targeting peptides starting from the coding protein sequences is 
then an important step in order to characterize the function, the 
localization, and the sequence of the mature protein.  

  The dataset of experimentally characterized targeting peptides is 
still very small, and its analysis reveals that they are very variable in 
length and in primary sequence. This hampers the adoption of 
simple alignment methods for the detection of targeting peptides 
in uncharacterized proteins. Furthermore, the cleavage site is quite 
heterogeneous, and although common motifs have been recog-
nized [ 6 ], they are not suffi cient to perform prediction based on 
pattern matching. 

 Different computational methods can help the annotation of 
targeting peptides in proteins when experimental data are not 
available. Most of the available methods implement statistical or 
machine-learning approaches, such as neural networks (NNs), sup-
port vector machines (SVMs), hidden Markov models (HMMs), 
and grammatical-restrained hidden conditional random fi elds 
(GRHCRFs) [ 7 – 10 ]. Machine learning methods can extract rules 
of association between the input features derived from the protein 
sequence and features to be predicted. After training on the few 
available proteins with experimentally characterized targeting pep-
tides and cleavage sites, a machine learning-based method can infer 
the presence or not (with an associated likelihood) of the targeting 
peptide and the site of cleavage, taking as input the protein sequence. 

1.2  Available 
Computational 
Methods for Targeting 
Peptide Detection
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The generalization capability of the different methods routinely 
depends on the different implementations, training procedures, 
training datasets, and input encodings. In order to evaluate the 
generalization power, the predictive performance of a method is 
fi rstly statistically validated on the same training dataset with a 
leave-one-out procedure and secondly on a blind dataset of known 
data. Based on the number of correct and incorrect evaluations, 
different scoring indexes can be computed in order to measure and 
compare the different tool reliabilities. 

 Table  1  lists the most recent available tools for the predic-
tion of targeting peptides (all of them are publicly available as 
web servers). They differ in many implementation aspects, such 
as the method, the adopted training set, and the input encod-
ing. In particular, all but MitoProt [ 11 ] and iPSORT [ 12 ] are 
based on machine learning approaches, and all but MitoProt 
have been trained on datasets containing both mitochondrial 
and plastidic targeting peptides. All methods take as input the 
protein residue sequence, as translated from its coding sequence 
and different physical and chemical features that are again 
derived directly from the sequence, without necessity of any 

   Table 1  
  Computational methods available for the prediction of mitochondrial targeting peptides   

 Method 
(references)  Type a   Site  Method  Input encoding b   Web server 

 MitoProt [ 11 ]  Mito  Yes  Discriminant 
function 

 47 physicochemical 
properties 

   http://ihg.gsf.de/ihg/mitoprot.html     

 iPSORT [ 12 ]  Mito  No  Rule-based 
algorithm 

 434 propensity 
scales 

   http://ipsort.hgc.jp/     
 Plast 

 Predotar [ 7 ]  Mito  No  NN  Residue sequence    https://urgi.versailles.inra.fr/
predotar/predotar.html      Plast  Hydrophobicity 

 Charged residues 

 PredSL [ 8 ]  Mito  Yes  NN, HMM, 
scoring 
matrices 

 Residue sequence    http://hannibal.biol.uoa.gr/PredSL     
 Plast 

 TargetP [ 9 ]  Mito  Yes  NN  Residue sequence    http://www.cbs.dtu.dk/services/
TargetP/      Plast  Hydrophobicity 

 Charged residues 

 TPpred [ 10 ]  Mito  Yes  GRHCRF  Residue sequence    http://tppred.biocomp.unibo.it/     
 Plast  Hydrophobicity 

 Charged residues 
 Hydrophobic 

moment 

   Mito  mitochondrial,  Plast  plastidic 
  a The targeting peptide    type predicted 
  b Features considered by the method  
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functional or structural information. All the predictors compute a 
probability for the presence of a targeting peptide by analyzing an 
N-terminal portion of the precursor protein, ranging from 40 to 
160 residues depending on the method. Only MitoProt, PredSL 
[ 8 ], TargetP [ 9 ], and TPpred [ 10 ] are also able to predict the posi-
tion of the cleavage site along the protein sequence.

   An important issue to be considered in developing and using a 
predictor is that the proportion of proteins endowed with a target-
ing peptide with respect to the whole proteome is expected to be 
quite small (≈2–4 %). In this situation, even a small rate of incor-
rect predictions in the negative set would lead to a large amount of 
proteins misclassifi ed as carrying a targeting peptide. 

 We previously developed BaCelLo [ 13 ], a tool discriminating 
fi ve different classes of subcellular localization (secretory way, 
cytoplasm, nucleus, mitochondrion, and chloroplast), and more 
recently TPpred, a method based on labeling procedures and spe-
cifi cally addressing the problem of inferring organelle-targeting 
peptides. Here we benchmark on the human proteome TPpred 
for its capability of correctly inferring mitochondrial targeting 
peptides and two widely adopted tools, TargetP and MitoProt. 
We also describe the protocol for the usage and the output inter-
pretation of the newly developed TPpred server.   

2    Materials 

   The UniProtKB (release Dec 2013) [ 14 ] contains 73,697 human 
sequences, excluding fragments. By searching for the keyword 
“transit” in the “feature” fi eld, we extracted a dataset of experi-
mentally characterized human mitochondrial targeting peptides. 
We also retained only mitochondrial targeting peptides with 
known cleavage site and excluded annotations labeled as “by simi-
larity,” “potential,” “probable,” or “not cleaved.” With this proce-
dure, the positive dataset (DB+) consists of 124 proteins (Table  2 ). 
The negative dataset (DB−) comprises 6,398 proteins with 
experimentally known non-mitochondrial localization, as derived 

2.1  Benchmark 
Datasets

   Table 2  
  The human protein dataset   

 Total  DB+ a   DB− a   DB* a  

 73,697  124  6,398  67,175 

  The human protein dataset was downloaded from UniProtKB (release Dec 2013) as 
described in Subheading  2.1  
  a DB+: mitochondrial proteins with an experimentally detected targeting peptide, 
DB−: proteins with an experimentally known non-mitochondrial localization; DB*: the 
remaining human protein set  

Pier Luigi Martelli et al.
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from the subcellular location section of the comment fi elds of 
UniProtKB and from the gene ontology (GO) annotations for 
cellular component. The remaining 67,175 proteins form the DB* 
dataset, containing: (a) mitochondrial proteins without experi-
mentally annotated targeting peptide, (b) proteins annotated with 
a subcellular localization that are compatible with the mitochondria 
(e.g., “cytoplasm,” “membrane,” “ribosome”), (c) proteins anno-
tated with a non-mitochondrial localization without experimental 
 evidence, and (d) proteins lacking any annotation for the subcel-
lular localization. DB* is also used to predict new potential target-
ing peptides with TPpred. The datasets are available at our website 
  http://tppred.biocomp.unibo.it/about    .

     The length of experimentally annotated targeting peptides in 
human proteins (DB+) ranges from 7 to 105 residues, with an aver-
age length of 37 residues and a standard deviation of 17 residues 
(Fig.  1 ).  

 The overall residue composition of proteins included in 
DB+ and DB− datasets shows only minor differences, lower than 
2 %, proving that the whole composition is not suffi cient to per-
form a prediction (Fig.  2 ). On the contrary, the composition of 
human targeting peptides is quite peculiar, since they are strongly 
enriched in alanine, leucine, and arginine and are poor in isoleu-
cine, asparagine, aspartic acid, glutamic acid, and lysine. These data 
are in agreement with previous observations carried out on larger, 
non-organism-specifi c datasets [ 10 ].   

2.2  Length 
and Residue 
Composition 
of Targeting Peptides

  Fig. 1    Length distribution of targeting peptides in the DB+ dataset       
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  Compositional features of the region surrounding the cleavage site 
are important for the interaction between the protein precursor 
and their peptidase complexes, and they can be visualized with a 
sequence logo obtained by piling up the 20-residue-long segments 
centered on each one of the cleavage sites of the DB+ dataset 
(Fig.  3 ). The logo represents the positional composition of the 
segments, with letters whose heights are proportional to the infor-
mation content of each residue [ 15 ]. Values range from 0 (low 
information equivalent to uniform composition) to log 2 (20) = 4.3 
(high information, corresponding to highly conserved residues). 
It is evident that the information in the surrounding regions of the 

2.3  Features 
of the Cleavage Site

  Fig. 3    Sequence logo of the sequence segment surrounding the cleavage site. Sequence logo is computed by 
the WebLogo server (weblogo.berkeley.edu) [ 15 ]. Position “1” is the fi rst residue of the mature protein. Color 
codes cluster residues in apolar ( black ), polar ( green ), positively charged ( blue ), and negatively charged ( red ). 
 Height of each letter  indicates the information content of the corresponding residue in the input profi le. 
Information is measured in bits and ranges between 0 and log 2 (20) ≈ 4.3       

  Fig. 2    Residue composition of benchmark datasets. Composition of targeting peptides is reported with  black 
bars. Light and dark gray bars  represent the composition of the whole sequences included in DB+ and DB− 
datasets, respectively       
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cleavage site is moderate, although positions −2 and −3 appear 
signifi cantly richer in arginine (R), positions 0 and 1 are richer in 
serine (S) and alanine (A), and position 1 is also moderately richer 
in histidine (H).  

 These features refl ect also the presence of previously recog-
nized motifs around the cleavage site [ 6 ]: (a) R2 = RX|X, (b) 
R3 = RXX|[SAX], (c) R10 = RX[FLI]XX[TSG]XXXX|X, and (d) 
Rnone = X|X[SX]. In this representation, the character “|”  indicates 
the cleavage position, the wild card character X represents any 
residue, and the residues enclosed in square brackets indicate 
multiple choices. Table  3  shows the number of cleavage sites in 
DB+ matching with each one of the motifs. When the multiple 
choice contains a wild card character, the patterns have been split, 
as in the case of R3a (RXX|[SA]) and R3b (RXX|X). The pattern 
X|XX was not considered. Since the patterns are not mutually 
exclusive, a single cleavage site can match with more than one of 
them (Table  4 ). On the overall, 88 out of 124 (71 %) sites match 
with a least one pattern, and the most represented are, as expected, 
the shortest ones: R2 and Rnone.

3         Methods 

  TPpred [ 10 ] is based on grammatical-restrained hidden condi-
tional random fi elds (GRHCRFs), a recently introduced machine 
learning paradigm that has been proven effective in addressing 
sequence annotation problems [ 16 ]. Indeed, similarly to hidden 
Markov models (HMMs), they allow casting into a model the 
grammatical restraints of the problem at hand, and at the same 
time, they share with neural networks (NNs) and support vector 
machines (SVMs) the ability to deal with complex input encodings, 
consisting of several features besides the residue sequence [ 16 ]. 
GRHCRF model states connected by transitions and the graphical 

3.1  TPpred

   Table 3  
  Regular expression in cleavage sites of the positive dataset (DB+)   

 Motif name [ 6 ]  Motif expression 
 Mapped cleavage 
sites in DB+ 

 R2  RX|X  40 

 R3a  RX[YFL]|[SA]  24 

 R3b  RX[YFL]|X  20 

 R10  RX[FLI]XX[TSG]XXXX|X  19 

 Rnone  X|XS  31 

   R  arginine,  S  serine,  Y  tyrosine,  F  phenylalanine,  L  leucine,  I  isoleucine,  T  threonine,  G  
glycine,  X  wild card (any of the 20 residues),  |  cleavage site  

Computer-Based Prediction of Mitochondria-Targeting Peptides
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model of TPpred are depicted in Fig.  4 , where gray boxes represent 
targeting peptide positions and black circles represent other posi-
tions. The model consists of two major sub-models describing 
proteins endowed or not with a targeting peptide (the upper and 
the lower sub-models in Fig.  4 , respectively). All states and transi-
tions are associated to potential functions, related to the probability 

   Table 4  
  Distribution of motifs around the cleavage site in the positive dataset 
of human proteins (DB+)   

 Number of motifs mapping on the cleavage site  Number of proteins 

 0  36 

 1  64 

 2  22 

 3  2 

 4 or more  0 

  DB+ contains the human proteins with an experimentally detected targeting peptide  

  Fig. 4    Graphical model of TPpred. TPpred is based on grammatical-restrained hidden conditional random fi elds 
(GRHCRFs,  16 ).  Gray squares  represent states describing targeting peptides,  while black circles  represent 
nontargeting peptide states.  The upper sub-model  represents proteins endowed with targeting peptide, and 
the  lower sub-model  represents proteins devoid of signal peptide       
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for each residue in the sequence generated by a particular state. 
Each potential function mixes the different components of the 
input encoding, namely the residue sequence, the local average 
hydrophobicity (computed on a 7-residue window centered on 
each residue), the local average positive and negative charge, and 
the local hydrophobic moments (computed considering the ideal 
alpha-helical and beta-strand conformations).  

 The parameterization of the potential functions was performed 
during the training phase, considering a positive dataset of 297 
non-redundant proteins endowed with a mitochondrial or plastidic 
targeting peptide and a negative dataset containing 8,010 non- 
redundant proteins from animal, plants, and fungi [ 10 ]. 

 During the prediction phase, parameters are fi xed and the 
input sequence is optimally aligned to the model. A probability 
value for the sequence putatively endowed with a targeting peptide 
is computed by averaging the probability of the N-terminal 30 resi-
dues to be generated by states representing the targeting peptide. 
Moreover, if the optimal path associated to the input sequence is 
lying on the targeting peptide sub-model, it is possible to predict 
the cleavage site.  

      We evaluate the performance of TPpred, TargetP, and MitoProt 
on the DB+ and DB− datasets. All the considered methods are able 
to compute both the probability of carrying a targeting peptide 
and the position of the cleavage site. 

 For an overall evaluation of the discriminative power, the 
receiver-operating characteristic (ROC) curves of the three meth-
ods were computed (Fig.  5 ) by plotting the true-positive rate (TPR 
or recall) versus the false-positive rate (FPR), defi ned as: 

    TPR TP TP FN= +( )/    ( 1 )    

    FPR FP TN FP= +( )/    ( 2 )    

where TP and TN are the numbers of correct (true) predictions in 
the positive and negative classes, respectively, while FP and FN 
count the incorrect (false) predictions in the same classes. 

 The area under the ROC curve (AUC) ranges between 0 and 
1, and it measures how far the predictors are from a random pre-
dictor that would score with AUC equal to 0.5. All the methods 
perform well, scoring with AUC values higher than 0.95. TPpred 
reaches the highest AUC (0.98), and in particular, its curve is 
higher than that of MitoProt and TargetP in the region of small 
FPR, respectively, meaning that TPpred can correctly predict a 
large fraction of positive examples with a still moderate amount of 
incorrect predictions in the negative class. 

 Besides the probability estimation, the three methods also per-
form a binary classifi cation (presence or absence of the targeting 
peptide) and predict the position of the cleavage site along the 

3.2  Benchmarking 
TPpred, TargetP, 
and MitoProt 
on the Human Protein 
Datasets
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sequence in positive cases. Table  5  lists the evaluation of the binary 
classifi cation. Besides the TPR and FPR, we compute the following    
indexes:

   Positive predictive value precision PPV TP TP FP( ) = +( ): /    ( 3 )    

  Accuracy ACC TP TN TP FP TN FN: /= +( ) + + +( )    ( 4 )    

   Table 5  
  Prediction scores of MitoProt, TargetP, and TPpred   

 TPR  FPR  PPV  ACC  MCC  F1 

 MitoProt [ 11 ]  0.87  0.13  0.06  0.75  0.19  0.12 

 TargetP [ 9 ]  0.94  0.09  0.18  0.92  0.39  0.30 

 TPpred [ 10 ]  0.81  0.02  0.46  0.98  0.60  0.58 

   TPR  true-positive rate,  FPR  false-positive rate,  PPV  positive predictive value,  ACC  
accuracy,  MCC  Matthews correlation coeffi cient,  F1  F1 score. For defi nitions,  see  
Subheading  3.2   

  Fig. 5    ROC curves of TPpred, TargetP, and MitoProt. Receiver-operating characteristic (ROC) curves of the three 
different predictors.  FPR  false-positive rate,  TPR  true-positive rate. For details and defi nitions,  see  Eqs.  1  and 
 2  in the text (Subheading  3.2 )       

 

Pier Luigi Martelli et al.



315

Matthews correlation    coeffi cient:

  
MCC TP TN FP FN TP FP TP FN TN FP TN FN= -( ) +( ) +( ) +( ) +( )( )´ ´ Ö ´ ´ ´/

  
 ( 5 ) 

   

  F score F TPR PPV TPR PPV1 1 2: /= +( )´ ´    ( 6 )    

TPpred outperforms the other two methods in terms of ACC, 
MCC, PPV, and FPR. Only TPR is lower than the values reached 
by the other two methods, indicating that a larger number of posi-
tive examples are not detected in the binary classifi cation (24, in our 
DB+ dataset, to be compared with 16 and 7, relative to MitoProt 
and TargetP, respectively). On the other hand, the number of false-
positives in the binary prediction of TPpred is 118 out of 6,398 
proteins included in DB−, to be compared with 1,636 and 546 that 
are the values reached by MitoProt and TargetP, respectively. 

 When the cleavage site position along the sequence is pre-
dicted, the rate of perfect prediction ranges between 6.5 % of 
MitoProt, 21 % of TPpred, and 46 % of TargetP (Table  6 ). TPpred 
scores with the lowest average absolute error (8, 9, and 10 residues 
for TPpred, TargetP, and MitoProt, respectively).

   Recurrent motifs in cleavage sites can be used to refi ne the 
prediction. Regular expressions for motifs have been scanned in a 
window of 20 residues centered on the cleavage position predicted 
by TPpred. The average number of motifs per segment is 4.6 cor-
responding to an average number of hypothetical cleavage sites 
equal to 3.8. In 55 % of the cases, at least one of the motifs identi-
fi es the correct cleavage site, and the average distance between the 
real cleavage site and the nearest predicted one is about 4.5 resi-
dues. However, no clear rule is presently available for choosing the 
most correct site among the proposed ones.  

   TPpred is adopted to annotate new potential targeting peptides in 
the human proteome, predicting the DB* dataset. Out of 67,175 
sequences, 2,836 are predicted to carry a targeting peptide 
(Table  7 ). Given the evaluation of the method presented in the 

3.3  TPpred 
on the Human Genome

   Table 6  
  Prediction of the cleavage site   

 MitoProt  TargetP  TPpred  TPpred + regular expressions 

 Average |Err|  9.9 residues  8.8 residues  8.0 residues  4.5 residues 

 |Err| =0  6.5 %  46 %  21 %  55 % 

 |Err| ≤5  49 %  62 %  57 %  76 % 

 |Err| ≤10  66 %  72 %  76 %  83 % 

  |Err| = absolute value in residues (real position − predicted position)  
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previous sections, we expect that this set contains a limited number 
of false-positive errors and that, on the other hand, part of the true 
targeting peptides are missed in the prediction. The large majority 
of the new predictions (1,867 out of 2,836) involve proteins that 
are lacking any annotation for the subcellular localization in 
UniProtKB fi elds (including GO). Another 779 proteins are anno-
tated to be located either in mitochondria or in compatible local-
izations. Only 190 proteins are localized in other compartments, 
although with non-experimental annotations.

   The list of the proteins predicted with a targeting peptide and 
the predicted cleavage sites is available at   http://tppred.biocomp.
unibo.it/about    .  

  TPpred is available as a web server and it requires in input only the 
residue sequence of the proteins:

    1.    Write or download the sequence to predict in FASTA format 
( see   Note 1 ).   

   2.    Go to the website   http://tppred.biocomp.unibo.it/tppred     
(Internet Explorer 6 and upper, Firefox, and Google Chrome 
were tested and support the prediction server).  See  Fig.  6 .    

   3.    Copy and paste the sequence in the corresponding fi eld (only 
one sequence at the time) (Fig.  4 ).   

   4.    Submit the request and wait for results (approximately 10 s per 
protein sequence).      

         1.    The result page (Fig.  5 ) will not be stored.   
   2.    The fi rst section of the result page reports: (a) the name of 

the input sequence, (b) the length of the input sequence, and 

3.4  How to Predict 
the Targeting Peptide 
with TPpred

3.5  How to Read 
the Results of TPpred 
( See  Fig.  7 )

   Table 7  
  TPpred at work: the newly annotated precursor proteins in the human proteome   

 Current annotation in UniProtKB 
without targeting peptide  Total 

 Protein evidence level 

 Protein  Transcript  Homology  Predicted  Uncertain 

 Mitochondrial  587  346  220  12  6  3 

 Compatible subcellular localization  192  43  141  3  4  1 

 Non-experimental non-
mitochondrial localization 

 190  65  108  5  9  3 

 Non-annotated for subcellular 
localization 

 1,867  52  1,492  20  283  20 

 Total  2,836  506  1,961  40  302  27 

   See  Subheading  3.3  for details  
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(c) the probability that the input sequence contains an 
N-terminal mitochondrial targeting peptide, as computed by 
TPpred ( see   Note 2 ).   

   3.    The second section reports the prediction of the cleavage site, 
when TPpred recognizes a reliable targeting peptide.   

   4.    The third section reports the sites matching with the regular 
expression(s) describing the typical cleavage sites in a window 
of 20 residues centered on the predicted cleavage site. The 
matches with the motifs can help in better identifying the cor-
rect cleavage site, as discussed in Subheading  3.2 . However, the 
procedure usually identifi es different hypothetical sites, around 
the one predicted by TPpred, and the choice is left to the user. 

 In case TPpred does not predict a cleavage site, this section 
reports all the matches with the regular expressions occurring 
in the fi rst 70 residues of the protein.       

  Fig. 6    Input page of TPpred.   http://tppred.biocomp.unibo.it           
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4    Notes 

     1.    TPpred prediction is only based on information derived from 
protein sequence, and it is therefore important to consider the 
right sequence. In particular, the problem poses when differ-
ent splicing variants are known. In DB*, 5,832 entries report 
11,776 different splicing variants. For 321 entries, TPpred 
predicts a targeting peptide at least in one of the variants. 

  Fig. 7    Typical TPpred output. The output page reports the name of the input sequence, its length, and the prob-
ability that it contains a mitochondrial targeting peptide, as computed by TPpred. The second section reports 
the TPpred prediction of the cleavage site, and the third section lists the matches with the regular expressions 
describing the typical cleavage sites in a window of 20 residues, centered on the predicted cleavage site       
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However, for 47 % of these entries (153), TPpred predicts also 
variants without targeting peptides.   

   2.    Given the predicted probability value, the user can evaluate the 
reliability of the prediction using the calibrations reported in 
Fig.  8 , where TPR, FPR, and MCC are plotted as a function of 
the predicted probability value.          
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  Fig. 8    Calibration curves of TPpred. The most relevant scoring indexes (MCC, FPR, and TPR) are plotted as a 
function of the probability computed by TPpred of having a mitochondrial targeting peptide in the precursor 
sequence.  MCC  Matthews correlation coeffi cient,  FPR  false-positive rate,  TPR  true-positive rate. For details 
and defi nitions,  see  Eqs.  1  and  2  in the text (Subheading  3.2 )       
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    Chapter 28   

 Prediction of Mitochondrial Protein Function 
by Comparative Physiology and Phylogenetic Profi ling 

           Yiming     Cheng     and     Fabiana     Perocchi    

    Abstract 

   According to the endosymbiotic theory, mitochondria originate from a free-living alpha-proteobacteria 
that established an intracellular symbiosis with the ancestor of present-day eukaryotic cells. During the 
bacterium-to-organelle transformation, the proto-mitochondrial proteome has undergone a massive turn-
over, whereby less than 20 % of modern mitochondrial proteomes can be traced back to the bacterial 
ancestor. Moreover, mitochondrial proteomes from several eukaryotic organisms, for example, yeast and 
human, show a rather modest overlap, refl ecting differences in mitochondrial physiology. Those differ-
ences may result from the combination of differential gain and loss of genes and retargeting processes 
among lineages. Therefore, an evolutionary signature, also called “phylogenetic profi le”, could be gener-
ated for every mitochondrial protein. Here, we present two evolutionary biology approaches to study 
mitochondrial physiology: the fi rst strategy, which we refer to as “comparative physiology,” allows the de 
novo identifi cation of mitochondrial proteins involved in a physiological function; the second, known as 
“phylogenetic profi ling,” allows to predict protein functions and functional interactions by comparing 
phylogenetic profi les of uncharacterized and known components.  

  Key words     Mitochondrial evolution  ,   Comparative genomics  ,   Comparative physiology  ,   Phylogenetic 
profi ling  ,   Orthology  

1      Introduction 

 Given the central role of mitochondria in basic cell biology and 
human diseases, an urgent next goal is to systematically annotate 
the function of all mitochondrial proteins. Although tremendous 
progress has been made toward defi ning the complete repertoire 
of proteins targeted to the mitochondria of several organisms, the 
functional characterization of several hundred mitochondrial pro-
teins remains a challenge [ 1 ,  2 ]. 

 A recent development in high-throughput experimental tech-
niques allows a survey of thousands of genes or proteins simultane-
ously. However, the experimental characterization of protein 
function through top-down approaches often requires a dedicated 
infrastructure such as screening core facilities, therefore remaining 
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a time-consuming and expensive task that many laboratories  cannot 
afford. Alternatively, several bioinformatics tools and computa-
tional approaches have been developed to select among hundreds 
of mitochondrial components the ones involved in a specifi c 
biological process or pathway [ 1 ,  3 ]. A handful of top-scoring can-
didate proteins can then be tested by targeted genetic screens and 
biochemical assays [ 4 ]. 

 A widely adopted strategy is to infer biological function 
through the identifi cation of homologous proteins of known func-
tion [ 5 ]. For example, several mitochondrial proteins in humans 
have been identifi ed because their yeast homologs with known 
molecular function encode a product that is targeted to mitochon-
dria [ 6 ]. This kind of information transfer is possible for all the 
biological processes that are conserved between yeast and human 
[ 1 ,  7 ]. Remarkably, systematic all-against-all comparison of pro-
teins from human and yeast mitochondria has proved instrumental 
to the prediction of several hundred new components [ 1 ,  2 ,  8 ]. 
However, for more than 40 % of the human mitochondrial pro-
teome, an ortholog in yeast cannot be found [ 1 ,  9 ], which limits 
the use of orthology-based prediction methods. 

 A recent progress in sequencing and annotating whole genomes 
of hundreds of species from different taxonomic groups has cata-
lyzed the development of novel computational strategies for the 
prediction of protein function and protein-protein interaction 
[ 10 ]. Given the complex evolutionary history of modern mito-
chondrial proteomes, a powerful strategy consists in comparing the 
pattern of presence/absence of uncharacterized and known mito-
chondrial proteins in a set of complete proteomes [ 11 ]. This phy-
logenetic profi ling approach aims at predicting protein function on 
the assumption that proteins involved in the same pathway or 
interacting within the same complex will show similar evolutionary 
histories. Successful case stories of phylogenetic profi ling applied 
to mitochondrial biology and diseases include the functional anno-
tation of the frataxin gene [ 12 ] and the discovery of a novel assem-
bly factor of the NADH-ubiquinone oxidoreductase complex, 
involved in complex I defi ciency [ 13 ]. In the fi rst case, the function 
of an uncharacterized protein is inferred based on the biological 
process in which phylogenetic neighboring proteins play a role. In 
the second case, new players in a pathway or complex of interest 
are identifi ed by looking for phylogenetic neighbors of known 
components. However, in both cases a prior knowledge of a pro-
tein or its function is required.  

 Recently, we have developed a “comparative physiology” strat-
egy, which allows phenotype-to-genotype predictions in the 
absence of any previously known components of the biological 
process under study [ 4 ] (Fig.  1 ). We successfully applied this 
approach to discover long-sought proteins of the mitochondrial 

Yiming Cheng and Fabiana Perocchi



323

calcium uniporter [ 4 ,  14 ] (Fig.  2 ). This strategy requires the iden-
tifi cation of species that show differences in the physiology of the 
mitochondrial process under study. Such organisms, without the 
conserved physiological property, represent “negative predictors,” 
whereby, if found, orthologous proteins should not be functionally 
associated to the physiological property. Together, this defi nes 
what we call a “physiological signature” across taxa, which is likely 
to match to a similar phylogenetic signature (Figs.  1  and  2 ). 
Phylogenetic neighbors of the physiological signature may repre-
sent candidate proteins involved in the observed physiological 
property or function.  

 Here   , we describe comparative physiology and phylogenetic 
profi ling methods to address respectively: (1) what are the proteins 

Protein of Interest

Comparative Physiology

Orthology Prediction

S1 S2 S3 S4 S5 S6 S7 S8

X 1 0 0 0 1 0 0 0

1 1 0 0 1 0 1 1

Similarity Measurement

Experimental Validation

Candidates Prioritization

All 
Sequenced 

Species

Species WITH 
Conserved

Physiological Property

Species WITHOUT 
Conserved

Physiological Property

Physiological Property

P1

  Fig. 1    Workfl ow for the comparative physiology and phylogenetic profi ling methods       
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responsible for a given biological process or an observed  phenotype? 
(2) what is the function of an uncharacterized protein or what are 
the additional components of a pathway or a protein complex? 
Both approaches rely on the availability of genome sequences from 
evolutionary diverse taxa and on sensitive methods to systemati-
cally defi ne orthologs.  

S. cerevisiae

Ca2+

Mammals
(Mitochondrial Proteome)

Kinetoplastids
(531)

S. Cerevisiae
(666)

Micu1
Micu2
Mcu
Mcub

1 11 101

193 473

H. sapiens
M. musculus

Ca2+

T. cruzi
T. brucei
L. major

Ca2+

  Fig. 2    Comparative physiology strategy applied by Perocchi et al. [ 4 ] to identify 
the founding components of the mitochondrial calcium uniporter. First, a “physi-
ological calcium signature” of mitochondria was defi ned as being high capacity, 
membrane potential dependent and ruthenium red sensitive. This signature is 
common to all mammalian tissues and to unicellular protozoa such as kineto-
plastids, yet not measurable in the yeast  Saccharomyces cerevisiae . Mammalian 
genes encoding for the mitochondrial calcium uniporter should therefore exhibit 
a phylogenetic signature that matches the physiological profi le across taxa, 
namely, present in mouse and in kinetoplastids, but absent in yeast. Of a pro-
teomic inventory of 1,098 mouse mitochondrial proteins, 58 proteins fulfi lled the 
above criteria. The 58 candidate proteins include the uniporter gatekeeper MICU1 
[ 4 ], the pore-forming subunit MCU [ 14 ], and their respective paralogs MICU2 [ 23 ] 
and MCUB [ 24 ]       
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2    Materials 

 Download the following databases and bioinformatics tools. 

      1.    Use the link below to download the complete dataset of fully 
annotated curated protein entries from UniprotKB/Swiss-
Prot Protein Knowledgebase database: 

   ftp://ftp.uniprot.org/pub/databases/uniprot/current_
release/knowledgebase/complete/uniprot_sprot.fasta.gz    .   

   2.    Use the link below to download the complete dataset of 
computer- generated protein entries awaiting full manual anno-
tation from UniprotKB/TrEMBL Protein Database: 

   ftp://ftp.uniprot.org/pub/databases/uniprot/current_
release/knowledgebase/complete/uniprot_trembl.fasta.gz    .      

  Use the link below to download the appropriate BLAST toolbox 
based on the operating system:   ftp://ftp.ncbi.nlm.nih.gov/blast/
executables/blast+    .  

  Use the link below to download the identifi er mapping data fi les to 
map the protein entries in UniProtKB to other databases (e.g., 
EntrezGene, RefSeq, GI):   ftp://ftp.uniprot.org/pub/databases/
uniprot/current_release/knowledgebase/idmapping/idmapping.dat.gz    .   

3    Methods 

 The following procedures apply to both comparative physiology 
and phylogenetic profi ling methods (Fig.  1 ). Basic skills in com-
puter programing are required. 

      1.    When applying the phylogenetic profi ling method, it is recom-
mended to use a comprehensive set of species to cover numer-
ous taxonomic groups. The number of species included in the 
following analyses will ultimately depend on the computational 
resources. It is recommended to use the primary  proteome sets 
provided at EBI Reference Proteomes (  http://www.ebi.ac.uk/
reference_proteomes    ) ( see   Note 1 ).   

   2.    When applying the comparative physiology approach, choose a 
set of species based on both the presence and absence of the 
physiological property under study. This choice should be 
solely based on conclusive experimental evidence. For exam-
ple, in the absence of any previously known components of the 
mitochondrial calcium uniporter, was defi ned a “physiological 
 calcium signature” of mitochondria based on previous 

2.1  The Universal 
Protein Resource 
Knowledgebase 
(UniProtKB) Database

2.2  The Basic Local 
Alignment Search 
Tool (BLAST)

2.3  Database 
Identifi er Mapping

3.1  Compiling a List 
of Informative Species
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 observations that mitochondrial calcium uniporter activity is 
evolutionarily conserved in mouse and kinetoplastids, yet not 
measurable in  Saccharomyces cerevisiae  (Fig.  2 ) [ 4 ].      

      1.    Based on the selected species, retrieve all protein sequences 
from UniprotKB.   

   2.    Filter out protein sequences of less than 10 amino acids. Short 
peptide sequences may confound the search for orthologs as 
they usually represent partially sequenced proteins.   

   3.    Map protein entries in UniProtKB to EntrezGene. When 
 multiple protein entries are found for the same EntrezGene 
identifi er, choose the longest sequence isoform. This step can 
substantially reduce computation time ( see   Note 2 ).   

   4.    Use the BLASTP program to perform all-against-all sequence 
similarity searches. It is recommended to set 1e-5 as  e -value 
cutoff and 6 as output format option (-outfmt), which gives a 
tab-separated output. Also, specify the number of processors 
used for the parallel computing (use –dbsize option). For all 
the other options, use default setting ( see   Note 3 ).   

   5.    Use the reciprocal best hit (RBH) to defi ne orthologs. First, 
for each protein from one species, defi ne the best hit as the 
orthologous protein with the lowest  e -value in another species. 
Two proteins from two different species are defi ned as an 
ortholog pair if they fi nd each other as the best hit ( see   Note 4 ). 
The output fi le consists of an ortholog pair database, i.e., with 
each line being a pair of proteins from two different species 
( see   Note 5 ).   

   6.    Generate a phylogenetic profi le for each protein of a species 
of interest. The phylogenetic profi le of a protein is defi ned as 
a binary numerical vector with the size equal to the number 
of species considered, while each element represents the 
presence (1) or absence (0) of its ortholog pair within that 
species (Fig.  1 ).   

   7.    When applying the comparative physiology approach, generate 
a profi le for the physiological property similarly to the phylo-
genetic profi le, except that each element represents the pres-
ence (1) or absence (0) of the conserved physiological property 
within that species.      

      1.    Several methods are available to measure the distance between 
two phylogenetic profi les. Here, we use the Hamming distance 
that is calculated as the number of species for which the cor-
responding elements are different.   

   2.    When applying the phylogenetic profi ling method, the 
Hamming distance is defi ned between the phylogenetic 
 profi les of the protein of interest and any other protein of the 
same species.   

3.2  Generating 
Phylogenetic Profi les

3.3  Search 
for Phylogenetic 
Neighbors
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   3.    When applying the comparative physiology approach, the 
Hamming distance is defi ned between the physiological signa-
ture and the phylogenetic profi le of any protein of the species 
of interest.   

   4.    Sort the protein list based on the Hamming distance. Proteins 
with the lowest Hamming distance represent close phyloge-
netic neighbors of the protein or the physiological property of 
interest.   

   5.    Prioritize proteins with the lowest Hamming distance based 
on further criteria (Table  1 ), for example, mitochondrial local-
ization [ 2 ,  15 ,  16 ], tissue-specifi c expression [ 2 ,  16 ], trans-
membrane domain, protein domains [ 18 ], protein-protein 
interactions [ 19 ], and other relevant proteomics and gene 
expression dataset.

   Table 1  
  Databases for prioritization of candidate proteins   

 Database  Organisms  Description  Website 

 MitoP2 [ 15 ]  Human, mouse,
  A. thaliana , 
 S. cerevisiae , 
 N. crassa  

 Predicted mitochondrial 
protein localization, 
orthology, mutant 
phenotype, gene 
expression, and protein-
protein interaction 

   http://ihg.gsf.de/mitop2     

 MitoMiner [ 16 ]  Human, rat, mouse, 
cow, fruit fl y, yeast, 
 A. thaliana ,  T. 
thermophila ,  
G. lamblia ,  
P. falciparum  

 Mitochondrial proteomics 
data and GFP protein 
localization 

   http://mitominer.mrc-
mbu.cam.ac.uk     

 MitoCarta [ 2 ]  Mouse  Mitochondrial protein 
distribution across 14 
tissues and predicted 
protein localization 

   www.broadinstitute.org/
pubs/MitoCarta     

 Mito-
Phenome [ 17 ] 

 Human  Manually annotated clinical 
disease phenotypes for 
genes involved in 
mitochondrial biogenesis 
and function 

   http://mitophenome.org     

 HMPDb  Human  Mitochondrial and human 
nuclear-encoded proteins 
involved in mitochondrial 
biogenesis and function 

   http://bioinfo.nist.gov     

 String [ 19 ]  >1,100 organisms  Known and predicted 
functional associations 

   http://string-db.org     
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4            Notes 

     1.    When compiling a list of species, pay attention to the scientifi c 
name of each species. If a species cannot be found in the 
database, it is possible that different scientifi c names have 
been used. A taxonomy database could then be used as a 
reference to fi nd a synonym of the species. This can be 
downloaded from the following link:   ftp://ftp.ncib.nih.
gov/pub/taxonomy/    . In addition, some species include 
numerous strains; it is recommended to use the strain with 
the largest number of protein sequences available in the 
database.   

   2.    For some species, most of protein entries in UniProtKB cannot 
be mapped to an EntrezGene identifi er, thus all protein 
sequences should be used. When multiple protein sequences 
map to the same EntrezGene identifi er, retrieve the longest 
protein isoform from Swiss-Prot otherwise from TrEMBL.   

   3.    When performing all-vs.-all BLASTP, it is recommended to 
specify the database size. When additional species have to be 
included in the analysis, perform one-vs.-all BLASTP with the 
same database size in order to maintain the  e -value comparable 
with the original all-vs.-all BLASTP. An example of BLASTP 
command line would be blastp –query input.fasta –db db_
name –evalue 1e-5 –outfmt 6 –num_threads num_processors 
–dbsize 1,000,000 > blast_output. It is noted that to run the 
all-vs.-all BLASTP on a 32-core computer cluster (Intel Xeon 
2.2GHz) takes about 1 day for 11 species consisting of ~60,000 
sequences.   

   4.    In a few cases, you may fi nd alignments that have the same 
 e -values. The highest high-scoring segment pair (HSP) could 
then be used to select the best hit.   

   5.    Several databases of orthologous groups are also available and 
could be directly used to defi ne ortholog pairs, for example, 
Clusters of Orthologous Groups (COG) [ 20 ], InParanoid 
[ 21 ], and PhyloFacts orthology (PHOG) [ 22 ].         
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    Chapter 29   

 Assessment of Posttranslational Modifi cation 
of Mitochondrial Proteins 

           Sudharsana     R.     Ande    ,     G.     Pauline     Padilla-Meier    , and     Suresh     Mishra     

    Abstract 

   Mitochondria play vital roles in the maintenance of cellular homeostasis. They are a storehouse of cellular 
energy and antioxidative enzymes. Because of its immense role and function in the development of an 
organism, this organelle is required for the survival. Defects in mitochondrial proteins lead to complex 
mitochondrial disorders and heterogeneous diseases such as cancer, type 2 diabetes, and cardiovascular 
and neurodegenerative diseases. It is widely known in the literature that some of the mitochondrial pro-
teins are regulated by posttranslational modifi cations. Hence, designing methods to assess these modifi ca-
tions in mitochondria will be an important way to study the regulatory roles of mitochondrial proteins 
in greater detail. In this chapter, we outlined procedures to isolate mitochondria from cells and separate 
the mitochondrial proteins by two-dimensional gel electrophoresis and identify the different posttrans-
lational modifi cations in them by using antibodies specifi c to each posttranslational modifi cation.  

  Key words     Mitochondrial proteins  ,   Isolation of mitochondria  ,   Posttranslational modifi cation  ,   2D gel 
electrophoresis  ,   PROTEAN IEF cell  ,   Immunoblotting  ,   Phosphorylation  ,   O-GlcNAc modifi cation  , 
  Nitrocellulose membrane  

1      Introduction 

 Mitochondria are the powerhouse of the cell. They are characterized 
by two membranes called outer and inner membrane. The invagi-
nations of the inner membrane are called as cristae. The membrane 
system divides the organelle into compartments consisting of 
matrix, the intercristal space, and the intermembrane space between 
inner and outer membrane [ 1 ]. Each of these compartments has 
distinct set of enzymes and performs specifi c functions. 
Mitochondria produce energy for proper maintenance of the cel-
lular activities [ 1 ]. For example, synthesis of ATP (adenosine 
triphosphate) which is a currency for cellular energy occurs via the 
process of oxidative phosphorylation through electron transport chain 
(ETC) [ 2 ]. ETC is present at the inner mitochondrial  membrane and 



332

consists of protein complexes I to V. The proton gradient that is 
generated across these complexes creates mitochondrial membrane 
potential [ 2 ]. This membrane potential allows ATP synthase to use 
the fl ow of proton gradient to generate ATP. So mitochondria have 
an effi cient system to generate energy in the form of ATP by 
utilizing the metabolic intermediates. However, defects in proteins 
or enzymes associated with mitochondria lead to mitochondrial 
dysfunction. Mitochondrial dysfunction is implicated in various 
diseases such as cancer, type 2 diabetes, diabetes- associated 
complications, and various other neurodegenerative diseases. 
However, the underlying mechanisms between mitochondria and 
disease state are not well understood. In recent years, it is becom-
ing increasingly evident that mitochondrial proteins undergo vari-
ous posttranslational modifi cations such as phosphorylation, 
acetylation, ubiquitination, and O-GlcNAc modifi cation. 
Phosphorylation is the most common posttranslational modifi ca-
tion present in mitochondrial proteins. Furthermore, majority of 
the mitochondrial proteins are phosphorylated at multiple sites. 
For example, one of the well-known mitochondrial outer mem-
brane proteins, voltage-dependent anion channel (VDAC), was 
reported to be phosphorylated at Ser12 and Ser103 residues [ 3 ]. 
Phosphorylation at these residues is responsible for endostatin- 
induced apoptotic cell death in endothelial cells. However, muta-
tion of VDAC protein at Ser12 and Ser103 residues prevents the 
cells from undergoing apoptosis mediated by endostatin [ 3 ]. These 
results provide evidence for the regulatory role of phosphorylation 
in VDAC. Apart from that, there are many other mitochondrial 
proteins that are known to be phosphorylated including Bcl-2, 
BAD, Bax, and TOM70 [ 4 ]. Several other mitochondrial enzymes 
that are involved in fatty acid transport and metabolism such as 
long-chain acyl-CoA synthase (ACS), carnitine palmitoyltransfer-
ase (CPT1), and glycerol-3-phosphate acyl transferase (GPAT1) 
undergo phosphorylation [ 4 ]. Another posttranslational modifi ca-
tion that can modulate the activities of mitochondrial proteins is 
O-GlcNAc modifi cation. For example, we have recently shown 
that mitochondrial proteins from C2C12 mouse myoblast cells 
upon exposure to high glucose levels undergo changes in their 
O-GlcNAc and phosphorylation modifi cation status [ 5 ]. Prohibitin 
(PHB), one of the important mitochondrial chaperones, under-
goes elevated levels of tyrosine phosphorylation and O-GlcNAc 
modifi cation under hyperglycemic conditions indicating the poten-
tial role of posttranslational modifi cations of PHB in modulating 
its mitochondrial function [ 5 ]. Another well-studied mitochon-
drial protein is heat shock protein 60 (HSP 60). HSP 60 has been 
shown to be modifi ed by O-GlcNAc under hyperglycemic condi-
tions [ 6 ]. Under normal conditions, HSP 60 is bound to Bax 
protein in the extramitochondrial cytosol. However, under 
hyperglycemic conditions, HSP 60 undergoes posttranslational 
modifi cation by O-GlcNAc, and this modifi cation helps in the 
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detachment of Bax from HSP 60 and subsequent translocation of 
Bax into mitochondria from cytosol [ 6 ]. Upon translocation into 
mitochondria, Bax activates cell death process by releasing cyto-
chrome C from mitochondria and which eventually activates the 
caspase 3 and fi nally leads to apoptotic cell demise [ 6 ]. Acetylation 
is another important posttranslational modifi cation abundantly 
present in proteins. It is emerging as a fundamental mechanism 
that regulates mitochondrial proteins and function [ 7 ]. Proteomic 
analysis of lysine-acetylated peptides has shown that 277 lysine 
acetylation sites were identifi ed in 130 mitochondrial proteins [ 7 ]. 
These results indicate the extensive role of lysine acetylation in 
mitochondrial proteins. Ubiquitination is another posttranslational 
modifi cation that plays an important role in regulating mitochon-
drial proteins. Ubiquitination is known to regulate numerous cel-
lular processes including protein recycling, cell proliferation, signal 
transduction, apoptosis, and transcriptional regulation [ 8 ]. For 
example, Mcl-1, one of the antiapoptotic proteins that belong to 
Bcl-2 family, has been shown to be regulated by ubiquitination [ 9 ]. 
Under normal conditions, the half-life of Mcl-1 is in the range of 
40–60 min. However, upon apoptotic stimulation, Mcl-1 is modi-
fi ed by ubiquitination and rapidly degraded [ 9 ]. PHB has been 
shown to be ubiquitinated in mammalian spermatozoa during the 
process of spermatogenesis [ 10 ]. Furthermore, the ubiquitination 
of PHB acts as a signal for clearing the paternal sperm mitochon-
dria after fertilization [ 10 ]. These results provide evidence that 
ubiquitination in mitochondrial proteins is of immense impor-
tance. From the above literature, we can clearly say that posttrans-
lational modifi cations in mitochondrial proteins play a regulatory 
role in cellular homeostasis as well as in various disease-associated 
complications. Determining methods in order to examine the 
prevalent posttranslational modifi cations in mitochondrial proteins 
is of immense priority. Here we describe the methods of isolating 
mitochondria from the cells and how to perform two-dimensional 
(2D) gel electrophoresis and to assess the posttranslational modifi -
cations in mitochondrial proteins using immunoblotting.  

2    Materials 

      1.    C2C12 myoblast cells (or cells of interest) 5 × 10 5  to 2 × 10 7 .   
   2.    0.9 % sodium chloride solution.   
   3.    End-over-end shaker.   
   4.    Blunt-ended needle (26 or 21 gauge) and syringe (1 ml 

or 2 ml).   
   5.    Mitochondria isolation kit (QIAGEN).      

2.1  Mitochondria 
Isolation Components

PTMs in Mitochondrial Proteins
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      1.    ReadyPrep 2D starter kit (Bio-Rad).   
   2.    PROTEAN IEF cell.   
   3.    IEF focusing tray with lids.   
   4.    ReadyStrip IPG strips.   
   5.    Electrode wicks.   
   6.    Blotting fi lter papers.   
   7.    Disposable rehydration/equilibration trays.   
   8.    Mineral oil.   
   9.    Forceps.   
   10.    High-purity water.      

      1.    SDS-PAGE running apparatus.   
   2.    Bromophenol blue.   
   3.    Ammonium persulfate (APS): 10 % (w/v) solution in water.   
   4.    SDS-PAGE loading dye, Bio-Safe Coomassie blue stain.   
   5.    SDS-PAGE running buffer: 25 mM Tris-base pH 8.3, 

192    mM glycine, 0.1 % SDS.   
   6.    Appropriate power supply for SDS-PAGE system.   
   7.    SDS-PAGE gel staining trays.      

      1.    Immunoblotting apparatus.   
   2.    Immunoblot transfer buffer: 25 mM Tris and 192 mM glycine 

in 15 % methanol.   
   3.    Plastic containers for placing membranes.   
   4.    Nitrocellulose membrane.   
   5.    Primary antibodies (specifi c for PTM of interest).   
   6.    HRP-conjugated secondary antibodies.   
   7.    Enhanced chemiluminescence kit.   
   8.    X-ray cassette and X-ray fi lms.   
   9.    10× TBS: 1.5 M NaCl, 0.1 M Tris-base pH 7.4.   
   10.    TBST: TBS containing 0.05 % Tween 20.   
   11.    Blocking buffer: 5 % milk in 1× TBST.   
   12.    1× transfer buffer: 25 mM Tris-base, 192 mM glycine, and 

10 % methanol.       

3    Methods 

      1.    Transfer the cell suspension containing approximately 5 × 10 5  
to 2 × 10 7  cells into a 15 ml conical tube and centrifuge at 
500 ×  g  for 10 min at 4 °C. Carefully discard the supernatant.   

2.2  2D Gel 
Electrophoresis 
Components

2.3  SDS-PAGE

2.4  Immunoblotting

3.1  Isolation 
of Mitochondria
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   2.    Wash the cell pellet using 1 ml of 0.9 % sodium chloride 
solution.   

   3.    Resuspend the cell pellet in 1 ml of cell lysis buffer containing 
protease inhibitors and incubate at 4 °C for 10 min on an end-
over- end shaker.   

   4.    Centrifuge the lysate at 1,000 ×  g  for 10 min at 4 °C.   
   5.    Carefully remove the supernatant. The supernatant contains 

cytosolic proteins.   
   6.    Resuspend the pellet with 1 ml of disruption buffer by pipet-

ting up and down several times using a 1 ml tip. Alternatively 
one can disrupt the cells by using Dounce or potter homoge-
nizer ( see   Note 1 ).   

   7.    Centrifuge at 1,000 ×  g  for 10 min at 4 °C and carefully trans-
fer the supernatant to a clean 1.5 ml tube. The pellet contains 
nuclei, cell debris, and undisrupted cells.   

   8.    Centrifuge the supernatant from the above step at 6,000 ×  g  for 
10 min at 4 °C.   

   9.    The pellet contains mitochondria and the supernatant contains 
microsomal fraction.   

   10.    Wash the pellet with 1 ml of mitochondria storage buffer by 
pipetting up and down using a 1 ml pipette and centrifuge at 
6,000 ×  g  for 20 min at 4 °C.   

   11.    Resuspend the pellet in mitochondria storage buffer for fur-
ther analysis.   

   12.    In order to have highly purifi ed mitochondria for sensitive 
applications, further downstream processing is required.   

   13.    Resuspend the pellet from  step 11  in 750 μl mitochondria 
purifi cation buffer by pipetting up and down using a 1 ml 
pipette.   

   14.    To the above 750 μl solution, add additional 750 μl of mito-
chondria purifi cation buffer in a 2 ml tube and slowly pipette 
500 μl of disruption buffer under the mitochondria purifi ca-
tion buffer. Next, carefully pipette the mitochondrial suspen-
sion on the top of the mitochondria purifi cation buffer layer.   

   15.    Centrifuge at 14,000 ×  g  for 15 min at 4 °C. A pellet band 
containing the purifi ed mitochondria will form in the lower 
part of the tube.   

   16.    Carefully remove 1.5 ml of supernatant without disturbing the 
mitochondria band or pellet ( see   Note 2 ).   

   17.    Carefully remove the mitochondria band or pellet by aspirating 
the 0.5 ml solution from the bottom of the tube and transfer it 
to a new tube ( see   Note 3 ).   

   18.    Dilute the suspension from the above step with 1.5 ml of 
mitochondria storage buffer and centrifuge at 8,000 ×  g  for 
10 min at 4 °C.   

PTMs in Mitochondrial Proteins
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   19.    Remove 1.5 ml of buffer suspension and add 1.5 ml 
mitochondria storage buffer and centrifuge at 8,000 ×  g  for 
10 min at 4 °C.   

   20.    Repeat the above step until the mitochondria form a pellet at 
the bottom of the tube.   

   21.    Resuspend the pellet in mitochondria storage buffer for fur-
ther analysis.      

       1.    Remove the ReadyStrip IPG strips pI 3–10 from −20 °C 
freezer and set aside.   

   2.    Place one disposable rehydration/equilibration tray of the 
same size as of IPG strips on the bench.   

   3.    Dissolve the mitochondrial proteins isolated from the cells in 
rehydration/sample buffer.   

   4.    Load the sample onto the rehydration tray and the line of the 
sample should extend along the whole length of the tray except 
1 cm at each end.   

   5.    When all the protein samples are loaded onto the tray, using 
forceps peel the cover sheet from one of the ReadyStrip IPG 
strips.   

   6.    Gently place the strip with gel side down onto the sample. 
The + and pH 4–7 should be legible and positioned at the left 
side of the tray. Take care not to trap bubbles beneath the strip.   

   7.    Overlay each of the strips with 2–3 ml of mineral oil to prevent 
evaporation during the rehydration process. Add    mineral oil 
slowly by carefully dripping the oil onto the plastic backing of 
the strips while moving the pipette along the length of the 
strip.   

   8.    Cover the rehydration/equilibration tray with plastic lid pro-
vided and leave the tray overnight (11–16 h) to rehydrate the 
IPG strips and load the sample.      

      1.    Place a clean and dry PROTEN IEF focusing tray the same 
size as the rehydrating IPG strips onto the lab bench.   

   2.    Using forceps place a paper wick at both ends of the channels 
to cover the wire electrodes.   

   3.    Pipette 8 μl of nanopure water on each paper wick to wet them.   
   4.    Remove the cover from the rehydration/equilibration tray 

containing IPG strips. Using forceps    hold the strip vertically 
for 7–8 s to allow the mineral oil to drain. Then transfer the 
IPG strip to the focusing tray. Repeat this procedure for the 
remaining strips.   

   5.    Cover each IPG strip with 2–3 ml of fresh mineral oil. Remove 
the air bubbles if there are any under the strips. Cover the tray 
with a lid.   

3.2  2D Gel 
Electrophoresis

3.2.1  Sample Application 
and Rehydration

3.2.2  Isoelectric 
Focusing
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   6.    Place the focusing tray into the PROTEAN IEF cell and close 
the cover.   

   7.    Program the PROTEAN IEF cell using the appropriate proto-
col. Focusing is performed at 20 °C.   

   8.    Press start to initiate the electrophoresis run.      

      1.    Transfer 2 of the IPG strips to the dry Whatman fi lter paper by 
keeping the gel side facing up.   

   2.    Take another fi lter paper, wet it with nanopure water, and care-
fully place it on the IPG strips. Gently press over the length of 
the IPG strips. When fi nished, carefully remove the top fi lter 
paper. This step removes the mineral oil present on the strips.   

   3.    Transfer these IPG strips to a tray containing 50 ml of Bio- Safe 
Coomassie blue stain. Place the tray on rocking platform for 1 h.   

   4.    Destain the IPG strips using 20 mM Tris–HCl pH 8.8. 
Complete destaining may take several hours ( see   Note 4 ).   

   5.    Add adequate amount of equilibration buffer I to each channel 
containing an IPG strip.   

   6.    Place the tray on an orbital shaker for 10 min with shaking at 
minimum speed ( see   Note 5 ).   

   7.    At the end of the incubation, discard the equilibration buffer I 
by carefully decanting the liquid from the tray ( see   Note 6 ).   

   8.    Add adequate volume of equilibration buffer II to each strip, 
return the tray to the orbital shaker, and shake for 10 min.   

   9.    While the IPG strips are incubating, prepare the overlay aga-
rose solution. Microwave on high for 40–60 s until the agarose 
liquefi es. It is best to stop the microwave after 30 s and then 
swirl the bottle to mix the solution and then microwave it for 
another 30 s ( see   Note 7 ).   

   10.    Discard the equilibration buffer II by decanting the liquid ( see  
 Note 6 ).      

      1.    Fill the 100 ml graduated cylinder or tube that is longer than 
or equal to the length of the IPG strip with 1× Tris   -glycine 
SDS running buffer.   

   2.    Finish preparing SDS gels by blotting away any excess amount 
of liquid in the IPG strip well by using Whatman 3 MM blot-
ting paper.   

   3.    Remove an IPG strip from the rehydration/equilibration tray 
and dip into the 100 ml graduated cylinder containing 1× Tris-
glycine SDS running buffer. Afterwards lay the IPG strip with 
gel side facing up on the bottom plate of the SDS gel above the 
IPG well.   

3.2.3  Staining IPG Strips 
with Bio-Safe Coomassie 
Blue Stain

3.2.4  SDS-PAGE

PTMs in Mitochondrial Proteins
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   4.    Take    the fi rst SDS gel with an IPG strip placed on the bottom 
plate, and let it stand vertically with the small plate facing 
toward you. With the help of a Pasteur pipette, overlay the 
agarose solution on top of the IPG well of the gel.   

   5.    Using forceps carefully push the strip into the well and make 
sure no air bubbles lie between the IPG strip and the gel 
( see   Note 8 ).   

   6.    Keep    the gel vertical and allow the agarose to solidify for 5 min 
before proceeding to the next step.   

   7.    Mount the gel in the gel box and fi ll the reservoir tank with 1× 
Tris-glycine SDS running buffer and begin the electrophoresis. 
The migration of the bromophenol blue present in the overlay 
agarose solution is used to monitor the progression of the 
electrophoresis.   

   8.    After running the samples in the SDS-PAGE, open the gel cas-
sette and place the gel in a tray containing water.   

   9.    Wash the gel with water for 5 min, and repeat 3 times.    Use 
fresh water to wash the gel every time.   

   10.    Place the gel in a tray containing 50 ml of Bio-Safe Coomassie 
blue stain.   

   11.    Place the tray containing the gel on rocking platform for 1 h.   
   12.    Discard the stain and wash the gel for 15–30 min with water. 

The gel can be stored in water for several days. Take a picture 
of the stained gel using a Gel Doc system (Fig.  1 ).        

3 pI 10kDa

100-

60-

45-

30-

20-

10-

Coomassie blue

  Fig. 1    Staining of mitochondrial proteins. Mitochondria were isolated from cul-
ture C2C12 mouse myoblast cells. Mitochondrial cell lysates were separated by 
2D gel electrophoresis and subsequently stained with Coomassie blue staining       
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      1.    Take another unstained gel for Western blotting (do not stain 
the gel prior to Western blotting).   

   2.    Rinse the gel with distilled water to remove excess of SDS.   
   3.    Place Whatman no. 3 fi lter paper on the transfer cassette.   
   4.    Place the nitrocellulose membrane on the Whatman no. 3 fi lter 

paper. Place the gels on top of the nitrocellulose membrane.   
   5.    Place another Whatman no. 3 fi lter paper above the gel. Cover 

the cassette and place it in the transfer apparatus.   
   6.    Fill the transfer apparatus with immunoblot transfer buffer.   
   7.    Connect the transfer apparatus to the power system and run at 

100 V for 1 h.      

      1.    After transfer is done, place the membrane in a plastic con-
tainer and wash it with distilled water.   

   2.    Place the nitrocellulose membrane in blocking buffer (5 % milk 
in 1× TBST) and incubate it for 1 h at room temperature.   

   3.    Dilute the primary antibody according to the manufacturer’s 
instructions and incubate the membrane in diluted primary 
antibody for 2 h at room temperature ( see   Note 9 ).   

   4.    Wash the membrane 3 times with 1× TBST for 10 min each.   
   5.    Place the membrane in blocking buffer with diluted HRP- 

conjugated secondary antibody for 1 h at room temperature.   
   6.    Wash the membrane 3 times with 1× TBST for 10 min each.   
   7.    Develop the membrane using ECL kit by mixing 1 ml of solu-

tion A and 1 ml of solution B and pour the mixture over the 
membrane.   

   8.    Expose the membrane to X-ray fi lm using X-ray cassette or the 
membrane can be assessed by ChemiDoc system (Fig.  2 ).        

4    Notes 

     1.    Ensure that disruption buffer has been supplemented with 
protease inhibitor solution.   

   2.    The pellet is very soft. When removing the supernatant, take 
care that the pellet is not lost or disrupted.   

   3.    It is important that the clear pellet (consisting of density gradi-
ent medium) may be at the side of the tube is not disturbed. 
Due to its transparency, the pellet might be diffi cult to see.   

   4.    Equilibration buffers should be made 15 min before use. If the 
IPG strips are frozen at −70 °C, they must be removed and 
thawed on the lab bench for 10–15 min.   

   5.    While the IPG strips are incubating in equilibrium buffer I, 
start preparing equilibrium buffer II.   

3.3  Transfer 
of Protein Samples 
to the Nitrocellulose 
Membrane

3.4  Immunoblotting

PTMs in Mitochondrial Proteins
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   6.    Decanting is best carried out by pouring the liquid from the 
corner of the rehydration/equilibration tray until the tray is 
positioned vertically. Take care not to pour out the liquid 
quickly as the strips can slide out of the tray.   

   7.    Avoid overheating the overlay agarose solution to prevent 
overfl ow. The SDS in the solution readily forms bubbles when 
heated.   

   8.    When pushing the IPG strip using forceps, be certain that you 
are touching the plastic side of the strip and not the gel matrix.   

   9.    Some primary antibodies need to be incubated at 4 °C 
overnight.         
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  Fig. 2    Analysis of posttranslational modifi cations in mitochondrial proteins. Mitochondrial proteins were sepa-
rated by 2D gel electrophoresis and processed for immunoblotting using specifi c antibodies for each modifi ca-
tion. ( a ) Serine phosphorylation, ( b ) O-GlcNAc modifi cation, and ( c ) acetylation       
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    Chapter 30   

 Assessment of Mitochondrial Protein Glutathionylation 
as Signaling for CO Pathway 

           Ana     S.     Almeida     and     Helena     L.    A.     Vieira    

    Abstract 

   Protein glutathionylation is a posttranslational process that regulates protein function in response to redox 
cellular changes. Furthermore, carbon monoxide-induced cellular pathways involve reactive oxygen species 
(ROS) signaling and mitochondrial protein glutathionylation. Herein, it is described a technique to assess 
mitochondrial glutathionylation due to low concentrations of CO exposure. Mitochondria are isolated from 
cell culture or tissue, followed by an immunoprecipitation assay, which allows the capture of any glutathio-
nylated mitochondrial protein using a specifi c antibody coupled to a solid matrix that binds to glutathione 
antigen. The precipitated protein is further identifi ed and quantifi ed by immunoblotting analysis.  

  Key words     Glutathionylation  ,   Carbon monoxide  ,   Mitochondria  ,   Glutathione  ,   Immunoprecipitation  

1      Introduction 

 Protein glutathionylation is a posttranslational mechanism involved 
in redox response, which consists of the regulated formation of 
mixed disulfi des between protein thiol and glutathione disulfi de 
(GSSG) due to glutathione redox changes [ 1 ,  2 ]. The progressive 
glutathionylation of key proteins can be a molecular switch by 
which cells respond in an immediate and reversible fashion to oxi-
dative stress by protecting cysteine residues [ 1 ]. Still, it can alter 
protein activity, presenting a physiological signaling function, in 
the same way as the phosphorylation process. Mitochondria are 
key organelles for reactive oxygen species (ROS) generation; thus, 
protein glutathionylation can be crucial for protecting mitochon-
dria from this source of oxidative damage. Furthermore, changes 
in the redox state of mitochondrial proteins through thiol modifi -
cations can transduce redox signals and modulate mitochondrial 
activity [ 3 ]. 

 Several examples of mitochondrial protein glutathionylation or 
de-glutathionylation are described in the literature: (1) glutathio-
nylation of complex II decreases after myocardial ischemia, 
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limiting its electron transfer activity [ 4 ]; (2) glutathionylation of 
specifi c cysteine residues (C136 and C155) regulates the activity of 
carnitine/acylcarnitine carrier [ 5 ]; (3) glutathionylation of com-
plex I protects against oxidative stress and is mediated by thiyl radi-
cal [ 6 ]; (4) ANT (ATP/ADP translocator) glutathionylation 
prevents cell death by improving its activity and limiting mitochon-
drial membrane permeabilization [ 7 ]; and (5) degradation of 
mitochondrial thymidine kinase 2 is modulated by glutathionyl-
ation [ 8 ]. 

 Carbon monoxide (CO) is endogenously produced through 
the cleavage of heme group by heme oxygenase activity (HO), pre-
senting several biological properties: anti-infl ammatory, antiprolif-
erative, and antiapoptotic, for review [ 9 ]. Cell redox responses, 
such as ROS signaling, appear to be tightly involved in CO-induced 
pathways [ 10 ], namely, anti-infl ammation in macrophages [ 11 ]; 
cytoprotection in cardiomyocytes [ 12 ]; antiapoptosis in hepato-
cytes [ 13 ], in neurons [ 14 ], or in astrocytes [ 7 ]; and cardioprotec-
tion [ 15 ] and antiproliferation in airway smooth muscle cells [ 16 ]. 
CO also modulates levels of oxidized glutathione, signaling 
through mitochondrial protein glutathionylation [ 7 ]. 

 Herein, a method for assessing CO-induced mitochondrial 
protein glutathionylation is described, in particular glutathionyl-
ation of the mitochondrial inner membrane protein ANT (ATP/
ADP translocator). ANT presents critical thiol groups in cysteine 
residues (cysteines 56, 159, and 256), which can be oxidized and/
or derivatized in order to modulate the pore-forming activity of 
ANT and cell death control [ 17 ,  18 ]. The described protocol can 
be used with other mitochondrial proteins. For assessing 
CO-induced mitochondrial protein glutathionylation, two differ-
ent sources of mitochondria are used: from cell culture (cell lines 
or primary cultures of astrocytes) and the brain cortex.  

2    Materials 

 Prepare all solutions using ultrapure water (prepared by purifying 
deionized water to attain a sensitivity of 18 MΩ cm at 25 °C) and 
analytical grade reagents. Prepare and store all the reagents at 4 °C 
(unless indicated otherwise). 

       1.    Phosphate buffer saline (PBS): 1.54 M NaCl, 34 mM 
Na 2 HPO 4 , 20 mM KH 2 PO 4 , pH 9.4. In 900 mL of water, dis-
solve 90 g of NaCl, 4.83 g of Na 2 PO 4 , and 2.72 g of KH 2 PO 4 . 
Mix and adjust pH. Make up to 1 L with water.   

   2.    Hypotonic buffer: 0.15 mM MgCl 2 , 10 mM KCl, 10 mM 
Tris–HCl, pH 7.6. Weigh 1.43 mg of MgCl 2 , 74.56 mg of 
KCl, and 156.6 mg of Tris–HCl. Add water to a volume of 
90 mL. Mix and adjust pH. Make up to 100 mL with water. 
Store at 4 °C.   

2.1  Mitochondria 
Isolation from Cell 
Culture

Ana S. Almeida and Helena L.A. Vieira
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   3.    Homogenate buffer (2×): 0.6 M sucrose, 10 mM TES, 0.4 mM 
EGTA, pH 7.2. Weigh 41.07 g of sucrose, 458.5 mg of TES, 
and 30.43 mg of EGTA. Add water to a volume of 190 mL. Mix 
and adjust pH. Make up to 200 mL with water. Store at 4 °C.   

   4.    Homogenate buffer (1×): Dilute 1:2 homogenate buffer (2×) 
in water.      

      1.    MIB buffer: 225 mM manitol, 75 mM sucrose, 1 mM EGTA, 
5 mM HEPES, pH 7.4. Weigh 10.25 g of manitol, 6.42 g of 
sucrose, 75.09 mg of EGTA, and 279.88 mg of HEPES. Add 
water to a volume of 220 mL. Mix and increase pH until 8 in 
order to dissolve EGTA. Adjust pH to 7.4, make up to 250 mL, 
and store at 4 °C.   

   2.    Brain mitochondrial buffer (complex I): 125 mM KCl, 2 mM 
K 2 HPO 4 , 1 mM MgCl 2 , 1 μM EGTA, 20 mM Tris–HCl   , 
5 mM glutamate, 5 mM malate, pH 7.2.    Add to 220 mL of 
water 2.33 g of KCl, 73.6 mg of K 2 HPO 4 , 50.8 mg of MgCl 2 , 
25 μL of an EGTA 10 mM stock solution, 788 mg of 
Tris–HCl, 233.92 mg of glutamate, and 167.63 mg of malate. 
Mix and adjust pH to 7.2 at 37 °C. Make up to 250 mL with 
water and store at 4 °C ( see   Note 1 ).   

   3.    Percoll gradient: Dilute stock solution of Percoll in MIB buffer 
to obtain fi nal Percoll concentrations of 15 %, 24 %, and 40 % 
(v/v). Mix 0.75 mL of Percoll stock solution with 4.25 mL of 
MIB buffer, for 15 % concentrated solution. In order to pre-
pare the 24 % and the 40 % concentrated solutions, pipette 
1.2 mL of Percoll and 3.8 mL of MIB and 2 mL of Percoll and 
3 mL of MIB, respectively.      

      1.    CORM-A1 solution: Prepare a 5 mM solution of CORM-A1 in 
water. Filtrate the solution with 0.22 μM fi lter, aliquot, and 
store at −20 °C. For each use, an aliquot should be thawed and 
rapidly added into the culture.   

   2.    CO gas solution: Saturate PBS by bubbling 100 % of CO gas 
for 30 min to produce 10 −3  M stock solution. 100 % CO was 
purchased as compressed gas. Fresh stock solutions of CO gas 
should be prepared each day and sealed carefully ( see   Note 2 ).      

      1.    10 % Triton X-100: Dilute 10 μL of Triton X-100 in 90 μL of 
water.   

   2.    PBS ( see  Subheading  2.1 ,  item 1 ).   
   3.    Loading buffer: 10 % (v/v) glycerol; 10 mM DTT; 0,005 % 

(w/v) bromophenol blue. To prepare 20 mL, weigh 30 mg of 
DTT and 0.001 mg of bromophenol blue. Solubilize both in 
18 mL of water. Add 2 mL of glycerol, mix, and store at 4 °C.      

2.2  Mitochondria 
Isolation 
from the Brain Cortex

2.3  CO Treatment

2.4  Immuno-
precipitation
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      1.    T-TBS buffer: 0.25 M Tris–HCl; 0.75 M NaCl. Weigh 7.88 g 
of Tris–HCl and 8.76 g of NaCl. Solubilize in 1 L of water.   

   2.    Blocking buffer: T-TBS with 5 % (w/v) milk. Weigh 5 g of 
milk and dilute in 100 mL of T-TBS buffer.   

   3.    Running buffer (10×): 0.25 M Tris–HCl, 1.92 M glycine, 
35 mM SDS. Weigh 30 g of Tris–HCl, 144 g of glycine, and 
10 g of SDS. Solubilize all the components in 1 L of water.   

   4.    Running buffer (1×): Dilute 100 mL of running buffer (10×) 
in 900 mL of water.   

   5.    Transfer buffer: Running buffer with 20 % (v/v) of methanol. 
Add 200 mL of methanol to 800 mL of running buffer (1×).       

3    Methods 

 All the steps should be carried out at 4 °C, unless indicated 
otherwise. 

      1.    Cell culture: Add CO gas solution to culture medium, to a 
fi nal concentration of 50–100 μM. If you are using CORM-A1 
solution, add it to the culture medium to a fi nal concentration 
of 12.5–25 μM ( see   Note 3 ). At the required time point after 
CO exposure, proceed to mitochondrial isolation from cell 
culture (Subheading  3.2 ).   

   2.    Tissue: After isolation from tissue, add CO gas solution 
(or CORM-A1 solution) directly to isolated mitochondria. 
Incubate mitochondria at 37 °C and proceed to immunopre-
cipitation at the different time points after CO exposure 
(Subheading  3.4 ).      

    Adapted from Vieira et al.  [ 19 ].

    1.    Inoculate 175 cm 2  T-fl asks with primary cell culture of astro-
cytes or a cell line culture.   

   2.    Maintain cells in culture until you achieve the confl uence.   
   3.    Wash cell culture (175 cm 2  T-fl ask) with 5 mL PBS at 4 °C, in 

order to eliminate any serum.   
   4.       Trypsinize the cell by adding 5 mL of trypsin, followed by 

5 min incubation at 37 °C.   
   5.    Collect the cells in 10 mL of culture medium and centrifuge at 

200 ×  g  for 10 min at 4 °C.   
   6.    Discard supernatant, wash the cells with 10 mL of PBS, and 

centrifuge 200 ×  g  for 10 min at 4 °C.   
   7.    Discard supernatant, add 3.5 mL of hypotonic buffer, and 

incubate at 4 °C for 5 min.   

2.5  Immunoblotting

3.1  CO Treatment

3.2  Mitochondria 
Isolation from Cell 
Culture
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   8.    Add an equal volume (3.5 mL) of homogenization buffer 
twice concentrated (2×) to a fi nal volume of 7 mL.   

   9.    Homogenize samples with a  Dounce  glass homogenizer at 
4 °C ( see   Note 4 ).   

   10.    Remove the sample to a 50 mL tube, wash glass homogenizer 
with homogenization buffer (1×), and add it to the sample.   

   11.    Centrifuge cell extracts at 900 ×  g  for 10 min at 4 °C (to remove 
nuclei and unbroken cells).   

   12.    Remove supernatant to a clean tube and centrifuge at 10,000 ×  g  
for 10 min at 4 °C.   

   13.    Resuspend mitochondrial pellet in 100 μL of homogenization 
buffer (1×) and quantify the total amount of protein.    

     The non-synaptic mitochondria isolation protocol was adapted by 
Queiroga et al.  [ 7 ]  from Kristián and colleagues and Sims  [ 20 – 22 ].

    1.    Sacrifi ce one male Wistar rat ( see   Notes 5  and  6 ) by cervical 
dislocation.   

   2.    Remove the cerebellum and underlying structures (only the 
cortex is used). Isolate the cortex 1 min after death.   

   3.    Wash the cortex in MIB in a Petri dish and cut it in small pieces.   
   4.    Homogenize the cortex manually 10 times with tissue homog-

enizer and centrifuge the tissue extract at 1,300 ×  g  for 3 min 
at 4 °C.   

   5.    Keep the supernatant, resuspend the pellet, and recentrifuge at 
1,300 ×  g  for 3 min at 4 °C.   

   6.    Pool together the two supernatants and centrifuge at 21,000 ×  g  
for 10 min at 4 °C in ultracentrifugation tubes.   

   7.       Resuspend the pellet in 3.5 mL of 15 % Percoll solution and 
add it over to the gradient (Fig.  1 ).    

3.3  Mitochondria 
Isolation from 
Brain Tissue

  Fig. 1    Percoll gradient schema. Pipette 1.7 mL of 40 % Percoll solution, followed 
by 3.7 mL of 24 % Percoll, and, fi nally, 3.5 mL of 15 % Percoll. Mitochondrial 
content will be found between 24 % and 40 % fractions of the gradient after 
centrifugation       
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   8.    Centrifuge the gradient at 31,700 ×  g  for 8 min at 4 °C.   
   9.    Remove mitochondrial fraction from layer 24 % and 40 % with 

a syringe. Add MIB buffer to mitochondrial fraction to wash 
Percoll out by centrifugation at 16,700 ×  g  for 10 min at 4 °C.   

   10.    Resuspend pellet in 10 mL of MIB buffer supplemented with 
5 mg/mL  BSA and centrifuge at 6,800 ×  g  for 10 min at 4 °C.   

   11.    Remove supernatant and resuspend mitochondria in 100 μL of 
MIB without EGTA.   

   12.    Quantify the total amount of protein.    

         1.    Prepare microtubes with 50–100 μg of isolated mitochondria 
into 100 μL of homogenization buffer (1×).   

   2.    Permeabilize mitochondria by adding 5 μL of Triton X-100 at 
10 % (fi nal concentration 0.5 %).   

   3.    Incubate mitochondria with 20 μL of anti-GSH for 1 h 30 min 
at 37 °C.   

   4.    Perform the immunoprecipitation by adding 15 μL of Protein 
A/G PLUS-Agarose beads and incubate them for 30 min at 
37 °C with extremely gentle shaking.   

   5.    Discard the supernatant after 10 min of centrifugation at 
10,000 ×  g . Wash the pellet with PBS, followed by centrifuga-
tion at 500 ×  g  for 10 min, 5 times.   

   6.    Resuspend the pellet (proteins attached to the beads) in 40 μL 
of loading buffer and freeze at −20 °C for further immunoblot 
analysis.      

      1.    Load the samples on a 12 % SDS-PAGE gel in order to sepa-
rate the proteins under reducing electrophoresis conditions. 
Run the electrophoresis at fi xed voltage of 135–150 V for 
30 min.   

   2.    Electrically transfer the proteins to a nitrocellulose membrane 
(fi xed 500 mA for 1 h).   

   3.    Incubate the membrane at RT for 1 h with blocking buffer.   
   4.    Dilute 1:1,000 the primary antibody (anti-ANT) in blocking 

buffer and incubate the membrane for 2 h at RT.   
   5.    Wash the membrane with T-TBS three times for 10 min.   
   6.    Incubate the blot with HRP-labeled anti-mouse IgG antibody, 

1:5,000 diluted in blocking buffer, for 1 h at RT.   
   7.    Wash the membrane with T-TBS three times for 10 min.   
   8.    Develop the blot using ECL (enhanced chemiluminescence) 

detection system (Fig.  2 ).    
   9.    The area and intensity of bands (Fig.  2 ) can be quantifi ed by 

densitometry analysis and presented as a percentage relative to 

3.4  Immuno-
precipitation 
of Proteins in Isolated 
Mitochondria

3.5  Immunoblotting
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control (100 %) without any treatment. In this example, it can 
be observed that CO treatment increased the amount of gluta-
thionylated ANT (30 kDa), compared to control.       

4    Notes 

     1.    EGTA’s concentration can go up to 15 μM, in order to obtain 
more consistent results.   

   2.    The concentration of CO in solution was determined spectro-
photometrically by measuring the conversion of deoxymyoglo-
bin to carbon monoxymyoglobin [ 23 ].   

   3.    Homogenize samples with the  Dounce  glass homogenizer 25 
times with the loose-fi tted pestle and then another 25 times 
with the tight-fi tted pestle at 4 °C.   

   4.    Use CO-saturated solution immediately after opening the vial, 
about 2 or 3 min. CO releases very easily, changing its fi nal 
concentration.   

   5.    Animals are allowed water and food ad libitum for 24 h before 
death.   

   6.    From one male Wistar rat (300–350 g), one might obtain 
5 mg of non-synaptic mitochondria.         
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    Chapter 31   

 High-Resolution Melting Analysis for Identifying 
Sequence Variations in Nuclear Genes for Assembly 
Factors and Structural Subunits of Cytochrome C Oxidase 

              Alžběta     Vondráčková    ,     Kateřina     Veselá    ,     Jiří     Zeman    , 
and     Markéta     Tesařová    

    Abstract 

   High-resolution melting (HRM) analysis is a simple, sensitive, and cost-effective screening method. HRM 
enables the detection of homozygous or heterozygous point sequence variants and small deletions within 
specifi c PCR products by observing temperature and shape changes in melting curve profi les using fl uo-
rescent dyes. Herein, an updated protocol for routine variant screening of nuclear genes encoding assem-
bly factors and structural subunits of cytochrome c oxidase (COX) is described. Nonetheless, the general 
recommendations given for HRM analysis can be applicable for examining any genetic region of interest.  

  Key words     COX  ,   HRM analysis  ,   Screening of sequence variants  ,   Melting dye  ,   LCGreen Plus  , 
  LightScanner  

1      Introduction 

 The mammalian cytochrome c oxidase (COX, Complex IV, EC 
1.9.3.1) is a multimeric copper–heme A metalloenzyme embedded 
in the inner mitochondrial membrane; its function is to transport 
electrons from cytochrome c to molecular oxygen, which is then 
reduced to water. COX likely consists of 14 polypeptide subunits, 
of which the 3 largest subunits are encoded by the mitochondrial 
genome (MT-CO1, MT-CO2, and MT-CO3); the other 11 small 
peripheral subunits are encoded by the nuclear genome [ 1 ,  2 ]. 
In humans, four of the nuclear-encoded subunits, COX4I, COX6A, 
COX6B, and COX7A, have tissue-specifi c isoforms that refl ect 
differences in the energetic demands of the particular tissues [ 3 ]. 
COX defi ciency is a clinically heterogeneous group of disorders 
that predominantly affect tissues with high energy demand. The 
disorders range from isolated myopathy to severe multisystem dis-
ease and exhibit onset from infancy to adulthood; they are caused 
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by mutations located both in mitochondrial DNA and in the 
nuclear genes required for mitochondrial function. Rare disease- 
related mutations have been described for all three of the mito-
chondrial DNA-encoded COX subunits [ 4 ]. The majority of COX 
defects originate from mutations in nuclear genes involved in the 
assembly and maintenance of the COX holoenzyme complex. The 
fi rst mutations were only recently characterized in nuclear genes 
coding for the structural subunits COX4I2, COX6B1, COX7B, 
and NDUFA4 [ 5 – 8 ]. Despite advances in the identifi cation of an 
increasing number of mutations and genes involved in the disease 
phenotype, the molecular basis of COX defi ciency remains elusive in 
many patients, and this leads to diffi culties in genetic counseling. 

 High-resolution melting (HRM) analysis is a simple, sensitive, 
and cost-effective method to detect homoduplexes and/or hetero-
duplexes that form in the presence of a fl uorescent dye, while the 
temperature of amplifi ed PCR products is increasing. HRM analy-
sis is commonly applied for mutation scanning of blindly screened 
samples from patient’s and healthy control’s unknown genotypes 
and for mutation genotyping using control samples of known gen-
otypes. Up to now, HRM analysis has been successfully used for 
mutation screening and genotyping of various human, animal, 
plant, or microbial genomic DNA [ 9 ], and it has been employed in 
general population, epigenetics, or cancer studies [ 10 ]. As docu-
mented by others, HRM techniques can also be fruitfully applied 
in a targeted mutation analysis of highly polymorphic human mito-
chondrial DNA [ 11 ]. Importantly, HRM screening of genes with 
greatly variable SNPs is generally not recommended. 

 The high sensitivity and specifi city of HRM have been affi rmed 
for amplicons of up to 1,000 bp (although preferentially less than 
500 bp), and HRM has proved to be better than many conventional 
mutation detection methods, including even Sanger sequencing 
[ 12 – 14 ]. Shorter PCR amplimers are better for heterozygote detec-
tion, whereas longer amplimers seem to be more suitable for homo-
zygote detection [ 15 ]. Although the position of a base-pair variant 
within the PCR product does not affect the accuracy of HRM, 
SNPs of the third and fourth class and GC-rich regions can be a 
source of diffi culties when optimizing HRM experiments [ 16 – 18 ]. 
Nevertheless, sequence analysis of GC-rich regions and/or a gene 
with many related pseudogenes can be challenging even for the cur-
rently available next-generation sequencing technology [ 19 – 21 ]. 

 Generally, changes in the shapes of melting curves are more 
apparent than differences in melting temperatures (Tm) [ 15 ]. 
However, nearly any type of sequence variant can be distinguished 
by cluster analysis of the melting curves on a specifi c PCR product 
when appropriate modifi cation of PCR and HRM design, such as 
the use of short amplicons (approximately 50–150 bp) [ 22 ], 
internal control temperature calibrators [ 23 ,  24 ], snapback primers 
[ 25 ], masking [ 26 ] and unlabeled probes (probes approximately 
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20–40 bp, amplicons smaller than approximately 250 bp) [ 27 ,  28 ], 
mixing of reference and patient PCR products, asymmetric PCR 
(a 1:5–1:10 primer ratio is suggested) [ 28 ], and nested PCR, 
COLD PCR, is applied. All unlabeled probes should be suitably 
blocked at the 3′ end to prevent their extension during PCR [ 27 ]. 

 With regard to the accuracy of instruments used for HRM, sev-
eral parameters need to be observed such as melting rates (°C/s), 
temperature data acquisitions/°C, and temperature homogeneity 
over the analyzed set of samples or multiwell plate [ 29 ,  30 ]. 
At present, several useful fl uorescent melting dyes are available for 
use in HRM: LCGreen Plus (BioFire Defense), EvaGreen (Biotium, 
Inc.), ResoLight (Roche), Chromofy (TATAA Biocenter), and 
SYTO9 (Invitrogen), and these are coupled with matching master 
mixes. SYBR Green I Dye is not recommended for use in HRM 
because of the effect of dye redistribution and potential PCR inhi-
bition [ 31 ,  30 ]. 

 HRM methodology is especially valuable for large-scale muta-
tion screening studies [ 32 ] in which systematic resequencing of the 
whole gene in all samples would be too laborious and expensive. 
The excellent screening properties and adaptability of HRM meth-
odology prompted us to implement this procedure in mutation 
screening of genes assumed to be possible causes of COX defi -
ciency, including ubiquitous and tissue-specifi c COX subunits and 
COX assembly factors [ 33 ]. Herein, an updated and simplifi ed 
protocol for routine variant, probe-free, HRM screening of COX- 
related nuclear genes is provided.  

2    Materials 

      1.    Types of analyzed patient samples: EDTA anticoagulated 
human blood, cultivated patient fi broblasts, and biopsy tissue 
(from muscle, heart, and liver) [ 34 ,  35 ] ( see   Notes 1  and  2 ).   

   2.    QIAamp DNA Mini Kit (QIAGEN).   
   3.    1× RBC lysis solution: 8.3 g NH 4 Cl, 0.1 g KHCO 3 , 2 mL 

0.5 M EDTA.   
   4.    Digestion buffer: 5.85 g NaCl, 10 mL 1 M Tris–HCl at pH 

8.0, 50 mL 0.5 M EDTA, 50 mL 10 % SDS.   
   5.    Proteinase K.   
   6.    Phenol–chloroform–isoamyl alcohol (25:24:1).   
   7.    7.5 M ammonium acetate.   
   8.    1× TE buffer (100 ml): 1 mL 1 M Tris–HCl at pH 8.0, 0.2 mL 

0.5 M EDTA).   
   9.    Ethanol: 70 %; 96 %.      

2.1  Genomic DNA 
(gDNA) Isolation

HRM Analysis of COX-Related Genes 
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      1.    Primers for amplifying the coding regions of  COX4I1 , 
 COX4I2 ,  COX5A ,  COX5B ,  COX6A1 ,  COX6A2 ,  COX6B1 , 
 COX6C ,  COX7A1 ,  COX7A2 ,  COX7B ,  COX7C ,  COX8A , 
 COX10 , and  COX15  ( see  Table  1  and  Note 3 ).

       2.    PCR Ultra H 2 O (Top-Bio).   
   3.    Plain PP and Plain Combi PP Master Mixes (Top-Bio).   
   4.    25 mM MgCl 2 .   
   5.    DMSO.   
   6.    8-Strip PCR tubes.   
   7.    10× LCGreen ®  Plus +  melting dye (BioFire Defense).   
   8.    Mineral oil.   
   9.    Low-profi le, thin-wall, 96-well, skirted PCR plates.      

      1.    Agarose for preparation of 1.5 % gel.   
   2.    10× TBE buffer for agarose gel electrophoresis (1 L): 108 g 

Tris base, 55 g boric acid, 40 mL 0.5 M EDTA at pH 8.0.   
   3.    Ethidium bromide diluted with double-distilled water to a 

concentration of 0.5 μg/mL.   
   4.    Wizard ®  SV Gel and PCR Clean-Up System (Promega) for 

PCR product purifi cation before sequencing.      

      1.    NanoDrop ND-1000 UV–Vis Spectrophotometer (NanoDrop 
Technologies).   

   2.    Thermal cycler with a gradient unit for PCR optimization.   
   3.    Equipment and accessories for DNA agarose gel electrophoresis.   
   4.    UV transilluminator for the visualization of PCR products on 

DNA agarose gels.   
   5.    Centrifuges and adapters for 96-well PCR plates, tubes, and 

strips.   
   6.    LightScanner™ 96-well system (BioFire Defense).   
   7.    Genetic analyzer for sequencing.       

3    Methods 

      1.    Isolation of patient DNA from whole, EDTA anticoagulated 
blood is performed via a standardized protocol using phenol–
chloroform–isoamyl alcohol extraction as per previously pub-
lished recommendations [ 36 ] with slight modifi cations 
according to [ 37 ]. Store the isolated DNA at 4 °C.   

   2.    Biopsies consisting of up to 25 mg tissue (muscle, heart, or 
liver) are processed as per the instructions in the QIAamp 
DNA Mini Kit Handbook. Store the isolated DNA at 4 °C.   

2.2  Polymerase 
Chain Reaction 
and Melting Analysis

2.3  Specifi city 
of PCR Products 
and HRM Results

2.4  Instrumentation

3.1  Isolation 
of Genomic 
DNA (gDNA)
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   3.    Determine the concentration and purity of the isolated DNA 
by measuring the absorbance at 260 nm ( A  260 ), 280 nm 
( A  280 ), and 230 nm ( A  230 ) and then checking the absorbance 
ratios of  A  260 / A  280  (1.8–2.0) and  A  260 / A  230  (2.0–2.2) [ 38 ] 
( see   Notes 4  and  5 ).   

   4.    Dilute the samples using pure PCR-grade water (DNase and 
RNase free) to obtain sample aliquots, whose concentration 
can range from 15 to 50 ng of gDNA to provide reproducible 
results in HRM analysis.      

      1.    It is recommended that the latest versions of the DNA and 
RNA reference sequences for the analyzed genes be acquired, 
e.g., via NCBI.   

   2.    As population-specifi c sequence variants may occur, use 
 publicly accessible genome browsers like UCSC, dbSNP 
NCBI, Ensembl, 1000 Genomes, or HGMD to determine the 
occurrence and frequency of previously characterized SNPs 
and pathological variants [ 39 ,  40 ] ( see   Note 6 ).   

   3.    Primers can be designed using any online software, e.g., 
Primer3Plus [ 41 ] ( see   Note 7 ). The targeted exonic regions of 
COX-related genes were selected so that there were at least 
20–30 intronic bases on both the 5′ and 3′sides to screen for 
the potential presence of deleterious splice mutations [ 42 ,  43 ].   

   4.    The specifi city of the optimal primer pairs should be checked 
against the human genome reference assembly, e.g., with the 
use of Primer-BLAST on the NCBI website.   

   5.    Optional step: the selected targeted amplifi ed region can be sub-
jected to in silico analysis to get an idea of its melting domains 
and approximate Tm. Currently available online programs such 
as uMELT™, uMelt HETS, POLAND, MeltSim, DINAMelt, 
and Stitchprofi les can be used [ 17 ,  44 ,  45 ] ( see   Note 8 ).      

      1.    The amplicon-specifi c annealing temperature can be reliably 
assessed within a temperature range of 50–70 °C for all ana-
lyzed amplicons. The PCR conditions must be optimized so 
that one specifi c product is amplifi ed, without the presence of 
primer dimers; it is possible to confi rm this by loading 10 μL 
of the PCR product on a 1.5 % agarose gel.   

   2.    The PCR reaction is carried out in a total volume of 25 μL. Exon 
2 of  COX6A2  was amplifi ed as follows: an initial denaturation 
step was performed at 95 °C for 2 min, followed by 45 PCR 
cycles of denaturation at 95 °C for 20 s, annealing for 30 s, and 
extension for 30 s, with a fi nal extension at 72 °C for 7 min. 
The PCR conditions for all the remaining amplicons included 
an initial denaturation step at 95 °C for 2 min, followed by 

3.2  Primer Design 
for HRM Analysis

3.3  Optimization 
of PCR Conditions
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30–40 cycles of denaturation at 95 °C for 30 s, annealing for 
30 s, and extension for 1 min, with a fi nal extension at 72 °C 
for 7 min ( see  Table  1  and  Notes 9  and  10 ).      

      1.    Perform optimized PCR reactions for a genomic region of inter-
est for all patient and control samples in PCR tube strips ( see  
 Notes 11  and  12 ).   

   2.    Denaturation step: heat the samples to 94 °C for 30 s and cool 
to 25 °C for 30 s in PCR strips ( see   Note 13 ).   

   3.    Pipette all samples in a 96-well plate as follows: (a) 10 μL each 
of the patient and control samples in one well; (b) mix 5 μL of 
the patient sample with 5 μL of homozygous wild-type control 
sample at a 1:1 ratio in one well. The sample mixing will 
 produce a heterozygous melting profi le sample as the homozy-
gous control sample interacts with the homozygous pathologi-
cal variant from the patient ( see   Note 14 ).   

   4.    Add 15 μL mineral oil to each pipetted sample ( see   Note 15 ).   
   5.    Spin the plate for 2 min at 568 × g    at 4 °C using a microplate 

swinging bucket rotor.   
   6.    Examine all wells to make sure there are no bubbles. Otherwise, 

repeat  step 5  once more.      

      1.    Melting curves are obtained by heating the samples from 55 to 
97 °C at 0.1 °C/s on a LightScanner instrument, and analyzed 
manually according to the instructions from the LightScanner 
Operator’s Manual using the supplied software module 
Call-IT ® , version 1.5.0.972.   

   2.    Compare the melting curve profi les of the known/healthy ref-
erence control samples with the patient melting curves. 
Sequence all samples presenting melting profi les not matching 
with the reference ones ( see   Note 16 ).   

   3.    Optional step: The Web-based program uAnalyze™ can be 
used to provide an analysis of HRM data and a comparison of 
the data with thermodynamic prediction of data from specifi c 
melting curves [ 44 ].      

      1.    Sequence identity of a sample (patient genotype) is proved by 
a perfect match of the temperature and shape of melting 
curves between a reference and an investigated sample, which 
is also relevant to samples mixed with known control 
genotype.   

   2.    All samples producing a unique, unclassifi able melting curve 
are subjected to sequencing. Purify these PCR products 
with a purifi cation kit prior to sequencing. Because PCR 
amplifi cation should give just only a specifi c product, there 
is generally no need to prepare the sample on an agarose gel 
( see   Note 17 ).       

3.4  Design 
of an HRM Experiment 
in a 96-Well Plate

3.5  Melting Data 
Acquisition 
and Analysis 
on the LightScanner

3.6  Confi rmation 
of an Identifi ed Patient 
Genotype
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4    Notes 

     1.    Samples of tissues from biopsies were placed on sterile gauze 
moistened with saline to prevent drying. After freezing the tis-
sues in liquid nitrogen, the samples were moved into a pre-
cooled test tube and immediately put on dry ice. Samples were 
then stored at –80 °C until DNA isolation.   

   2.    The most frequently used anticoagulant is probably EDTA; 
however, methodologies for processing heparinized and/or 
even clotted blood have recently been reported. These 
approaches along with simplifi ed extraction protocols could be 
especially useful in investigating severely affected infants 
[ 46 – 48 ].   

   3.    Optionally, dilute the stock concentration of primers with 
PCR-grade water to make aliquots containing 10 μM of both 
(the forward and reverse primers)   .   

   4.    If the purity of the DNA is unsatisfactory, PCR amplify the 
samples together with a reference control, e.g., using real-time 
PCR or agarose gel separation of amplimers. All DNA samples 
yielding PCR by-products (primer dimers, nonspecifi c prod-
ucts) either have to be repurifi ed and eluted into fresh buffer 
or excluded from the HRM screening procedure to avoid mis-
interpretation of the results [ 49 ].   

   5.    Variable salt content in a solution is commonly known to infl u-
ence DNA melting. Although patient and control DNAs are 
isolated by two different methodologies, we did not observe 
any adverse effects from this on the accuracy of the HRM 
analysis.   

   6.    If the screened population seems to have SNPs more frequently 
in one of the targeted regions, consider optimizing the primer 
design and/or PCR modifi cations.   

   7.    If an intended amplicon is longer than 500 bp, split the tar-
geted region into at least two overlapping fragments. 
Manufacturers of HRM instruments and accessories usually 
supply their own primer and/or probe design software. In 
addition, there are also many other different, free, Web-based, 
primer-design programs that are able to design primers suit-
able for methylation analysis, degenerate and/or mismatched 
primers, primers for the analysis of GC-rich genetic regions, 
and primers for qPCR.   

   8.    The accuracy of the prediction is variable and strongly depen-
dent on thermodynamic parameters, adjustment for ingredi-
ents of a PCR reaction (ions, dNTPs, DMSO, melting dye), 
and fl uorescence background removal, as well as on the type of 
analyzed sequence and the melting instrument used [ 38 ,  44 ]. 
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Unfortunately, contemporary predictive programs do not enable 
prediction of multiple variants and/or melting domains in one 
PCR product [ 17 ,  50 ].   

   9.    Analyze 10 μL of the PCR product on a DNA agarose gel 
(1.5 %) to inspect the specifi city of selected PCR conditions. 
Use the other 10 μL of the PCR product for HRM analysis and 
ascertain the intensity of the resulting fl uorescence signal. If 
the signal is not suffi ciently strong, optimize the PCR by 
increasing the concentration of primers, DMSO, and/or 
MgCl 2  in the reaction mixture. Alternatively, increase the num-
ber of PCR cycles. If nonspecifi c PCR products are present, 
lower the concentration of primers, MgCl 2 , or DMSO in the 
reaction mixture.   

   10.    It is also possible to perform PCR optimization without the 
LCGreen Plus melting dye, which has to be added to the PCR 
reaction prior to the denaturation step. Nonetheless, keep in 
mind the enormous amount of pipetting that would be 
required in a large-scale study. Moreover, LCGreen Plus 
increases the Tm of DNA by approximately 1–3 °C (based on 
the manufacturer’s information), which may sometimes com-
promise the HRM analysis and require further optimization of 
PCR conditions. In addition, LCGreen evinced higher sensi-
tivity with low-melting-temperature amplimers [ 51 ], which 
can be used by adjusting the PCR conditions (e.g., primer 
design, reaction mixture composition).   

   11.    This step is possible to perform in a 96-well PCR plate or using 
PCR strips. If a 96-well PCR plate is used, the PCR should be 
optimized for a volume of just 10 μL. In this case, overlay all 
samples in a PCR plate with 15 μL mineral oil.   

   12.    Importantly, do not forget to amplify a suffi cient amount of 
reference control sample for the reliable detection of homozy-
gotes. When performing a large-scale analysis, amplify a suffi -
cient number of reactions containing the reference genotype 
intended to be mixed with the unknown patient genotypes; 
ideally, the volume of the reaction mixture for the reference 
genotype should be the same as that used for the patient samples. 
After the PCR has fi nished, combine the identical reference 
aliquots together, vortex, spin, and add to the patient samples.   

   13.    It is possible to do this step in a PCR plate. After pipetting the 
samples from the PCR strips to wells of a PCR plate, do not 
forget to overlay all the samples with 15 μL mineral oil. Then, 
spin the plate and implement a denaturation step.   

   14.    Although the selected reference and patient samples could be 
mixed prior to PCR amplifi cation, the robustness and repro-
ducibility of this act should be carefully considered.   
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   15.    If the samples had been overlaid with mineral oil in a previous 
step, then there is no need to add any more.   

   16.    If the samples for HRM analysis were amplifi ed in a PCR plate, 
add 5 μL of the reference control sample to the 10 μL of 
screened patient samples. As reported previously, the addition 
of only 15 % of a known homozygous genotype makes it pos-
sible to distinguish a patient’s genotype [ 17 ,  52 ]. After pipet-
ting the control samples into the patient samples, do not forget 
to spin the plate and carry out the denaturation step. Then 
perform an HRM analysis.   

   17.    As the PCR reaction provides enough templates for conven-
tional Sanger sequencing, there is no need for additional sam-
ple amplifi cation. Notably, LCGreen Plus melting dye does not 
disrupt the sequencing procedure, but other components of 
the PCR may do so. For that reason, recombine the pure 
patient sample pipetted in a well of a PCR plate (10–20 μL) 
and the rest of the unused PCR sample (5 μL), and purify the 
pooled sample using a PCR purifi cation kit. The mineral oil 
should not be a hindrance.         
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    Chapter 32   

 Heterologous Inferential Analysis (HIA) as a Method 
to Understand the Role of Mitochondrial rRNA Mutations 
in Pathogenesis 

              Joanna     L.     Elson*    ,     Paul     M.     Smith*    , and     Antón     Vila-Sanjurjo    

    Abstract 

   Despite the identifi cation of a large number of potentially pathogenic variants in the mitochondrially 
encoded rRNA (mt-rRNA) genes, we lack direct methods to fi rmly establish their pathogenicity. In the 
absence of such methods, we have devised an indirect approach named heterologous inferential analysis or 
HIA that can be used to make predictions on the disruptive potential of a large subset of mt-rRNA vari-
ants. First, due to the high evolutionary conservation of the rRNA fold, comparison of phylogenetically 
derived secondary structures of the human mt-rRNAs and those from model organisms allows the location 
of structurally equivalent residues. Second, visualization of the heterologous equivalent residue in high- 
resolution structures of the ribosome allows a preliminary structural characterization of the residue and its 
neighboring region. Third, an exhaustive search for biochemical and genetic information on the residue 
and its surrounding region is performed to understand their degree of involvement in ribosomal function. 
Additional rounds of visualization in biochemically relevant high-resolution structures will lead to the 
structural and functional characterization of the residue’s role in ribosomal function and to an assessment 
of the disruptive potential of mutations at this position. Notably, in the case of certain mitochondrial vari-
ants for which suffi cient information regarding their genetic and pathological manifestation is available; 
HIA data alone can be used to predict their pathogenicity. In other cases, HIA will serve to prioritize vari-
ants for additional investigation. In the context of a scoring system specifi cally designed for these variants, 
HIA could lead to a powerful diagnostic tool.  

  Key words     Mitochondrial rRNA  ,   mtDNA  ,   Mitoribosome  ,   Mitochondrial deafness  ,   mtDNA mutation  

1      Introduction 

 Human mitochondrial DNA (mtDNA) encodes 13 essential poly-
peptide components of the oxidative phosphorylation system, which 
produces most of the cell’s ATP. In addition to these polypeptides, 
mtDNA also codes for 22 mitochondrial tRNAs (mt-tRNAs) and 2 mt-
rRNAs needed to translate these 13 polypeptides within the organelle. 
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 While the identifi cation of mutations causing disease in the 
 mt- tRNA genes and the mitochondrial protein-encoding genes has 
seen vast improvements in the last 10 years, the same is not true of 
mutations in the mt-rRNA genes. This is largely because distin-
guishing pathogenetic changes from polymorphic variants remains 
highly problematic for these genes, as many of the functional tests 
used to distinguish population variants from disease- causing muta-
tions in the protein-encoding genes and mt-tRNAs are simply not 
applicable in the context of mt-rRNAs. 

 The lack of direct biochemical evidence prevents the analysis of 
mt-rRNA variants in their natural context. As a result, indirect 
methods must be applied to infer the role of such variants in ribo-
somal function. To date, comparative analysis of mt-rRNA varia-
tions has been rather limited and has often relied on methods 
questionable in this context. Such methods include the estimation 
of evolutionary conservation of a variant using a small number of 
sequences which often represent a narrow section of the phyloge-
netic tree of life. Even for mt-DNA gene categories where this type 
of analysis has validity, e.g. mt-tRNA genes, the rigor of application 
has been subject to scrutiny [ 1 ]. Given the complexity of the rRNA 
structure and with the mt-rRNAs being no exception, a more 
robust approach is necessary in order to assess the pathogenicity of 
mt-rRNA mutations. 

 Another common practice among researchers aiming to char-
acterize mt-rRNA mutations, which is borrowed from those con-
sidering mt-tRNA mutations, has been to score mutations 
supposedly leading to the disruption of canonical Watson-Crick 
(WC) base pairs as likely pathogenic and to dismiss mutations map-
ping to predicted single-stranded regions as nonpathogenic [ 2 – 4 ]. 
An additional complication has been the use of non-phylogeny-
driven folding algorithms to predict the mt-rRNA structure [ 5 – 7 ]. 
Unfortunately, these practices disregarded many well-known facts 
about the rRNA structure and function learned from heterologous 
ribosomes. For example, while WC base pairing accounts for up to 
60 % of the structure present in bacterial ribosomes there are many 
other hydrogen- bonding interactions involving both rRNA and 
ribosomal protein residues are necessary to stabilize such a large 
molecular structure [ 8 ]. So much so that according to Harry 
Noller [ 8 ], “bases that are not involved in either Watson-Crick or 
some kind of noncanonical interaction are very rare.” In addition, 
many WC base pairs are part of tertiary and quaternary interactions 
involving other rRNA bases and/or ribosomal proteins. Finally, 
some of the most important residues in the ribosome, usually 
involved in the binding of ribosomal ligands, are displayed in sin-
gle-stranded regions in secondary-structure maps of rRNA. To 
further complicate the issue, the ribosome is a highly dynamic par-
ticle that interacts with a myriad of ligands during translation. 
Therefore, to elucidate the disruptive potential of an rRNA muta-
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tion, one needs to know the whole spectrum of secondary, tertiary, 
and quaternary interactions in which the mutated base might be 
involved during the translation cycle. 

 The universality of the ribosome and of the core of the translation 
cycle, together with the high conservation of the rRNA fold, pro-
vides a framework for the identifi cation of functionally and structur-
ally equivalent rRNA residues in rRNAs from phylogenetically diverse 
origins [ 9 ]. Structural predictions made by comparative phylogenetic 
methods faced their most stringent test once the fi rst high-resolution 
structures of the ribosomal subunits emerged at the turn of the cen-
tury. Strikingly, approximately 97–98 % of the base pairings predicted 
by a covariation analysis were found to be present in the    Small 
SUbunit (SSU) and Large SUbunit (LSU) crystal structures [ 10 ]. In 
addition, these structures validated the rRNA alignments that had 
been generated by comparative methods [ 10 ]. Thus, such alignments 
can be used as the basis for inferential analysis aimed at establishing 
the structural relationship among rRNA residues from organisms or 
organelles for which no high-resolution structures exist. We propose 
that the use of phylogenetically derived rRNA alignments, together 
with the recent explosion of data from high-resolution ribosome 
structures and with the vast amount of literature bearing on the 
genetic and biochemical characterization of the ribosome and its 
cycle, can be used to inferentially study the effects of mt- rRNA varia-
tions on the structure and function of the mitoribosome. Our 
method, named heterologous inferential analysis (HIA), takes advan-
tage of all these tools to elucidate whether mt-rRNA variations sus-
pected to be implicated in mitochondrial failure might do so by the 
disruption of mitoribosomal function. We believe that this is an 
obligatory fi rst step toward understanding the true role of these 
mutations in human disease. We have already applied HIA to the 
study of rare mitochondrial variations mapping to the human mito-
chondrial 12S [ 11 ] and 16S rRNAs (manuscript in preparation). 

 Applying HIA requires a deep understanding of RNA structure, 
the ribosome, and the complex process of translation. A review of 
the vast collection of literature on these topics is well beyond the 
scope of this paper. Here, we include a collection of protocols that 
can be used as an introduction to HIA for researchers unfamiliar 
with RNA structure and the process of protein synthesis. A sche-
matic description of HIA is provided in Fig.  1 .   

2    Computational Requirements Necessary for HIA Analysis 

 HIA is a fully computational method. UCSF Chimera, a program 
for interactive analysis and visualization of molecular structures, 
was used for the structural analysis (  https://www.cgl.ucsf.edu/chi-
mera/    ). The program was developed by the Resource for 
Biocomputing, Visualization, and Informatics and funded by 

Heterologous Inferential Analysis (HIA)…
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the National Institutes of Health of the USA (NIGMS P41-
GM103311). The analysis of the mt-SSU rRNA, UCSF Chimera 
was run on an Intel(R) core(TM) i7 CPU Q 720 (1.60 GHz) with 
6GB of RAM and an NVIDIA GeForce GT 230M video card, run-
ning a Windows 64-bit operating system. PERL scripts were run 
on the same hardware but with a Linux-based operating system. 

 While the above hardware specifi cations were satisfactory for 
the work on the SSU; the use of a larger number of superim-
posed heterologous models for the LSU work (up to fi ve entire 
ribosomes loaded in UCSF Chimera, occupying an average of 
3.5–4 GB of RAM) clearly reached the memory limits of the 
 system. This problem should be easily avoided by increasing 
the system’s RAM.  

  Fig. 1    HIA scheme. The numbers show the fl ow of information: (1) sources of mutational data, both experimen-
tal and published, (2) the GenBank fi lter, (4) placement of the site of variation on the secondary-structure map 
of the  Homo sapiens ’ mt-rRNA, (5) assignment of the heterologous equivalent residue on a bacterial rRNA map, 
(3) visualization of the heterologous equivalent on a reference high-resolution structure, (6) search through 
relevant literature, (7) visualization in additional, relevant, high-resolution structures (not necessary for all 
variations), and (8) HIA predictions. The  red arrows  indicate sites of mutation       
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3    Collection and Preparation of Mitochondrial DNA Sequence Data for HIA 

  The following types of mitochondrial variations have been 
 subjected to HIA:

    (a)    Variations identifi ed in human subjects with a suspected mito-
chondrial disease.   

   (b)    Somatic mtDNA mutations that had undergone clonal expan-
sions in cancer patients. To identify the variant as a somatic 
mutation that had undergone clonal expansion, the existence 
of a non-mutated and noncancerous control tissue from the 
same patient was a requirement.   

   (c)    COX-defi cient cells located in aged tissues. To identify the 
variant as a somatic mutation that had undergone clonal expan-
sion, the existence of a COX-profi cient surrounding tissue was 
a requirement.   

   (d)       Variants known to defi ne human haplogroups and thus believed 
not to play a role in the etiology of disease through the genera-
tion of a cellular biochemical defect.      

  At present, HIA has been used only to evaluate the disruptive 
potential of human mutations with zero appearances in controls, 
thus increasing the likelihood that the variant plays a role in dis-
ease. We have used the ~21,500 sequences of the human mito-
chondrial genome present in the GenBank database (November 
2013) as a fi lter to “weed out” variations that are present in non- 
patient sequences. We are aware of the fact that this method has 
the potential to leave out some truly pathogenic mutations:

    1.    Retrieve all the GenBank records corresponding to sequenced 
human mt-genomes. The query “Homo[Organism]+AND+
gene_in_mitochondrion[PROP]+AND+14000:19000[SLEN]
+NOT+pseudogene[All Fields]” [ 12 ] can be used to down-
load all the available records. All sequences were downloaded 
with Entrez Programming Utilities and our own PERL scripts 
[ 13 ]. All the data should be easily downloaded by a  simple batch 
retrieval as described under “Retrieving large datasets” (  http://
www.ncbi.nlm.nih.gov/books/NBK25498/#chapter3.
Application_3_Retrieving_large    ) [ 13 ].     

 We have found that batch retrieval of large datasets is prone to 
failure. As this problem might have been permanently solved, we 
recommend to attempt the quick batch method fi rst. In case that 
some of the records fail to download, sequential download can be 
attempted. This method is lengthy and requires writing a script 
that can sequentially post “efetch” queries for the individual miss-
ing records while keeping track of the downloaded ones. If need 
be, our PERL script for the sequential downloading of GenBank’s 
missing records can be made available upon request. 

3.1  Sources 
of Mutational Data

3.2  Analysis of 
GenBank Mitochondrial 
Genome Data

Heterologous Inferential Analysis (HIA)…
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 All the sequence data was downloaded in FASTA format and 
sequentially aligned to the revised Cambridge Reference 
(NC_012920.1) [ 14 ] by using the quick alignment algorithm afforded 
by the    MAFFT package [ 15 ]. The process was automated by means of 
a PERL script, and the generated alignments were subsequently ana-
lyzed by means of a second script that recorded the total number of 
appearances per mitochondrial variation (again, these PERL scripts will 
be made available upon request). Since the downloaded records follow 
the    International Union of Pure and Applied Chemistry (IUPAC) 
nucleotide base code (  http://www.ncbi.nlm.nih.gov/Class/
MLACourse/Modules/MolBioReview/iupac_nt_abbreviations.
html    ), care should be taken to make sure that the correct base change 
is assigned to individual variations. Mitochondrial genomic positions 
appearing as “N” were dismissed as uninformative. 

 For variations with 15 or less appearances in the combined 
dataset, including the data from both the GenBank and Phylotree 
databases, the possibility that the individual sequences could be 
linked to mitochondrial disease was investigated by inspecting the 
related publication sources. In all cases it was observed that no new 
patient sequences other than the ones previously found in the lit-
erature, were present within GenBank.   

4    Assignment of the Disruptive Power Potential by HIA 

  12S rRNA starts at genomic position 648 and 16S rRNA starts at 
position 1,671; therefore, mt-rRNA positions are calculated by sub-
tracting either 647 or 1,670 from the corresponding genomic posi-
tions. When numerous variations were to be scored, we found it 
convenient to place the mt-rRNA positions of the variations on a 
primary-sequence alignment between the homologous human 12S 
and 16S rRNAs and the heterologous sequences from a model organ-
ism ( E. coli  in our case). To do this, we used the program LALIGN 
[ 16 ] due to its simplicity of use and its availability as an online tool 
(  http://www.ch.embnet.org/software/LALIGN_form.html    ). 

 Phylogenetically derived secondary-structure maps are available 
at   http://www.rna.icmb.utexas.edu/     [ 17 ]. Such maps constitute a 
very convenient tool to assign heterologous equivalent residues, due 
to the easy identifi cation of conserved structural features. Once the 
heterologous equivalent has been found, its position must be located 
on a high-resolution model of the heterologous ribosome.  

  Coordinate fi les for high-resolution structures of the ribosome are 
deposited at the RCSB Protein Data Bank (  http://www.rcsb.org    ). At 
present, only crystal structures obtained by X-ray diffraction afford 
near atomic resolution structures of the ribosome. Accession codes for 
some representative high-resolution structures are shown in Table  1 . 
It should be noted that due to crystallographic symmetry, several 
different structures of the ribosome and/or ribosomal subunits 

4.1  Assignment 
of Variations to 
mt-rRNA Positions

4.2  Variations Can 
Be Investigated Using 
High- Resolution 
Ribosomal Models 
(Selecting Residues 
and Inspecting Local 
Structure)
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might be present in the asymmetric crystallographic unit. While in 
most cases a, single structure from these crystals is suffi cient for visu-
alization, which might be not always the case, as on certain occasions 
the different ribosomes present in the asymmetric unit correspond to 
different conformational states [ 18 ,  19 ]. In principle, crystal struc-
tures of complete ribosomes with phylogenetically conserved ligands 
are the most informative. The bacterial ribosome has been by far the 
most thoroughly studied, both biochemically and genetically, as well 
as structurally. As a result, we currently have several structures of bac-
terial ribosomes in different structural conformations and in complex 
with many different conserved ligands that are necessary during trans-
lation. The resolution and the  R  and  R -free factors are important 
parameters to consider, as they inform us about the quality of the 
model obtained from crystallographic data [ 20 ]. Typical  R  values for 
near atomic ribosome structures lie between 0.2 and 0.3, with the 
 R -free factor lying slightly above the  R  factor.

   The visualization software UCSF Chimera [ 21 ] provides a 
free, powerful, and user-friendly tool for the structural analysis of 
ribosomal structures. Online manuals and tutorials are available at 
  https://www.cgl.ucsf.edu/chimera/    . Here we will describe some 
useful instructions to load, visualize, and perform structural analy-
sis with UCSF Chimera (version 1.7). A suggested plan of action 
for the elucidation of the role of any rRNA residue without any 
preliminary knowledge of its function goes as follows:

    1.    Upload the coordinate fi les for a 70S structure of the unratch-
eted bacterial ribosome, with the highest possible resolution. 
The fi le is downloaded from RCSB Protein Data Bank (choose 
PDB fi le) and loaded on UCSF Chimera. Note that RCSB 
Protein Data Bank provides a list of all the different chains 
present in the coordinate fi le.   

   2.    The heterologous residue equivalent to the mitochondrial vari-
ant is found by selecting its position on the primary sequence:
   (a)    Click  Tools:Sequence  and then select the chain ID cor-

responding to the rRNA where the residue is located.   
  (b)    Highlight a residue on the sequence, which selects it for 

further manipulation.   
  (c)    Click  Actions:Focus  to make the residue visible.   
  (d)    Click  Actions:Atoms/Bonds:Show  to display a wire 

model of the residue.   
  (e)    Ctrl-click on any atom to select it, and then click 

 Actions:label:other  to open a window where a label for 
the residue, placed on the selected atom, can be entered. 
Additionally, a different color can be used to highlight the 
residue after clicking on its corresponding ribbon portion 
and ctrl-clicking it to select all its atoms. A color palette 
can be found under  Actions:Color .   

Heterologous Inferential Analysis (HIA)…

https://www.cgl.ucsf.edu/chimera/


380

  (f)    Ctrl-click on neighboring rRNA residues to sort out all 
possible secondary, tertiary, and quaternary interactions. 
According to Jeffrey [ 22 ], the mean donor-acceptor dis-
tances for hydrogen bonds in protein and nucleic acids are 
close to 3.0 Å. Therefore, any donor-acceptor pairs within 
3.0 Å likely correspond to a hydrogen bond. In cases 
where the heterologous equivalent is part of a canonical 
Watson-Crick base pair, its partner should be easily spotted 
after displaying its wire representation.   

  (g)    Ctrl-click any two atoms to determine the distance between 
them. To display the distance between two atoms, use the 
 Distances  wizard ( Tools:Structure Analysis:Distances ).   

  (h)    Save the Chimera session so that it can be loaded back at a 
later time (Select  File:Save Session ).        

  Regardless of how informative 3D representations of the ribo-
some might be to elucidate the role of individual rRNA residues in 
the stabilization of local structure; the enormity of the ribosome, 
relative to the size of a nucleotide, effi ciently dilutes down the del-
eterious contribution of most rRNA mutations to normal ribo-
somal function. Thus, the conclusions of the preliminary structural 
analysis must be complemented with a search for biochemical and 
genetic data that can be used to rationalize the effects of the struc-
tural perturbation on ribosome function. A good starting point to 
initiate this search is to use the Ribosomal Mutation Database 
(ribosome.fandm.edu) and its associated reference [ 23 ] to eluci-
date whether the heterologous equivalent or a neighboring residue 
has been targeted by mutagenesis studies of non-mitochondrial 
ribosomes. Subsequent literature searches with the standard 
resources (Google, PubMed) will necessarily target papers in which 
links between the mutated region and specifi c aspects of ribosome 
function are established. These investigations should be followed 
by the visual inspection of such links in high-resolution structures 
of the ribosome in complex with pertinent ribosomal ligands. In 
order to best visualize structures of the ribosome in different steps 
of translation, it is important to fi rst superpose the structures by 
using the MatchMaker tool of UCSF Chimera. For bacterial 
 ribosomes, we normally use either the 16S or 23S rRNA chains to 
obtain the best superposition results. To display the result of SSU 
rotation while comparing differently rotated states of the ribo-
some, the 23S rRNA must be used for the superposition. The fol-
lowing example will illustrate this process:

    1.    Let’s suppose that two different ribosomes, consisting of four 
independent PDB    fi les, are opened in UCSF Chimera in the 
following order: SSU ribosome 1, LSU ribosome 1, SSU ribo-
some 2, and LSU ribosome 2. UCSF Chimera will automatically 
assign consecutive numbers to the models, starting at 0.   
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   2.    The LSU from ribosome 2 (#3) is superposed onto the LSU 
from ribosome 1 (#1) by selecting  Tools:Structure 
Comparison:MatchMaker . In the  MatchMaker  dialog box, 
choose the option  Specifi c chain(s) in reference structure 
with specifi c chain(s) in match structure ; make sure that 
 Matrix  displays the  Nucleic  option and leave all other options 
as default.   

   3.    To move the SSU from ribosome 2 (#2), the coordinate trans-
formation matrix generated by  MatchMaker  is applied to 
model #2 by typing  matrixcopy  # 3  # 1   moving #2  in the 
 command line (click  Favorites/Command  line to open 
the command line dialog box).   

   4.    It is convenient to save the modifi ed PDB fi les for future use 
after selecting the corresponding model on the  Model Panel  
( Favorites:Model Panel ) and clicking the  Write PDB  option 
on the  Model Panel  (select  Favorites:Model Panel ). Make 
sure that the proper model is chosen on the dialog box, that a 
new name is given to the fi le to be saved, and that the  Save 
relative to model  option is clicked and displays the name of 
the reference model. Save the Chimera session so that it can be 
loaded back at a later time.    

  The same method can be used to superimpose heterologous 
models from different model organisms.   

5    Criteria for the Assignment of Disruptive Power Potential 

 The fi nal goal of HIA is to establish the disruptive potential of a 
putative mutation occurring at the heterologous equivalent resi-
due, as a basis for estimating the degree of pathogenicity of the 
original mitochondrial variation. To do this, we have come up with 
the following scoring system:

    1.    Supportive, direct mutagenesis data exists against a deleterious 
effect of the mutation and/or its base pairing partner on ribo-
somal function. --> N =“certainly not disruptive.”   

   2.    No direct mutagenesis data exists, but is there substantial indi-
rect data against a deleterious effect of the mutation and/or its 
base pairing partner on ribosomal function --> U =“unlikely 
disruptive.”   

   3.    No direct nor indirect data arguing for or against a deleterious 
effect exists.  NEE =“not enough evidence.”   

   4.    Enough indirect data (but not direct mutagenesis data) exists 
that suggests a deleterious effect associated to the muta-
tion. --> L =“likely disruptive.”   

   5.    Enough direct mutagenesis data demonstrating a deleterious 
effect associated to the mutation. --> C =“certainly disruptive.”   

Heterologous Inferential Analysis (HIA)…
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   6.    An mtDNA mutation would be considered to have the same 
disruptive power as its heterologous counterpart as long as the 
available structural data for the former is not in disagreement 
with the heterologous evidence, e.g. if the higher-order struc-
tural elements taken into consideration are conserved in both 
the mitochondrial and heterologous ribosomes. Two additional 
categories were used to classify the mitochondrial mutations:
   (a)     Und =“undetermined.” Either a heterologous equivalent 

residue cannot be assigned with enough certainty, or the 
existing structural differences in the surrounding region 
are too large to allow the extrapolation of conclusions 
made in the heterologous case.   

  (b)     E =“expectedly disruptive.” This category contains the 
mitochondrial equivalents to residues assigned as “cer-
tainly disruptive” in the heterologous system. When the 
mitochondrial mutation is present in homoplasmy, the 
mutation can be considered pathogenic.             

  Note added in proof 

 Recent advances in cryo-electron microscopy have allowed the 
groups led by R.K. Agrawal, N. Ban, and V. Ramakrishnan to 
achieve medium-resolution and near-atomic-resolution structures 
of mammalian mitoribosomal particles. Such advances now permit 
the placement of sites of mutation directly on mitoribosomal struc-
tures, thus dramatically improving the predictive power of the 
methods described here.  
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    Chapter 33   

 Analysis of Mitochondrial Dysfunction During Cell Death 

           Vladimir     Gogvadze     ,     Sten     Orrenius    , and     Boris     Zhivotovsky   

    Abstract 

   Mitochondria play a key role in various modes of cell death. Analysis of mitochondrial dysfunction and the 
release of proteins from the intermembrane space of mitochondria represent essential tools in cell death 
investigation. Here we describe how to evaluate release of intermembrane space proteins during apoptosis, 
alterations in the mitochondrial membrane potential, and oxygen consumption in apoptotic cells.  

  Key words     Mitochondria  ,   Cell death  ,   Permeabilization  ,   Respiration  ,   Membrane potential  

1      Introduction 

 Investigation of various forms of cell death has become an important 
area of biomedical research. Recently, several cell death modalities 
in addition to necrosis and apoptosis have been described and 
characterized based on morphological and biochemical criteria [ 1 ]. 
The interaction between different forms of cell death is compli-
cated and still a matter of debate. Mitochondria play a crucial role 
in the execution of various modes of cell death, although the pre-
cise mechanisms of their involvement are still unclear. 

 Currently, it is widely accepted that mitochondria are impor-
tant participants in the regulation of apoptosis, an evolutionarily 
conserved and genetically regulated process of critical importance 
for embryonic development and maintenance of tissue homeosta-
sis in the adult organism [ 2 ]. Apoptosis is also involved in the 
spontaneous elimination of potentially malignant cells and thera-
peutically induced tumor regression, whereas defects in the apop-
tosis program may contribute to tumor progression and resistance 
to treatment [ 3 ]. The release of different proapoptotic proteins 
from the mitochondrial intermembrane space has been observed 
during the early stages of apoptotic cell death [ 4 ]. Among these 
proteins is a component of the mitochondrial respiratory chain, 
cytochrome  c . Once in the cytosol, cytochrome  c  interacts with its 
adaptor  molecule, Apaf-1, resulting in the recruitment, processing, 
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and activation of pro-caspase-9, a member of the caspase  family of 
cysteine proteases, in the presence of dATP or ATP [ 5 ]. Caspase-9, 
in turn, cleaves and activates pro-caspase-3 and -7; these effector 
caspases are responsible for the cleavage of various proteins lead-
ing to biochemical and morphological features characteristic of 
apoptosis [ 6 ]. 

 The mechanisms regulating cytochrome  c  release remain partly 
obscure. However, two distinct models for cytochrome  c  release 
have emerged, and these can be distinguished on the basis of 
whether Ca 2+  is required for the event. In one instance, mitochon-
drial Ca 2+  overload causes opening of a nonspecifi c pore in the 
inner mitochondrial membrane, with subsequent swelling and rup-
ture of the outer membrane followed by the release of cytochrome 
 c  and other intermembrane space proteins [ 7 ]. The Ca 2+ -
independent model asserts that a more selective protein release 
occurs without changes in mitochondrial volume or dissipation of 
the mitochondrial membrane potential. This mechanism involves 
specifi c pores in the outer mitochondrial membrane that are 
formed by certain proapoptotic members of the Bcl-2 family of 
proteins, including Bax [ 8 ]. Truncated Bid, generated by caspase-8 
and other proteases, induces a conformational change in Bax that 
allows this protein to insert into the outer membrane, oligomerize, 
and mediate cytochrome  c  release. In addition, Bax can modulate 
cytochrome  c  release by facilitation of opening of the permeability 
transition pore [ 9 ]. 

 The following protocols represent basic tools widely used in 
estimating release of intermembrane space proteins during apopto-
sis, assessment of the mitochondrial membrane potential in apop-
totic cells, and analysis of mitochondrial oxygen consumption.  

2    Materials 

  In order to analyze the release of certain proteins from mitochondria 
during apoptosis, the cellular plasma membrane should be 
disrupted and the cytosolic fraction separated from membrane 
material, including mitochondria. This can be achieved by 
incubation of cells in a solution containing digitonin, a steroid 
glycoside from  Digitalis purpurea , which selectively permeabilizes 
the plasma membrane leaving the outer mitochondrial membrane 
intact. Plasma membrane permeabilization occurs due to the 
interaction of digitonin with cholesterol. At digitonin concentrations 
between 10 and 100 μg/ml, cholesterol-rich plasma membranes 
are permeabilized, whereas those of intracellular organelles are not 
[ 10 ]. The molecular weight of digitonin is about three times that 
of  cholesterol; thus binding to cholesterol permeabilizes the plasma 
membrane by disrupting the packing of lipids.

2.1  Evaluation of 
Cytochrome  c  Release 
from the Mitochondria 
of Apoptotic Cells
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    1.    Cells of interest in culture (e.g., Jurkat cells, U 937, HeLa).   
   2.    Apoptotic stimuli (e.g., etoposide, cisplatin, staurosporine).   
   3.    Phosphate-buffered saline (PBS).   
   4.    1 M Tris   : dissolve 12.1 g of Tris in 100 ml of distilled water; 

adjust pH to 7.4 with HCl.   
   5.    1 M MgCl 2  × 6H 2 O: dissolve 203.3 mg of MgCl 2  × 6H 2 O in 

1 ml of distilled water.   
   6.    0.5 M EGTA: dissolve 38.1 g of EGTA in 80 ml of distilled 

water, adjust pH to 7.4 using KOH, bring the solution to 
100 ml, and store at 4 °C.   

   7.    0.2 % digitonin: dissolve 10 mg of digitonin in 5 ml of distilled 
water, aliquot, and store at −20 °C.   

   8.    10 ml Fractionation buffer: Weigh 0.11 g of KCl, transfer into 
15 ml tubes, add 50 μl 1 M Tris, 10 μl 1 M f MgCl 2 , 50 μl 
0.5 M EGTA, 0.5 ml 0.2 % digitonin solution, and make up to 
10 ml with distilled water. Store at 4 °C for 4–5 days.   

   9.    Low-speed centrifuge.   
   10.    Eppendorf centrifuge.   
   11.    Reagents and equipment for electrophoresis in polyacrylamide 

gel and subsequent Western blotting.    

    Alteration of the mitochondrial membrane potential is one of the 
fi rst responses of cells to any insult. The mitochondrial membrane 
potential, which drives oxidative phosphorylation [ 11 ] and mito-
chondrial calcium uptake [ 12 ], is generated by the electron- 
transporting chain. When electron transport ceases, for example 
during ischemia, the inner membrane potential is built up at the 
expense of ATP, hydrolyzed by the mitochondrial ATP synthase. 
The relationship between mitochondrial depolarization and apop-
tosis remains controversial. Depending on a cell death stimuli some 
investigators consider a decrease in the mitochondrial membrane 
potential an early irreversible signal for apoptosis [ 13 ], while oth-
ers describe it as a late event [ 14 ].

    1.    Cells of interest (e.g., Jurkat cells, U 937, HeLa).   
   2.    RPMI-1640 medium supplemented with 5 % (v/v) heat- 

inactivated fetal bovine serum, 2 mM  L -glutamine, penicillin 
(100 U/ml), and streptomycin (100 μg/ml).   

   3.    25 mM TMRE stock solution: dissolve 12.8 mg tetramethyl-
rhodamine methyl ester (TMRE; Molecular Probes) in 1 ml 
ethanol; store according to the manufacturer’s instructions.   

   4.    HEPES buffer: 10 mM HEPES, 150 mM NaCl, 5 mM KCl, 
1 mM MgCl 2  × 6H 2 O, adjust pH to 7.4 with NaOH; Store up 
to 2–3 days at 4 °C.   

2.2  Assessment 
of the Mitochondrial 
Membrane Potential

Mitochondrial Alterations in Apoptosis
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   5.    Carbonyl cyanide 3-chlorophenylhydrazone (CCCP) 
(10 mM): dissolve 4.1 mg CCCP in 2 ml of ethanol, and store 
at −20 °C. Dilute the stock solution to 1 mM by adding 50 μl 
of 10 mM CCCP in 450 μl of ethanol.   

   6.    Flow cytometer (e.g., FACS; Becton Dickinson).    

    In many instances, apoptosis-inducing agents can directly affect 
mitochondria; thus assessment of vital functions of mitochondria, 
such as respiration, provides important information concerning 
involvement of mitochondria in cell death process. Analysis of oxy-
gen consumption can be performed using intact cells as well as cells 
with digitonin-permeabilized plasma membrane.

    1.    Cells of interest (Jurkat, U 937, HeLa).   
   2.    Medium in which cells were growing.   
   3.    Carbonyl cyanide 3-chlorophenylhydrazone (CCCP) 

(10 mM): dissolve 4.1 mg CCCP in 2 ml of ethanol, and store 
at −20 °C. Dilute the stock solution to 1 mM by adding 50 μl 
of 10 mM CCCP in 450 μl of ethanol.   

   4.    Oxygraph (Hansatech Instruments), or any other Clark-type 
oxygen electrode connected to computer or chart recorder.   

   5.    Hamilton-type syringes (10 and 25 μl).      

      1.    Cells of interest.   
   2.    1 M Tris: dissolve 12.1 g of Tris in 100 ml of distilled water; 

adjust pH to 7.4 with HCl.   
   3.    1 M MgCl 2  × 6H 2 O: dissolve 203.3 mg of MgCl 2  × 6H 2 O in 

1 ml of distilled water.   
   4.    0.5 M KH 2 PO 4 : dissolve 340.2 mg of KH 2 PO 4  in 5 ml of dis-

tilled water, adjust pH to 7.4, aliquot, and keep frozen.   
   5.    0.2 % digitonin: dissolve 10 mg of digitonin in 5 ml of distilled 

water, aliquot, and store at −20 °C.   
   6.    10 ml respiration buffer: Weigh 0.11 g of KCl, transfer into 

15 ml tube, add 50 μl 1 M Tris, 100 μl 0.5 M KH 2 PO 4 , 10 μl 
1 M MgCl 2 , 0.5 ml 0.2 % digitonin, and make up to 10 ml 
with distilled water. Store at 4 °C for 4–5 days.   

   7.    Sodium succinate (0.5 M): dissolve 135 mg of sodium succi-
nate in 1 ml of distilled water, aliquot, and store frozen at 
−20 °C up to 3 months.   

   8.    Sodium pyruvate (0.5 M): dissolve 135 mg of sodium pyruvate 
in 1 ml of distilled water, aliquot, and store frozen at −20 °C 
up to 3 months.   

   9.    Malate (0.5 M): dissolve 134.1 mg of malic acid in 5 ml of 
distilled water, adjust pH to 7.4 with KOH, aliquot, and store 
frozen at −20 °C up to 3 months.   

2.3  Assessment of 
Oxygen Consumption 
in Intact Apoptotic 
Cells

2.4  Assessment 
of Mitochondrial 
Respiration in 
Apoptotic Cells 
with Digitonin- 
Permeabilized Plasma 
Membrane
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   10.    CCCP (10 mM): dissolve 4.1 mg CCCP in 2 ml of ethanol, 
and store at −20 °C. Dilute the stock solution to 1 mM by add-
ing 50 μl of 10 mM CCCP in 450 μl of ethanol.   

   11.    Rotenone (2.5 mM): dissolve 1 mg rotenone in 1 ml ethanol, 
store at −20 °C up to 3 months.   

   12.    Malonate (0.5 M): dissolve 260.15 mg of malonic acid in 5 ml 
of distilled water, adjust pH with KOH, aliquot, and store fro-
zen at −20 °C up to 6 months.   

   13.    Ascorbate (0.5 M): dissolve 440 mg of ascorbic acid in 5 ml of 
distilled water, adjust pH to 7.4 with KOH, aliquot, and store 
at −20 °C up to 3 months.   

   14.    Tetramethyl phenylenediamine (TMPD) (0.03 mM): dissolve 
4.9 mg of TMPD in 1 ml of ethanol, store at −20 °C up to 3 
months.   

   15.    Oxygraph (Hansatech Instruments), or any other Clark-type 
electrode connected to computer or chart recorder.   

   16.    Hamilton-type syringes (10 and 25 μl).       

3    Methods 

      1.    Incubate cells with apoptotic stimuli (type, concentration, and 
incubation time determined by cell type).   

   2.    Harvest cells using Trypsin, transfer into 15 ml tubes, count 
cells, and spin down at 200 ×  g  for 5 min.   

   3.    Gently remove the supernatant, without touching the pellet.   
   4.    Resuspend cells at concentration of 1 × 10 6  cells in 100 μl of 

the fractionation buffer and transfer samples into Eppendorf 
tubes.   

   5.    Take aliquots (2–3 μl) for protein determination.   
   6.    Incubate samples at room temperature for 10–15 min.   
   7.    In the end of the incubation vortex cells briefl y and spin sam-

ples down using Eppendorf centrifuge for 5 min at 10,000 ×  g .   
   8.    Gently, without touching the pellet, transfer supernatants 

(approx. 95 μl) from each sample into new Eppendorf tubes 
( see   Note 1 ).   

   9.    Add 95 μl of the fractionation buffer in each tube and resus-
pend the pellets.   

   10.    Mix supernatant and pellet fractions with Laemmli buffer. 
Detection of proteins of interest is performed using polyacryl-
amide gel electrophoresis with subsequent blotting and prob-
ing with specifi c antibodies.     

 A typical distribution of cytochrome  c  between mitochondria 
and cytosol in apoptotic cells is shown in Fig.  1 .   

3.1  Evaluation of 
Cytochrome  c  Release 
from the Mitochondria 
of Apoptotic Cells

Mitochondrial Alterations in Apoptosis



390

      1.    Prepare an aliquot of 0.3 × 10 6  cells in 300 μl of RPMI-1640 
medium.   

   2.    Dilute TMRE stock solution 1:1,000 with HEPES buffer (for 
a concentration of 25 μM).   

   3.    Add an aliquot of the diluted (25 μM) TMRE to cells for a 
fi nal concentration of 25 nM.   

   4.    Incubate cells with TMRE 20 min at 37 °C.   
   5.    Further dilute the 25 μM TMRE 1:1,000 with HEPES buffer 

for a fi nal concentration of 25 nM. Centrifuge cells 5 min at 
200 ×  g , room temperature, and resuspend in fresh HEPES 
buffer containing 25 nM TMRE.   

   6.    Analyze membrane potential by fl ow cytometry according to 
the manufacturer’s instructions for the instrument used ( see  
 Note 2 ).   

   7.    Use protonophore CCCP (5 μM) to dissipate the mitochon-
drial membrane potential completely as a positive control.      

      1.    Calibrate the oxygen electrode according to the manufacturer 
protocol.   

   2.    Add 0.3 ml of the medium to the oxygen electrode chamber 
under conditions of constant stirring. Set the rate of stirring 
20–25 rpm.   

   3.    Harvest cells (two to four million per measurement, depend-
ing on the cell type), spin them down.   

   4.    Remove the supernatant and start the program. Take 50–60 μl 
of the medium from the oxygen electrode chamber for resus-
pending the cell pellet, transfer medium with cells back to the 
chamber, and close the chamber with the plunger. The plunger 
has a stoppered central precision bore allowing additions to be 
made to the reaction mixture using a standard Hamilton-type 
syringe. Expel all air bubbles through the bore in the plunger 
(slight twisting of the plunger helps to gather the bubbles). 
The level of oxygen in the chamber will start decreasing as 
mitochondria consume oxygen.   

3.2  Assessment 
of the Mitochondrial 
Membrane Potential

3.3  Assessment 
of Oxygen 
Consumption in Intact 
Apoptotic Cells

Cyt c

α-TOS

GAPDH

cytosol

mitochondria

vehicle

  Fig. 1    Release of cytochrome  c  from mitochondria in neuroblastoma Tet21N cells 
during apoptosis induced by alpha-tocopheryl succinate. GAPDH was used as 
loading control       
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   5.    After 3–4 min add 10 μM CCCP through the bore in the 
plunger using Hamilton-type syringe.   

   6.    After adding CCCP the rate of respiration will increase as 
CCCP lowers the mitochondrial potential that stimulates oxy-
gen consumption.   

   7.    Express the rate of respiration as the amount of oxygen con-
sumed in 1 min by one million of cells.     

 The Protocol allows measuring basal respiration, and respira-
tion stimulated by CCCP (highest activity of the respiratory chain), 
which is not suppressed by the mitochondrial membrane potential 
or controlled by the activity of ATP synthase.  

  Permeabilization of the plasma membrane allows measurement of 
mitochondrial activity in situ, without isolation of these organelles 
and the accompanying potential risk of mitochondrial damage. 
Selective disruption of the plasma membrane by digitonin makes 
mitochondria accessible to substrates for various respiratory com-
plexes ( see   Note 3 ). The concentration of digitonin must be cho-
sen carefully and usually should not exceed 0.01 % (w/v), since 
higher concentrations might affect the outer mitochondrial mem-
brane ( see   Note 4 ).

    1.    Calibrate the oxygen electrode according to the manufacturer 
protocol.   

   2.    Add 0.3 ml of the respiration buffer to the oxygen electrode 
chamber under conditions of constant stirring. Set the rate of 
stirring 20–25 rpm.   

   3.    Harvest cells (two to four million per measurement, depend-
ing on the type of the cells), count them, and spin down in 
15 ml tubes.   

   4.    Remove the supernatant and start the program. Take 50–60 μl 
of the respiration buffer from the oxygen electrode chamber for 
resuspending the cell pellet, transfer the buffer with cells back 
to the chamber, and close the chamber with the plunger. Expel 
all air bubbles through the bore in the plunger (slight twisting 
of the electrode helps to gather the bubbles at the slot). The 
level of oxygen in the chamber will start decreasing as mito-
chondria consume oxygen. The presence of digitonin in respi-
ration buffer will make mitochondria accessible to substrates.   

   5.    Analysis of the activity of the respiratory complexes should be 
performed after uncoupling oxidation and phosphorylation by 
adding the protonophore CCCP (10 μM fi nal concentrations) to 
get maximum rates of respiration. After 2–3 min add succinate, a 
substrate of Complex II (10 mM fi nal concentration); addition 
of substrate will stimulate respiration ( see   Note 5 ). After 3–4 min 
add malonate (10 mM fi nal concentration). The respiration will 
slow down as succinate dehydrogenase is inhibited.   

3.4  Assessment 
of Mitochondrial 
Respiration 
in Apoptotic Cells 
with Digitonin- 
Permeabilized Plasma 
Membrane

Mitochondrial Alterations in Apoptosis
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   6.    After 3–4 min add pyruvate and malate, substrates of Complex 
I (10 mM fi nal concentration each) ( see   Note 6 ). Respiration 
will be stimulated. After 3–4 min add rotenone, an inhibitor of 
Complex I (2.5 μM fi nal concentration). This will slow down 
oxygen consumption.   

   7.    After 3–4 min add 5 mM ascorbate and 0.3 mM (TMPD), an 
artifi cial electron donor for cytochrome  c . Respiration will be 
stimulated again.    

  This approach allows assessment of the Complexes I, II, and IV 
of the mitochondrial respiratory chain. A typical curve of mitochon-
drial oxygen consumption permeabilized cells is shown in Fig.  2 .    

4    Notes 

     1.    Separation of the mitochondria from the supernatant should 
be done thoroughly. Aliquots of supernatant should be taken 
without disturbing the pellet.   

   2.    The analysis of the membrane potential should be done shortly 
after staining of the cells. TMRE is only accumulated by mito-
chondria with high membrane potential and any delay in analy-
sis may negatively affect the functional state of the mitochondria 
and therefore cause leakage of the dye.   

   3.    The concentration of digitonin can be determined experimen-
tally by staining permeabilized cells with Trypan blue, a vital stain 
used to selectively color cells with damaged plasma membrane. 
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  Fig. 2    Assessment of mitochondrial respiration in digitonin-permeabilized cells       
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The lowest concentration causing permeabilization of 90–95 % 
cells should be used in the experiment.   

   4.    Digitonin may precipitate after    cooling; shake it vigorously 
before adding to the buffer.   

   5.    Experiment can be started with analysis of Complex I activity 
instead of Complex II.   

   6.    Pyruvate and malate can be mixed before the experiment and 
added together.         
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Chapter 34

The Use of FLIM-FRET for the Detection  
of Mitochondria- Associated Protein Interactions

Elizabeth J. Osterlund, Qian Liu, and David W. Andrews

Abstract

Fluorescence lifetime imaging microscopy–Förster resonant energy transfer (FLIM-FRET) is a high- 
resolution technique for the detection of protein interactions in live cells. As the cost of this technology 
becomes more competitive and methods are devised to extract more information from the FLIM images, 
this technique will be increasingly useful for studying protein interactions in live cells. Here we demon-
strate the use of the ISS-Alba FLIM/FCS confocal microscope, which was custom-built for supervised 
automation of FLIM data acquisition. We provide a detailed protocol for collecting and analyzing good 
FLIM-FRET data. As an example, we use FLIM-FRET to detect the interaction between BclXL and Bad 
at the mitochondrial outer membrane in live MCF7 breast cancer cells.

Key words FLIM, FRET, Protein–protein interactions, Interactions at membrane, Fluorescence life-
time imaging, mCerulean3, Fluorescence proteins

1 Introduction

Protein–protein interaction studies are central in our effort to fur-
ther understand biological systems and progress in drug design 
and development. While there are many available biochemical and 
biophysical approaches that can be used to detect interactions, no 
technique is without limitations. Currently co- immunoprecipitation 
is most practiced; however, this technique is unreliable when it 
comes to the study of membrane protein interactions due to deter-
gent effects [1]. Many techniques used in live cells, such as spatial 
co-localization or proximity ligation, offer poor resolution for 
identifying real interactions and may confuse binding with co- 
localization. In contrast, fluorescence lifetime imaging microscopy–
Förster resonance energy transfer (FLIM-FRET) is exceptionally 
sensitive for the identification of protein–protein interactions in 
live cells. Here we will use FLIM-FRET to demonstrate the inter-
action of BclXL and Bad at the mitochondrial outer membrane [2] 
and provide helpful insights from our experience.

1.1 Studying 
Protein–Protein 
Interactions at 
Membranes  
in Live Cells
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Understanding the fundamentals of fluorescent microscopy is 
essential. The basic principles of fluorescence are best understood 
with the use of a Jablonski diagram (see Fig. 1a). A fluorophore is 
a molecule that absorbs energy at some wavelength of light (λabs) 
causing its electrons to jump to a higher-energy state (S1… Sn).  
In time, the electrons will return to the more stable, ground state 
(S0), and in so doing energy is released by internal conversion, 
intersystem crossing, phosphorescence, and fluorescence (radiative 
energy released in the form of light on the nanosecond scale) [3, 
4] _ENREF_3. Notably, fluorescence results from the transition of 
an electron from the baseline of S1 to ground state S0; some energy 
is released before reaching the baseline, and wavelength emitted 
(λem) will have lower energy than absorbed (λabs).

Some pairs of fluorophores have overlapping spectra. If the 
emission spectrum of one fluorophore, the donor, overlaps with the 
excitation spectrum of another fluorophore, the acceptor, then 
energy may transfer from donor to acceptor without the release of a 
photon (see Fig. 1b). This phenomenon is called Förster resonance 
energy transfer (FRET). The FRET efficiency (E) is inversely 

1.2 Review 
of Fluorescent 
Microscopy
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Fig. 1 Basic fluorescence principles. (a) Jablonski diagram adapted from [4] illustrating electronic states of a 
fluorescent molecule. Singlet states are represented by “S” and triplet states by “T.” A absorbance, IC internal 
conversion/vibrational relaxation, ISC intersystem crossing, F fluorescence, and P phosphorescence. Arrows 
represent transitions between energy states. Overlapping arrows represent differences in quantity of energy 
that may be transferred in the same process (i.e., absorbance), to achieve the same result but occurring at 
separate events. (b) Diagram illustrating the nonradiative energy transfer from a donor to an acceptor fluoro-
phore. Cartoon illustrates the donor and acceptor fluorophores (sun shapes) fused to proteins of interest. 
Energy levels for donor and acceptor are illustrated below. FD fluorescence of the donor, FA fluorescence of the 
acceptor
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proportional to the sixth power of the distance (r) between the 
donor and acceptor, where R0 is the Förster distance [5, 6]
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FRET efficiency also depends on the freedom of the donor and 
acceptor to orient properly in space for dipole–dipole alignment 
and other factors, but these effects are generally minor compared to 
distance. Therefore, in practice for most fluorophores used in biol-
ogy, FRET can be detected for distances less than ~10 nm [6]. This 
makes FRET an exceptionally sensitive tool for the detection of 
protein-binding interactions when a donor is attached to one pro-
tein of interest and an acceptor to another protein. Only a direct 
interaction between the proteins will bring the donor and acceptor 
fluorophores in close enough proximity for FRET to occur.

As highly specialized equipment is not required, the simplest way 
to measure FRET is by looking at changes in donor and acceptor 
intensities. However, intensity-based FRET measurements can 
only be applied when the quantity of donor and acceptor is known 
or when the ratio of donor–acceptor is constant in every area 
measured. The concentration of donor and acceptor cannot be 
accurately quantified in every pixel (or region of interest) in images 
of live cells. Additionally, FRET signals are generally small so it is 
difficult to correct for errors that result from spectral bleed- 
through, acceptor crosstalk, or changes in laser intensity. Measuring 
changes in donor lifetime allows more accurate quantification of 
FRET in live cells since lifetime is concentration independent.

Lifetime is the average time a population of donor fluorophores 
remains in the excited state before releasing a photon. Both time 
domain and frequency domain FLIM modes can be used to mea-
sure lifetime [5]. The more accurate, although more time- 
consuming method, time domain FLIM can be measured using the 
ISS-Alba microscope by time-correlated single photon counting 
(TCSPC). In brief, the sample is excited with a pulsed laser, and for 
each pulse the time between the excitation and the first detected 
emission photon is recorded. Photons collected over time can be 
used to generate a decay curve and calculate the lifetime of the 
donor (see Fig. 2a). The average donor lifetime will decrease with 
FRET since those fluorophores that retain their excitation longest 
in a population are also the most likely to undergo FRET with an 
acceptor. As a result, FRET efficiency (E) can be calculated by
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1.3 Why Use FLIM 
to Measure FRET 
in Live Cells?
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Lifetime is intensity independent and is therefore not affected by 
small changes in illumination intensity that can arise from 
changes in laser power or alignment. However, both lifetime and 
fluorescence intensity are temperature dependent. Therefore, 
even though time is an absolute measurement, the lifetime of a 
fluorophore will be consistent from lab to lab only in controlled 
environmental conditions.

As with all techniques, there are limitations to FLIM- FRET. 
There is the possibility that addition of the fluorophore will affect 
the activity of the protein of interest. This is particularly true when 
FLIM-FRET is used to measure interactions between proteins that 
are fluorescent due to fusion to one of the many different fluores-
cence proteins. In these experiments the fluorescence protein may 
often be as large as the protein being analyzed. In addition, FLIM-
FRET requires overexpression of the labeled proteins. Interactions 
detected by FLIM-FRET in live cells may be impacted by the 
expression levels of the putative binding partners particularly when 
they are expressed at defined locations in the cell such as mem-
branes. For these reasons FLIM FRET data need to be validated by 
additional methods. Nevertheless, FLIM-FRET has been shown to 
be a powerful technique for the demonstration of distance- 
dependent protein–protein interactions in live cells [7, 8].

The first step is to choose an appropriate donor and acceptor pair 
and generate DNA constructs expressing the necessary fusion pro-
teins. In our case, we chose mCerulean3 as the donor [9] and Venus 
as the acceptor (see Note 1). Next, a cell line stably expressing the 
donor is developed. For example, we created an MCF7 cell line 

1.4 Overview 
of the FLIM-FRET 
Procedure
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Fig. 2 Lifetime decreases with fluorescence resonance energy transfer. (a) 
Cartoon diagram of a lifetime decay curve. Photons are represented by sun 
shapes. T1 is the lifetime of the donor alone and T2 is the lifetime of the donor 
when FRET occurs. Dashed line refers to the decay of the donor alone and solid 
line refers to the decay of the donor when FRET occurs. (b) Cartoon representa-
tion of the donor mCerulean3 excitation/emission spectra and the overlap 
(shaded gray) with the acceptor Venus excitation [9]
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expressing mCerulean3 fused to BclXL. This cell line is then 
transiently transfected with DNA that will lead to the expression of 
the acceptor fusion protein(s) and necessary controls. Finally, bind-
ing curves are generated for each transfectant, and relative apparent 
Kd values are used to determine if an interaction has occurred.

2 Materials

Human breast cancer MCF7 cell lines were cultured at 37 °C, 5 % 
v/v CO2, and handled aseptically under the fume hood.

 1. Complete αMEM: 450 ml minimal essential medium-alpha 
modification, 50 ml fetal bovine serum (FBS), 5 ml PenStrep.

 2. Phosphate-buffered saline (PBS): 10 mM phosphate, pH 7.4, 
autoclaved.

 3. 2× trypsin.
 4. FuGENE HD (Promega).
 5. MCF7 human breast cancer cell line (or cell line of your choice).

 1. Microscope specifications (see Table 1).
 2. Lab-Tek eight-well chambered cover glass w/cvr #1 German 

borosilicate sterile (Thermo Scientific).
 3. 0.1 M NaOH: 40 g NaOH, fill to 10 ml with dH2O.
 4. Fluorescein standard: 0.753 g fluorescein disodium salt, fill to 

10 ml with 0.1 M NaOH to make 0.2 μM fluorescein stock. 
For imaging dilute to 10 nM (1 ml 0.2 μM stock in 19 ml 
0.1 M NaOH). Store wrapped in tinfoil at 4 °C.

 1. ImageJ version 1.47. Download our custom plug-ins at 
http://dwalab.ca/software/index.html. See Appendix A for 
“Macro_Mito.txt”.

 2. Microsoft Excel and RDBMerge plug-in for Excel (free online).
 3. GraphPad Prism® version 6 or a similar biostatistics graphing 

software.

3 Methods

 1. Design constructs for the expression of donor fused to one 
protein of interest and acceptor fused to another (5–10 amino 
acid linker). For example, here we used the constructs “mCe-
rulean3–BclXL” and “Venus–Bad,” respectively (see Note 2).

 2. Choose a parent cell line to stably express the donor fusion 
protein (see Note 3). We used human MCF7 breast cancer 
cells stably expressing mCerulean3–BclXL.

2.1 Cell Culture 
and Transfection 
Components

2.2 Microscopy 
Components

2.3 Data Analysis 
Components

3.1 Transfecting 
Donor Cell Line 
to Prepare Sample 
for FLIM- FRET 
on the ISS-Alba
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 3. Seed the stable donor cell line into an eight-well chambered cover 
glass for 60–80 % confluency the following day (see Note 4).

 4. After 20–24 h, transfect cells with plasmids expressing con-
trols and protein of interest. BclXL is a well-known antiapop-
totic protein that has previously been shown to interact with 
Bad [2, 10]. Therefore, V–Bad is our positive control for 
binding BclXL. Our negative controls include Venus, Venus–
Bad2A, and Venus–Bad2A–ActA (see Note 5). For transfect-
ing MCF7 cells, such as our MCF7–mCerulean3–BclXL, 
follow the steps below.

 5. Warm FuGENEHD, αMEM complete, 5 ml autoclaved dH2O, 
and DNA constructs in 37 °C water bath.

 6. Remove FuGENEHD from water bath, vortex, and cool to 
room temperature. For each transfectant, dilute 0.25 μg of 
DNA in 11 μl dH2O, label tubes with construct name, and 
vortex briefly.

Table 1 
Microscope specifications for the machines used in this text

Microscope ISS-Alba FLIM/FCS confocal 
microscope (custom by ISS)

EVOS FL imaging system (AMF4300)

Laser excitation 445 nm, 473 nm, 514 nm, 
635 nm laser diodes (by 
LASOS Lasertechnik GmbH)

588 nm laser (by Coherent)

NA

Laser filter settings Filter 1 = 442/512/561 nm
Filter 2 = 520 nm longpass
Channel 1 = 542/27 nm
Channel 2 = 479/40 nm

NA

Lamp excitation Nikon C-HGFIE 
epifluorescence

LED, CFP light cube 442 nm 
excitation/510 nm emission, GFP light 
cube 470 nm excitation, 525 nm emission

Objectives 60× water, NA = 1.20
60× air, NA = 0.70
40× oil, NA = 1.30
20× air, NA = 0.50

10× air, NA = 0.45
20× air, NA = 0.45
40× air, NA = 0.45

Temperature 25 °C Room temperature

Imaging medium αMEM complete αMEM complete

Camera Nikon DS-Qi1Mc Sony® ICX445 CCD

Acquisition settings VistaVision software v4.0, 
settings adjusted depending 
on daily laser intensity

50 % light power on 20× objective,  
find and focus mode
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 7. Add 0.75 μl FuGENE HD, vortex, and quickly centrifuge the 
reaction to consolidate in the bottom of the tube.

 8. Incubate at room temperature for 10–15 min.
 9. Add 225 μl αMEM complete to each transfection reaction, mix 

gently by pipetting, and dispense in a designated well (replac-
ing medium already on the cells). Leave one well untrans-
fected; replace media with fresh αMEM complete.

 10. Incubate for 5 h and change media to 300 μl fresh αMEM 
complete.

 11. After 24 h, check transfections (see Note 6) and again change 
media to 300 μl fresh αMEM complete before imaging.

 1. Turn on components in this order:
(a) Computer.
(b) TI-PS100W/A power supply (for DIA pillar illuminator).
(c) Nikon TI-S-CON motorized stage control.
(d) Nikon Intensilight C-HGFIE.
(e) Excitation box, turn keys for the 445 and 514 nm lasers 

(ext. 20 MHz).
(f) Detector box.
(g) Nikon Eclipse Ti microscope (at the rear of the microscope).
(h) A320 FastFLIM (91070 2012).
(i) Load VistaVision 4.0 software.
(j) A512 3-Axis DAC controller (No. 91014 1001).
(k) A403 scanning mirror driver (91032 1009).
(l) Signal conditioning unit (98018 3001).

 2. Allow entire apparatus to warm up for 30 min (see Note 7).
 3. Add 300 μl of 10 nM fluorescein in 0.1 M NaOH to one well 

of an eight-well chambered slide and incubate in the dark for 
10 min at room temperature.

Here we use the 10 nM fluorescein reference to check the 514 and 
445 nm laser intensities.

 1. Lower the water immersion objective lens and add one drop of 
dH2O.

 2. Fix the reference chamber slide onto the stage.
 3. Turn on the bright field lamp and move the objective lens up 

until the water droplet contacts the chamber slide. Move the 
stage so the objective lens is beneath the edge of the fluores-
cein sample well. Looking through the eyepiece, continue 
moving the objective lens up until the bottom of the plate is in 
focus (see Fig. 3).

3.2 Initializing 
the ISS-Alba Confocal 
Spectroscopy 
and FLIM 
Workstation (ISS)

3.3 Calibrating 
the System
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 4. At this point, reset the z-axis on the microscope, and then 
move to z = +100. Move the stage so the objective lens is in the 
center of the well and turn off the bright field lamp. Cover 
sample to block out ambient lighting when imaging.

 5. Press L100 to send the information to the computer, and on 
the ISS VistaVision software, refresh the setup (see Note 8).

 6. Set the 445 and 514 nm lasers to 70 %, click the green circle to 
turn open shutters, and record the values for Channel 1 (Ch1) 
and Channel 2 (Ch2). Similarly, record values for each laser 
individually at 70 % intensity.

 7. Finally, set 445 nm to 50 % and 514 nm to 70 %, averaging 
mode = frames, no. frames = 4, and pixel dwell time = 0.1 ms 
and click start. In the new window, click “τ,” set T1 = 18 and 
T2 = 80, and calculate lifetime (4 ± 0.1 ns) by region average 
for Ch1 and Ch2 (see Table 2). Save the reference as an ISS file.

Fig. 3 Example for focus on the bottom of a well. Since there are no structures in 
the fluorescein sample to determine whether the focus is within the sample or at 
the top/bottom of the plate, we focus on the bottom of the well seen here

Table 2 
Example of 10 nM fluorescein reference

Channel 1 Channel 2

445 nm + 514 nm at 70 % 52 K 203 K

445 nm at 70 % 7 K 202 K

514 nm at 70 % 46 K 0 K

Lifetime (τ) 4.012 ns 4.019 ns

 1. Fix the sample chamber slide to the stage. Ensure there is still 
water on the objective lens; this will require replacing every 2 h.

 2. In bright field, focus on the untransfected cells. Press z-reset 
and then press FOCUS and an orange light will indicate that 
the autofocus is in use. Press L100, and then change settings 
to find focus mode (pixel dwell time = 0.02 ms, averaging 
mode = none, repeat scan on).

3.4 Choosing 
the Data Collection 
Settings
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 3. Set 445 and 514 nm laser intensities to 70 % and click start. 
Use the autofocus wheel at coarse setting to gently adjust the 
focus so the subcellular structures (depending on your donor–
protein of interest) are defined and bright as possible in Ch2 
(see Fig. 4). Once satisfied with the focal plane, zero the xyz 
position on the software, z-reset on the microscope, and then 
stop the acquisition.

 4. Change settings to FLIM data acquisition mode (pixel dwell 
time = 0.1 ms, averaging mode = frames, no. frames = 4, repeat 
scan off).

 5. Click start, set intensity threshold Ch2=50, click lifetime fit 
“τ,” and drag the pointer to an area where there is signal in 
Ch2.

 6. In the lifetime window, set bin number to 4 and observe the 
accumulated Ch2 photon counts as the number of frames 
increases. For confident lifetime decay fitting, we require 
collection of 1,000 photons (binned by 4) (see Fig. 4). You 
may decrease the intensity of the 445 nm laser or decrease 
the number of frames acquired to meet this requirement. 

Fig. 4 Print screen of MCF7–mCerulean3–BclXL Ch2 as seen on VistaVision software. MCF7–mCerulean3–
BclXL cells untransfected. Image is focused as you can see mCerulean3–BclXL expression in the Ch2, where 
BclXL is primarily localized to mitochondria (bright spots). To the left we have highlighted where to look to 
acquire good FLIM data: ensure that photon counts (binned by 4) reach 1,000, that there is no trend in lifetime, 
and that X2 is ~1 throughout the image
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Using the untransfected cells, check that bleed-through from 
Ch2 to Ch1 does not exceed 100 counts after acquisition.  
If so, decrease the intensity of the 445 nm laser and increase 
frames acquired. Change “Active pixel” to “Frame” and click 
the green arrow to process tau values (see Fig. 5). Record the 
final 445 nm laser intensity and the number of frames collected 
and use for data collection.

 7. Move the stage to the first control well (expressing Venus fluo-
rescent protein (FP)). Switch to epifluorescence mode and find 
cells expressing Venus (see Note 9).

 8. Refocus in find focus mode and then switch to FLIM data 
acquisition mode. Click start and observe the Ch1 counts/sec-
ond across the image. At any point if counts exceed 600K, 
then decrease the 514 nm laser intensity in intervals of 5 % 
until this limit is satisfied (see Note 10). Record the 514 nm 
laser intensity determined.

To generate binding curves of publishable quality, we usually 
acquire 100 images per transfectant. The first image is manually 
chosen and then set as the (0,0,0) xyz reference point. When choos-
ing this point, stay away from the bottom and right edge of the 
well to avoid scanning outside the well during the position series. 
For subsequent positions in the series, the stage automatically moves 

3.5 Collecting 
FRET-FLIM Data 
on the ISS-Alba

Fig. 5 MCF7–mCerulean3–BclXL Channel 2 average lifetime. Ch2 average lifetime data processed from the 
Ch2 image in Fig. 4. Bin number = 4, T1 = 18, T2 = 80, Ch2 intensity cutoff = 50. Lifetime is represented in 
pseudocolor scale. Note there is little variation across in color across this image, which is desired for these 
untransfected MCF7–mCerulean3–BclXL. In cells where there is FRET (not shown), the lifetime will drop and 
color will change correspondingly
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laterally, and Nikon Perfect Focus System (NPFS) continuously 
adjusts the axial position to maintain a constant distance between 
the focal plane and the axial reference plane (refractive index 
boundary at the bottom of the well). The ISS-Alba simultaneously 
acquires Ch1 and Ch2 intensity images and lifetime data.

 1. Start in the untransfected control well and manually choose 
the first image in the position series.

 2. Set xyz position “0,0,0” and z-reset on the microscope.
 3. Activate the position series and choose the first position. Adjust 

focus in find focus mode. Switch to FLIM data acquisition mode, 
choose the first 20 positions, and click start. Once complete, 
save the ISS-Alba file as “1” in a file folder named “Untransfected 
(insert name of cell line)” (see Note 11). Also save the TIFF 
image as “1” in the same folder, which will save both Ch1 and 
Ch2 image stacks.

 4. Finally, process the lifetime at Ch2 threshold = 50, bin num-
ber=4, T1 = 18, and T2 = 80. Use “active pixel” mode and cal-
culate the lifetime at any region with Ch2 intensity. Then 
switch to “p-series” mode and click start. Save as “1t” in the 
untransfected folder (see Fig. 6).

 5. Similarly, collect a position series for each transfectant. Use the 
epifluorescence mode to choose a start position with trans-
fected cells in the center of the field of view.

 6. Select “add wells Serpentine” in the position series and 100 
positions will be added. Data collection takes approximately 
1.5 h per transfectant. Create a separate folder for each trans-
fectant (e.g., Venus, Venus–Bad, etc.). Save data with the 
same naming system used earlier (1.iss, 1.tiff, and 1t.tiff). 
Finally, organize the TIFF files into three subfolders: “Ch1,” 
“Ch2,” and “tau.”

Fig. 6 Print screen of how to save processed lifetime data. The tau data is not 
saved like all other data (using “File > save as”), instead the data must be 
exported as seen here. Click “Export Frame Analysis Data,” then uncheck 
“Average Tau,” and check “Comp-1-tau.” Find the subfolder that the tau dataset 
came from and save as “stack#t” (stack# is the image stack number for the 
dataset and t indicates tau for lifetime)
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As examples, we will analyze the untransfected and Venus–Bad 
sample data (provided in supplemental). Open Macro_Mito file 
(Appendix) in Microsoft Word and copy all. Open ImageJ, plug- 
ins, and new macro, then paste, and run script. In the new window, 
select the untransfected tau subfolder location. Similarly, choose 
Ch1 and then Ch2 subfolders from the same dataset when 
prompted. Ch1, Ch2, and tau images are scanned as stacks. A new 
window opens, and in the untransfected folder location, create a 
new “analysis” subfolder to designate the saving directory. The 
macro will then take a short time to run through the dataset (see 
Note 12). Depending on the parameters discussed in Note 12, for 
each image Ch2 background is subtracted, an intensity cutoff is 
applied, and regions of interest (ROIs) are chosen with shape/size 
constraints appropriate for mitochondrial localization.

Ch1, Ch2, and tau ROI measurements for each image are 
stored in the analysis folder as separate Excel files. Open Microsoft 
Excel and use the RDB merge plug-in to compile all untransfected 
mean values for Ch1, Ch2, and tau (see Note 13). Save work sheet 
as “Total_data_Untransfected.” Create a scatterplot with Ch2 and 
lifetime on the X- and Y-axis, respectively. Estimate the Ch2 inten-
sity cutoff beyond which there is least variation in lifetime mea-
surements (see Fig. 7). Also, calculate the average lifetime donor 
lifetime alone by averaging the mean lifetime column (should be 
approximately 3.8 ns for mCerulean3).

3.6 FLIM-FRET  
Data Analysis
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Fig. 7 Example of how to determine Ch2 intensity cutoff. Here we have graphed 
in Excel the lifetime versus Channel 2 intensity for the untransfected MCF7–
mCerulean3–BclXL. At lower values of Ch2 intensity, there is larger variation in 
lifetime, an effect attributed to cellular auto-fluorescence and insufficient Ch2 
counts to calculate tau. From the above graph, we chose a Ch2 intensity cutoff of 
200 for further analysis of this dataset. There is less variation in the lifetime 
calculated for higher Ch2 counts
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Similarly create “Total_data_Venus-Bad” and duplicate the 
first tab to preserve the merged data prior to analysis. Highlight all 
columns and sort data from the smallest to largest Ch2 intensity. 
Delete data below the Ch2 cutoff previously established with 
the untransfected data. Make a new column with the heading 
“Acceptor:Donor (A:D) intensity ratio” and apply the formula 
“=Ch1/Ch2 intensity.” Highlight all columns and now sort 
from the smallest to largest A:D intensity ratio. In a new tab copy 
the A:D intensity ratio to column A and mean tau to column B. 
In columns, bin the data by A:D intensity ratio (see Table 3 and 
Note 14). Calculate the average for every column. Calculate the 
standard error in lifetime using the formula “=STDEV(B1:B#last 
row in bin)/SQRT(COUNT(B1:B#last row in bin).” Drag this 
formula horizontally to apply to all lifetime data columns. Copy 
the binned average A:D intensity ratio, lifetime, and standard error 
of the lifetime to a new tab (see Fig. 8).
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Open GraphPad Prism, create a new XY scatterplot, and click 
“Enter and plot error values already calculated elsewhere> Mean 
& SEM.” Copy the A:D intensity ratio, % FRET efficiency, and 
standard error in % FRET data to “X,” “Mean,” and “SEM” columns, 
respectively. Rename the data table as the transfectant name (i.e., 
Venus–Bad). Label the X- and Y-axis “Acceptor:Donor intensity 
ratio” and “% FRET efficiency,” respectively. Click “Analyze” and 
choose from the panel of saturation binding equations “one site 

specific binding with Hill Slope.” The formula Y
X

X

h

h h
=
( )

+( )
Bmax

Kd
 is 

Table 3 
Example of bin sizes

Range Bin size

0 0.1 0.01

0.1 1 0.1

1 2 0.25

2 5 0.5
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used to calculate the dissociation constant (Kd), and the statistical 
results are stored in the Prism project section (see Note 15). Insert 
a text box on the graph to display Kd ± standard error. Right click 
any data point, click Format Graph> Error Bars> Direction, and 
change to “Both” to display error bars. Uncheck “connected line” 
for the data points.

Remember that in our case, V–Bad is the positive control for 
binding to mCerulean3–BclXL. The total data fits a binding curve, 
and the binning performed earlier in Excel improves visual presen-
tation and averages out outliers (see Fig. 9a). Importantly, binning 
should not change the Kd value. To avoid this source of error, 
ensure that there are binned data points that fall upon the portion 
of the curve before saturation (around the Kd value calculated 
from the total data). If the Kd changes from that calculated with 
the total dataset, reduce binning. We do not manually delete appar-
ent outliers since it becomes much more difficult to discriminate 
outliers in negative control datasets. If there are many outliers and 
the binding curve is unclear, return to the beginning of the analysis 
and try increasing the Channel 2 threshold.

In the same way as the positive control (V–Bad), bin the 
merged data and use GraphPad Prism to plot all the negative con-
trols (see Note 16). The negative controls (those that do not bind 
to BclXL in our example) better fit a straight line (see Fig. 9b). 
FRET efficiency increases linearly because the probability of random 
acceptor to donor collisions increases with A:D intensity ratio.  
In addition, when the donor and acceptor are confined in 2D 

Fig. 8 Example of the final step in lifetime data binning for FLIM-FRET analysis. Here is a print screen of the 
analysis at the end of binning. Bins are ordered by increasing row number (1–11). Column A = Acceptor:Donor 
intensity ratio; B = average lifetime; C = standard error in mean lifetime; D = % FRET efficiency [E = (1 − B/aver-
age donor lifetime alone) × 100]; E = % standard error in the mean lifetime [%SE=(C/average donor lifetime 
alone) × 100]. Columns A, D, and E were copied to H, I, and J, respectively (color coded), and H–J will be copied 
to GraphPad Prism software for further analysis
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space (i.e., the mitochondrial outer membrane), there is an 
increased chance of collisions. This can account for the increased 
slope in our V–Bad2A–ActA control (see Fig. 9b). In FLIM-FRET 
experiments, it is important to always control for the effect of 
localization to detect real interactions at the mitochondrial outer 
membrane or in any other membrane in the cell. This highlights 
the sensitivity of FLIM-FRET for real protein–protein interac-
tions and reinforces the fact that co-localization does not equal 
binding.

Finally, to determine whether an unknown protein binds the 
donor fusion protein of interest, merge, bin, and plot the data in 
the same way as the positive control. Try to fit the data both 
nonlinearly and linearly. If the Kd from the Hill slope equation 
is ambiguous, the dataset will be better fit linearly in most cases. 
Again, a linear fit indicates no binding. If the data fits a binding 
curve and if the Kd is similar to the positive control, this indi-
cates that binding occurs between the two proteins of interest in 
live cells.
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Fig. 9 FRET-FLIM data analysis for MCF7–mCerulean3–BclXL. MCF7–mCerulean3–BclXL cell line was tran-
siently transfected with V–Bad, V–Bad2A, V–Bad2A–ActA, and Venus. FLIM-FRET was collected on the ISS 
(445 nm 70 %, 514 nm 65 %, 4 frames, 0.1 ms pixel dwell time) and data was plotted using GraphPad Prism 
software. (a) Example binned data for Venus–Bad-positive control binding curve. Venus–Bad total data and the 
corresponding binding curve from all points are displayed in black. Data points that fall within the rectangles 
have been binned and the final binned data (gray circles and line) are overlaid on the total data. Points that may 
be outliers (red) in the dataset were included in the binning. The binding curves of the binned and raw data 
overlap. (b) Total binned FLIM-FRET data. Kd calculated by specific binding with Hill slope equation in GraphPad 
Prism software. See legend above the graph
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4 Notes

 1. mCerulean3 and Venus have good spectral overlap (see Fig. 2b). 
We compared two donor proteins: mCerulean and mCeru-
lean3. mCerulean3 has a longer lifetime (3.8 ns compared to 
2.5 ns) giving it a larger dynamic range (see Fig. 10a). Mono-
exponential decay is required for more accurate estimation of 
changes in lifetime; mCerulean3 is more mono- exponential 
than mCerulean, as indicated by better alignment with the 
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Fig. 10 mCerulean3 is a better donor than mCerulean. MCF7 cells were transfected with mCerulean and mCe-
rulean3. 24 h later, lifetime data was collected on the ISS-Alba in fast FLIM mode at 750 V MCP gain, 30–70 ms 
exposure time. (a) Lifetime images collected are displayed in a pseudocolor scale. The lifetime of mCerulean3 
was approximately 3.8 ns, while the lifetime of mCerulean was shorter, at approximately 2.8 ns. (b) Polar plots 
for mCerulean and mCerulean3 data. From the frequency domain FLIM data, there are two models that can be 
used to calculate lifetime. These are called the “phase” and “modulation” lifetimes, and for a sample that has 
single exponential decay, these values will be equal (theoretical values indicated by the green circle). Since the 
data for mCerulean3 deviates less from the green circle, we conclude mCerulean3 is more mono-exponential 
than mCerulean
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single lifetime curve (semicircle on polar plot) (see Fig. 10b). 
Finally, mCerulean3 is brighter than mCerulean making it easier 
to acquire sufficient photons to generate a decay curve (DNS).

 2. Take into account the membrane topology and structural fea-
tures of your protein of interest when designing the fusion 
protein. For soluble proteins, it can be beneficial to test 
fusions to either terminus. The donor and acceptor may be 
fused to the N or C terminus of the proteins of interest. For 
example, BclXL is localized to the cytoplasm, the endoplas-
mic reticulum, or most commonly the outer mitochondrial 
membrane. The C-terminal transmembrane region of BclXL 
inserts into membranes and the protein faces the cytoplasm. 
Consequently we designed mCerulean3 fused to the N ter-
minus of BclXL (mCerulean3–BclXL).

 3. Using more than one parent cell line is recommended to 
ensure the interaction is not cell line specific. Sorting the cell 
line 3–4 times is necessary to minimize variation in donor–
fusion protein expression. This will improve Acceptor:Donor 
intensity ratio estimation.

 4. We find letting the cells sit for ½ an hour at room temperature 
after seeding reduces the tendency for the cells to cluster on 
the borders of the well.

 5. “Venus” is the acceptor fluorophore alone control. “V–Bad2A” 
is Venus fused to a mutant of Bad that no longer interacts with 
BclXL [7]. Adding the ActA sequence to the C terminus of 
Venus–Bad2A causes it to localize exclusively to the mitochon-
drial outer membrane. Furthermore, the Venus–Bad2A–ActA 
control accounts for the increased chance of collision when 
both donor and acceptor are confined in 2D space on the 
mitochondrial outer membrane.

 6. Using a basic fluorescent microscope such as the EVOS-FL, 
check the expression of the acceptor (Venus) and visually judge 
~20–30 % of the total population of cells are transfected (see 
Fig. 11). If there is low transfection efficiency, then data collec-
tion will be inefficient (instead of using the automated imaging 
features of the ISS, fields of view must be manually chosen to 
capture transfected cells). If this is the case, then let the cells 
incubate another 24 h and check expression again. If there is 
no improvement, optimize transfection before moving on to 
imaging.

 7. The internal temperature of the microscope increases slightly 
in the first half hour due to contributions of heat from the 
lasers. Lifetime is sensitive to fluctuating temperatures; allow-
ing the microscope to reach a stable state will result in repro-
ducible measurements.

 8. We recommend resetting all the filter positions (see Fig. 12) 
each time you reboot the ISS software.
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 9. To switch to epifluorescent mode, change the filter on the 
microscope from “none” to “blue.” Then hit “EYE” on the 
microscope and open the shutter on the Nikon C-HGFIE HG 
controller. Once transfected cells have been found, remember 
to close the shutter and reset the filter to “none” before return-
ing to data acquisition.

 10. The effect commonly known as detector pileup occurs when 
the number of photons reaching the detector exceeds the lin-
ear range of detection for the single photon counting module 
(SPCM-AQR series). According to the manufacturer, this 
detector reaches the nonlinear saturation condition at one mil-
lion counts/second. We usually apply an upper limit of 600K 
to Ch1 to safely avoid this source of error.

 11. Position series files collected on the ISS are very large in size 
and may take a few minutes to fully save. Making multiple 
commands on the same file during the saving process corrupts 
the saved file. When you save one file, wait until the status at 
the bottom of the screen is “ready” to process lifetime data or 
to save other features from that same file.

 12. Variables in the script that may be changed according to differ-
ent expressing levels of donor protein and different laser 
settings:
(a) image_intensity: this is the mean intensity of the whole 

image in Ch2. In default 7 is set to remove images without 
any cells. It can be adjusted to your needs.

Fig. 11 Example of good transfection efficiency. MCF7 cells were transfected 
using FuGENEHD at 6:1 reagent to Venus–Bad DNA ratio as recommended by the 
manufacturers. Cells were imaged on the EVOS FL imaging system (AMF4300) at 
20× resolution, GFP light cube. Bright spots are transfected cells. Background 
cells were imaged in bright field
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(b) In the Canvas Size command, the numbers may be 
changed according to your instruments’ alignment.

(c) new_lower: this is the lower limit we need to set for a bet-
ter thresholding before converting the image into a mask. 
The default setting is +50 from auto-thresholding. The 
bigger the number is set, the better the connected cells 
will be fragmented and the more dim cells will be removed 
and vice versa.

Fig. 12 Print screen layout of VistaVision 4.0 software. This is how the software will look like when it starts up. 
In TD, FLIM measurement mode, reset all filter positions and choose scanner (see dashed boxes). Some com-
monly used features referred to in the text are also highlighted (solid boxes)
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(d) Size (in the Analyze Particles command): this is the low 
limit of the number of pixels in one ROI. It should be 
adjusted according to different organelles and different 
resolution of the images.

(e) max_intensity and low_intensity: these are the highest and 
lowest intensities in one ROI. They are set to remove the 
unwanted ROIs with too high/low expressions that may 
affect the lifetime decay fitting. These numbers need to be 
adjusted according to recorded images.

 13. In Microsoft Excel click “RDB Merge” under the data tab. 
Choose the “analysis” folder as the folder location. Under 
Which Files, select “Merge all files with a name that: Contains” 
Ch1, and under Which Range, select “First Cell” and input A2 
“till last on Worksheet.” In the merged file, column titles are as 
follows: A = file location/image number, B = ROI number, 
C = standard deviation of mean, D = mean, E = lowest value, 
and F = highest Ch1 value.

 14. The bin size is variable due to the expression levels of proteins 
of interest and different laser settings. Number/size of bins 
can also be reduced or increased depending on the amount of 
data available. However, keep in mind that when you adjust 
the bin size of one dataset, you must also adjust the bin size for 
all controls accordingly.

 15. The lower the Kd value, the higher affinity for binding. Note 
that the Kd calculated here is an apparent value as it does not 
have units of concentration. Since the Kd is a value of 
Acceptor:Donor intensity ratio, it will depend on the acquisi-
tion settings/laser intensities used during the experiment. As a 
result, Kd values can only be compared when the same acquisi-
tion settings are used and when the fluorescein reference is 
consistent from day to day. We use the Kd to compare binding 
instead of change in maximum % FRET efficiency because 
fusion of the acceptor to different proteins of interest (i.e., V–
Bad verses Venus–Bad2A–ActA) may hold the acceptor in a 
different location/orientation in respect to the donor, which 
affects FRET efficiency. Comparing the maximum FRET effi-
ciency is only valid when comparing the effect of point muta-
tions in the protein of interest.

 16. We have observed that at high A:D intensity ratios, the data 
may come out of the plateau and continue to increase linearly 
or there may be points that suddenly drop dramatically in 
FRET efficiency. Beyond saturation of binding the increased 
random collisions combined with the lack of sufficient data 
points at higher intensity ratios could lead to this error. Find the 
A:D intensity ratio at which there is saturation of the positive 
control for at least three points. This can be set as the upper 
limit for the intensity ratio and applied to all datasets before 
calculating Kd. Apply this cutoff to remaining datasets.
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5 Appendix

// macro to read in all the files and make them 
in a stack

dir1 = getDirectory("Choose tau Source 
Directory");

list1 = getFileList(dir1);
for (i=0; i<list1.length; i++) {
    open(dir1+list1[i]);
    nSlices;
    if (nSlices>1) {
        run("Stack to Images");
    }
}
run("Images to Stack", "name=tau title=t");
dir2 = getDirectory("Choose Ch1 Source 

Directory");
list2 = getFileList(dir2);
for (i=0; i<list2.length; i++) {
    open(dir2+list2[i]);
    nSlices;
    if (nSlices>1) {
        run("Stack to Images");
    }
}
run("Images to Stack", "name=Ch1 title=Ch1");
dir3 = getDirectory("Choose Ch2 Source 

Directory");
list3 = getFileList(dir3);
for (i=0; i<list3.length; i++) {
    open(dir3+list3[i]);
    nSlices;
    if (nSlices>1) {
        run("Stack to Images");
    }
}
run("Images to Stack", "name=Ch2 title=Ch2");
// to remove the images that have no cells
selectWindow("Ch2");
p=nSlices;
setBatchMode(true);
for (i=1; i<=p; i++) {
    setSlice(i);
    run("Measure");
    image_intensity=getResult("Mean");
    if (image_intensity<7) {
    run("Delete Slice");
    selectWindow("Ch1");
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    setSlice(i);
    run("Delete Slice");
    selectWindow("tau");
    setSlice(i);
    run("Delete Slice");
    selectWindow("Ch2");
    i=i-1;
    p=p-1;
    }
}
// remove the bottom pixels (due to the prob-

lem of camera aligning) and resave single images 
into target folder

dir4 = getDirectory("Choose saving Directory");
selectWindow("Ch2");
n=nSlices;
for (i=1; i<=n; i++) {
    setSlice(i);
    run("Duplicate…", "title=Ch2-1");
    run("Canvas Size…", "width=256 height=250 

position=Top- Center zero");
        saveAs("Tiff", dir4+"Ch2_"+i+".tif");
    close();
    }
selectWindow("Ch2");
close();
selectWindow("Ch1");
n=nSlices;
for (i=1; i<=n; i++) {
    setSlice(i);
    run("Duplicate…", "title=Ch1-1");
    run("Canvas Size…", "width=256 height=250 

position=Top- Center zero");
        saveAs("Tiff", dir4+"Ch1_"+i+".tif");
    close();
    }
selectWindow("Ch1");
close();
selectWindow("tau");
n=nSlices;
for (i=1; i<=n; i++) {
    setSlice(i);
    run("Duplicate…", "title=tau-1");
    run("Canvas Size…", "width=256 height=250 

position=Top- Center zero");
        saveAs("Tiff", dir4+"tau_"+i+".tif");
    close();
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    }
selectWindow("tau");
close();
selectWindow("Results");
run("Clear Results");
//ROI selection for each image based on Ch2 

signals and measure the intensities/lifetimes 
accordingly

for (i=1; i<=n; i++) {
    open(dir4+"Ch2_"+i+".tif");
    run("Duplicate…", "title=temp1.tif");
    selectWindow("temp1.tif");
    run("Subtract Background…", "rolling=50 

stack");
    setAutoThreshold("Default dark");
    //run("Threshold…");
    getThreshold(lower, upper);
    new_lower=lower+50;
    setThreshold(new_lower, upper);
    run("Convert to Mask");
    run("Analyze Particles…", "size=8-Infinity 

pixel circularity=0.00-1.00 show=Nothing summa-
rize add");

    selectWindow("Ch2_"+i+".tif");
    roiManager("Show None");
    roiManager("Show All");
    roiManager("Measure");
    q=nResults/2;
    o=0;
    for (m=0; m<q; m++) {
        r=m+q;
        max_intensity=getResult("Max", r);
        low_intensity=getResult("Min", r);
        if (max_intensity>1000 || (low_inten-

sity<100 || low_intensity>400)) {
        w=m-o;
        roiManager("Select", w);
        roiManager("Delete");
        o=o+1;
        }
    }
    if (o<q) {
    roiManager("Save", dir4+"ROI"+i+".zip");
    run("Clear Results");
    selectWindow("Ch2_"+i+".tif");
    run("32-bit");
    run("Subtract Background…", "rolling=50 

stack");
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    roiManager("Show None");
    roiManager("Show All");
    roiManager("Measure");
    selectWindow("Results");
    saveAs("Results", dir4+"Ch2-"+i+".xls");
    run("Clear Results");
    open(dir4+"Ch1_"+i+".tif");
    run("32-bit");
    run("Subtract Background…", "rolling=50 

stack");
    roiManager("Show None");
    roiManager("Show All");
    roiManager("Measure");
    selectWindow("Results");
    saveAs("Results", dir4+"Ch1-"+i+".xls");
    run("Clear Results");
    open(dir4+"tau_"+i+".tif");
    roiManager("Show None");
    roiManager("Show All");
    roiManager("Measure");
    selectWindow("Results");
    saveAs("Results", dir4+"tau-"+i+".xls");
    run("Clear Results");
    roiManager("reset");
    run("Close All");
    }
    else {
    run("Clear Results");
    roiManager("reset");
    run("Close All");
    }
}
run("Close All");
Dialog.create("Analysis is done.");
Dialog.show();
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    Chapter 35   

 Assessment of Mitochondrial Ca 2+  Uptake 
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and     Markus     Waldeck-Weiermair    

    Abstract 

   Mitochondrial Ca 2+  uptake regulates mitochondrial function and contributes to cell signaling. Accordingly, 
quantifying mitochondrial Ca 2+  signals and elaborating the mechanisms that accomplish mitochondrial 
Ca 2+  uptake are essential to gain our understanding of cell biology. Here, we describe the benefi ts and 
drawbacks of various established old and new techniques to assess dynamic changes of mitochondrial Ca 2+  
concentration ([Ca 2+ ] mito ) in a wide range of applications.  

  Key words     Mitochondrial Ca 2+  uptake  ,   Calcium Green  ,   Fura-2  ,   Rhod-2  ,   FRET  ,   Oxidative 
 phosphorylation  ,   Mitochondrial membrane potential  ,   Mitoplast  ,   Patch-clamp recording  ,   Ca 2+  imaging  

1      Introduction 

 Ca 2+  transfer into the mitochondrial matrix is linked to numerous 
important cellular functions including the regulation of energy 
metabolism [ 1 ], mitochondrial    reactive oxygen species production 
[ 2 ], and cell survival and death [ 3 ]. The signifi cance and complexity 
of mitochondrial Ca 2+  sequestration are highlighted by several recent 
studies describing key components of the mitochondrial Ca 2+ -uptake 
machinery [ 4 – 12 ]. In order to study and to visualize the complex 
process of mitochondrial Ca 2+  handling, various chemical and gene-
tically encoded Ca 2+  sensors, as well as electrophysiological 
 techniques, have been developed and utilized over the past decades. 
Here, we introduce some common methods, indicators applied on 
isolated mitochondria or permeabilized and intact cells in order to 
assess and quantify mitochondrial Ca 2+ -uptake dynamics. 

 Chemical indicators exhibit altered fl uorescent properties 
when bound to Ca 2+  and are usually loaded into permeabilized 
or intact cells by passive incubation. The most popular chemical 
Ca 2+  indicators used to assess mitochondrial Ca 2+  uptake are 
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Rhod-2 and Calcium Green. Rhod-2 accumulates predominantly 
within the mitochondrial compartment and responds with incre-
ased fl uorescence upon [Ca 2+ ] mito  elevation [ 13 ]. On the other 
hand, Calcium Green is applied as an indirect reporter of mito-
chondrial Ca 2+  uptake by measuring the decline of the extramito-
chondrial Ca 2+  concentration upon an activation of mitochondrial 
Ca 2+  uniport [ 14 ]. 

 Genetically encoded mitochondrial Ca 2+  probes are protein- 
based fl uorescent indicators targeted into mitochondrial matrix 
(MM) via a specifi c mitochondrial signal sequence [ 15 ], and they 
are typically incorporated into cells by gene transfer techniques. 
These probes are usually divided in two classes: the single fl uores-
cent protein (FP) and the Förster resonance energy transfer 
(FRET)-based Ca 2+  sensors. Single FP sensors including the peri-
cams [ 16 ], the GCamPs [ 17 ], and the recently developed GECOs 
[ 18 ] consist of a circularly permuted FP (cpFP) fl anked by a genet-
ically modifi ed Ca 2+ -binding domain, the calmodulin (CaM), and 
its interacting peptide (M13) from the myosin light chain kinase. 
A common feature of these sensors is the ability of their integrated 
cpFPs to modulate their spectral properties in response to changes 
of Ca 2+  concentration based on the interaction of CaM with the 
M13 peptide. 

 The other large group of fl uorescent Ca 2+  reporters is the 
FRET-based cameleons, which consist of two different fl uorescent 
proteins possessing overlapping spectral properties. The “proto-
type” of such sensors contains the previously mentioned CaM and 
M13 domains, which were inserted in tandem between the cyan 
and the yellow fl uorescent proteins (CFP/YFP) [ 19 ]. Cameleons 
in a Ca 2+ -bound state undergo a conformational change, where-
upon the donor CFP gets in close proximity to the acceptor YFP 
yielding an enhanced energy transfer between the two fl uoro-
phores. Cameleons are thus ratiometric indicators: increase of 
FRET is coupled with the decrease of CFP fl uorescence. Since the 
introduction of the fi rst cameleon in 1997, several derivates of this 
Ca 2+  sensor with improved Ca 2+  sensitivities [ 20 ], higher FRET 
effi ciencies, increased pH stability, and appropriate mitochondrial 
targeting have been developed [ 21 ,  22 ]. However, none of these 
mitochondrial-targeted sensors were suitable for a co-imaging with 
the most popular cytosolic Ca 2+  indicator, Fura-2, because of a 
 signifi cant overlap in the excitation and emission spectra [ 23 ]. 
To resolve this problem, a novel mitochondrial-targeted, red-shifted 
FRET-based sensor referred to as mtD1GO-Cam was recently 
constructed. This genetically encoded Ca 2+  probe consists of a 
green and orange fl uorescent protein and was successfully used to 
simultaneously measure [Ca 2+ ] cyto  and [Ca 2+ ] mito  in a ratiometric 
manner within same individual cells [ 12 ,  24 ]. 

 Although optical methods are most often used to investigate 
mitochondrial Ca 2+  uptake, this approach bears some limitations. 
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Specifi cally, it does not allow controlling key parameters which 
determine driving fl ux of Ca 2+  uptake, such as the mitochondrial 
membrane potential and Ca 2+  concentration gradient. Additionally, 
optical methods refl ect rather the dynamic changes of Ca 2+  concen-
tration in a specifi c cellular compartment, which is always a balance 
between Ca 2+  infl ux, Ca 2+  extrusion, and Ca 2+ -buffering capacity, 
but not the Ca 2+  fl ux itself. Patch-clamp approach circumvents the 
aforementioned drawbacks associated with optical methods and 
represents a direct method of assessing transmitochondrial ion 
fl uxes and determining channel conductances [ 10 ,  25 ]. 

 Considering the close interdependency of mitochondrial Ca 2+  
uptake and metabolism [ 1 ], it is possible to indirectly assess mito-
chondrial Ca 2+  signals by measuring cellular O 2  consumption rates 
(OCRs). In many cases, the analysis of metabolic activity is also an 
essential tool in estimating mitochondrial Ca 2+  handling. The avail-
ability of analytical instruments for measuring OCRs has led to 
broad applications of this technique in the fi eld of mitochondrial 
Ca 2+  signaling [ 5 ,  26 ]. To this end, we also describe how to use 
the Seahorse XF96 Extracellular Flux Analyzer in order to measure 
cellular O 2  consumption in dependence of mitochondrial Ca 2+ .  

2    Materials 

 Notably, all chemicals and reagents used are suitable for most adher-
ent mammalian cell lines, but need to be adjusted and optimized for 
every cell type of choice. All buffers should be prepared using deion-
ized water and analytical grade reagents in order to avoid possible 
ionic contaminants and at room temperature to obtain best solubil-
ity options, unless otherwise indicated. 

      1.    Intracellular assay buffer: 110 mM KCl, 0.5 mM KH 2 PO 4 , 
1 mM MgCl 2 , 0.03 mM HEPES, 5 mM Succinate, and 10 mM 
Glucose; pH adjusted with KOH to 7.4 ( see   Notes 1  and  2 ). 
For storage, freeze aliquots at −20 °C.   

   2.    Permeabilization reagent: Prepare 0.1 % or 1 % stock solution 
of digitonin by dissolving 1–10 mg in 1 ml of H 2 O (0.81–
8.1 mM). Heat the mixture up to 95 °C until a clear solution 
is obtained. Let it cool down to RT before use (Table  1 ) and 
store at 4 °C. The optimal fi nal concentration of digitonin 
depends on the cell type or sample material and has to be 
adjusted accordingly.

       3.    Chemical sensors: Prepare stock solutions with    dimethyl sulf-
oxide (DMSO), and freeze aliquots corresponding to the man-
ufacturer’s protocol (Table  2 ). Accordingly, on the day of 
experiment, prepare working dilutions using deionized water 
or a buffer of choice.

2.1  Chemical 
Fluorescent Indicator 
Components

Assessment of Mitochondrial Ca2+ Uptake
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       4.    Further chemicals for measurement: Prepare 1 mM and 10 mM 
CaCl 2  stock solutions in deionized water, and apply 1–10 μM 
Ca 2+  pulses into the cuvette (Fig.  1 ). Optionally prepare 
 working stocks of inhibitors such as ruthenium red, cyclopia-
zonic acid, or FCCP (Table  1 ).       

      1.    Vector: All plasmids encoding for mitochondrial-targeted 
GECIs (mtRP, mtD3cpv, mtD1GO-Cam, and mito-GEM- 
GECO1) (Table  1 ) were constructed in a pcDNA3 vector 
(Invitrogen, Carlsbad, CA, USA). This vector contains a human 
cytomegalovirus immediate-early (CMV) promoter for high- 
level expression in a wide range of mammalian cells ( see   Note 3 ).   

2.2  Components 
for the Use 
of Genetically Encoded 
Ca 2+  Indicators

       Table 1  
  Concentration and solvent    of relevant compounds in stock and working solution   

 Compound  Source  Molecular weight  Solvent  Stock (mM)  Working solution/s (μM) 

 Histamine  Sigma  184.07  H 2 O  100  100, 10, 1 

 ATP  Sigma  507.20  H 2 O  100  100, 10, 1 

 Carbachol  Sigma  182.65  H 2 O  100  100, 10, 1 

 CGP37157  AbCam  324.22  DMSO  100  10, 20 

 BHQ  Sigma  222.33  DMSO  100  15 

 Cyclopiazonic acid  AbCam  336.39  H 2 O  10  2–10 

 Thapsigargin  AbCam  650.76  DMSO  1  1 

 Rotenone  Sigma  394  DMSO  100  50 

 Ruthenium red  Sigma  790.39  H 2 O  1  10 

 Digitonin  Sigma  1,229.31  H 2 O  0.81–8.1  10–100 

 Oligomycin  AbCam  786.78  DMSO  10  2 

 Antimycin  Sigma  534.645  EtOH abs   100  10 

 Ionomycin  AbCam  709.01  DMSO  10  1–10 

 FCCP  AbCam  255.97  EtOH abs   10  0.2–4 

        Table 2  
  Chemical sensors in stock and working concentrations including corresponding fl uorimeter settings   

 Sensor  Stock (mM)  Final (μM)   K   d  (μM)  Excitation  λ  (nm)  Emission  λ  (nm) 

 Calcium Green 5 N  1 (DMSO)  2  14  506 ± 10  532 ± 10 

 Fura-5 K  1 (DMSO)  1  0.2  340/380 ± 5  510 ± 20 

 Fura-2-AM  1 (DMSO)  3.3  0.2  340/380 ± 10  510 ± 10 

 Rhod-2-AM  1 (DMSO)  5  0.6  550 ± 10  590 ± 10 
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   2.    Transformation: Many  E. coli  strains are suitable for the 
 transformation of these plasmids including TOP10, TOP10F′, 
DH5α-T, JM101, or XL1-Blue. Most strains are available as 
chemically competent or electrocompetent cells. However, the 
plasmids can be transformed in any method of choice.   

   3.    Antibiotic resistance: Select transformants on Lysogeny broth 
(LB) plates containing 2 % agar-agar and 50–100 μM/ml 
ampicillin. For bacterial overnight culture, shake picked colo-
nies in a shaking incubator at 37 °C using 100–250 ml LB 
(10 g NaCl, 5 g yeast extract, and 10 g tryptone/l) with 
50–100 μM/ml ampicillin.   

   4.    Plasmid isolation: Plasmid can be isolated with any plasmid 
isolation kit. We recommend using the PureYield Plasmid 
Maxiprep System (Promega, Mannheim, Germany).   

   5.    Transfection medium: Dulbecco’s Modifi ed Eagle’s Medium—
low glucose (Sigma Chemicals, St. Louis, MO, USA) is suitable 
for most mammalian cell types ( see   Note 4 ).   

   6.    Transfection reagent: We recommend using TransFast™ 
(Promega, Mannheim, Germany) for transient transfection of 
the sensor plasmid ( see   Note 5 ).   

   7.    Creation of stable cell lines: Use G418 (Geneticin ® ) antibiotic 
resistance of the vector for mammalian cell line ( see   Note 6 ).   

  Fig. 1    Indirect assessment of mitochondrial Ca 2+  uptake by Calcium Green 5 N. Digitonin-treated HeLa cells 
(10 8 ) were exposed to repetitive pulses (100–200 s/pulse) of 50 μM Ca 2+  added exogenously to the bath, which 
also contained Calcium Green 5 N. The decline of each Ca 2+  signal indicates the magnitude of mitochondrial 
Ca 2+  uptake       
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   8.    Storage buffer (SB): 138 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 
1 mM MgCl 2 , 10 mM HEPES, 2.6 mM NaHCO 3 , 0.44 mM 
KH 2 PO 4 , and 10 mM  D -glucose supplemented with 0.1 % vita-
mins, 0.2 % essential amino acids, 1 % penicillin/streptomycin, 
and 1 % fungizone (PAA Laboratories, Linz, Austria); pH 
adjusted to 7.4 with NaOH ( see   Notes 7  and  8 ).   

   9.    Experimental buffer (EB): 138 mM NaCl, 5 mM KCl, 2 mM 
CaCl 2 , 1 mM MgCl 2 , 10 mM  D -glucose, and 10 mM HEPES; 
pH adjusted to 7.4 with NaOH ( see   Note 8 ).   

   10.    Stock solution and working solution of compounds: Add 
agonist(s), mediator(s), or any other compound to EB in a 
concentration of at least 1:1,000 (Table  1 ) to mobilize Ca 2+  in 
a distinct cell line.   

   11.    Perfusion system: For real-time measurements, it is best to use 
a perfusion chamber allowing a continuous perfusion of cells 
with EB ± compound(s).   

   12.    Digital wide-fi eld imaging system ( see  refs.  12 ,  24 ,  27 ,  28 ): 
Co-imaging of Fura-2 and mtD1GO-Cam can be performed 
on an inverted (digital) wide-fi eld microscope using a 40× oil 
immersion objective ( see   Note 9 ). Use a high-speed polychro-
mator system to allow a fast switching of excitation wave-
lengths. Select suitable excitation fi lters according to the 
sensor(s) needs (Tables  2  and  3 ), e.g., use an E500spuv and a 
495dcxru (Chroma Technology Corp, Rockingham Vermont, 
USA) for a simultaneous excitation of Fura-2 and mtD1GO- 
Cam. Collect emission light with proper dichroic fi lters 
(Tables  2  and  3 ); for FRET- and GECO-based indicators, use 
either a motorized fi lter wheel or a beam splitter, both equipped 
with appropriate dichroic fi lters. Images are best recorded with 
a thermoelectric-cooled charge-coupled device (CCD)  camera. 
For data acquisition, device controlling, or post-acquisition 
image analysis, we recommend to use an up-to- date software 
of MetaFluor, Visiview (Universal Imaging, Visitron), or the 
live acquisition software (Till Photonics).

             1.    Mitochondrial storage buffer: 10 mM HEPES, 250 mM 
sucrose, 1 mM ATP, 0.08 mM ADP, 5 mM succinate, 2 mM 
KH 2 PO 4 , and 1 mM DTT; pH adjusted to 7.4 with KOH.   

   2.    Hypotonic solution: 5 mM HEPES, 5 mM sucrose, and 1mM 
ethylen glycol tetraacetic acid (EGTA); pH adjusted to 7.2 
with KOH.   

   3.    Hypertonic solution (in mM): 750 KCl, 80 HEPES, and 1 
EGTA; pH adjusted to 7.2 with KOH.   

   4.    Isolation of mitochondria: There are various protocols and kits 
available, mostly based on cell disruption and homogenization 
followed by differential centrifugation, such as the mitochondria 
isolation kit for cultured cells (Thermo Scientifi c 89874, USA). 
Suspend mitochondrial fraction in mitochondrial storage buffer.   

2.3  Components 
for Mitoplast Isolation 
and Patch-Clamp 
Recordings
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   5.    Micropipettes: For mitoplast patch-clamp recordings, 
 micro pipettes are pulled from borosilicate glass capillaries and 
fi re polished [ 10 ]. When fi lled with KCl-containing solution, 
the pipettes typically have a resistance of 8–12 MΩ.   

   6.    Microscope: For mitoplast visualization, we used a Zeiss 
Axiovert 135 M microscope equipped for phase contrast with 
a 63× objective.   

   7.    Standard bath solution (in mM): 150 KCl, 1 EGTA, and 10 
HEPES; pH adjusted to 7.2 with KOH.   

   8.    Pipette solution for single-channel recordings (in mM): 105 
CaCl 2  and 10 HEPES supplemented with 0.01 CsA and 0.01 
CGP37187; pH adjusted to 7.2 with Ca(OH) 2 .   

   9.    Pipette solution for whole-mitoplast recordings (in mM): 120 Cs 
methanesulfonate, 30 CsCl, 1 EGTA, 110 sucrose, and 10 
HEPES; pH adjusted to 7.2 with CsOH.   

   10.    Ca 2+ -free bath solution (in mM): 130 Trizma HCl, 50 Trizma 
base, 1 EGTA, 1 EDTA, 10 HEPES, and pH 7.2.   

   11.    Ca 2+ -containing bath solution (in mM): 130 Trizma HCl, 50 
Trizma base, 2–3 CaCl 2 , 1 EDTA, 10 HEPES, and pH 7.2. 
For I Ca  recording, we add 2–3 mM CaCl 2  instead of 1 mM 
EGTA. For recording monovalent cationic current carried by 
Na + , use 150 mM NaCl instead of Trizma and the same 
Cs-based pipette solution and voltage protocol.      

      1.    Instruments: XF96 Extracellular Flux Analyzer from Seahorse 
Bioscience including the controller; 37 °C non-CO 2  incubator 
(or XF Prep Station); XF96 4-port FluxPak or FluxPak mini 
( see   Note 10 ); pH Meter; phase contrast microscope; pipettes 
including a multichannel pipette and matching tips.   

   2.    Solution: XF Calibrant Solution (Seahorse Bioscience Part 
#100840-000).   

   3.    Assay medium: non-buffered DMEM ( see   Note 11 ).   
   4.    Substrates:  D -glucose and sodium pyruvate.   
   5.    Reagents: oligomycin A, carbonyl cyanide 4-(trifl uorometh-

oxy)phenylhydrazone (FCCP), and antimycin A ( see   Note 12 ).       

3    Methods 

 Carry out all procedures at room temperature unless indicated 
otherwise. 

      1.    For each measurement, use 10 6  cells/ml or isolated mitochondria 
( see   Note 13 ) with a protein content of 2 mg/ml ( see   Note 14 ). 
Wash cells or isolated mitochondria in EGTA-containing buffer 
before starting with procedures ( see   Note 15 ).   

2.4  Components 
for Measuring Cellular 
O 2  Consumption Rates

3.1  Measuring 
Indirect Ca 2+  Uptake 
via Calcium Green
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   2.    Resuspend cells in 2 ml assay buffer and add fresh 25 μl of the 
0.1–1 % digitonin stock (fi nal concentration of 10–100 μM) 
before the measurement, or resuspend isolated mitochondria 
in 2 ml assay buffer.   

   3.    Transfer to 2 ml fl uorimeter cuvette ( see   Note 16 ) including a 
stirrer for mixing.   

   4.    Load protocol on the fl uorimeter and insert the cuvette. 
Recommended settings for Hitachi fl uorimeter are given in 
Table  2 . Blank the cuvette before adding the dye.   

   5.    Start the measurement. Upon stable baseline, add a fi rst pulse 
of 6 μl 10 mM CaCl 2  (=30 μM) to overcome the EGTA 
(in buffer). Add further pulses of 50 μM CaCl 2  (Fig.  1 ) 
( see   Notes 17  and  18 ).   

   6.    Repeat the measurement using a new sample, and add various 
inhibitors as described above before blanking the cuvette.      

      1.    Grow cells on cover slips to ~70 % confl uency, or use isolated 
mitochondria >2 mg/ml in isolation buffer.   

   2.    Incubate cells in growth medium or isolated mitochondria in 
mitochondrial storage buffer with 3.3 μM Fura-2-AM for 
60 min or with 5 μM Rhod-2-AM for 30 min at room tem-
perature in the dark ( see   Note 20 ).   

   3.    After the incubation period, change growth medium to assay 
buffer or pellet the sample, wash with EGTA-containing buffer 
( see   Note 15 ), and let isolated mitochondria settle down onto 
the microscopy slides in the assay buffer for at least 20 min 
( see   Note 19 ).   

   4.    Transfer slide to the microscope, and proceed with the mea-
surement by real-time monitoring Fura-2 or Rhod-2 using an 
imaging system as described above with the excitation and 
emission fi lter settings displayed in (Table  2 ).      

      1.    Grow adherent mammalian cells in its optimum culture 
medium in a humidifi ed incubator (37 °C, 5 % CO 2 , and 95 % 
air) on perfusion chamber slides to 60–80 % confl uency.   

   2.    For transient transfection of ~5 × 10 5  cells, mix 2 μg of a  plasmid 
encoding a mitochondrial-targeted GECI and an appropriate 
amount of transfection reagent with 1 ml of serum- and 
antibiotic- free transfection medium. Incubate cells in the incu-
bator for 16–20 h, and change back to complete culture medium. 
Experiments can be performed 24–72 h after transfection.      

  Herein, we will describe the simultaneous measurement of Fura-2 
and mtD1GO-Cam in detail. For assessing mitochondrial Ca 2+  
using chemical fl uorescent indicators (Fura-2 and Rhod-2) or 
other mitochondria-targeted genetically encoded Ca 2+  indicators 

3.2  Measuring Direct 
Mitochondrial Ca 2+  
Uptake via Fura-2 
or Rhod-2

3.3  Transfection 
of Genetically Encoded 
Ca 2+  Indicators

3.4  Real-Time 
Recordings of [Ca 2+ ] cyto  
and [Ca 2+ ] mito 
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(mtRP, mtD3cpv, and mito-GEM-GECO1), use appropriate fi lter 
settings as described in Tables  2  and  3 .

    1.    Load mtD1GO-Cam transfected cells with Fura-2-AM in a 
concentration of 3.3 μM dissolved in storage buffer for at least 
20 min ( see   Note 20 ).   

   2.    Stop Fura-2-AM loading by washing the cells twice with 
 storage buffer.   

   3.    Keep cells in storage buffer prior to measurements ( see   Note 21 ).   
   4.    Put a drop of immersion oil on top of the objective, and place 

the perfusion chamber slide with the cells upside onto the 
droplet.   

   5.    Connect the chamber with the perfusion system and start the 
perfusion.   

   6.    Set the cells in focus by turning the z-tuner of the microscope 
table, or use the autofocus of the system in the white light 
mode.   

   7.    Use the ocular for searching cells that have a high- and good- 
targeted expression of the mitochondrial cameleon using an 
excitation wavelength at ~480 nm and emission at ~510 nm 
(cpEGFP,  see   Notes 22  and  23 ).   

   8.    For simultaneous illumination of Fura-2 and mtD1GO-Cam, 
use the time-lapse function of the imaging software in a triple- 
wavelength mode. To gain better fl uorescence sensitivity, use 
binning 2 or higher. Expose excitation of Fura-2 at 340 nm 
and 380 nm for 150 ms or 50 ms, respectively ( see   Note 24 ), 
and collect emitted light at 510 nm. The mitochondrial sensor 
gets excited for 400 ms ( see   Note 25 ) at 477 nm and emits at 
510 nm (GFP, donor fl uorescence) and 560 nm (FRET, accep-
tor fl uorescence), respectively. Accordingly, the two sensors 
get recorded in the time-lapse mode within 600 ms or less 
( see   Notes 24  and  25 ) by alternately exposing the three excita-
tion wavelengths without any fl uorescence interference (Fig.  2 ).    

   9.    Use an appropriate experimental design for cell stimulation via 
the perfusion system (e.g., 100 μM histamine in EB).   

   10.    Analyze data of the recorded ratios from the two sensors sepa-
rately to verify the spatiotemporal correlation of [Ca 2+ ] cyto  and 
[Ca 2+ ] mito  ( see   Note 26 ).    

        1.    Mitochondria from cultured cells (e.g., HeLa) are freshly 
 isolated by differential centrifugation steps ( see   Note 27 ) as 
previously described [ 10 ,  25 ]   

   2.    Mitoplast formation: Incubate isolated mitochondria kept on 
ice in 4 volumes of hypotonic solution for 10 min. This results 
in mitochondria swelling and rupture of the outer membrane. 
Add with 1 volume of hypertonic solution to equilibrate the 
tonicity ( see   Note 28 ).   

3.5  Mitoplast 
Patch-Clamping 
Recording

András T. Deak et al.



431

   3.    For patch-clamp recordings, place 20–40 μl of mitoplast 
 suspension to the recording chamber (depending on the size 
of the mitochondrial pellet), and allow mitoplasts to settle 
down for 10 min prior to experimentation.   

   4.    To form gigaohm contact, position the pipette tip on the 
 chosen mitoplast away from the “cap” region, which represents 
the attached remnants of the outer membrane. Press the pipette 
against the mitoplast, and apply negative pressure to the pipette 
interior. When mitoplast-attached confi guration is reached, 
single-channel openings can be detected during voltage ramps.   

   5.    Before obtaining whole-mitoplast confi guration, capacitance 
transients are compensated, and negative pressure is further 
applied until the patch is ruptured.   

   6.    Alternatively, voltage steps of 300–600 mV and 10–20 ms 
duration may be applied.   

   7.    Successful access to the matrix is accompanied by reappearance 
of capacitance transients. Mitoplast capacitance measured with 
Membrane Test tool of Clampex is around 1 pF. If membrane 
rupture is accompanied by a leak current, new mitoplast should 
be chosen, and the procedure should be repeated again with a 
new pipette.   

  Fig. 2    Simultaneous measurement of [Ca 2+ ] cyto  and [Ca 2+ ] mito  in the same individual cells. Original traces of 
( a ) cytosolic and ( b ) mitochondrial Ca 2+  signals and ( c ) their respective correlation over time upon cell stimula-
tion with 100 μM histamine in intact mtD1GO-Cam expressing HeLa cells loaded with Fura-2. ( a ) Raw traces 
of Fura-2 signals at 340 nm ( gray ) and at 380 nm ( blue ) excitation.  Inset image  shows the cytosolic accumula-
tion of Fura-2. ( b ) Raw traces of GFP signal (GFP raw ,  green ) at 510 nm excitation and respective FRET signal 
(FRET raw ,  orange ) at 560 nm excitation were plotted on the  left y -axis.  Red curve  (Ratio raw ) indicates the FRET 
ratio computed from the raw traces (F FRET /F GFP)  was plotted on the  right y -axis.  Black curve  represents photo-
bleaching function (R 0 ) assessed with a one-phase exponential decay function.  Inset image  shows mitochon-
drial targeting of mtD1GO-Cam. ( c ) Fura-2 ( black ,  left y -axis) and mtD1GO-CaM signals ( red ,  right y -axis) were 
calculated from the raw traces shown in ( a ) and ( b ), respectively.  Inset image  is an overlay of previous  insets . 
The scale bar is 10 μM       
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   8.    Following a successful membrane rupture, experiments are 
continued in the same way as they are done with cells.   

   9.    For recordings of Ca 2+  currents in mitoplast-attached and 
whole-mitoplast confi guration, use respective pipette solutions 
described above. Signals obtained are sampled at 10 kHz and 
fi ltered at 1 kHz.   

   10.    For recordings of Ca 2+  currents in whole-mitoplast confi gura-
tion, exchange Ca 2+ -free bath solution for Ca 2+ -containing 
bath solution by bath perfusion. We typically apply voltage 
ramps from −160 to +60 mV to record whole-mitoplast Ca 2+  
currents (Fig.  3 ).    

   11.    For recording whole-mitoplast monovalent cationic current 
carried by Na + , use 150 mM NaCl instead of Trizma and the 
same Cs-based pipette solution and voltage protocol.   

   12.    Collect data using the Clampex software of pClamp (Molecular 
Devices, Sunnyvale, CA, USA). Signals obtained are sampled 
at 5 kHz and fi ltered at 1 kHz.      

      1.    Harvest, resuspend, and dilute cells in a standard growth 
medium. Typical cell seeding numbers vary from 5,000 to 
100,000 cells per well depending on the cell type, basal meta-
bolic activity, proliferation rate, cell size, and the time of  plating 
and must be determined empirically.   

   2.    Gently seed 100 μl of cell suspension per well in XF96 
Polystyrene Cell Culture Microplates ( see   Note 29 ). Wells A1, 
A12, H1, and H12 are to be left blank for background 
correction.   

   3.    After seeding, place the microplate with the cells in an incuba-
tor at 37 °C, gassed with 5 % CO 2  for ≥12 h to guarantee 
optimal adherence ( see   Note 30 ).   

3.6  Assessing 
Ca 2+ -Dependent 
Changes 
in Mitochondrial 
Metabolism

  Fig. 3    Patch-clamp recording of transmitochondrial Ca 2+  fl ux. ( a ) Time course of 
the whole-mitoplast current development at −155 mV before and after addition 
of 3 mM Ca 2+  followed by addition of 10 μM RuR. ( b ). Corresponding Ca 2+  current 
responses to voltage ramps from −160 to 50 mV before and after addition of 
10 μM RuR in the presence of 3 mM Ca 2+        
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   4.    Fill each well of the utility plate with 200 μl of XF calibrant 
solution using a multichannel pipette, and lower the XF96 sen-
sor cartridge onto the plate, fully submerging the biosensors 
( see   Note 31 ).   

   5.    Seal both the cartridge and plate, covered by the lid, using 
parafi lm in order to minimize evaporation, and incubate at 
37 °C in a non-CO 2  incubator.   

   6.    Switch on the instrument, and open the XF software at least 
12 h prior to the assay, in order to allow the system to stabilize 
at 37 °C. Table  4  summarizes a commonly used protocol 

   Table 4  
  Commonly used protocol template programmed using 
the Assay Wizard of the Seahorse XF96 Software   

 Protocol start 

  1. Calibrate probes 

  2. Equilibrate 

  3. Loop 3 times 

  4. Mix for 3 min 0 s 

  5. Measure for 3 min 0 s 

  6. Loop end 

  7. Inject port A 

  8. Loop 3 times 

  9. Mix for 3 min 0 s 

 10. Measure for 3 min 0 s 

 11. Loop end 

 12. Inject port B 

 13. Loop 3 times 

 14. Mix for 3 min 0 s 

 15. Measure for 3 min 0 s 

 16. Loop end 

 17. Inject port C 

 18. Loop 3 times 

 19. Mix for 3 min 0 s 

 20. Measure for 3 min 0 s 

 21. Loop end 

 Program end 
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 template that can be programmed and modifi ed using the 
Assay Wizard of the Seahorse XF96 Software.

       7.    On the day of the assay, observe cells under the microscope to 
assure both suffi cient viability and confl uency ( see   Note 29 ).   

   8.    Pre-warm non-buffered assay medium containing the desired 
amount of  D -glucose and sodium pyruvate (typically 5.5 
and 1 mM, respectively) to 37 °C, and adjust pH to 7.4 using 
NaOH.   

   9.    Carefully remove the growth medium from the microplate 
using a multichannel pipette, making sure that ~20 μl of media 
remain at the bottom of the well at all times. Wash cells two 
times before replenishing the well with a fi nal volume of 150 μl 
of assay medium.   

   10.    Incubate the cell plate in a non-CO 2  incubator at 37 °C until 
ready for use.   

   11.    Prepare compound solutions for injection using assay medium 
and reconstituted reagents ( see   Notes 32  and  33 ).   

   12.    Open the appropriate assay template and start the assay using 
the XF96 software.   

   13.    Insert the sensor cartridge and the utility plate (without the 
lid) into the instrument for calibration.   

   14.    Upon completion of the automated calibration process, replace 
the utility plate with the microplate containing the cells and 
click “continue” to start the actual measurement (Fig.  4 ).        

  Fig. 4    Mitochondrial respiration assessed by the XF96 Extracellular Flux Analyzer 
from Seahorse Bioscience: an indirect way to determine mitochondrial Ca 2+  uptake. 
O 2  consumption rates (OCRs) of HeLa cells stably expressing control shRNA or 
shRNA targeting the mitochondrial Ca 2+  uniporter (MCU shRNA). Cells were treated 
with 1 μM oligomycin, 500 nM FCCP, and 2.5 μM antimycin A to assess basal, 
coupled, maximal, and residual OCRs. Data represent means ( n  ≥ 30)       
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4    Notes 

     1.    Add 8.2 g KCl, 0.114 g KH 2 PO 4 , 0.203 g MgCl 2 , 0.766 g 
HEPES, 1.351 g succinate, and 1.982 g glucose. Dissolve in 
800 ml H 2 O while stirring for 5 min. Titrate KOH to adjust 
pH, then add 0.0114 g EGTA, and adjust pH again. While 
adjusting pH, use low concentrations of acid or base at the end 
of titrations in order to avoid sudden drops or rises above or 
below the required pH. Continue stirring for 5 min and check 
the pH again.   

   2.    For dissolving EGTA properly, adjust pH fi rst to slightly basic 
conditions. During the addition of the salt, pH will shift to 
lower values. After complete dissolution, adjust pH again.   

   3.    The vector contains an episomal replication site for cell lines 
that are latently infected with SV40 or express the SV40 large 
T antigen (e.g., COS-1, COS-7).   

   4.    For transfection, use the culture medium of the cell line of choice 
without supplements like FCS, antibiotics, and antimycotics.   

   5.    Transfection reagent and method depend on cell type and 
equipment of the lab.   

   6.    The pcDNA3.1(−) vector contains a neomycin resistance gene 
for creating stable mammalian host cell of choice. Transfect the 
cell line with the sensor plasmid using TransFast™ transfection 
reagent and transfection medium supplemented with an appro-
priate concentration of neomycin or G418 (Geneticin ® ), and 
feed the cells with selective medium every day. Stable cell colo-
nies can be easily identifi ed on a fl uorescence microscope 
within 3–4 days after the addition of G418. Pick and expand 
colonies in 96- or 48-well plates.   

   7.    Storage buffer can be stored after sterile fi ltration in aliquots 
(of e.g., 30 ml) at 4 °C for at least 3 months.   

   8.    SB and EB are suitable for most non-excitable cell lines (e.g., 
HeLa, HUVEC, HEK293, and COS), but need to be adjusted 
to distinct cell type and/or protocol of measurement.   

   9.    Use low-fl uorescent immersion oil like a Cargille Immersion 
Oil Type HF or Type LDF (Optoteam, Vienna, Austria).   

   10.    A FluxPak comprises sensor cartridges containing the fl uorescent 
biosensor as well as the injection ports, utility plates, loading 
guides, and XF calibrant solution.   

   11.    Non-buffered assay medium is usually based on the formulation 
of Dulbecco’s Modifi ed Eagle Medium including  L - glutamine  
but does not contain any buffering agent (i.e., sodium bicar-
bonate). Such medium can be obtained from, for example, 
Seahorse Bioscience or Sigma Aldrich. For measurements under 
Ca 2+ -free conditions, Ca 2+ -free assay medium has to be custom 
made or replaced by assay solution (6).   
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   12.    Dissolve reagents in DMSO at stock concentrations of 
5–10 mM and store at −20 °C.   

   13.    Try to use fresh isolated mitochondria, since frozen mitochon-
dria display impaired membrane integrity. Furthermore, optimal 
number of strokes for Dounce homogenization varies between 
cell types and homogenizer before impairing the integrity of 
mitochondrial membranes. Additional to up and down move-
ments, rotation speed can increase homogenization outcome 
accordingly. Keep all samples during the isolation on ice, and 
precool centrifuges, all glasswares, fl asks, eppis, and tools used 
during isolation process. Cell samples are handled at RT.   

   14.    Optimal number of cells for each measurement can vary 
between cell types. Suitable protein content of isolated mito-
chondria additionally depends on mitochondrial integrity after 
isolation. If no or weak mitochondrial Ca 2+  uptake is observed, 
we recommend using higher amounts of sample material per 
measurement.   

   15.    Make sure to get rid of any excess Ca 2+ . In case of harvesting 
cells, wash away any leftover medium with PBS (at low speed 
according to cell line ~700 ×  g ). In case of isolated mitochon-
dria, samples are usually prepared in EGTA/EDTA or other 
Ca 2+ -chelating agent containing buffers (at high speed for iso-
lated organelles >10,000 g).   

   16.    Fluorimeter cuvettes may vary for volume content. Try to stick 
to equal concentrations (compare Material section) if shifting 
down to lower volumes. Furthermore, make sure that the sam-
ple is mixed continuously during the measurement; otherwise, 
both the sensor and the isolated mitochondria or cells will 
 settle down negatively affecting the readout.   

   17.    Further pulses of various Ca 2+  concentrations may be tried out. 
The optimal concentration is dependent on the individual cell 
line and number of mitochondria or cells. Calcium Green 5 N 
is best used within a concentration of 10–100 μM which also 
covers the range of MCU. For smaller concentration, one may 
change to a different sensor with a suitable  K  d  (Table  1 ).   

   18.    Observation: The signal goes up upon Ca 2+  addition and down 
when taken up by mitochondria. This can be repeated depend-
ing on the mitochondrial-uptake capacity and cell number 
(cave: always normalize to same cell number within samples to 
overcome laborious calculations afterwards). After a certain 
addition of Ca 2+ , the signal will not completely fall down to the 
last baseline followed by a steady increase of the signal. This is 
due to permeability pore opening and a release of excess 
 calcium over a particular threshold known as induction of 
mitochondrial apoptosis.   
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   19.    When using a perfusion system on isolated mitochondria, 
 carefully use slow perfusion <0.5 ml/min since mitochondria 
only settle down and won’t stick to the microscopy slides as 
adherent cells would do. Same procedures should be applied 
on nonadherent cells.   

   20.    Depending on cell type, loading time is prolongable, and loading 
concentration of Fura-2-AM is variable between 1 and 10 μM. 
Keep Fura-2-AM loading solution and Fura-2 loaded cells in 
dark area at room temperature.   

   21.    Cells are storable in storage buffer for at least 12 h at room 
temperature.   

   22.    The cpEGFP of the sensor is usually brighter and therefore 
better visible. Alternatively, the OFP can be excited at ~550 nm 
with an emission at ~565 nm.   

   23.    No interfering emission light from cytosolic Fura-2 should be 
visible in this channel.   

   24.    Minimum exposure times for the excitation of Fura-2 are 
below 20 ms for both wavelengths. Basal ratio levels are around 
0.4 and reach above 1 upon stimulation.   

   25.    Minimum exposure time of mtD1GO-Cam is below 100 ms. 
Basal ratio levels are around 0.8 and reach more than 1 upon 
stimulation.   

   26.    Usually, mitochondrial Ca 2+  uptake is delayed to cytosolic Ca 2+  
rises.   

   27.    Some laboratories successfully use French press method [ 29 ,  30 ], 
which is more advantageous and ensures more gentle mechanical 
isolation of mitoplasts [ 31 ].   

   28.    Mitoplasts (mitochondria devoid of outer membrane) have 
larger size than mitochondria. When isolated from HeLa cells, 
mitoplasts are typically around 5 μm in diameter.   

   29.    Even seeding is especially important in order to minimize well-
to-well variation. Ideally, cells should reach a confl uency of 
90 % by the time of the experiment.   

   30.    Nonadherent cells can be immobilized using Corning ®  Cell- 
Tak™ cell and tissue adhesive (Corning, Product #354240) 
according to    the protocol supplied by Seahorse Bioscience. 
Immobilization of cells might also become necessary when 
measuring under Ca 2+ -free conditions as most cell adhesion 
molecules are Ca 2+ -dependent, and the mixing steps during the 
assay do impose considerable strain on cell adhesion.   

   31.    The XF96 sensor cartridge must be hydrated for 16 up to 48 h 
prior to the start of the assay.   

   32.    Four channels (designated as port A–D) located on the sensor 
cartridge allow the addition of substrates/inhibitors to the 
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wells during the measurement in order to resolve different 
functional states of respiration. Here, we depict the use of 
three reagents, oligomycin A (an inhibitor of the ATP  synthase), 
FCCP (a protonophore/uncoupling agent), and antimycin A 
(an inhibitor of complex III) to evaluate basal, coupled, maxi-
mal, and residual OCRs. The optimal concentrations of these 
compounds have to be determined in titration experiments 
preceding the actual assay. Typical working concentrations are 
1–2 μM oligomycin A, 0.1–2.0 μM FCCP, and 2 μM antimy-
cin A. In the course of the assay, 25 μl of compound solution 
per channel will be injected sequentially. Based on a starting 
volume of 150 μl per well, 7×, 8×, and 9× stock solutions of 
the fi nal working concentration will be required for wells A, B, 
and C, respectively.   

   33.    To ensure complete injection, all 96 channels of one port must 
be evenly loaded using a multichannel pipette. We do not rec-
ommend the use of the supplied loading guide as this is prone 
to cause air bubbles.         
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    Chapter 36   

 Qualitative Characterization of the Rat Liver Mitochondrial 
Lipidome Using All Ion Fragmentation on an Exactive 
Benchtop Orbitrap MS 

           Susan     S.     Bird    ,     Irina     G.     Stavrovskaya    ,     Rose     M.     Gathungu    *  , 
    Fateme     Tousi    *  , and     Bruce     S.     Kristal    

    Abstract 

   Untargeted lipidomics profi ling by liquid chromatography-mass spectrometry (LC-MS) allows researchers 
to observe the occurrences of lipids in a biological sample without showing intentional bias to any specifi c 
class of lipids and allows retrospective reanalysis of data collected. Typically, and in the specifi c method 
described, a general extraction method followed by LC separation is used to achieve nonspecifi c class cov-
erage of the lipidome prior to high-resolution accurate mass (HRAM) MS detection. Here we describe a 
workfl ow including the isolation of mitochondria from liver tissue, followed by mitochondrial lipid extraction 
and the LC-MS conditions used for data acquisition. We also highlight how, in this method, all-ion frag-
mentation can be used to identify species of lower abundances, often missed by data-dependent fragmenta-
tion techniques. Here we describe the isolation of mitochondria from liver tissue, followed by mitochondrial 
lipid extraction and the LC-MS conditions used for data acquisition.  

  Key words     Mitochondria  ,   Lipidomics  ,   LC-MS  ,   Cardiolipins  ,   HCD  

1      Introduction 

 Mitochondria are intracellular membrane-enclosed organelles that 
play crucial role in bioenergetics, the biosynthesis of critical cellular 
constituents, the regulation of cell survival, and the execution of cell 
death pathways [ 1 ,  2 ]. Lipids are essential to mitochondrial viability, 
and they are involved in the regulation of the wide range of mito-
chondrial functions, such as maintenance of membrane structural 
composition and fl uidity, membrane fusion and fi ssion, electron 
transport and oxidative phosphorylation, signal transduction, inter-
action with other cellular constituencies such as proteins and glyco-
proteins, and energy storage [ 3 – 5 ]. The role of lipids in mitochondrial 
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function is, for example, exemplifi ed by  mitochondrial phospholipid 
cardiolipin (CL). CL, which is almost exclusively found in the inner 
mitochondrial membrane, plays multiple key roles in the regulation 
of mitochondrial metabolism, including regulation of essential enzy-
matic activities involved in electron transport and oxidative phos-
phorylation, and assembly of respiratory supercomplexes [ 5 – 7 ]. 
Recent studies suggest a critical role of mitochondrial lipid cardio-
lipin in apoptotic cell death pathway [ 8 ]. 

 Mitochondrial lipids are also both a major target for oxidative 
damage by reactive oxygen species produced during respiration and a 
major source of lipid peroxides and peroxidation by-product (e.g., 
hydroxyalkenals, γ-isoketoaldehydes) production that serve to 
amplify oxidative damage under pathophysiological conditions [ 9 –
 13 ]. Development of analytical methods for accurate quantitative and 
qualitative analysis of all lipid classes and species that contribute to 
and refl ect mitochondrial function is, therefore, highly important. 

 Liquid chromatography with high-resolution accurate mass 
(HRAM) MS is widely used to study the biochemical species (proteins, 
metabolites, lipids, etc.) that comprise a biological sample [ 14 – 16 ]. 
These techniques offer the speed, sensitivity, and specifi city necessary 
to determine the biochemical composition of a  system by providing 
both qualitative and relative quantitative results. This is imperative for 
a successful nontargeted lipidomics analysis, where all lipid species are 
considered of potential biological importance, and therefore, there can 
be no deliberate analytical bias given toward any of the 8 lipid catego-
ries established and defi ned by LIPID MAPS [ 17 ]. 

 By using HRAM instrumentation, such as the Exactive bench-
top Orbitrap MS, for both full scan and all-ion fragmentation 
(AIF), a broad picture of the lipidome is captured, and the elec-
tronic data record obtained can easily be used for both primary and 
retrospective analyses. LC separation followed by HRAM detec-
tion in combination with MS/MS fragmentation allows both 
known and unknown species to be structurally elucidated and 
monitored. Using the method described herein, containing both 
LC and MS with AIF MS/MS, the identifi cation of more than 350 
unique lipids in serum, mitochondria, and premature infant fecal 
samples has been found and reported [ 18 – 21 ].  

2    Materials 

      1.    Isolation buffer IB1: 240 mM sucrose, 10 mM HEPES, 
pH 7.4, 1 mM ethylene glycol-bis(2-aminoethylether)-
N,N,N′,N′-tetraacetic acid (EGTA) stock with pH 7.2 adjusted 
by KOH, 5 g/1 L bovine serum albumin (BSA, Sigma-Aldrich, 
fatty acid free) ( see   Notes 1 – 5 ).   

   2.    Petri dish.   
   3.    50 ml plastic disposable beaker.   

2.1  Liver 
Mitochondria Isolation
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   4.    Potter-Elvehjem glass-Tefl on homogenizers 40 ml and 15 ml 
volume.   

   5.    50 ml round-bottom centrifuge tubes.   
   6.    Fixed angle JA-20 centrifuge rotor and appropriate centrifuge 

(both, Beckman, USA), both pre-chilled to 4 °C.   
   7.    Secure the pestle in the chuck of the electrical motor.   
   8.    Isolation buffer IB2: 82.152 g/1 L sucrose, 2.38 g/1 L 

HEPES, pH 7.4, adjusted by KOH.   
   9.    Bicinchoninic acid kit (Sigma-Aldrich, USA) to determine 

mitochondrial protein concentration and 1.0 mg/ml BSA as a 
standard solution ( see   Note 6 ).   

   10.    Spectrophotometer, Uvikon 943, or equivalent.   
   11.    Washing buffer: 125 mM KCl, 10 mM HEPES, pH 7.4 

adjusted by KOH.      

      1.    1.5 ml Fisherbrand Siliconized Low-Retention Microcentrifuge 
Tubes (Fisher Scientifi c, Pittsburgh, PA).   

   2.    Microcentrifuge fl oating rack.   
   3.    Mechanical ultrasonic cleaner.   
   4.    10 ml Falcon tubes.   
   5.    Thermo Scientifi c Savant    SPD111V P1   .   
   6.    ACS grade dimethyl sulfoxide (DMSO).   
   7.    ACS grade dichloromethane (DCM).   
   8.    LC-MS grade methanol (MeOH).   
   9.    LC-MS grade isopropanol (IPA).   
   10.    LC-MS grade acetonitrile (ACN).   
   11.    All water (H 2 O) was deionized to attain a sensitivity of 

18 MΩ cm at 25 °C.   
   12.    Lipid internal standard solution: 1.5 ml, enough for 50 sam-

ples; combine 37.50 μl of a 2 mg/ml solution of 1,1′,2,2′-ter-
traoleoyl cardiolipin (CL(18:1) 4 ) (Avanti Polar Lipids), 30 μl 
each of a 2.5 mg/ml solution    of 1,2-diheptadecanoyl- sn - 
glycero -3-phosphocholine (PC(17:0/17:0) and 1,2-dimyristoyl-
 sn   -glycero-3-[phospho-rac-(1-glycerol)] (PG(14:0/14:0) (Avanti 
Polar Lipids), 15 μl of a 5 mg/ml solution of 11-O-hexadecyl-
 sn -glycero-3-phosphocholine (lysoPC(16:0)) (Enzo Chemicals), 
and 75 μl of a 1 mg/ml solution of 1,2-dipalmitoyl- sn -glycero-
3-phospho-L-serine (PS(16:0/16:0) (Avanti Lipids) followed 
by 1,297.5 μl of 2:1 DCM-MeOH. All standards are dissolved 
in 2:1 mixture of DCM-MeOH prior to mixing and stored 
at −20 °C.   

   13.    LC-MS internal standard: Create 100 ml of a 5 μg/ml work-
ing concentration solution of LC-MS internal standard 

2.2  Mitochondrial 
Lipid Extraction
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1,2-diheptadecanoyl- sn -glycero-3-[phospho-rac-(1-glycerol)] 
(PG 17:0/17:0) by adding 200 μl of a 2.5 mg/ml stock solu-
tion to 100 ml of a 63:30:5 ACN-IPA-H 2 O mixture.      

      1.    LC-MS grade acetonitrile with 0.1 % formic acid.   
   2.    Ascentis Express C 18  2.1 × 150 mm 2.7 μm column (Sigma- 

Aldrich, St. Louis, MO).   
   3.    Thermostated    HOT POCKET column heater (Thermo Fisher 

Scientifi c, San Jose, CA).   
   4.    Thermo Fisher Scientifi c PAL autosampler (Thermo Fisher 

Scientifi c, San Jose, CA).   
   5.    Accela quaternary HPLC pump (Thermo Fisher Scientifi c, San 

Jose, CA).   
   6.    Exactive benchtop Orbitrap mass spectrometer with HCD 

(Thermo Fisher Scientifi c, San Jose, CA) and heated electro-
spray ionization (HESI) probe.   

   7.    Mobile phase A was prepared by dissolving 630 mg of ammo-
nium formate into a mixture of 600 ml water and 400 ml ACN 
with 0.1 % formic acid. This bottle was then sonicated for sev-
eral minutes to remove any gases from mixing solvents.   

   8.    Mobile phase B was prepared by dissolving 630 mg of ammo-
nium formate into 1 ml of water before adding to 900 ml of 
IPA and 100 ml of ACN with 0.1 % formic acid. This bottle 
was then sonicated for several minutes to facilitate dissolution 
and remove any gases from mixing solvents.   

   9.    SIEVE v 1.3 differential analysis software (Thermo Fisher 
Scientifi c, San Jose CA).       

3    Methods 

      1.    All isolation steps have to be done on ice, and all operations 
have to be carried out at 0–4 °C as described previously [ 22 ] 
( see   Note 7 ). Alternative mitochondrial isolation approaches 
from liver and/or other tissues are also expected to provide 
suitable starting material, although the user should be aware of 
the characteristics of any given preparation with regard, for 
example, to purity. The use of other preparations would replace 
 steps 1 – 12  of this protocol.   

   2.    Take liver tissue (8–10 g) from the animal ( see   Note 8 ) and 
place it immediately in Petri dish containing ice-cold 20–30 ml 
of the isolation buffer #1 (IB1). Wash out blood.   

   3.    Transfer liver tissue in a 50 ml plastic disposable beaker con-
taining 20–30 ml of IB1, and mince the tissue with scissors, or 
use a press.   

2.3  LC-MS Analysis

3.1  Liver 
Mitochondria Isolation
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   4.    Pour the suspension in Potter-Elvehjem glass-Tefl on 
homogenizer and add IB1 to a total volume of 40 ml.   

   5.    Homogenize the suspension using 7–8 up-and-down strokes 
with the pestle rotating at 500–600 rpm ( see   Notes 9  and  10 ). 
Suspension should look homogeneous.   

   6.    Transfer the obtained homogenate into 50 ml round-bottom 
centrifuge tubes. Centrifuge the tubes at 1,000 ×  g  × 10 min 
( see   Note 11 ).   

   7.    Collect the supernatant and centrifuge it at 11,000 ×  g  × 10 min 
( see   Note 12 ).   

   8.    Collect the pellet and resuspend it in 15 ml of IB1 in the 
Potter-Elvehjem glass-Tefl on homogenizer using 4–5 up-and- 
down strokes by hand. Suspension should look homogeneous. 
Adjust volume to 40 ml, mix, and centrifuge the suspension at 
11,000 ×  g  × 10 min.   

   9.    Resuspend the pellet in 15 ml of isolation buffer #2 (IB2) in 
the Potter-Elvehjem glass-Tefl on homogenizer with 4–5 
up-and- down strokes by hand. Suspension should look homo-
geneous. Adjust volume to 40 ml, mix, and centrifuge the sus-
pension at 11,000 ×  g  × 10 min.   

   10.    Resuspend fi nal pellet in 0.5 ml of IB2 and store on ice 
( see   Note 13 ).   

   11.    Add 10 μl of mitochondrial suspension into 990 μl of IB2 to 
measure protein concentration by bicinchoninic acid-based 
method using BSA as a standard ( see    www.sigmaaldrich.com     
for details).   

   12.    Aliquot mitochondrial sample by 1 mg of protein, resuspend it 
in 125 mM KCl, 10 mM HEPES, pH 7.4 buffer, centrifuge at 
11,000 ×  g  × 10 min, remove supernatant, and freeze as dry pel-
lets at −80 °C for further analysis.      

      1.    Add 40 μl DMSO to each aliquot of mitochondria (containing 
1 mg of protein) ( see   Note 14 ).   

   2.    Place each mitochondria/DMSO sample into the fl oating 
microcentrifuge rack and sonicate for 1 h to disrupt the 
membranes.   

   3.    Pipette 10 μl from each sample into a 10 ml Falcon tube to 
create a mitochondrial pool sample. The pool samples will be 
processed for quality control (QC) and lipid identifi cation 
studies.   

   4.    Add 5 μl of lipid internal standard to each 30 μl mitochondria 
sample; this includes samples from the study and pool samples 
created in  step 3 .   

   5.    Add 190 μl of MeOH to each sample and vortex for 10 s.   

3.2  Mitochondrial 
Lipid Extraction

Qualitative Characterization of the Rat Liver Mitochondrial Lipidome…

http://www.sigmaaldrich.com/


446

   6.    Next, add 380 μl of DCM and vortex for 20 s ( see   Notes 15  
and  16 ).   

   7.    Finally, add 120 μl of water to induce phase separation.   
   8.    Vortex samples for 10 s and allow to equilibrate at room 

temperature for 10 min.   
   9.    Centrifuge each sample at 8,000 ×  g  for 10 min at 10 °C 

( see   Note 17 ).   
   10.    Using a 500 μl pipette, transfer 320 μl of the lower lipid-rich 

DCM layer to a clean microcentrifuge tube. Be careful to push 
the pipette tip along the side of the container when piercing 
the protein disk as not to disrupt the phase separation or trans-
fer any protein with the lipid-rich DCM layer.   

   11.    Evaporate the samples to dryness under vacuum using a 
SpeedVac ( see   Note 18 ).   

   12.    Reconstitute samples in 300 μl of LC-MS internal standard 
(PG (17:0/17:0)) before LC-MS analysis ( see   Note 19 ).      

      1.    Separate 10 μl lipid extracts on an Ascentis Express C 18  
2.1 × 150 mm 2.7 μm column connected to a Thermo Fisher 
Scientifi c PAL autosampler, Accela quaternary HPLC pump, 
and an Exactive benchtop Orbitrap mass spectrometer 
equipped with a heated electrospray ionization (HESI) probe 
( see   Notes 20  and  21 ).   

   2.    Run separations for 30 min with mobile phases A and B con-
sisting of 60:40 water-ACN in 10 mM ammonium formate 
and 0.1 % formic acid and 90:10 IPA-ACN also with 10 mM 
ammonium formate and 0.1 % formic acid, respectively.   

   3.    The    gradient starts at 32 % B for 1.5 min; from 1.5 to 4 min 
increases to 45 % B, from 4 to 5 min to 52 % B, from 5 to 
8 min to 58 % B, from 8 to 11 min to 66 % B, from 11 to 
14 min to 70 % B, from 14 to 18 min to 75 % B, and from 18 
to 21 min to 97 % B; during 21 to 25 min 97 % B is main-
tained; from 25 to 30 min solvent B is decreased to 32 % and 
then maintained. The fl ow rate is 260 μl/min.   

   4.    Maintain the column oven temperature at 45 °C and set the 
temperature of the autosampler to 4 °C. The same LC condi-
tions and buffers are used for all MS experiments.   

   5.    Set the spray voltage to 3.5 kV, whereas the heated capillary and 
the HESI probe are held at 250 °C and 350 °C, respectively.   

   6.    Set the sheath gas flow to 25 units and the auxiliary gas to 
15 units.   

   7.    Hold these conditions constant for both positive and negative 
ionization mode acquisitions.   

3.3  LC-MS 
Conditions
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   8.    The instrument is tuned by direct infusion of PG (17:0/17:0) in 
both positive and negative modes, and external mass calibration 
is performed using the standard calibration mixture and proto-
col from Thermo Fisher approximately every 5 days.      

      1.    Operate the MS in high-resolution mode, corresponding to a 
resolution of 60k and a 2 Hz scan speed, and hold the scan 
range between  m / z  120 and 2,000.   

   2.    Mitochondrial lipid extracts are profi led by injecting each sam-
ple once, in randomized order, with pool samples, blanks, and 
IS mixture injections spread throughout the analysis.      

      1.    Run HCD experiments on the pool, lipid IS mixture, and 
blank samples only.   

   2.    Perform these experiments by alternating between full scan 
acquisitions and HCD scans, both run at 2 Hz. Three different 
HCD energies, 30, 60, and 100 eV, are used in separate experi-
ments in both positive and negative modes.      

  All LC-MS profi ling samples are analyzed using the MS label-free 
differential analysis software package SIEVE v 1.3 (Thermo Fisher 
Scientifi c and Vast Scientifi c, Cambridge, MA) ( see   Notes 22  and  23 ). 

 The frame  m / z  values were used to do batch searches on the 
METLIN database [ 23 ], the Human Metabolome Database 
(HMDB) [ 24 ], and the LIPID    MAPS Structure Database [ 25 ], 
and those matches were confi rmed using the intact molecule’s 
exact mass observed during the analysis; RT regions based on the 
lipid IS mixture elution times run throughout the sequence and 
HCD fragmentation patterns that chromatographically align with 
the intact exact mass extracted ion chromatograms for the parent 
compound ( see   Note 24 ).   

4    Notes 

     1.    Use deionized water (Milli-Q, “Millipore”) for mitochondrial 
buffer preparation.   

   2.    Airtight glass containers or Thermo Scientifi c Nalgene dispos-
able bottles are strongly recommended for storage of mito-
chondrial buffers.   

   3.    Sterilize all buffers by fi ltering through 0.22 μm membrane 
(we recommend to use Thermo Scientifi c Nalgene disposable 
fi lter units that come with bottles). The buffers are stable for at 
least 3 months if kept sterile.   

   4.    Do not freeze isolation and incubation buffers.   
   5.    The buffer composition for mitochondria isolation and 

incubation may vary. For example, examination of the literature 

3.4  Full Scan 
Profi ling Experiments

3.5  Lipid 
Identifi cation Studies

3.6  Data Analysis
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will show changes in relative concentrations of sucrose and/or 
mannitol, in the choice of buffering agent and counter ion, the 
inclusion/exclusion of divalent cation chelators, osmolarity, 
and ionic strength. The buffers described have been used by 
our lab for upstream respiration and/or calcium overload 
experiments and subsequent downstream lipidomics studies.   

   6.    Alternative protein concentration approaches can be used, but 
linear range and potential interference must be examined.   

   7.    Quality and purity of isolated mitochondria are very important 
because contamination of mitochondrial preparation with 
cytosolic structures can interfere/mask lipid profi ling results.   

   8.    Animals have to be sacrifi ced, and liver tissue has to be removed 
and placed in ice-cold buffer as quickly as possible.   

   9.    During tissue homogenization steps, do not draw a vacuum 
and avoid bubble creation.   

   10.    Avoid very fast pestle rotation during homogenization.   
   11.    Do not use detergents to clean centrifuge tubes.   
   12.    Carefully remove fat from centrifuge tube walls with a delicate 

wiper after second centrifugation.   
   13.    Make fi nal mitochondria suspension rather concentrated than 

diluted (we recommend a concentration of 60–80 mg/ml of 
mitochondria).   

   14.    Minimize contamination in mass spectrometry: 
 Do not store organic solvents used for the sample preparation 
in plastic tubes. PEG contaminants and plasticizers such as 
phthalates can leach out of plastic into the sample and make 
their way to the LC-MS system. Always use glass bottles. 

 If you have to use detergent to wash the glassware, be sure 
to rinse them with large volume of deionized water before use. 
Detergents contain PEG materials which can contaminate 
reversed-phase columns and cause ion suppression in mass 
spectrometry.   

   15.    Dichloromethane is a harmful organic solvent with some evi-
dence of carcinogenic effects. It must be handled wearing 
safety gloves and in a fume hood at all times. Be sure to read 
dichloromethane MSDS before use.   

   16.    Dichloromethane has a high vapor pressure at room tempera-
ture that makes it diffi cult to be accurately measured and trans-
ferred using pipettes. To minimize loss of DCM through 
evaporation during pipetting, pipette up and down several 
times in DCM to ensure that the inside of the pipette tip is 
saturated with CDM vapors.   

   17.    Centrifugation of the sample at 4 °C helps keep the DCM 
layer cool. Transfer the DCM layer while it’s still cool. Cold 
DCM is easier to transfer using pipette tips and less prone to 
loss via evaporation.   
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   18.    Before drying the lipid extracts in a vacuum centrifuge, cool 
the extracts down in a −20 °C freezer. This will help minimize 
exposure to DCM vapors when opening and placing sample 
tubes in the vacuum centrifuge, in case the instrument is not 
placed in a fume hood.   

   19.    Reconstitute the samples with the appropriate solvent right 
before LC-MS analysis. Avoid keeping the reconstituted sam-
ples for prolonged time before LC-MS analysis to minimize 
potential lipid degradation. Store the extra samples in a −80 °C 
freezer.   

   20.    MS preparation for lipidomics profi ling, mass calibration: Mass 
calibration should be done to the instrument vendor’s specifi -
cations. On the Exactive in our laboratory, mass calibrations 
are done weekly. Calibrations are done separately in positive 
and negative ion modes. 

 MS tuning: Tuning of the MS is done to optimize ion 
transmission through the ion optics to the analyzer. Tuning is 
therefore performed at the operating LC fl ow rate, and the 
compound chosen as the tuning compound should have simi-
lar ESI characteristics as your molecules of interest and should 
be at the same concentration as a majority of molecules being 
analyzed. As an example, for our LC-MS analysis, we tee-in (using 
a splitter) 2.5 μg/ml of PG 17:0/17:0 fl owing at 10 μl/min 
and 50:50 of mobile phase A-mobile phase B at a fl ow of 
250 μl/min (total fl ow into MS is 260 μl/ml). The fi nal con-
centration of PG 17:0/17:0 into the MS is ~100 ng/ ml. 

 LC solvents: Always use LC-MS grade solvents to avoid 
contamination of mass spectrometer with impurities. To assist 
with solubilization of ammonium formate in mobile phase B, 
fi rst dissolve it in ~1 ml of deionized water.   

   21.    Analysis of lipid samples by reversed-phase LC-MS: Lipids 
(especially triglycerides) are very hydrophobic, and thus they 
tend to stick to the injector port which leads to carryover from 
sample to sample. To avoid carryover, it is important to fl ush 
the injector port thoroughly. We usually fl ush the injector port 
with 50:50 acetonitrile-isopropanol and 50:50 isopropanol- 
dichloromethane (10× with each). The isopropanol in dichlo-
romethane wets the needle and prevents drying (which can 
ruin the needle plunger). It is also important to ensure that the 
solvent used for fl ushing the area is miscible.   

   22.    The framing parameters in these experiments are set at 
0.01 daltons for the  m / z  window and 1.00 min for the RT 
window; 1,000 is used at the intensity threshold. Peaks under 
this intensity will normally be background or too low to quan-
tify robustly. These parameters can be adjusted based on your 
own data. A pool from the middle of the sample sequence 
should be used as a qualitative reference and for relative quan-
titation, and frames built off the reference are then applied to 
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all samples in the experiment. If a different reference is used, 
the intensity values may change slightly; however, the overall 
lipid ratios should be the same.   

   23.    Chromatographic alignment and framing using Sieve: For 
Sieve analysis on the LC-MS lipidomics data, the small mole-
cule, chromatographic alignment and framing, and the nondif-
ferential single class analysis options are used. Positive and 
negative ion data are analyzed separately, and only the full scan 
raw data is used for alignment and framing. The framing 
parameters used are determined by the user. The  m / z  window 
chosen depends on the mass accuracy of the instrument used. 
The retention time window chosen should be large enough to 
enable correct chromatographic alignment to account for 
retention time drifts over time, but not too large so as to mini-
mize false positives. We therefore typically use 1 min for the 
retention time window and an intensity threshold of 1,000 (to 
ensure that as many features as possible are identifi ed but with-
out picking out the noise).   

   24.    Lipid identifi cation: To assist with lipid identifi cation of the 
lipids obtained from the framing data, HCD analysis (done 
separately in the positive and negative modes) is performed on 
a pooled sample. HCD fragmentation is done at three ener-
gies: 30 eV (low energy), 60 eV (medium energy), and 100 eV 
(high energy). 

 Lipid identifi cation is done by matching the retention time 
of extracted ion chromatogram of a particular exact mass and 
its fragments obtained using the all-ion fragmentation data. 
This alignment helps in distinguishing lipids with the same 
exact mass but different fatty acyl chains.         
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    Chapter 37   

 Characterization of Mitochondrial Populations 
During Stem Cell Differentiation 

           Petra     Kerscher    ,     Blakely     S.     Bussie    ,     Katherine     M.     DeSimone    , 
    David     A.     Dunn    , and     Elizabeth     A.     Lipke    

    Abstract 

   Mitochondrial dynamics play an important role in numerous physiological and pathophysiological 
phenomena in the developing and adult human heart. Alterations in structural aspects of cellular mito-
chondrial composition as a function of changes in physiology can easily be visualized using fl uorescence 
microscopy. Commonly, mitochondrial location, number, and morphology are reported qualitatively due 
to the lack of automated and user-friendly computer-based analysis tools. Mitochondrial Quantifi cation 
using MATLAB (MQM) is a computer-based tool to quantitatively assess these parameters by analyzing 
fl uorescently labeled mitochondria within the cell; in particular, MQM provides numerical information on 
the number, area, and location of mitochondria within a cell in a time-effi cient, automated, and unbiased 
way. This chapter describes the use of MQM’s capabilities to quantify mitochondrial changes during 
human pluripotent stem cell (hPSC) differentiation into spontaneously contracting cardiomyocytes 
(SC-CMs), which follows physiological pathways of human heart development.  

  Key words     Mitochondria  ,   Cardiac development  ,   Cardiomyocyte  ,   MATLAB  ,   Quantitative analysis  , 
  Fluorescence  

1      Introduction 

 Mitochondrial function is crucial to a myriad of cellular, physio-
logical, and pathological processes throughout eukaryotic life. 
Cellular localization of mitochondria and their morphology are 
correlated with the regulation of mitochondrial function. 
Dysregulation of mitochondrial dynamics is implicated in a wide 
range of pathologies including, but not limited to, neurodegen-
erative diseases [ 1 – 6 ], metabolic disorders [ 7 ,  8 ], cancer metastasis 
[ 9 ], and heart disease [ 10 – 13 ]. Changes in mitochondrial mor-
phology are also associated with developmental processes, including 
cardiogenesis [ 14 ], and, analogously, differentiation of pluripotent 
stem cells into cardiomyocytes [ 15 ]. These morphologic changes 
often occur in response to changing cellular energetic demands. 
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In the case of cardiac differentiation of human pluripotent stem cells 
(hPSCs), this morphologic change is the result of a switch from 
primarily glycolytic [ 16 ] to primarily oxidative metabolism [ 17 ] and 
is accompanied by changes in subcellular mitochondrial localiza-
tion in addition to the morphology [ 16 ] of the organelle itself. 
Quantifying these mitochondrial changes in hPSCs can provide 
insight into the process of cellular differentiation and specifi cation. 

 hPSCs have great potential for use in cell therapy and for 
enhancing our understanding of organ development, normal bio-
logical processes, and disease mechanisms, due to their ability to 
differentiate into the multitude of cell types found within the 
human body. Through culture and differentiation of hPSCs into 
specialized cell types, normal and abnormal changes throughout 
differentiation can be studied, and results used to provide insight 
into analogous processes that occur during human development. 
Mitochondria, the “power house” of cells and producer of the pri-
mary energy source (ATP), play an essential role in stem cell pro-
liferation, differentiation, function, and death. Dynamic changes in 
mitochondria number, location, and morphology throughout 
hPSC differentiation defi ne cell fate, function, and maturation and 
are particularly important in dynamic cell types like neurons and 
cardiomyocytes. However, quantitative information about these 
mitochondrial changes during different stages of stem cell differ-
entiation is limited. 

 Changes in mitochondria are recognized as an indicator of dif-
ferentiation, including the use of mitochondrial staining for stem 
cell-derived cardiomyocytes (SC-CMs) purifi cation from mixed 
cell populations [ 18 ]. Despite this utility, quantitative correlations 
between mitochondrial number, location, and stage of SC-CM dif-
ferentiation have not been reported. Current methods for assess-
ing mitochondrial dynamics are subjective and rely on qualitative 
descriptions. Establishing time-effi cient methods for accurately 
and quantitatively describing mitochondrial dynamics enables the 
use of these metrics as a biomarker for a number of cellular and 
physiological processes. Thus, there was a need for creating a plat-
form capable of quantifying mitochondrial dynamics [ 19 ]. Here, 
we describe the implementation of a MATLAB script for quantify-
ing mitochondrial dynamics via automated image analysis. 

 This chapter provides details on tracking mitochondrial loca-
tion and number during cardiac differentiation of human-induced 
pluripotent stem cells (hiPSCs). To visualize mitochondria using 
fl  uorescence, cells with mitochondria marked chemically (e.g., 
staining) or with green fl uorescent protein (GFP) targeted to 
mitochondria are imaged using confocal microscopy. These images 
are then exported to MATLAB and analyzed quantitatively using 
Mitochondrial Quantifi cation using MATLAB (MQM). Analysis 
of the dynamics of mitochondrial number and location using these 
methods are broadly applicable to other experimental systems.  
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2    Materials 

 Store all reagents at 4 °C and pre-warm to room temperature 
before use (unless indicated otherwise). Perform all cell culture 
and staining procedures under sterile conditions using a laminar 
fl ow hood. 

      1.    6-well plates (tissue culture polystyrene treated).   
   2.    CO 2  incubator: 37 °C, 5 % CO 2 , and 85 % relative humidity.   
   3.    Human-induced pluripotent stem cells (e.g., IMR-90 Clone 1, 

WiCell).   
   4.    Human embryonic stem cell (hESC)-qualifi ed Matrigel (BD 

Bioscience) ( see   Note 1 ).   
   5.    DMEM-F12 media.   
   6.    mTeSR-1 media (Stemcell Technologies).   
   7.    ROCK inhibitor (Y-27632, R&D Systems): Combine 6.24 mL 

PBS with 10 mg ROCK inhibitor. Aliquot and store at -20 °C 
( see   Note 2 ).   

   8.    Versene (Gibco).      

      1.    12-well or 6-well plate.   
   2.    CO 2  incubator: 37 °C, 5 % CO 2 , and 85 % relative humidity.   
   3.    Human embryonic stem cell (hESC)-qualifi ed Matrigel (BD 

Bioscience) ( see   Note 1 ).   
   4.    DMEM-F12 media.   
   5.    Accutase (Innovative Cell Technologies).   
   6.    0.25 % trypsin (EDTA, Mediatech).   
   7.    mTeSR-1 media (Stemcell Technologies).   
   8.    ROCK inhibitor (Y-27632, R&D Systems): Combine 6.24 mL 

PBS with 10 mg ROCK inhibitor. Aliquot and store at -20 °C 
( see   Note 2 ).   

   9.    RPMI 1640 media.   
   10.    B-27 supplement without insulin ( see   Note 3 ).   
   11.    B-27 supplement ( see   Note 4 ).   
   12.    CHIR99021 (Selleckchem): Add 1.49 mL DMSO to 25 mg 

CHIR99021. Aliquot and store at −20 °C.   
   13.    IWP-2 (Tocris): Add 4.28 mL DMSO to 10 mg IWP-2. 

Incubate at 37 °C for 10 min or until IWP-2 is in solution. 
Aliquot and store at -20 °C.   

   14.    Fetal bovine serum (FBS, Atlanta Biologicals) ( see   Note 5 ).      

2.1  hiPSC Culture 
and Maintenance

2.2  Differentiation 
of hiPSCs to CMs
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      1.    Glass coverslips (21 mm).   
   2.    Polydimethylsiloxane (PDMS) precursor: Mix SYLGARD 184 

silicone elastomer curing agent and SYLGARD 184 elastomer 
base at a ratio of 1:10. Add PDMS precursor onto glass cover-
slips, and evenly coat glass by spin coating using a WS-400- 6NPP 
spin coater at    106 RCF (3,000 RPM) for 10 s. PDMS-coated 
glass coverslips are dried at 60 °C for several hours ( see   Note 6 ) 
and sterilized using 70 % ethanol and UV light.   

   3.    Fibronectin (40×): Add 25 μL fi bronectin to 975 μL ice cold, 
sterile ultrapure water.      

      1.    MitoTracker Red working solution (1 μM, Molecular Probes): 
Dilute 1 μL MitoTracker Red stock solution (1 mM) in 1 mL 
mTeSR-1 (hiPSCs) or RPMI/B27 (CMs).   

   2.    Phosphate-buffered saline without calcium and magnesium 
(PBS, 10×): Add 10 mL 10× PBS into 990 mL ultrapure water. 
Filter sterilize.   

   3.    Filter for sterilization: polyethersulfone fi lter, pore size 0.22 μm.   
   4.    Blocking buffer: Combine 3 mL FBS with 97 mL 1× PBS. Filter 

before use.   
   5.    Paraformaldehyde (16 %): Add 10 mL 16 % paraformaldehyde 

to 30 mL 1× PBS.   
   6.    PBS-T: Add 25 mL 10× PBS, 225 mL ultrapure water, 

2,500 mg bovine serum albumin (BSA), and 0.5 mL Triton 
X-100. Filter sterilize.   

   7.    4′,6-diamidino-2-phenylindole (DAPI, Molecular Probes) 
(1:36,000 of primary stock in 1× PBS).   

   8.    50 % ethanol: Combine 25 mL DI water with 25 mL ethanol.   
   9.    70 % ethanol: Combine 15 mL DI water with 35 mL ethanol.   
   10.    95 % ethanol: Combine 2.5 mL DI water with 47.5 mL 

ethanol.   
   11.    ProLong Gold antifade reagent (Life Technologies).   
   12.    Rectangular glass coverslide: e.g., 25 × 75 mm, 1 mm thick.   
   13.    Clear nail polish.      

      1.    Confocal microscope (Nikon A1): 40×–100× oil objective, 
TRITC (Ex/Em: 561/595 nm) and DAPI (Ex/Em: 
405/450 nm) fi lter sets.   

   2.    Imaging acquisition software (e.g., NIS Elements).      

      1.    Windows 7 or higher or equivalent operating system.   
   2.    MATLAB 12 or higher with Statistics Toolbox (MathWorks, 

Inc.).   

2.3  Preparation 
of Glass Coverslips 
for Cell Seeding

2.4  Fluorescent 
Labeling 
of Mitochondria

2.5  Image 
Acquisition

2.6  Image Analysis 
Using MQM
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   3.    MQM script: function fi les  MitoMAT  and  Measurements  are 
available for download from MATLAB Central, the Lipke Lab 
website   www.auburn.edu/lipkelab    , or by request from the 
corresponding author.   

   4.    Microsoft Excel 2007 or higher.       

3    Methods 

 Current state-of-the-art stem cell culture and differentiation 
change rapidly, and in-depth training is available through WiCell 
and many major research institutions. Based on selected hiPSC cell 
lines, differentiation parameters might have to be adjusted [ 20 ]. 
Parameters infl uencing current state-of-the-art SC-CM differentia-
tion have been covered in detail by Lian et al. [ 20 ]. 

      1.    Culture hiPSCs as colonies on Matrigel-coated 6-well plates in 
mTeSR-1 with daily media exchange until passage.   

   2.    Passage cells of a confl uent well using Versene. Aspirate off old 
mTeSR-1, rinse, and incubate cells in Versene at 37 °C for 
4 min. Aspirate off Versene and resuspend cells in 1 mL 
mTeSR-1 + RI. Passage cells (e.g., 1:10 ratio) into a new 
Matrigel-coated well containing 2 mL mTeSR-1 + RI.      

      1.    Rinse hiPSCs of a confl uent well with 1× PBS, and incubate in 
1 mL Accutase at 37 °C for 8 min.   

   2.    Combine cells with mTeSR-1 and centrifuge cells at 200 ×  g  for 
5 min.   

   3.    Aspirate off supernatant, and resuspend cells in 1 mL 
mTeSR-1 + RI and plate onto a Matrigel-coated PDMS glass 
coverslip ( see   Note 7 ).   

   4.    Culture hiPSCs for 2 days in mTeSR-1 before fl uorescently 
labeling cells.      

      1.    Rinse confl uent well of hiPSCs using 1× PBS.   
   2.    Incubate hiPSCs in Accutase at 37 °C for 8 min.   
   3.    Combine cells with mTeSR-1; centrifuge at 200 ×  g  for 5 min.   
   4.    Resuspend cells in 3 mL mTeSR-1 + RI (1 × 10 6  cells/mL), and 

add 1 mL into each well of a Matrigel-coated 12-well plate.   
   5.    After 24 h, replace media with 2 mL mTeSR-1. Repeat this 

step twice.   
   6.    Replace media with 2 mL RPMI/B27 without insulin +0.67 μL 

CHIR99021.   
   7.    After 24 h, replace media with 2 mL RPMI/B27 without 

insulin.   

3.1  hiPSC 
Maintenance 
and Expansion

3.2  hiPSC 
Dissociation 
for Mitochondria 
Labeling

3.3  CM 
Differentiation 
of hiPSCs
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   8.    After 48 h, apply combined media (1 mL old RPMI/B27 
without insulin and 1 mL new RPMI/B27 without insulin 
+2 μL IWP2).   

   9.    After 48 h, replace media with 2 mL RPMI/B27 without 
insulin.   

   10.    After 48 h, change media to 2 mL RPMI/B27. Replace 
RPMI/B27 every 3 days until use.      

      1.    Rinse and incubate spontaneously contracting CMs in 0.25 % 
trypsin (EDTA) at 37 °C for 5 min.   

   2.    Singularize cells using a P1000 pipette tip, combine with 
RPMI20, and centrifuge cells at 200 ×  g  for 5 min.   

   3.    Aspirate off supernatant and resuspend cells in 1 mL 
RPMI20 + RI ( see   Note 8 ), and plate cells onto fi bronectin- 
coated PDMS coverslips ( see   Note 7 ).   

   4.    Culture cells for 3 days post dissociation to allow cells to adhere 
and reestablish their phenotypic cell morphology and function 
before fl uorescently labeling the cells ( see   Note 9 ).      

      1.    Rinse cells with 1× PBS.   
   2.    Add suffi cient MitoTracker Red working solution into each 

well, and incubate at 37 °C for 30 min.   
   3.    Rinse three times with 1× PBS.   
   4.    Add 4 % paraformaldehyde; incubate cells at room temperature 

for 10 min.   
   5.    Rinse with 1× PBS.   
   6.    Incubate cells in PBS-T at room temperature for 10 min. 

Repeat this step twice.   
   7.    Block cells in blocking buffer at 4 °C overnight.   
   8.    Remove blocking buffer and add DAPI to all wells. Incubate at 

room temperature for 30 min.   
   9.    Rinse off DAPI with 1× PBS. Repeat this step twice.   
   10.    Dehydrate all samples using 50, 70, 95, and 100 % ethanol for 

5 min each.   
   11.    Air-dry all samples until completely dry.   
   12.    Apply a small drop of ProLong Gold to each sample; invert 

sample onto a rectangular glass coverslide ( see   Note 13 ).   
   13.    All samples should be dried overnight, sealed using nail polish, 

and stored at 4 °C.      

      1.    Follow appropriate procedure to turn on and start up confocal 
microscope.   

   2.    While using the scanning feature, adjust the scanning time 
and size of the image to be captured to at least 1/8 frame/s 

3.4  CM Dissociation 
for Mitochondria 
Labeling

3.5  Fluorescence 
Labeling of Cells 
( See   Notes 10 – 12 )

3.6  Image 
Acquisition
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and 1,024 pixels, respectively ( see   Note 14 ). Also adjust the 
confocal laser settings and pinhole to ensure clear, bright, and 
crisp images of the mitochondria and nuclei ( see   Note 15 ).   

   3.    Capture and save the image as both .nd2 and separate .png, 
.jpg, or .tiff fi les in a location to be retrieved for later image 
analysis ( see   Note 16 ).      

      1.    Start MATLAB by clicking on the MATLAB icon on the start 
menu or by opening the MQM fi les,  MitoMAT , and  Measurements .   

   2.    Copy and import all image fi les to be analyzed to the same 
folder containing the MQM fi les.   

   3.    Prepare for analysis by running the  Measurements  function fi le 
by clicking the green play button at the top of the home screen 
in MATLAB. Switch between fi les by clicking on the different 
function fi le tabs within MATLAB.   

   4.    Press the green play button at the top of the home screen when 
the  MitoMAT  fi le is on the editor screen to begin the analysis 
(Fig.  1 ).    

3.7  Image Analysis 
Using MQM

  Fig. 1    Application of MQM to fl uorescently labeled mitochondria of hiPSCs and SC-CMs. In MATLAB, fl uores-
cent images of mitochondria and nuclei are imported and overlaid, and a cell of interest is manually outlined. 
MQM converts fl uorescent images to grayscale, applies fi lter to remove background, and converts images to 
binary. Finally, MQM can detect mitochondria and cell nuclei of hiPSCs and SC-CMs. Numerical data can be 
collected, exported to Excel, and analyzed. Scale bar, 10 μm       
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   5.    When prompted, enter information about the images to be 
analyzed, i.e., image name, image magnifi cation (in μm/pixel), 
and cell type for a label, if desired.   

   6.    In the user interface, select the types of results to be collected, 
and specify a name for the Excel results fi le. After verifying this 
information, press continue ( see   Note 17 ).   

   7.    An image of the fl uorescently labeled mitochondria will 
appear. Click around the edges of the cell to be analyzed 
( see   Notes 18 – 21 ).   

   8.    Data can be analyzed in Excel (or similar software, 
e.g., Minitab, Origin) (Fig.  2 ).        

4    Notes 

     1.    Matrigel-coated 6-well and 12-well plates: Remove Matrigel 
aliquot from −80 °C freezer and transfer into a sterile tissue 
culture hood. Resuspend Matrigel aliquot in 1 mL cold 
DMEM-F12 and transfer to a 15-mL centrifuge tube. Add 
additional 11 mL cold DMEM-F12, mix, and add 1 mL 
Matrigel solution into each well of a 6-well plate (0.5 mL into 
each well of a 12-well plate). Incubate Matrigel solution for 
30 min at room temperature. Add an additional 1 mL 
DMEM-F12 to each well and store at 37 °C.   

   2.    mTeSR-1 + RI: Add 50 μL 5 mM ROCK inhibitor to 50 mL 
mTeSR-1 media and mix well.   
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  Fig. 2    Number and total area of mitochondria per cell increases during hiPSC differentiation. Mitochondria play 
an essential role in actively contracting SC-CMs and need to be analyzed at different stages of development. 
Mitochondria of hiPSCs and SC-CMs are labeled with MitoTracker Red and DAPI (nuclei). Cells are processed 
using MQM and analyzed in Excel to detect number and area of mitochondria per cell       
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   3.    RPMI/B27 without insulin: Combine 500 mL RPMI1640 
media with 10 mL B-27 supplement without insulin, mix well, 
and store at 4 °C.   

   4.    RPMI/B27: Combine 500 mL RPMI1640 media with 10 mL 
B-27 supplement and mix well.   

   5.    RPMI20: Combine 40 mL RPMI1640 media with 10 mL 
FBS. Filter sterilize.   

   6.    PDMS-coated coverslips can also be dried at room tempera-
ture overnight or until dry.   

   7.    Seeding density of cells used for imaging experiments must be 
uniform across all groups to eliminate cell density effects as a 
source of variation in mitochondrial dynamics.   

   8.    RPMI20 + RI: Add 50 μL 5 mM ROCK inhibitor to 50 mL 
RPMI20 and mix well.   

   9.    CMs can be multinucleated; for the MQM module needed to 
analyze cells with more than one nucleus, email the corre-
sponding author.   

   10.    If necessary, adjust immunostaining protocol to ensure bright, 
clear images with no unspecifi c antibody binding or back-
ground fl uorescence—it is impossible to analyze the mito-
chondria if the staining is not clear.   

   11.    After MitoTracker Red working solution is applied, cells have 
to be handled in the dark to avoid photobleaching.   

   12.    All staining procedures should be done under sterile conditions.   
   13.    Any glass coverslide that fi ts onto an available confocal micro-

scope stage holder can be chosen.   
   14.    Images can be acquired at a slower scan speed (e.g., 1/16 

frame/s) and higher resolutions (e.g., 2,048 pixels), if desired.   
   15.    Making meaningful comparisons between samples requires 

that all images must be acquired at the same magnifi cation and 
using identical image capture methods. Data from confocal 
images will not be comparable to those from non-confocal 
fl uorescence images due to unequal contributions from nonfo-
cal planes. Similarly, images from different magnifi cations will 
have unequal amounts of pixel bleeding from adjacent areas of 
the sample.   

   16.    In order to be able to access the image fi les of interest, fi les 
must be stored in the same folder as the MQM fi les.   

   17.    MATLAB is unable to write to an Excel document while it is 
open. Therefore, it is important to make sure that all Excel 
result fi les are closed during analysis.   

   18.    Currently, MQM can only analyze one cell at a time.   
   19.    Analysis time is between 2 and 4 min per cell, with time 

decreasing with use.   

Quantitative Analysis of Mitochondrial Changes During Differentiation
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   20.    If the experimenter decides to reject the data from a particular 
cell, if there was inconsistency with labeling or a general error 
in use, the user must delete the data written in the Excel fi le 
associated with that run.   

   21.    Label cell membrane to make it easier to identify which mito-
chondria belongs to which cell.         
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    Chapter 38   

 An Ex Vivo Model for Studying Mitochondrial 
Traffi cking in Neurons 

           Helena     Bros     ,     Raluca     Niesner    , and     Carmen     Infante-Duarte   

    Abstract 

   Distribution of mitochondria throughout the cytoplasm is necessary for cellular function and health. Due 
to their unique, highly polarized morphology, neurons are particularly vulnerable to defects of mitochon-
drial transport, and its disruption can contribute to neuropathology. In this chapter, we present an  ex vivo  
method for monitoring mitochondrial transport within myelinated sensory and motor axons from spinal 
nerve roots. This approach can be used to investigate mitochondrial behavior under a number of experi-
mental conditions, e.g., by applying ion channel modulators, ionophores, or toxins, as well as for testing 
the therapeutic potential of new strategies targeting axonal mitochondrial dynamics.  

  Key words     Mitochondrial transport  ,   Mitochondrial traffi cking  ,   Axonal transport  ,   Mitochondria live 
imaging  ,   Spinal nerve roots  ,    Ex vivo  explants  

1      Introduction 

 Mitochondrial transport is required in most cells to ensure a cor-
rect distribution of functional mitochondria throughout the cyto-
plasm. This is particularly important in the case of neurons, because 
due to their elongated and asymmetric morphology, sites of mito-
chondrial biogenesis can be distal to sites of mitochondrial func-
tion. Mitochondria are typically recruited to the areas of high 
energy consumption, such as synapses [ 1 ], nodes of Ranvier [ 2 ], 
and active growth cones in growing axons [ 3 ]. To recruit mito-
chondria where they are most needed, neurons have specialized 
adaptor and motor proteins that attach mitochondria to the cyto-
skeleton and transport them along microtubules and actin fi la-
ments. There are two types of long-run mitochondrial movements 
in the axon: anterograde and retrograde. Anterograde transport, 
which uses kinesin motors, powers the transport of mitochondria 
toward synaptic terminals; retrograde transport, which involves 
dynein, translocates mitochondria from distal areas back to the cell 
body [ 4 ]. Mitochondria are able to quickly change direction, and 
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periods of movement are frequently interspersed with pauses. 
In cultured neurons most of the mitochondria are stationary, and 
only about 20–30 % of axonal mitochondria are in motion [ 5 – 8 ]. 
This saltatory and bidirectional nature of mitochondrial movement 
is highly specifi c and differs from the transport of other organelles 
and axonal vesicles [ 4 ]. 

 In view of the crucial role of mitochondrial transport for neuro-
nal function, it is no surprise to fi nd abnormal distributions of mito-
chondria in models of degenerative disorders of both the central 
[ 9 – 12 ] and peripheral [ 13 ] nervous system. Previous studies have 
shown that exogenous application of nitrosative [ 14 ] and oxidative 
stress [ 15 ] in neurons interfered with mitochondrial transport and 
caused cellular damage. Thus, many factors can infl uence mitochon-
drial traffi cking and promote further pathology. 

 Mitochondrial transport in neurons has long been monitored 
in simplifi ed in vitro systems either by using mitochondrial dyes 
[ 5 – 7 ] or by transfecting the cells with constructs encoding mito-
chondrially targeted fl uorescent proteins [ 8 ,  14 ,  15 ]. More 
recently, the development of transgenic animals expressing 
mitochondria- targeted fl uorescent proteins has allowed the study 
of mitochondrial transport in vivo [ 16 ,  17 ]. In this chapter, we 
present an intermediate approach that combines the simplicity of 
in vitro preparations with a preserved tissue cytoarchitecture and 
cellular interactions. This method makes use of acute explants of 
spinal nerve roots from adult mice, which contain peripheral 
myelinated axons. The somata, dendrites, and synaptic terminals 
are not included in the preparation; therefore, it will be suitable for 
investigating the movement of mitochondria selectively in the 
axon. Axonal mitochondria are easy to identify and can be tracked 
for several micrometers by using cationic, membrane-permeant 
dyes. The experimentator can decide whether to dissect dorsal or 
ventral roots, which will contain sensory or motor neurons, respec-
tively. Because the explanted roots are maintained in solution, the 
extracellular environment can be modifi ed to investigate how reg-
ulating ion homeostasis, intracellular signaling, or pathological cel-
lular conditions can alter mitochondrial behavior [ 18 ]. We also 
encourage the use of this  ex vivo  model system as a platform for 
screening therapeutic molecules targeting mitochondrial dynam-
ics, without the problems derived from poor penetration and low 
bioavailability.  

2    Materials 

      1.    Straight surgical scissors.   
   2.    Micro scissors for cutting bone.   
   3.    Micro scissors for cutting nervous tissue.   

2.1  Tools 
for Explanting 
Peripheral Roots

Helena Bros et al.
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   4.    Dissecting forceps.   
   5.    Tweezers.   
   6.    Strainer spoon.   
   7.    Petri dishes.   
   8.    pH meter.   
   9.    Carbogen cylinder (95 % O 2  and 5 % CO 2 ).   
   10.    Dissecting microscope.   
   11.    Common labware such as pipettors and tips.      

      1.    Artifi cial cerebrospinal fl uid (ACSF): 124 mM NaCl, 1.25 mM 
NaH 2 PO 4  × H 2 O, 10 mM glucose × H 2 O, 1.8 mM MgSO 4 , 
1.6 mM CaCl 2  × 2H 2 O, 3 mM KCl, 26 mM NaHCO 3 ; pH 7.4 
(adjusted with carbogen;  see   Note 1 ).   

   2.    1 mM MitoTracker Orange stock solution (Life Technologies, 
Darmstadt, Germany) in dimethyl sulfoxide, stored at −20 °C.   

   3.    100–500 nM MitoTracker Orange working solution in ACSF.   
   4.    70 % ethanol in spray bottle.   
   5.    Anesthesia.      

       1.    Inverted laser-scanning confocal microscope adapted for live 
cell imaging. The microscope software must have a time-lapse 
imaging function. We used the LSM 710 and ZEN imaging 
software (Carl Zeiss, Jena, Germany).   

   2.    High magnifi cation objective (e.g., 100×/1.46 oil immersion 
objective Plan-Apochromat from Carl Zeiss).   

   3.    Microscope incubator for an atmosphere of 5 % CO 2 . We used 
the XL-3 incubator from Carl Zeiss ( see   Note 2 ).   

   4.    Live cell imaging microscope chamber, such as the open bath 
chambers from the RC-40 series (Warner Instruments, 
Hamden, USA).   

   5.    Glass coverslips for the microscope chamber.   
   6.    Custom-made net (or equivalent) to immobilize spinal root 

explants ( see   Note 3 ; Fig.  1 ).        

3    Methods 

 All procedures are carried out at room temperature. 

      1.    Sacrifi ce the mouse by a method approved at your institution.   
   2.    Place the animal with the dorsal side up and immobilize the 

extremities in an extended position.   
   3.    Spray back fur with 70 % ethanol.   

2.2  Reagents

2.3  Equipment 
for Live Imaging

3.1  Explantation 
of the Spinal Cord

Mitochondrial Traffi cking in Neurons
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   4.    With the straight surgical scissors, make a long longitudinal cut 
in the middle of the back skin. Using the tweezers, pinch the 
skin from both sides of the cut and pull in opposite directions. 
Push the back muscles aside to expose the cervical, thoracic, 
and lumbar spinal regions. Manipulate the least tissue possible 
in order to minimize bleeding ( see   Note 4 ).   

   5.    Make a large transversal cut to the vertebrae and spinal cord at 
the cervical level.   

   6.    From this point, cut the dorsal side of the vertebral column 
longitudinally, until the lower lumbar level, to expose the 
s pinal cord (Fig.  2a ).    

   7.    Pinch the spinal cord from the area of the transverse cut and 
gently pull to make the attached spinal nerve roots visible on 
both sides.   

   8.    Using the micro scissors, cut the spinal nerve roots as distal as 
possible from the spinal cord.   

   9.    Proceed likewise until reaching the lower lumbar level. Explant 
the spinal cord by making a transverse cut.   

   10.    Transfer the explanted portion of the spinal cord with attached 
spinal nerve roots into a petri dish containing artifi cial cerebro-
spinal fl uid.   

   11.    By pinching the spinal cord from one end with the forceps, 
move the tissue within the bathing solution to eliminate any 
rest of blood.      

  Work with a dissecting microscope.

    1.    Identify the ventral and dorsal sides of the spinal cord. The roots 
that exit the spinal cord from the ventral side will contain motor 
axons; the roots leaving from the dorsal side have sensory axons.   

3.2  Separation 
of the Spinal Roots

  Fig. 1    Custom-made net used to immobilize the spinal nerve roots during time- 
lapse imaging. Scale bar: 1 cm       
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   2.    On the desired area, identify the roots that are not damaged 
and approximately 1 cm long, and detach them from the spinal 
cord by cutting with micro scissors (Fig.  2b ). For experiments 
where a control is needed, we suggest to select those roots that 
are preserved on both sides and work on a paired basis.   

   3.    Preserve the orientation (i.e., proximal vs. distal) of the roots 
during the entire procedure. This will permit the differentia-
tion between anterograde and retrograde transport of mito-
chondria ( see   Note 5 ).      

      1.    Using the strainer spoon, transfer the spinal nerve roots into a 
new petri dish containing 100–500 nM of MitoTracker Orange 
in fresh ACSF ( see   Note 6 ).   

   2.    Incubate in the dark for 15–30 min.   
   3.    Transfer the roots into fresh ACSF.      

      1.    Turn on the microscope incubator and set at 5 % CO 2 .   
   2.    Transfer a spinal root onto the live cell imaging microscope 

chamber, preserving the orientation of the tissue.   
   3.    Immobilize the root by placing a net on the top of it ( see   Note 3 ).   
   4.    Immediately after placement, fi ll in the microscope chamber 

with ACSF.   

3.3  Labeling 
of Mitochondria

3.4  Time-Lapse 
Imaging

  Fig. 2    ( a )  Top : dorsal view of the spinal cord after removing the overlying muscles and vertebral column. For 
clarity, the mouse has been perfused transcardially with PBS and paraformaldehyde prior to the dissection. 
 Bottom : the spinal cord is being pulled aside to reveal the roots of the spinal nerves. ( b ) Explanted peripheral 
root. The squares measure 2 × 2 mm       
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   5.    Place the sample under the confocal microscope. Position the 
root horizontally to facilitate the identifi cation of anterograde 
and retrograde mitochondrial movement during the subse-
quent image analysis.   

   6.    Excite MitoTracker Orange at 561 nm.   
   7.    With a low magnifi cation objective, screen the spinal nerve 

root for obvious axonal damage that might have been caused 
during the preparation, and discard the sample if necessary.   

   8.    Using high magnifi cation ( see  Subheading  2.3 ,  item 2 ), select 
an area of interest in the middle of the root. Minimize the laser 
power and scanning time to avoid photobleaching and photo-
toxicity. MitoTracker Orange labels both myelin and mito-
chondria; fl uorescent mitochondria should be visible within 
most axons (Fig.  3 ).    

   9.    Turn on the time-lapse function on your software, and deter-
mine the frequency and total duration of the recordings 
according to your experimental question. For our experiments, 
one frame every 2 s over an imaging period of 1–5 min was 
suffi cient to characterize mitochondrial transport.      

  The open source ImageJ software, in combination with the 
 Difference Tracker  plug-in [ 19 ], can be used for analyzing mito-
chondrial transport and are both available online (  http://rsbweb.
nih.gov/ij/    ). 

3.5  Image Analysis

  Fig. 3    Fluorescence picture of an explanted ventral root labeled with MitoTracker 
Orange. MitoTracker Orange labels both the myelin surrounding the axons 
(marked with an  asterisk ) and the mitochondria. Scale bar: 10 μm       
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 Other software packages such as Volocity (PerkinElmer, 
Rodgau, Germany) and Imaris (Bitplane, Zurich, Switzerland) are 
commercially available and have a function of automatic particle 
tracking. However, for the highest precision, manual tracking of 
mitochondria is preferred.   

4    Notes 

     1.    To ensure a physiologic pH throughout the preparation, the 
different ACSF solutions must be continuously gassed with 
carbogen (a mixture of 95 % O 2  and 5 % CO 2 ), and their pH 
must be periodically checked. Increasing the amount of CO 2  
bubbled into the ACSF will progressively lower the pH.   

   2.    During the live cell imaging, the pH of the ACSF in the micro-
scope chamber should be checked at various time points to 
confi rm that it remains within the physiological range. The 
CO 2  levels in the microscope incubator should be adjusted 
accordingly.   

   3.    It is essential to avoid the  x – y  drift during the time-lapse imag-
ing. To immobilize the tissue onto the glass coverslip that will 
fi t the microscope chamber, we placed a custom-made net on 
the top of the spinal nerve root. The net was made by bending 
a piece of a 40 × 1 mm aluminum wire into a U-shape and roll-
ing a thread around it. A picture of the net is shown in Fig.  1 .   

   4.    If excessive bleeding complicates the visibility of the tissue, 
pipette ACSF onto the spinal cord and absorb the excess fl uid 
with a cotton swab. Alternatively, transcardial perfusion with 
PBS prior to the dissection can be used to remove blood and 
facilitate the procedure.   

   5.    For some experiments it may be important to preserve the ori-
entation of the spinal nerve roots (i.e., proximal vs. distal) dur-
ing the entire procedure. If this proves diffi cult to achieve, 
especially in the fi rst attempts, one end of the root may be 
marked by applying 1 μL of MitoTracker Orange dye directly 
onto the area. This will immediately color that end of the root, 
will last for several minutes, and will not affect the mitochon-
dria in the middle of the root, which should be used in the 
experiment.   

   6.    MitoTracker Orange is a cationic membrane-permeant dye 
that accumulates within mitochondria because of their highly 
negative electrical charge. However, it may also label myelin. 
If the concentration of MitoTracker is too high, it will mainly 
colocalize with the myelin and will accumulate less in the 
 mitochondria. To obtain a brighter and more selective mito-
chondria staining, use a lower concentration of the dye.         
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