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Summary 

The mitochondrial permeability transition (PT) is a Ca2+-dependent permeability increase of the 

inner membrane, mediated by the permeability transition pore (PTP). The mammalian PTP displays 

a range of conductance states, which can be as high as 1.2 nS corresponding to a pore with a 

diameter of about 2 nm. Depending on open time and channel size, the PTP can participate in Ca2+ 

homeostasis or cell death. Regulation of the PTP is complex; opening is favored by cyclophilin D 

(CyPD), Pi, and oxidative stress while it is inhibited by matrix H+, Mg2+, adenine nucleotides and 

cyclosporin A (CsA). In the 1990s, through the use of modifiers of SH groups and of relatively 

specific histidine and arginine reagents, a few discrete regulatory sites of the PTP have been defined. 

Recent evidence suggests that PTP forms from F-ATP synthase. Consistent with this, PTP blockade 

by matrix H+ is mediated by the unique conserved histidine residue of oligomycin sensitivity 

conferral protein (OSCP). 

The first part of my work was focused on the identification of the arginine residue(s) conferring 

PTP regulation by glyoxals within the general hypothesis that the PTP originates from F-ATP 

synthase. Eriksson and co-workers discovered the PTP-modulatory effects of arginine-selective 

reagents, and focused on the structure-function relationship of arginine-glyoxal adducts in the 

regulation of PTP opening and closure in rat liver mitochondria. Phenylglyoxal (PGO) is the most 

extensively used arginine-specific reagent. I have observed for the first time that PGO affects the 

PT in a species-specific manner (inhibition in mouse and yeast, induction in human and Drosophila 

mitochondria), indicating that the ability to modulate the PTP by PGO has been conserved but 

differs across species. Following the assumptions (i) that the observed differences depend on 

specific features of the PTP rather than on the existence of species-specific reactive sites, and (ii) 

that these sites are located on the F-ATP synthase, I have been able to show that the effect of PGO 

on the PT is specifically mediated by Arg 107 of subunit g, the only arginine residue of this subunit 

that has been conserved across species. Yeast mitochondria lacking subunit g or bearing a subunit g 

R107A mutation were totally resistant to PT inhibition by PGO. Taking advantage of the species-

specific differences but conserved reactivity with PGO, I have observed that substitution of yeast 

subunit g with its human counterpart confers the “human” phenotype to yeast, suggesting that the 

species-specific effect of PGO is more likely to depend on structural differences between the yeast 

and human F-ATP synthase than on the R107-PGO adduct as such. This finding is a step forward in 

the molecular understanding of PTP regulation, and further supports the hypothesis that the PTP 

forms from F-ATP synthase.  

The second part of my work was dedicated to reinvestigate the role of Ca2+ as a permissive factor 

for PTP opening. The most recent hypothesis about the mechanism of PTP formation is that 

interaction of Ca2+ with the metal binding site of β subunit (which usually contributes to coordinate 
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the binding of Mg-ATP) causes a conformational change that is propagated to the inner membrane 

through the lateral stalk, which eventually leads to PTP formation. If Ca2+ must bind to the catalytic 

site of F-ATP synthase for the PT to occur, then Ca2+ should be a key permissive factor for PTP 

opening, while other inducers should affect either the accessibility of the metal binding site or the 

transmission of the Ca2+-dependent conformational change to the inner membrane. Yet a PT 

occurred in the absence of added Ca2+ with several inducers including p-hydroxyphenylgloxal (OH-

PGO), one of the arginine reagents that favor PTP opening in rat liver mitochondria; and 

phenylarsine oxide (PhAsO), a dithiol cross-linker that is a potent PTP inducer. I have observed that 

pore opening can occur in presence of EGTA after the treatment of mitochondria with OH-PGO and 

PhAsO, but also that the inducing effect is prevented by depletion of matrix Ca2+ with the 

ionophore A23187 or by chelation of matrix Ca2+ with BAPTA. These observations indicate that in 

the absence of matrix Ca2+ PTP cannot be activated by OH-PGO and PhAsO.  

Another part of my work was to test whether charged amino acids of yeast subunits e and g are 

involved in their interaction, thus playing a role in the dimerization of F-ATP synthase. I have 

identified Arg 8 of subunit e as a critical residue in mediating e-g interactions, most likely through 

an electrostatic bond with Glu 83 of subunit g. We have also observed that dimers purified after 

blue-native electrophoresis from mutants of Arg 8 show decreased PTP channel conductance and 

activity, indicating that this residue might directly participate in generating the full conductance 

channel. 
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Sommario 

La transizione di permeabilità mitocondriale (PT) è un aumento Ca2+-dipendente della permeabilità 

della membrana interna, mediato dal poro di transizione della permeabilità (PTP). Il PTP di 

mammifero mostra una certa gamma di stati di conduttanza, che possono arrivare fino a 1.2 nS 

corrispondenti ad un canale con un diametro di circa 2 nm. A seconda della durata delle aperture e 

della dimensione del canale, il PTP può partecipare all'omeostasi del Ca2+ o alla morte cellulare. La 

regolazione del PTP è complessa; l'apertura è favorita dalla ciclofilina D (CyPD), Pi e dallo stress 

ossidativo mentre è inibita dal pH acido di matrice, dal Mg2+, dai nucleotidi adeninici e dalla 

ciclosporina A (CsA). Negli anni '90, attraverso l'uso di modificatori di gruppi SH e di reagenti 

relativamente specifici di istidina e arginina, sono stati definiti alcuni siti regolatori del PTP. Prove 

recenti suggeriscono che PTP si forma dalla F-ATP sintasi. Coerentemente con questo, l’inibizione 

del PTP dagli H+ di matrice è mediata dalla protonazione di un’istidina conservata presente nella 

subunità OSCP dell’enzima. 

La prima parte del mio lavoro è stata dedicata all'identificazione dei residui di arginina che 

conferiscono la sensibilità del PTP ai gliossali, assumendo che il PTP si formi dalla F-ATP sintasi. 

Eriksson e collaboratori hanno investigato la modulazione del PTP da parte di agenti selettivi per le 

arginine, focalizzandosi sullo studio degli effetti degli addotti arginina-gliossale in mitocondri 

isolati dal fegato di ratto. Il fenilgliossale (PGO) è il reagente specifico per le arginine più 

comunemente usato. Ho osservato per la prima volta che il PGO influenza il PTP in modo specie-

specifico (causando inibizione in topo e nel lievito, mentre induzione in drosofila e nell’uomo), 

indicando che, nonostante la sua capacità modulatoria sia diversa tra i vari organismi, la sua 

reattività è invece conservata. Assumendo (i) che le differenze osservate dipendono da 

caratteristiche specifiche del PTP piuttosto che dall'esistenza di siti reattivi specie-specifici e (ii) che 

questi siti si trovano sulla F-ATP sintasi, ho potuto dimostrare che l’effetto del PGO è mediato in 

modo specifico dalla Arg 107 della subunità g della F-ATP sintasi, peraltro conservata tra le specie. 

I mitocondri di lievito privi di subunità g o esprimenti una subunità g con la mutazione R107A sono 

totalmente resistenti all'inibizione del PT da PGO. Inoltre, la sostituzione della subunità g del lievito 

con la sua controparte umana conferisce un fenotipo “umano” al PTP di lievito relativamente 

all’effetto del PGO, confermando che la Arg 107 è il giusto target e che le differenze specie-

specifiche della modulazione da PGO sono probabilmente attribuibili a diversità strutturali 

dell’enzima. Questa scoperta è un passo avanti nella comprensione molecolare della regolazione 

PTP, e supporta ulteriormente l'ipotesi che il PTP si generi dalla F-ATP sintasi. 

La seconda parte del mio lavoro è stata dedicata a reinvestigare il ruolo del Ca2+ come fattore 

permissivo per l'apertura del PTP. L'ipotesi più recente sul meccanismo di formazione del PTP è 

che il legame del Ca2+ al sito di legame del metallo della subunità β (che contribuisce a coordinare il 
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legame di Mg-ATP) causa un cambiamento conformazionale che viene propagato alle subunità 

inserite nella membrana interna attraverso il gambo laterale, portando all‘apertura del PTP. 

Assumendo che il Ca2+ giochi questo ruolo, tutti gli altri induttori dovrebbero influenzare 

l'accessibilità del sito di legame del metallo o la trasmissione del cambiamento conformazionale alla 

membrana interna. Eppure la PT si verifica ugualmente in assenza di Ca2+ aggiunto utilizzando 

diversi induttori compreso il p-idrossifenilgliossale (OH-PGO), uno dei reagenti di arginina che 

favorisce l'apertura del PTP nei mitocondri del fegato di ratto; e la fenilarsina ossido (PhAsO), un 

reagente dei ditioli e potente induttore del PTP. Tuttavia, nei miei studi ho osservato che l'apertura 

del PTP può sì verificarsi in presenza di EGTA dopo il trattamento dei mitocondri con OH-PGO e 

PhAsO, ma l'effetto di induzione temina con l'esaurimento del Ca2+ di matrice causato dallo 

ionoforo A23187 o con la chelazione del catione con BAPTA. Queste osservazioni indicano che in 

assenza del Ca2+  di matrice il PTP non può essere attivato da altri modulatori, confermando il ruolo 

permissivo e strettamente necessario del catione. 

Un'altra parte del mio lavoro è stata testare se amminoacidi carichi delle subunità di lievito e e g 

sono coinvolti nella loro reciproca interazione, svolgendo quindi un ruolo chiave nella 

dimerizzazione della F-ATP sintasi. Grazie ad una mutagenesi sito specifica, ho identificato la Arg 

8 della subunità e come residuo critico per tale interazione, agendo molto probabilmente attraverso 

legami elettrostatici con la Glu 83 della subunità g. Abbiamo anche osservato che i dimeri purificati 

da BN gels da mutanti privi dell'Arg 8 mostrano una diminuzione della conduttanza e dell'attività di 

canale del PTP, indicando che questo residuo potrebbe partecipare direttamente alla generazione di 

un canale correttamente assemblato. 
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Abbreviations 

ADP                                                                                                            Adenosine diphosphate 

AGEs                                                                                          Advanced glycation end-products 

AKT                                                                                                                       Protein kinase B 

AMPK                                                                                              AMP-activated protein kinase 

ANT                                                                                               Adenine nucleotide translocase 

ATP                                                                                                            Adenosine triphosphate 

ATR                                                                                                                            Atractyloside 

BAD                                                                                                                       2,3-Butanedione 

BAPTA-AM 

1,2-bis(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid tetrakis(acetoxymethyl ester) 

BCL-2 antagonist/killer                                                                                                             Bak 

BCL-2-associated X protein                                                                                                      Bax 

B cell lymphoma 2                                                                                                                  Bcl-2 

BKA                                                                                                                       Bongkrekic acid 

BSA                                                                                                             Bovine serum albumin 

Bz                                                                                                                           Benzodiazepine 

CI                                                                                              Complex I of the respiratory chain 

CII                                                                                            Complex II of the respiratory chain 

CIII                                                                                         Complex III of the respiratory chain 

CIV                                                                                         Complex IV of the respiratory chain 

CaMKII                                                                     Ca2+-calmodulin-dependent protein kinase II 

CAT                                                                                                                Carboxyatractyloside 

CoA                                                                                                                             Coenzyme A 

CoQ                                                                                                                             Coenzyme Q 

cpYFP                                                                   Circularly permuted yellow fluorescent protein 

CRC                                                                                                             Ca2+ retention capacity 

CsA                                                                                                                           Cyclosporin A 

Cu(OP)2                                                                                                   Copper-o-phenanthroline 

Cyt c                                                                                                                           Cytochrome c 

CypD                                                                                                                         Cyclophilin D 

[Ca2+]m                                                                                                                   Free matrix Ca2+ 

DAPIT                                                       Diabetes-associated protein in insulin-sensitive tissues 

DMEM                                                                                 Dulbecco’s modified Eagle’s medium 

DTT                                                                                                                             Dithiothreitol 
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Drp1                                                                                                           Dynamin-related protein 

EGTA                                    Ethylene glycol-bis(β-aminoethyl ether)-N,N,N',N'-tetraacetic acid 

EMRE                                                                                                      Essential MCU regulator 

ER                                                                                                               Endoplasmic reticulum 

ERK                                                                                       Extracellular signal regulated kinase 

ETC                                                                                                            Electron transport chain 

FADH2                                                                   A reduced form of flavin adenine dinucleotide 

FBS                                                                                                                    Fetal bovine serum 

FCCP                                                        Carbonyl cyanide p-trifluoromethoxyphenylhydrazone 

FMN                                                                                                            Flavin mononucleotide 

F6                                                                                                                          Coupling factor 6 

GO                                                                                                                                      Glyoxal 

GOs                                                                                                                                   Glyoxals 

GSH                                                                                                                              Glutathione 

GTP                                                                                                               Guanine triphosphate 

HIF-1                                                                                                    Hypoxia-inducible factor 1 

IMM                                                                                               Inner mitochondrial membrane 

IMS                                                                                                                Intermembrane space 

INAC                                                                                 the inner membrane assembly complex 

IP3R                                                                                                 Inositol trisphosphate receptor 

KO                                                                                                                                   Knock out 

Letm1                                            Leucine-zipper-EF-hand–containing transmembrane protein 1 

LPLs                                                                                                                  Lysophospholipids 

MAMs                                                                                  Mitochondrial-associated membranes 

MAPK                                                                                         Mitogen-activated protein kinase 

MCU                                                                                                  Mitochondrial Ca2+ uniporter 

Mfn1/2                                                                                                                            Mitofusins 

MGO                                                                                                                        Methylglyoxal 

MICU1                                                                                          Mitochondrial calcium uptake 1 

MLM                                                                                                       Mouse liver mitochondria 

MMC                                                                                                   Mitochondrial megachannel 

MPC                                                                                                Mitochondrial pyruvate carrier 

mTOR                                                                                           Mammalian target of rapamycin 

MW                                                                                                                      Molecular weight 

NAD+                                                                         Oxidized nicotinamide adenine dinucleotide 
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NADH                                                                                      Nicotinamide adenine dinucleotide 

NCLX                                                                                                      Na+-Ca2+ exchanger 

NDI                                                                                                             NADH dehydrogenase 

NEM                                                                                                                  N-Ethylmaleimide 

OH-PGO                                                                                                  p-hydroxyphenylglyoxal 

OMM                                                                                             Outer mitochondrial membrane 

OPA1                                                                                                                       Optic atrophy-1 

OSCP                                                                                Oligomycin sensitivity conferral protein 

OXPHOS                                                                                               Oxidative phosphorylation 

PAGE                                                                                       Polyacrylamide gel electrophoresis 

PBS                                                                                                         Phosphate buffered saline 

PCR                                                                                                        Polymerase chain reaction 

PGO                                                                                                                         Phenylglyoxal 

PhAsO                                                                                                              Phenylarsine oxide 

Pi                                                                                                                      Inorganic phosphate 

PiC                                                                                                                        Phosphate carrier 

PI3K                                                                                                       Phosphoinositide 3-kinase 

PLA2                                                                                                                    Phospholipase A2 

pmf                                                                                                                   Proton motive force 

PPIase                                                                                       Peptidyl-prolyl cis-trans isomerase 

PT                                                                                                                Permeability transition 

PTMs                                                                                             Post-translational modifications 

PTP                                                                                                      Permeability transition pore 

RET                                                                                                        Reversed electron transfer 

Rh123                                                                                                                      Rhodamine 123 

Rhod-2 AM 

1-[2-Amino-5-(3-dimethylamino-6-dimethylammonio-9-xanthenyl)phenoxy]-2-(2-amino-5-

methylphenoxy)ethane-N,N,N',N'-tetraacetic acid, 1-[2-amino-5-(3-dimethylamino-6-

dimethylammonio-9-xanthenyl)phenoxy]-2-(2-amino-5-methylphenoxy)ethane-N,N,N',N'-

tetraacetic acid, tetraacetoxymethyl ester 

RLM                                                                                                             Rat liver mitochondria 

ROS                                                                                                          Reactive oxygen species 

RR                                                                                                                             Ruthenium red 

RyR                                                                                                                    Ryanodine receptor 

SDH                                                                                                          Succinate dehydrogenase 
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SDS                                                                                                           Sodium dodecyl sulphate 

SIRT3                                                                                                                                Sirtuin-3  

SQR                                                                                      Succinate-ubiquinone oxidoreductase 

SR                                                                                                               Sarcoplasmic reticulum 

TCA                                                                                                                    Tricarboxylic acid 

TMD                                                                                                         Transmembrane domain 

TOM                                                                 Translocase of the outer mitochondrial membrane 

tPTP                                                                                                            Transient PTP opening 

TSPO                                                                                                               Translocator protein 

Ub0                                                                                                                             Ubiquinone 0 

UbQ                                                                                                                               Ubiquinone 

UCP                                                                                                                   Uncoupling protein 

VDAC                                                                                       Voltage-dependent anion channels 

WT                                                                                                                                   Wild-type 

YM                                                                                                                    Yeast mitochondria 

Δψm                                                                                   Mitochondrial transmembrane potential 

6.8PL                                                                                                                 6.8 kDa proteolipid 
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1.1 Mitochondria 

The endosymbiotic theory, a well-established evolutionary theory, explains how the host cell and 

ingested bacteria became dependent on one another for survival, and suggests that mitochondria are 

derived from bacteria by a symbiosis process (1–3). Endosymbiosis occurs through engulfing and 

retention of unicellular organisms (1–3), as shown in Fig. 1.1. 

 
Fig. 1.1 The origin of eukaryotes: the endosymbiosis of mitochondria ancestors by proto eukaryotes. 

 

The transition from an endosymbiotic bacterium to a mitochondrion as an organelle required many 

evolutionary changes, including the development of a protein-import system and of membrane-

embedded transporters for ions and metabolites; the integration of metabolism and of the replication 

cycle between host and symbiont, and a dramatic reduction of genome size that matched the transfer 

of genetic information to the nucleus (4,5). Mitochondria retained their own DNA and 

translation/transcription materials, most of which are related to the expression of genes encoding 

proteins involved in cellular respiration (6,7). 

1.1.1 Mitochondrial architecture 

Although mitochondria have been recognized as early as the 1850s, they were clearly defined when 

microscopes and tissue-staining techniques were developed by the end of the 1800s. Around 1890, 

Richard Altmann recognized ubiquitous filamentous structures within nearly all cells and called 

them “bioblasts”. Altmann proposed that these granule-like structures were elementary living unites 

responsible for vital metabolic processes. The term “mitochondrion” was introduced eight years 

later by Carl Benda, from the Greek words “mitos” (thread) and “chondros” (granule) (8). 



 

17 
 

In 1952 the first high-resolution electron micrographs of mitochondria were published and became 

the “official portrait” of mitochondria (9). Mitochondria are small rod-shaped or spherical 

organelles located in the cytoplasm with a diameter ranging from 0.5 to 1.0 µm, which are found in 

nearly all eukaryotes including animals, fungi and plants. Each mitochondrion is bound by two 

membranes, the outer and inner membrane made up of phospholipids and proteins, which separate 

two aqueous compartments, the intermembrane space (IMS) and the matrix (Fig. 1.2). 

The outer membrane is smooth and is closely related to endoplasmic reticulum (ER), which 

contributes the transport of protein and phospholipids from ER to mitochondria (10). The outer 

membrane is freely permeable to molecules up to 5 kDa. The permeability of outer membrane is 

conferred by a large number of special proteins known as the porins. The mitochondrial porins are 

also termed the voltage-dependent anion channels (VDAC), and function as gatekeepers for the 

entry and exit of mitochondrial metabolites, allowing the passage of nutrient molecules, energy-

related molecules like adenine nucleotides, and ions from the cytoplasm without leakage of IMS 

proteins like cytochrome c (cyt c) (11–13). More than 1,000 different proteins are imported from 

the cytosol into mitochondria mostly through the translocase of the outer mitochondrial membrane 

(TOM) system. The preproteins are recognized and translocated through a channel formed by 

Tom40 within outer membrane and transferred to the presequence translocase (Tim23 complex) 

within the IMM (14). The translocation contact sites formed by the TOM and Tim23 translocases 

are so narrow that folded proteins cannot pass through, so that preproteins have to be translocated in 

an unfolded conformation (13–15). 

The IMS protein cyt c, primarily recognized as an electron carrier in the electron transport chain 

(ETC), is also required to promote caspase 9 activation following the permeabilization of the outer 

mitochondrial membrane (OMM) (16). The integrity of OMM is also highly controlled by pro- and 

anti-apoptotic members of the B cell lymphoma 2 (Bcl-2) protein family, such as Bcl-2-associated 

X protein (Bax), Bcl-2 antagonist or killer (Bak) and Bcl-2 itself. As a consequence of OMM 

permeabilization, the release of IMS proteins including cyt c leads to decreased respiration and 

initiates extrinsic and intrinsic caspase-dependent apoptotic pathways, which may eventually cause 

apoptotic cell death (17–19). 

The inner mitochondrial membrane (IMM) remains in quite close contact with the OMM, albeit 

only at a few sites. IMM has a similar lipid composition to the bacterial membrane, which can be 

explained by the endosymbiont hypothesis (1–3) (Fig. 1.1). In contrast to OMM, which has a 50:50 

protein-to-lipid ratio, IMM has a ratio of 80:20 and contains all the enzymes necessary for oxidation 

of reduced cofactors generated by the Krebs cycle and by fatty acid oxidation. IMM is almost 

impermeable to ions and substrates while it is very permeable to oxygen, CO2 and H2O. The IMM 

is highly wrinkled and folded, and is organized into layers called cristae, which are highly enriched 
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in F-ATP synthase dimeric units organized into long rows that contribute to create the typical 

membrane curvature. The cristae allow a greater surface area for processes that occur across the 

IMM including electron transport, F-ATP synthesis, protein import and transport of ions and 

metabolites (20). 

The mitochondrial matrix is the space delimited by the IMM. The matrix contains mitochondrial 

DNA (mtDNA), ribosomes, dissolved oxygen, water, carbon dioxide and enzymes responsible for 

energy conservation, such as the citric acid cycle reactions and oxidative phosphorylation 

(OXPHOS). Because of the IMM cristae, the matrix components can easily and promptly diffuse to 

inner membrane complexes and transport proteins (13,20). 

Mitochondrial dynamics were first observed with light microscopy about 100 years ago (22). 

Mitochondria are highly dynamic structures moving along cytoskeletal tracks, continuously 

undergoing fission and fusion events that control mitochondrial morphology (22). Many human 

diseases have been discovered to be caused by mutations in fission and fusion proteins, thus 

mitochondrial fission and fusion are considered cornerstones for cell survival (22–24). Mammalian 

mitochondria are endowed with a set of proteins to regulate their dynamics, Dynamin-related 

protein 1 (Drp1) for fission, mitofusins (Mfn1/2) and optic atrophy-1 (OPA1) for fusion (22,25). 

Mitochondrial dynamics and mitophagy (the process of removal of defective mitochondria) are 

recognized as two critical processes underlying mitochondrial homeostasis (23,24). Frequent fusion 

and fission events enable the redistribution of mitochondrial components and accelerate efficient 

clearance of damaged mitochondrial components by the autophagic machinery. The integrated 

interplay between fusion, fission, and autophagy contributes to maintenance of mitochondrial 

quality and function (23,24). 
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Fig. 1.2. The structure of the mitochondrion. OMM: outer mitochondrial membrane, IMS: intermembrane 

space, IMM: inner mitochondrial membrane. 

 

1.1.2 Mitochondrial bioenergetics 

All living matter requires energy transformations to drive energetically dynamical life processes. 

Energy can be stored in the chemical bonds of molecules in the cell, and breakdown of chemical 

bonds leads to release of energy. The energy stored in the chemical bonds is called chemical energy, 

and adenosine triphosphate (ATP), referred to as “cellular energy currency”, is an immediate source 

of chemical energy. There are three major processes for generation of ATP: (i) Glycolysis, i.e. 

catabolism of glucose with production of two pyruvic acid molecules and two ATP molecules per 

molecule of glucose. In eukaryotic organisms, glycolysis takes place in the cytosol; (ii) The citric 

acid cycle, also known as the tricarboxylic acid cycle (TCA) or Krebs cycle, a series of chemical 

reactions to generate energy through the oxidation of acetate derived from carbohydrates, fats, and 

proteins into CO2. TCA cycle is a closed loop: the last step regenerates the compound used in the 

first step. Like the conversion of pyruvate to acetyl coenzyme A (acetyl CoA), TCA cycle takes 

place in the mitochondrial matrix. The two-carbon acetyl groups from acetyl-CoA combines with 

the four-carbon oxaloacetate to form the six-carbon molecule citrate. The citrate loses 1 molecule 

H2O resulting its isomer-isocitrate, which is oxidized to a five-carbon molecule, α-ketoglutarate, 

together with the release of 1 molecule of CO2 and release of two electrons (e-) that reduce NAD+ to 

NADH. Oxidation of α-ketoglutarate generates succinyl-CoA with the release of 1 molecule of CO2. 

The “high energy” succinyl-CoA is converted to succinate through the substitution of CoA with a 
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high energy bond-phosphate group. At the same time, one equivalent of guanine triphosphate (GTP) 

or ATP (depending on the cell type) is formed through substrate-level phosphorylation. During the 

conversion of succinate into fumarate, flavin adenine dinucleotide (FAD) is reduced to FADH2. 

H2O is added to fumarate resulting the formation of malate. Oxidation of malate regenerates 

oxaloacetate accompanied with reduction of NAD+ to NADH (26); (iii) OXPHOS occurs within 

mitochondrial cristae, to generate 32 to 34 ATP molecules from the complete oxidation of 1 glucose, 

which is about 16 times of ATP production from glycolysis. OXPHOS is a critical activity that 

serves as the major source of energy in cells. The chemiosmotic hypothesis was first proposed by 

Peter D. Mitchell in 1961, who suggested that ATP is generated by using the electrochemical H+ 

gradient across biological membranes (27). Now overwhelming evidence support his proposal that 

chemiosmotic coupling is a general mechanism of ATP generation. During OXPHOS, e- derived 

from NADH and FADH2 are transferred to O2, accompanied by H+ pumping by respiratory 

Complexes I, III and IV with generation of a H+ electrochemical gradient, which is then used to 

drive the synthesis of ATP from ADP and Pi by the F-ATP synthase or Complex V (28) (Fig. 1.3). 

The electron transport chain (ETC), also known as the respiratory chain, is composed by a series of 

multisubunit protein complexes embedded in the IMM. 

Complex I (CI), NADH-ubiquinone oxidoreductase, is the first and largest enzyme of the 

respiratory complexes and is L shaped. NADH brings free energy to ETC by binding to CI and is 

converted to NAD+ to generate e- that are then passed down the hydrophilic arm of CI via a series 

of iron-sulphur (Fe-S) clusters to the redox carrier coenzyme Q (CoQ). CI is deemed to be the 

pacemaker of the mitochondrial respiration (26,29). CI is a major site of reactive oxygen species 

(ROS) generation and a significant contributor to cellular oxidative stress in many degenerative 

diseases. CI consists of 45 subunits and has a molecular mass of 980 kDa. Both mitochondrial and 

bacterial enzymes contain similar redox components, flavin mononucleotide (FMN) and 8-9 Fe-S 

clusters. The site of NADH oxidation by the tightly bound FMN is located towards the extremity of 

the hydrophilic domain, implying that ROS is produced at the flavin site of CI. The hydrophobic 

arm of CI is embedded in the membrane and the hydrophilic peripheral arm protrudes into the 

mitochondrial matrix or the bacterial cytoplasm. Contrary to earlier expectations that CI lacks redox 

groups in the hydrophobic domain, recent studies of CI from Thermus thermophilus and 

Escherichia coli have suggested that conformational changes induced by the electron transfer in the 

hydrophilic domain must in some way be transmitted to the hydrophobic domain leading to proton 

pumping (28,29). The simpler prokaryotic enzyme generally consists of 14 conserved “core” 

subunits (seven hydrophilic and seven hydrophobic) with a total mass of about 550 kDa. In a 

bacterial convention, the 14 core subunits are named NuoA-NuoM, or Nqo1-Nqo14 (in an 

alternative bacterial nomenclature) (30,31). CI and NADH dehydrogenase (NDI) have been 
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independently lost in multiple yeast lineages, for example, P. tannophilus and O. polymorpha have 

lost NDI yet maintain CI (32). Yet not all yeast lineages possess a proton-translocating CI, for 

example, the two most widely studied yeast strains S. cerevisiae and S. pombe have lost CI. These 

two strains are Crabtree-positive yeasts, where the OXPHOS system is suppressed by high 

fermentation, and they use fermentation even in the presence of oxygen (33). Some scientists 

suggested that the loss of CI was associated with aerobic fermentation and proposed that to 

synthesize a single polypeptide of NDI for an organism was more advantageous than to synthesize a 

large CI, which contributed to rapid cell proliferation. On the other hand, repression of the ETC in 

fermentative yeast would lead to the loss of CI (32). Studies of a mitochondrial CI from the yeast 

Yarrowia lipolytica demonstrated that the general structural features are quite similar to the 

bacterial complex, while in addition to the 14 core subunits common to the bacterial complex, CI 

contains no less than 31 or 32 supernumerary subunits with a total mass of 950 kDa. The 

hydrophobic domain subunits (ND1, -2, -3, -4, -4L, -5 and -6) are encoded by mtDNA, and the 

hydrophilic domain, 7 of 8 Fe-S clusters provide the electron wire. The e- are passed down the 

hydrophilic arm via Fe-S clusters to the lipid soluble redox carrier CoQ, also known as ubiquinone 

(UbQ), then are transferred directly to complex III (34). 

Complex II (CII), succinate dehydrogenase (SDH) or succinate-ubiquinone oxidoreductase (SQR), 

receives e- from succinate as part of the TCA cycle. CII, the only membrane-bound member of the 

TCA cycle, usually consists of four nuclear encoded subunits: SDHA (70 kDa), SDHB (30 kDa), 

SDHC (15 kDa) and SDHD (13 kDa), termed Sdh1-4 in yeast and SdhA-SdhD in bacteria. A FAD 

prosthetic group of SDHA subunit participates in the TCA cycle and converts succinate into 

fumarate. In this process, CII accepts the e- from FADH2 and transfers them to SDHB subunit, 

which has three Fe-S clusters arranged to force the movement of e- to SDHC and SDHD subunits to 

the heme and UbQ prosthetic groups. Heme stabilizes the e- adjacent to UbQ and UbQ is reduced to 

UbQH2. UbQH2 then transfers e- to CIII, where it is re-oxidized, returning to CII (35). In contrast to 

other complexes, CII does not pump protons across the membrane. 

Complex III (CIII), also termed the cyt bc1 complex, catalyzes the transfer of e- from UQH2 to cyt 

c, and the associated proton translocation. CIII apparently always exists as a homodimer with a 

mass of about 460 kDa, and the monomer consists of 10-11 subunits with H shape (36). CIII 

functions through a Q-cycle mechanism. Qp (near P-phase (cytoplasm)) and Qn (near N-phase 

(matrix)) are the two binding sites for UQH2. A molecule of UQH2 binds to the Qp site which is 

close to the Rieske protein. The first e- from UbQH2 is transferred to the 2Fe-2S center then passed 

down the chain to cyt c1, and the second e- is transferred to cyt bL. Qn is the second UbQ processing 

site where UbQ is reduced to UbQH2. Because this reaction requires two e-, the Qp site has to turn 

over twice, oxidizing two UbQH2, releasing 4H+ and delivering two e-. The overall reaction 
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catalyzed by CIII involves the net oxidation of one UQH2 and the reduction of two cyt c1, the 

release of 4H+ at P-phase and the uptake of 2H+ from N-phase (37). 

Cellular aging increases the production of ROS, a major contributing factor in many aging-related 

diseases. CI and CIII have been recognized as two main sites for the generation of superoxide and 

ROS. When the FMN site of CI is reduced because of the high matrix NADH/NAD+ ratio, or when 

there is no ATP production but high proton motive force (pmf or Δp) and a reduced CoQ pool, e- 

won’t flow forward along the ETC and instead flow back to CI (38,39), a process known as reverse 

electron transfer (RET), which can be abolished by the inhibitor rotenone (38,39) and be induced by 

accumulation of succinate (40). CIII transfers e- from the CoQ pool to cyt c. The structural integrity 

of CIII is important for maximal rate of catalysis and minimal rate of e- leakage toward O2 (41). 

With the supply of reduced CoQ (CoQH2) and inhibition of the Qi site by antimycin, CIII can be 

induced to produce large amounts of superoxide at the Qo site. However, under physiological 

conditions superoxide production by uninhibited CIII is negligible compared with that by CI during 

RET (38,41).  

Complex IV (CIV), also termed cytochrome oxidase, is a member of the heme–copper oxidase 

family. CIV transfer e- from cyt c to O2 through its metal centers: the copper A (CuA) center, heme 

a and CuB. Cyt c accepts an e- from cyt c1 and donates it to CuA center, which is the initial e- 

acceptor of CIV. Heme a is close to the CuA center and accepts e- from CuA. The second heme, 

heme a3, is within 5Å of Heme a and it is the site where O2 binds before it is reduced to H2O, and it 

is also the site of binding of several inhibitors including cyanide, azide, nitric oxide, and carbon 

monoxide. A third copper atom, known as CuB, is adjacent to heme a3. Most investigators favour a 

mechanism in which the route of proton pumping passes close to the heme a3/CuB, where O2 is 

reduced (42,43). 

Electron transport through CI, CIII, and CIV is coupled to the transport of protons out from the 

mitochondrial matrix, which generates electrochemical H+ gradient across the IMM. The complex 

V (CV), also termed F-ATP synthase, then uses the energy stored in this gradient to make ATP (44). 

The structure and function of F-ATP synthase will be described in Part 1.3.1. 

It has been widely accepted that CI, CIII and CIV can form supercomplexes, which were defined as 

“respirasome” in 2008 (45). Most CII, CIV and a relevant fraction of CIII stand alone, and the 

majority of CI is stabilized by the CIII dimer, with or without CIV (46,47). The respirasome 

functions to minimize the generation of ROS during e- transport through the ETC (46). The 

biogenesis and assembly of respirasome are highly relevant to mitochondrial proper function, and 

are related to many pathologies, such as neuromuscular disorders, heart failure, aging etc. 

Nonetheless, the accurate assembly process of respirasome is still behind the curtain (47). 
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Fig. 1.3. The mammalian OXPHOS system and the TCA cycle. Complexes of the ETC transfer electrons from 

reduced cofactors (NADH and FADH2) coming from the TCA cycle, to oxygen, yielding water molecules. 

Electron transfer is coupled with H+ pumping from matrix to IMS at the level of Complex I, III and IV, generating 

the electrochemical H+ gradient that drives synthesis of ATP by F-ATP synthase. Rotenone, 2-

thenoyltrifluoroacetone (TTFA), antimycin A, cyanide and oligomycin are the inhibitors of complexes I to V, 

respectively. OXPHOS: oxidative phosphorylation; ETC: electron transport chain. Modified from Fig. 1 of Ref. 

(26). 

 

1.1.3 Mitochondrial signaling 

Mitochondria are symbionts of their host, the eukaryotic cell, and they are dependent on each other. 

Mitochondria have developed mechanisms to communicate with the rest of the cell to integrate the 

metabolism and reproduction, etc. Multiple mitochondrial mechanisms of communication have 

been proposed, including ROS generation, release of cyt c, Ca2+ homeostasis, cross-talk with other 

organelles via mitochondrial-associated membranes (MAMs) and so on (48) (Fig. 1.4a). 

The “modern” mitochondria have multiple mechanisms to communicate their fitness to the rest of 

the cell. About 20 years ago, it was discovered that mitochondrial release of cyt c to cytosol initiates 
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the caspase cascade and leads to cell death (16). In both prokaryotes and eukaryotes, protein lysine 

acetylation by TCA cycle metabolite acetyl-coA is present to control diverse cellular functions. 

ROS emerged as intrinsic mitochondrial signaling molecules to communicate their fitness with the 

rest of the cell under physiological and pathological conditions. Mitochondrial release of ROS can 

activate expression of hypoxia-responsive genes responsible for metabolic adaptation to low O2. 

Hypoxic conditions can stimulate mitochondria to release ROS, resulting in the stabilization of 

hypoxia inducible factors (HIFs) (48,49). The HIFs are essential for many physiological progresses. 

Hypoxia-inducible factor 1 (HIF-1) is a heterodimer consisting of a HIF-1β subunit and a HIF-1α 

subunit. HIF-1 is an oxygen-sensitive transcriptional activator and activates the transcription of 

many genes involved in angiogenesis, glucose metabolism, cell proliferation and metastasis. As an 

oxygen sensor, HIF-1 coordinates cellular transcriptional response to hypoxia to maintain cellular 

homeostasis under low O2 stress (50,51).  

Emerging evidence suggests that PI3K/Akt/mTOR signaling contributes to HIF-1α-regulated 

cellular glucose metabolism. Activated mTOR induces the translation of HIF-1α resulting in aerobic 

glycolysis. The activation of Akt–mTOR–HIF-1α pathway by hypoxia causes increase of aerobic 

glycolysis, which contributes multidrug resistance of various human cancers (52,53). The NAD-

dependent deacetylases, sirtuins, have been recognized to be crucial for the management of stress 

response of cells (54). Sirtuin-3, SIRT3, can reversibly bind to CI, and regulate its acetylation and 

activity of ETC. SIRT3 has also been demonstrated to play an important role in maintenance of 

basal ATP levels and hence, overall energy homeostasis (55). SIRT3 has been shown to promote 

autophagy by activation of the LKB1-AMPK-mTOR signaling pathway (56). The 

SIRT3/AMPK/HIF-1α pathway could be a potential therapeutic target in a variety of human 

diseases. MAPK signaling pathway is another pivotal and intensively studied signaling pathway in 

hypoxic conditions, which positively regulates the expression and activity of HIF-1α (57). 

Interestingly, ROS, a messenger of several signaling pathways, can induce MAPK phosphorylation 

and activate MAPK signaling pathways that modulate Complex I activity (58) (Fig. 1.4b). 
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Fig. 1.4. Mitochondrial-dependent signaling pathways. (a) Mitochondria have multiple mechanisms to 

communicate with the rest of a cell. Among all, the release of cyt c, metabolites and ROS, activation of AMPK, 

changes of membrane potential and Ca2+ homeostasis, as well as the mitochondrial dynamics. Modified from Fig. 

1 of Ref. (48). (b) A simplified scheme of major signaling pathways controlling mitochondrial biogenesis and 

function. ER: endoplasmic reticulum; MAMs: mitochondrial-associated membranes; PTMs: post-translational 

modifications; AMPK: AMP-activated protein kinase; PI3K: phosphoinositide 3-kinase; AKT: protein kinase B; 

mTOR: mammalian target of rapamycin; MAPK: mitogen-activated protein kinase. 

 

Millions of years of endosymbiosis between mitochondria and the host cells has resulted not only in 

the cooperation in energy conservation but also in the collaborative approach to Ca2+ signaling. 

Mitochondria-cytosolic communication finely tunes energy supply to energy demand. ATP 

hydrolysis in the cytosol provides ADP to mitochondria to stimulate OXPHOS by mitochondrial 

respiration. Ca2+ signals primarily orchestrate the “stimulus-response-metabolism coupling” of ATP 

synthesis between the cytosol and matrix (59). Mitochondria serve as a target of Ca2+ signaling, 

which can regulate mitochondrial oxidative metabolism and is involved in OXPHOS disorders (60–

62). Ca2+ signals govern most processes that require increased energy supply, such as secretion, 

motility, contraction, electrical excitability, so cellular Ca2+ homeostasis is fundamental for cell 

metabolism, proliferation, and apoptosis (26,62,63). The cross-talk between mitochondria and ER 

plays an important role in the maintenance of Ca2+ homeostasis. Synchronous activation of inositol 

trisphosphate receptor (IP3R) or Ryanodine receptor (RyR) results in a localized Ca2+ concentration 



 

26 
 

([Ca2+]) increase at the ER/sarcoplasmic reticulum (SR)-mitochondrial junction, respectively, which 

sequentially evokes the activation of mitochondrial Ca2+ uptake sites (62,64,65). MAMs provide 

microdomains for ER-mitochondria Ca2+ transfer. MAMs, hotspots of Ca2+ signaling, are 

increasingly appreciated as vital players in many cellular processes, such as mitochondrial 

bioenergetic, cell fate decision, autophagy, mitophagy, mitochondrial dynamics, cancer, immunity 

and aging (66,67). 

Mitochondria take up Ca2+ across the IMM through a Ca2+-selective channel known as the 

mitochondrial Ca2+ uniporter (MCU), which equilibrates Ca2+ with its electrochemical gradient 

(68,69). In energized mitochondria this favors Ca2+ accumulation, which is driven by the inside-

negative transmembrane potential (Δψm) (70). The extrusion of Ca2+ is probably  coupled to the 

entry of H+ via the putative H+/Ca2+ exchanger in liver mitochondria, or indirectly in heart or brain 

mitochondria where Ca2+ efflux occurs through a combination of an electrogenic 3Na+-Ca2+ 

exchanger and H+/Na+ exchanger (71–73). The general consensus is that free matrix Ca2+ ([Ca2+]m) 

is in the range of 0.5-2 µM, and that matrix Ca2+-Pi complexes can rapidly dissociate to maintain 

[Ca2+]m
 at a constant value (74). When the level of [Ca2+]m reaches a threshold value, which is 

usually assumed to be higher than the physiological concentration, the mitochondrial permeability 

transition can occur (see Part 1.2). 

 

1.1.4 Mitochondrial channels 

A large variety of mitochondrial carriers, exchangers and channels are required for the transport of 

proteins, ions, and metabolites to establish communication between mitochondria and other cellular 

compartments and maintain mitochondrial function and biogenesis. Opening of mitochondrial ion 

channels would cause collapse of membrane potential, mitochondrial uncoupling, mitochondrial 

dysfunction and cell apoptosis. Many studies have revealed the existence of many regulated 

mitochondrial channels and are unraveling their regulation and function (Fig. 5). 

VDAC, also termed porin, was the first channel discovered in mitochondria, followed by extensive 

studies over the past 30 years (75). VDAC is a 30 kDa pore-forming protein located in the OMM of 

all eukaryotic mitochondria. Two isoforms are known in yeast (yVDAC1 and yVDAC2) and three 

(VDAC1, VDAC2, and VDAC3) in mammals (76). VDAC is the most abundant ion channel of 

OMM, a β-barrel channel allowing passage of hydrophilic molecules up to 5 kDa. Diffusion of 

hydrophilic ions and metabolites via VDAC follows their concentration gradient across the OMM 

(77). VDAC also mediates Ca2+ diffusion regulated by its Ca2+-binding site(s), and also functions in 

the Ca2+ cross-talk between ER and mitochondria, hence it plays a fundamental role in regulation of 

mitochondrial Ca2+ homeostasis. VDAC interacts with many partner proteins such as the TOM, Bcl-
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2 family and hexokinase (HK), which links VDAC to other cellular functions like protein import, 

apoptosis, metabolite regulation and tumorigenesis. Tom40, the main component of TOM complex, 

is a conserved protein import channel. Tom40 forms a 19-stranded β-barrel with an N-terminal α- 

helix linked to VDAC. VDAC1, the most expressed VDAC isoform, has been identified to be a 

multifunctional protein and play a crucial role in cellular metabolism and mitochondrial function. 

VDAC1 regulates Bcl-2 family members, and its interaction with Bax yields a complex with much 

higher conductance than VDAC1 alone, which can be prevented by Bcl-xL. VDAC1 is assembled 

into monomers, dimers and oligomers, and its oligomeric state can be affected by the interaction 

with Bcl-2 and Bcl-xL. VDAC1 oligomeric state regulates VDAC1 function, including stabilization 

of the protein, serving as a platform for the oligomerization of other proteins such as HK and 

creatine kinase (CK), and mediating the release of cyt c (77–81). HK lies at the apex of the 

glycolytic pathway and has been found to be over-expressed in the tumor cell. HK protects against 

mitochondria-mediated apoptosis via interaction with VDAC1, and VDAC1-bound HK is over-

expressed in cancer cells. Translocator protein (TSPO), also known as the peripheral 

benzodiazepine receptor, is a highly hydrophobic 18 kDa protein mainly found in the OMM. TSPO 

is a multi-functional protein involved in regulation of cholesterol transport, heme synthesis, 

apoptosis, tumorigenesis and cell proliferation (82,83). The regulation of mitophagy by TSPO is 

dependent on VDAC, to which TSPO binds to, reducing mitochondrial coupling and enhancing 

ROS overproduction that leads to cell apoptosis (77–81). 

The IMM is much less permeable than the OMM and is only freely permeable to the very simplest 

molecules like H2O, CO2 and O2. Sophisticated antiport systems and ion channels embedded in the 

IMM allow specific molecules to cross this barrier, as shown in Fig. 1.5. 

MCU, a Ca2+-selective ion channel, drives Ca2+ into mitochondrial matrix down its electrochemical 

gradient (68,69). The coiled-coil domain-containing protein 109A (Ccdc109a) has been proposed to 

be responsible for channel formation and required for channel activity. MCU-dependent Ca2+ 

uptake has been demonstrated to be modulated by several regulators. Mitochondrial Ca2+ uniporter 

regulator 1 (MCUR1), also known as CCDC90a, acts as a positive modulator while no evidence 

shows it has a direct effect on the activity of MCU. Mitochondrial calcium uptake 1 (MICU1), a 54 

kDa membrane protein previously known as CBARA1 and EFHA3, possesses two Ca2+ binding EF-

hand motifs and acts as a positive regulator of MCU (84). Later, MICU1 has been found to be a 

gatekeeper for MCU-dependent Ca2+ accumulation, thus, it is predicted to be a negative regulator 

essential to avoid matrix Ca2+ overload (85). MICU1 is unlikely to contribute to MCU channel 

formation because it possesses only one very short transmembrane domain (TMD). Essential MCU 

regulator (EMRE), a 10 kDa protein located in the IMM, contains a single predicted TMD (86). 

EMRE is essential for the interaction between MCU and MICU1/MICU2 and required for the Ca2+-
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dependent uptake by MCU (87). Ca2+-calmodulin-dependent protein kinase II (CaMKII) resides in 

the mitochondrial matrix. CaMKII is a positive regulator of MCU through its interaction with MCU 

and promoting Ca2+ entry into matrix (88). CaMKII has been found to become highly activated in 

some pathophysiological conditions, for example, ischemia-reperfusion (89). Mitochondrial Ca2+ 

uniporter b (MCUb), previously named Ccdc109b, is a 33 kDa protein with two TMDs. MCUb is 

an MCU paralogue that shares 50% similarity with MCU. The overexpression of MCUb reduces 

mitochondrial Ca2+ uptake, suggesting that MCUb inhibits MCU activity (90). The Ca2+ transport 

activity of MCU can be inhibited by 0.2 µM ruthenium red (RR) (91) or even lower concentrations 

of ruthenium 360 (92). The downregulation of MCU impairs Ca2+ uptake thus increase the 

resistance to cell apoptosis, suggesting that MCU may be involved in tumorigenesis (81,93–95). 

As to Ca2+ efflux from matrix, Na+-Ca2+ exchanger (NCLX) is a mitochondrial Na+-dependent Ca2+ 

efflux pathway (71). PTP may participate in Ca2+ homeostasis as a Ca2+ release channel, also 

allowing equilibration of other various ions and solutes (96), which will be described in Part 1.2. 

The uncoupling protein (UCP) family is a H+ channel or transporter located in the IMM. 

Uncoupling protein 1 (UCP1), also known as thermogenin, mediates “proton leak” allowing fast 

oxidation of substrates without ATP production, energy being dissipated as heat (97). UCP2 (98) 

has revealed structural similarity to the adenine nucleotide translocase (ANT). High expression of 

UCP2 can decrease ROS production, suggesting that UCP2 acts as a sensor of oxidative stress. 

UCP4 and UCP5 are less homologous and principally expressed in the central nervous system 

(99,100). 

The following mitochondrial K+-selective channels have been described in the IMM: ATP-

dependent K+ (mitoKATP) channels, big-conductance Ca2+-activated K+ (mitoBKCa) channel, 

intermediate-conductance Ca2+-activated K+ (IKCa) channel, small-conductance Ca2+-activated K+ 

(SKCa) channel, voltage-gated Kv1.3 K+ channel, TASK-3 two-pore K+ channel (mitoTASK-3) 

and pH-sensitive K+ channel. The mitochondrial K+ channels have been implicated in various 

pathophysiological processes involved cell death by modulating Δψm, Ca2+ signaling, matrix 

volume and generation of ROS (81). 

Mitochondrial carriers are proteins that transport essential molecules, such as metabolites, adenine 

nucleotides and phosphate, across the mitochondrial inner membrane. The human genome encodes 

48 mitochondrial carriers with likely 39 different functions (101). These carriers transport substrates 

and products that are necessary for the OXPHOS reaction. The ANT and the phosphate carrier (PiC) 

are essential for OXPHOS, and will be described in Part 1.2.4. Glycolysis takes place in the cytosol 

and its final product, pyruvate, is transported into the mitochondrion for the conversion into acetyl-

CoA by a reaction requiring high levels of CoA (101). The mitochondrial pyruvate carrier (MPC) 

transfers pyruvate from cytosol to the mitochondrial matrix  (102). The MPC1 and MPC2 genes 
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encode two subunits of the MPC, MPC1 and MPC2, respectively, which are both required for the 

assembly and activity of the MPC complex (103,104). MPC function appears to be abnormal in 

some forms of cancer (105). I refer the reader to recent reviews (106,107) for other mitochondrial 

carriers which are not discussed here. 

 

 
Fig. 1.5. Mitochondrial channels and transporters. Ca2+ release from ER mainly occurs through IP3R and RyR. 

VDAC provides a pathway for metabolite transport and Ca2+ diffusion across the OMM. TSPO is mainly found in 

OMM and acts as a cholesterol transporter. TOM complex located in the OMM allows import of proteins into the 

IMS. MCU located in the IMM transports Ca2+ into the matrix. The PTP and NCLX located in IMM contribute to 

Ca2+ efflux. Proteins could be recognized and translocated by TIM/TOM complex. Different potassium-selective 

channels are present in the IMM and are classified by their physiological modulators. The UCP mediates proton 

leak across the IMM. ANT is located in the IMM is responsible for the import ADP into the matrix and the export 

of synthesized ATP. PiC is the primary transporter of Pi into matrix across the IMM. ER: endoplasmic reticulum; 

IP3R: inositol 1,4,5-trisphosphate receptor; RyR: ryanodine receptor; MAMs: mitochondrial associated 

membranes; OMM: outer mitochondrial membrane; VDAC: voltage-dependent anion channel; TSPO: translocator 

protein; TOM: translocase of the outer membrane; IMS: intermembrane space; Bax: bcl-2-associated X protein; 

Bak: bcl-2 homologous antagonist killer; IMM: inner mitochondrial membrane; MCU: mitochondrial Ca2+ 

uniporter; mRyR1: mitochondrial RyR type 1; Letm1: Leucine zipper-EF-hand containing transmembrane protein 

1; PTP: mitochondrial permeability transition pore; NCLX: Na+/Ca2+ exchanger; Tim23: translocase of the inner 

mitochondrial membrane 23; UCP: uncoupling protein; ANT: adenine nucleotide translocator; PiC: phosphate 

carrier. 
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1.2  The permeability transition pore (PTP) 

The mitochondrial permeability transition (PT) is an abrupt increase of IMM permeability to solutes 

with molecular mass up to 1.5 kDa mediated by the mitochondrial permeability transition pore (PTP) 

(108). The term “permeability transition” was coined by Haworth and Hunter, who established most 

characteristics of the PTP (109–114). The PT has been previously considered as a form of “Ca2+ 

induced unspecific membrane damage” because the PTP is nonselective or quite poorly selective. 

The discovery that mammalian PT can be inhibited by cyclosporin A (CsA) (115–118), a 

paramount finding, led to the hypothesis that the PTP is a regulated channel. This hypothesis, in fact, 

had already been put forward by Haworth and Hunter who identified many of the inducers and 

inhibitors of the PT  (109–114). 

About 30 years ago, the introduction of patch-clamp technique allows to detect the individual 

channel activity of very small cells. In 1987, it was found that the OMM possesses a voltage-

dependent ion channel, which is different from VDAC (119). In 1989, a channel with a high-

conductance of ~1.3 ns, the so-called “mitochondrial megachannel” (MMC) was identified 

(120,121). Solute exclusion studies demonstrated that the maximum molecular weight (MW) 

admitted into the mitochondrial matrix is 1.5 kDa and the estimated pore diameter is 2-3 nm 

(81,122). The MMC activity can be inhibited by CsA and possesses all the key regulatory features 

of the PTP (123,124). 

1.2.1 Regulation of PTP 

The PT is defined as an unselective permeabilization of the IMM due to the opening of PTP. The 

PT is activated by Ca2+, and may serve as a Ca2+ release channel involved in cellular Ca2+ 

homeostasis (125). Mitochondrial matrix Ca2+ is essential for the PT to occur (126), but the amount 

of Ca2+ required to activate PTP opening varies depending on the species, organ of origin of the 

mitochondria, and on the presence of one of a variety of “inducers”, compounds that cannot open 

the pore but favor the Ca2+-dependent opening (122). The PTP has two binding sites for divalent 

cations, a matrix site that promotes pore opening when occupied by Ca2+ while all other tested 

cations (such as Sr2+, Mn2+, Ba2+) have an inhibitory effect, and an external site whose occupancy 

results in PTP inhibition even when occupied by Ca2+ (127). Ca2+-induced PT is fully reversible by 

Ca2+ chelation with EGTA (128–131). In saline media mitochondrial resealing is followed by 

repolarization, shrinkage and recovery of the initial volume provided that cyt c (which is released in 

the swelling process) is added back, indicating that no permanent damage to the IMM occurs as a 

consequence of the PT (131). 

The PTP is a voltage-dependent channel, with high Δψm favoring the closed conformation and 

depolarization leading to the open conformation (132). Hunter and Haworth have shown that 
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energization is not required for PT occurrence and may offer a protective mechanism against Ca2+-

induced transition. Addition of either carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP) 

or oligomycin plus antimycin induces a rapid PT to occur (112). Regulation of the PTP by Δψm 

implies the existence of a voltage sensor, a device that can sense the change of Δψm and transduce 

the information to the PTP, decoding it into a modulation of the open probability. Arginine residues 

frequently play a role in voltage sensing by ion channels. The voltage-activated ion channels such 

as K+, Na+ and Ca2+ channels possess modular voltage-sensing domains, a notable example being 

the highly charged S1-S4 domains that contain many critical arginine residues (133–135). Arginine 

residues play an important role in modulation of PTP opening as well, and this will be described in 

detail in Part 1.3.5. 

The PT is inhibited by acidic matrix pH through protonation of histidyl residues, which can be 

prevented by carbethoxylation with diethyl pyrocarbonate (DPC) (136). Nicolli et al. found that the 

addition of DPC prior to mitochondrial depolarization can allow PTP opening by FCCP, which 

would otherwise be inhibited by matrix acidification (136). It is worth noting that the PT can also 

be influenced by pH indirectly through compounds whose accumulation in the matrix depends on 

its pH. For example, acidic pH facilitates Pi uptake, and the inhibitory effects of pH on the PTP 

may be masked by an increased rate of Pi uptake (137). 

PTP-dependent Ca2+ efflux is increased by the oxidation of SH groups and is prevented by their 

reaction with N-Ethylmaleimide (NEM) (138,139). The depletion of glutathione (GSH), an 

important cellular antioxidant, prevents H2O2-induced mitochondrial Ca2+ release mediated by the 

PTP (140). PTP opening is also favored by oxidation of GSH, suggesting that the transition is 

influenced by the redox state of the GSH pool (141). The PT can also be modulated by oxidation of 

pyridine nucleotides through the so-called “P-site”, which was proposed to be in redox equilibrium 

with NADH/NAD+ and NADPH/NADP+. Indeed, oxidation of mitochondrial pyridine nucleotides 

can sensitize PTP opening to Ca2+ under conditions where the GSH pool is maintained in the fully 

reduced state, suggesting that the PTP is mediated by oxidation at two separate sites: “S-site” and 

“P-site” (141). The oxidation of pyridine nucleotides and of SH groups are tightly linked, and 

oxidation of critical SH groups forming disulfide (S-S) bonds is the end result, which could directly 

induce an open conformation of the PTP. Oxidative stress may have additional effects, e.g., collapse 

of mitochondrial membrane potential through lipid peroxidation and induction of H+ and ion leaks 

(122). It is worth noting that the formation of S-S bonds is influenced by matrix pH, and that a 

lowering of matrix pH favors their formation due to a lowering of their pKa values, which makes 

them more prone to interact with neighboring residues and to oxidation (142). NADH acts 

synergistically with ADP to inhibit the PT (77). ADP, ATP, Mg2+ alone or in combination show 

protective effect of Ca2+-induced PT.  
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Fatty acids and lysophospholipids (LPLs) favor PTP opening, which may be a result of 

mitochondrial depolarization (143,144). Early hypotheses regarding the Ca2+-induced PT suggested 

that its occurrence can be induced by perturbation of the phospholipid bilayer caused by Ca2+-

dependent phospholipase A2 (PLA2), with accumulation of free fatty acids and LPLs (143,144). 

However, the discovery that the inhibitory effect of CsA on the PT is independent of the inhibition 

of PLA2, suggested that a proteinaceous pore is likely responsible for the PT occurrence (115–118). 

However, it should be noted that the inhibitory effect of CsA on the PT can be transient, while a 

combination with inhibition of PLA2 leads to a long-lasting inhibition on the PT (145). It is worth 

mentioning that exogenous fatty acids cause mitochondrial swelling and uncoupling, which can be 

prevented by bovine serum albumin (BSA) via its ability to bind fatty acids (146). In summary, PTP 

open-closed transitions are highly regulated by multiple effectors at discrete sites, which are 

summarized Fig. 1.6. PTP modulation by CyPD will be covered in a specific paragraph. 

 
 

Fig. 1.6. Regulators of the mitochondrial permeability transition pore. Left, factors that prevent the 

occurrence of PT. Right, factors that favor the occurrence of PT. PTP opening can cause mitochondrial swelling, 

rupture of the outer membrane, release of pro-apoptotic proteins like cyt c leading to cell death. OMM: outer 

mitochondrial membrane; IMS: intermembrane space; IMM: inner mitochondrial membrane; Cyt c: cytochrome c; 

NADH: nicotinamide adenine dinucleotide; NAD+: oxidized nicotinamide adenine dinucleotide; -SH: thiol group; 

-S-S-: disulfide bond; GSH: glutathione; GSSG: glutathione disulfide; CsA: cyclosporin A; CyPD: cyclophilin D; 

ADP: adenosine diphosphate; Pi: phosphate; H+: acidic pH; OH-: alkaline pH; Δψm: mitochondrial transmembrane 

potential. 
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1.2.2 Cyclophilin D and regulation of the PTP in different species 

Cyclophilins (CyPs) are a family of ubiquitous proteins endowed with PPIase activity that has been 

highly conserved in evolution (147). CyPD, the unique mammalian mitochondrial matrix 

cyclophilin, is the mitochondrial receptor for CsA (148). Binding of CyPD to PTP sensitizes the 

pore to Ca2+, while its detachment following binding to CsA suppresses pore opening (148–150). 

The genetic ablation of CyPD encoded by Ppif gene in mice demonstrated that CyPD acts as an 

activator of the pore but it is not a structural component. CyPD ablation desensitizes PTP opening 

to Ca2+ but PTP opening can still be triggered by higher Ca2+ loads (151–154). 

Yeast mitochondria possess a matrix CyP (CPR3) that catalyzes CsA-sensitive protein folding  

(155,156).  yPTP is insensitive to CsA (157) and CPR3 deletion does not desensitize the yPTP to 

Ca2+, suggesting that CPR3 does not bind to the pore or that its binding does not affect the pore 

(158). As mentioned above, a recent publication disputes this conclusion because in agar-embedded 

yeast mitochondria and cells, yPTP appears to be modulated by CPR3 and sensitive to CsA (159). 

Thus, while differences may certainly exist, some of these may depend on specific experimental 

conditions. 

The presence of Pi is necessary for mitochondria to take up substantial amounts of Ca2+, because 

the transport of Pi prevents the buildup of a relevant H+ chemical gradient, thus allowing 

regeneration of the membrane potential, and of a Ca2+ concentration gradient, which would prevent 

further Ca2+ uptake (160). This makes it difficult to understand the inducing effects of Pi, because 

by forming Ca2+-Pi complexes (which decrease matrix free Ca2+) in principle should decrease rather 

than increase the probability of pore opening (161). Pi appears to act as an inducer of the 

mammalian PTP because it favors the interaction of CyPD with the pore, possibly at the oligomycin 

sensitivity conferral protein (OSCP) of F-ATP synthase (162,163). Indeed, Pi desensitizes the 

mammalian PTP to Ca2+ in mitochondria devoid of CyPD or treated with CsA, suggesting that Pi as 

such would indeed act as a desensitizer by decreasing matrix free Ca2+ (164). Interestingly, Pi 

desensitizes the PTP to Ca2+ in yeast (157,158) and in Drosophila melanogaster mitochondria 

(which lack mitochondrial cyclophilin) (165) and where the PTP is insensitive to CsA. Table 1 

summarizes the properties of PTP in S. cerevisiae, D. melanogaster and mammals. 
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Table 1. Summary of the PTP properties of S. cerevisiae, D. melanogaster and mammals. 

 

 

1.2.3 The role of PTP in pathophysiology 

Mitochondria play a critical role in regulation of cellular Ca2+ homeostasis (125,126). The transient 

or flickering opening of PTP may provide a pathway for fast Ca2+ release from mitochondria 

preventing matrix Ca2+ overload, thus participating in physiological Ca2+ homeostasis 

(96,125,126,166). Long-lasting openings of the PTP, which cause mitochondrial swelling, are 

followed by OMM rupture with release of cyt c from the IMS, an event that in mammalian cells can 

trigger apoptosis (125,126). Whether the pore plays a similar role in yeast is still a matter of debate. 

Yeast does not possess a mitochondrial Ca2+ uniporter to mediate rapid Ca2+ uptake, nor it forms the 

apoptosome complex required for the activation of effector caspases. Yet yeast mitochondria can 

undergo membrane permeabilization in response to Ca2+, leading to the release of cyt c which 

certainly causes decreased respiration and ATP production. These events, together with the 

activation of the yeast metacaspase Ycalp, are proximal events in yeast programmed cell death 

(167). Thus, as for mammals, PTP opening might represent an important cell death pathway also for 

yeast. An interesting set of observation concerns D. melanogaster, which does possess a RR-

sensitive MCU and can release Ca2+ following a train of Ca2+ pulses, which is reminiscent of the 

consequences of PTP opening (165). At variance from mammals, however, during Ca2+ release 

Drosophila mitochondria do not undergo swelling and cyt c release. Consistent with its proposed 

role in PTP formation, the Drosophila channel formed by F-ATP synthase display a current of a 

mere 53 pS (168). These data suggested that due to its small size the PTP of Drosophila may 

participate in Ca2+ homeostasis but not in cell death, consistent with the fact that Drosophila 

apoptosis only involves cytoplasmic factors (161). 

Transient PTP opening (tPTP) leads to mitochondrial uncoupling and triggers a burst of superoxide 

anion. The ROS generated at ETC which is promoted by tPTP may be followed by a process of 

ROS-induced ROS release (170). “Superoxide flashes”, an event that individual mitochondria can 

undergo with spontaneous burst of superoxide generation, have been observed in mitochondria 
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expressing a circularly permuted yellow fluorescent protein (cpYFP) (171). Flashes can be triggered 

by tPTP and be terminated by matrix acidification (172) and are regulated by CyPD (173). Whether 

the flashes are partially or totally caused by the alkalinization of the mitochondrial matrix is under 

debate (171,174,175). The cpYFP was shown to be highly responsive to pH but not to superoxide, 

which led some Authors to  question the existence of “superoxide flashes” (174,175). It should be 

mentioned that superoxide elevation results in the loss of NAD(P)H/GSH that may, in turn, promote 

the generation of superoxide and/or enhance the half-life of superoxide, followed by the pH change 

and collapse of Δψm. Superoxide flashes contribute to increased oxidative stress, suggesting that 

they may serve as a quantitative biomarker for oxidative stress-related diseases (171). Increased 

cellular oxidative stress coincides with elevation of matrix Ca2+ and sensitization of PTP opening, 

and may be followed by release of cyt c from IMS and activation of the intrinsic pathway to 

apoptosis. That oxidative stress regulates PTP opening and cell death has been suggested to be 

conserved across species (125,167).  

Mitochondrial PT has been recognized to play an important role in diseases, and the encouraging 

finding that CsA inhibits PTP opening led to an effort to target the PTP for therapeutic intervention. 

Ablation of CyPD or treatment with CsA each confers remarkable protection against ischemia-

reperfusion injury of the heart (176) and brain (154), implicating PTP as a target for 

cardioprotection and neurodegenerative disorder treatment. Collagen VI diseases appear to be the 

best documented muscular dystrophy involving CyPD. The cyclophilin inhibitor alisporivir is a 

derivative of CsA that does not inhibit calcineurin. Alisporivir can restore respiratory function and 

improve muscle ultrastructure in a zebrafish model of Duchenne muscular dystrophy (177). In some 

cancer cell lines, extracellular signal regulated kinase (ERK) is active and desensitizes PTP through 

its inhibition of GSK3. The inhibition of PTP can be abolished by activation of GSK3-dependent 

phosphorylation of CyPD via inhibition of ERK. The enhancement of PTP opening leads to cancer 

cell apoptosis (125). The regulators of PTP could be therefore be of help in the treatment of various 

diseases. 

1.2.4 Molecular structure. Early hypotheses 

Over the last few decades, a series of biochemical studies lead to the hypothesis that the PTP is a 

multiprotein complex likely spanning the inner and outer mitochondrial membranes, composed by 

ANT, CyPD, VDAC, TSPO, PiC and Bcl-2 family, as shown in Fig. 1.7. 

The adenine nucleotide translocase (ANT) is a 32 kDa protein located in the IMM (178). ANT acts 

as a transporter responsible for exchange of cytosolic ADP into matrix and mitochondrial ATP 

across IMM. Carboxyatractyloside (CAT) and bongkrekic acid (BKA) are the two classical 

inhibitors of ANT. One molecule of CAT or BKA reacts with ANT resulting a complex with a MW 
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of 60 kDa, suggesting that ANT protein exists as a dimer (179,180). The idea that ANT is a pore-

forming component of the PTP originates from the findings that Ca2+-induced PT is activated and 

inhibited by the ANT inhibitors atractyloside (ATR) and BKA, respectively (181). Further 

investigations showed that CAT stimulates PTP opening through promotion of its ‘c’ conformation 

and BKA inhibits the channel activity through stabilization its ‘m’ conformation (114,179). ANT 

reconstituted alone or in combination with CyPD and VDAC into proteoliposomes displays channel 

activities which resemble the properties of PTP (182–184). CyPD can bind to ANT and VDAC, 

which led to the hypothesis that the inhibitory effect of CsA on the PT is caused by its binding to 

CyPD, which thus prevents the interaction between CyPD and ANT (118,182,185). The Bax/Bcl-2 

family, apoptosis-regulatory proteins, can interact with ANT as well (181,185). However, 

mitochondria from mouse liver with the genetic inactivation of ANT1 and ANT2 isoforms (Ant1 

and Ant2 genes) can still undergo PT although more Ca2+ is required, suggesting that ANT is a non-

essential component of PTP although it contributes to its regulation (186). 

VDAC is the putative component of PTP in OMM, consistent with the observation that purified 

VDAC displays similar electrophysiological properties to those of PTP and functions as a 

nonselective pore to ions (187). This hypothesis was supported by studies in which extracts of 

VDAC, ANT and CyPD reconstituted into proteoliposomes displayed CsA-sensitive 

permeabilization to solutes (182). However, the involvement of VDAC in the PTP formation was 

similarly ruled out based on genetic inactivation studies. Mitochondria from Vdac1-null mice can 

still exhibit Ca2+- and oxidative stress- induced PT indistinguishable from WT, and VDAC are 

dispensable for Bcl-2 family member-driven cell death (188,189). Also the yeast PTP channel is 

still present in strains devoid of both of VDAC and ANT, and yPTP is unaffected by several 

inducers of the mammalian PTP like carboxyatractylate (inhibitor of the ANT), ligands of TSPO, 

and prooxidants (190,191). 

The IMM PiC is the primary transporter for Pi. In energized mitochondria Pi is accumulated 

through the PiC, which therefore plays an essential role in mitochondrial OXPHOS (192). Pi is 

known to favor PTP opening (116,129,193), which would be consistent with the finding that PiC 

overexpression promotes cell apoptosis. PiC was further proposed to be a component of the PTP 

because its interaction with CyPD facilitates the PT to occur (194). However, the subsequent 

observations that PiC knockdown inhibits neither the mitochondrial Ca2+ accumulation nor the 

Ca2+-induced PT, suggested that PiC is not a critical component of PTP (195,196). Nevertheless, 

deletion of the gene encoding PiC protein in heart blunts the Ca2+-stimulated PT and leads to a 

greater Ca2+ retention capacity (CRC). This desensitization of PTP opening attenuates cardiac 

ischemic-reperfusion injury (197). These observations suggest that PiC is not directly involved in 

PTP formation but rather than it can affect the pore indirectly by modifying matrix Pi levels and pH. 
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Patch clamp experiments  in liposomes containing yeast PiC did detect a conductance of 25 pS, 

which is way too small for a direct correlation with PTP/MMC (81). 

TSPO has been suggested to interact with VDAC and ANT (198) and to play a role in regulation of 

PTP opening (199,200). However, mitochondria from mice in which TSPO is conditionally 

eliminated display indistinguishable PTP properties from the WT control, suggesting that this 

protein is not involved in PTP formation (201). 

 

 
 

Fig. 1.7. Putative components of the PTP. The original paradigm of the PTP includes VDAC, ANT and CyPD 

as main components. Genetic studies revealed that VDAC, ANT and PiC are dispensable for PTP formation but 

are rather involved in its regulation. CyPD acts as a regulator through its binding to PTP in the mitochondrial 

matrix. TSPO plays a regulatory role as well. OMM: outer mitochondrial membrane; IMM: inner mitochondrial 

membrane; IMS: intermembrane space; VDAC: voltage-dependent anion channel; HK: hexokinase; CK: creatine 

kinase; CyPD: cyclophilin D; ANT: adenine nucleotide translocase; Bax: bcl-2-associated X protein; Bak: bcl-2 

homologous antagonist killer; PiC: phosphate carrier; TSPO: translocator protein; Bz: benzodiazepine. 

 

Bax and Bak, the pro-apoptotic Bcl-2 family members, oligomerize to permeabilize the OMM, 

leading to the release of cyt c (202). In addition to their role in cell apoptosis, they have been 

implicated in the formation and regulation of the PTP through their ability to increase the 

permeability of OMM allowing PTP opening-induced mitochondrial swelling and organelle rupture 

(203). Bax/Bak-null mitochondria are resistant to PTP opening and reconstitution of Bax/Bak-

deficient cells or mitochondria with WT Bax or an oligomerization-impaired Bax restores both PTP 

opening and the permeability of OMM, which can be prevented by CsA or Ca2+ chelation (203–

205). Collectively, genetic studies provide no evidence for Bax/Bak in the direct regulation or 

formation of the PTP, while Bax and Bak may be important for PTP to progress to organelle rupture 

at the OMM when the PTP is activated by Ca2+ or oxidative stress. 

CI has been suggested to be part of the PTP, or to play a role in regulating the pore by Fontaine et al. 

in 1998 (206). PTP opening is facilitated by e- flow through CI (but not through CII, CIII or CIV) 

and can be inhibited by ubiquinone 0 (Ub0) (206,207) and by rotenone (208). Rotenone displays 
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stronger inhibitory effect on PTP opening in mitochondria from tissues that express lower levels of 

CyPD, while inhibition is negligible in organs and cells with high expression levels of CyPD. These 

findings suggested that inhibition of CI by rotenone modulates the PTP through a site masked by 

CyPD (209). Oxidation of succinate can strongly support mitochondrial ROS generation due to 

RET at CI. The modulatory effect of PTP by CI could be due, in part at least, to its contribution to 

oxidative stress by producing ROS (210). 

It should be mentioned that He and Lemasters have proposed a different model for the PTP, which 

could account for some intriguing aspects of pore modulation. The model posits that the PTP can 

originate from membrane proteins that underwent misfolding after oxidative (or other forms of) 

stress (211), and is similar to the idea that the PT is due to general oxidative damage to membrane 

proteins rather than a consequence of the opening of a channel (212). Formation of conductive 

pathways through the misfolded protein clusters would normally be prevented by proteins with 

chaperone activity (like CyPD). According to this hypothesis opening of “unregulated” pores would 

occur when the number of protein clusters exceeds chaperones, and this feature would explain 

occurrence of pores that are not sensitive to CsA (211). The model has the merit to account for the 

existence of CsA-insensitive pores and for the lack of selectivity, but it is hard to reconcile with the 

fine regulation of channel activity by Ca2+, Mg2+, adenine nucleotides as well as for channel block 

by mildly acidic pH (125).  

 

1.3  The mitochondrial ATP synthase 

The mitochondrial ATP synthase, also termed F1FO-ATP synthase (F-type ATPase, F-ATP synthase) 

or complex V, is responsible for the synthesis of ATP driven by the electrochemical H+ gradient 

across the IMM, as originally proposed by Peter Mitchell in 1961 in the chemiosmotic hypothesis, 

which is a landmark in the field of bioenergetics (213). 

1.3.1 Structure and function of F-ATP synthase 

The mitochondrial ATP synthase is a rotary motor coupled to the “proton motive force” existing 

across the IMM (pmf or Δp), whose molecular architecture is well conserved from bacteria and 

chloroplasts to mammals (213). The ATP synthase is a multisubunit complex with a MW of about 

600 kDa, composed by a soluble F1 sector that functions as the catalytic core and a membrane-

embedded FO sector linked to the F1 sector by central and peripheral stalks (125,213). 

The F1 sector consists of the five subunits denoted α, β, γ, δ and ε with a 3:3:1:1:1 stoichiometry 

(214). The atomic structure of F1-ATPase was determined by X-ray crystallography in 1994. 

Subunits α and β are organized into an α3β3 hexamer, and subunit γ is located inside the α3β3 
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complex (215). The structure of the rotary central stalk consisting of subunits γ, δ and ε was 

revealed in 2000. Subunit γ interacts with subunits δ and ε at the foot of the central stalk contacting 

the c-ring, which are all key element in coupling pmf to the the α3β3 complex (216). Definition of 

the structure of the membrane-embedded domain had more technical difficulties than the soluble 

domain. In 1999, the crystal structure of c10-ring from Saccharomyces cerevisiae together with the 

F1 domain was obtained. The molecular architecture reveals that the c oligomer is tightly attached 

to subunits γ and δ, and acts as part of the rotary motor. The c10-ring faces a single subunit a 

through which the H+ flow, thus generating rotation of the enzyme at a rate of about 150 revolutions 

per second. Each full rotation produces 3 molecules of ATP. The number of c subunits dictates the 

number of H+ required to make one molecule of ATP, which corresponds to a 120° rotation of 

subunit γ (217,218). The size of the c-ring differs between species. A c10-c15 ring has been 

determined in fungi, eubacteria, and plant chloroplasts. Mammalian F-ATP synthase possesses a c8-

ring, implying that the bioenergetic cost to make each ATP molecule is 2.7 H+ (218). A conserved 

arginine in subunit a at a position equivalent to 159 in mammals (the presequence amino acids are 

included) plays an essential role in the H+ translocation-coupled c-ring rotation at the FO-a/c-ring 

interface by preventing a futile H+ shortcut (219). In S. cerevisiae, glutamate 59 in each c subunit 

interacts with the conserved arginine in subunit a (arginine 186 in S. cerevisiae including the ten 

presequence amino acids) coordinating its protonation. This conserved arginine acts like a 

pendulum: when deprotonated, glutamate 59 is paired with arginine 186, but it is re-protonated 

when the arginine switches to the either side followed by return to subunit a/c-ring interface and 

release of H+, which is coupled to the rotation of c-ring (220). 

The F1 sector is also linked to the FO domain through the peripheral stalk that acts as a stator. The 

stator of the mammalian enzyme is a subcomplex composed by single copies of subunits b, d, 

coupling factor 6 (F6) and OSCP (221). The subunit composition of the peripheral stalk in bacteria 

and chloroplasts substantially differs from those in eukaryote and the peripheral stalk is composed 

by subunit δ, which is homologous with OSCP, and either two identical copies of subunit b in 

bacteria or single copies of subunit b and b’ in chloroplasts. In bovine mitochondria, N-terminus of 

OSCP binds to the uppermost region of the stator via the N-termini of the three subunits α, while 

the C-terminus of OSCP interacts with the C-terminus of subunit b. The α-helix of subunit b, 

stiffened by subunits F6 and d, protrudes to the IMM. Each of the six additional proteins in 

mammalian FO domain (subunits A6L (ATP8), diabetes-associated protein in insulin-sensitive 

tissues (DAPIT), 6.8 kDa proteolipid (6.8PL), e, g, f) possesses a single predicted transmembrane 

α-helix (221,222). A low-resolution structure of bovine F-ATP synthase by cryo-electron 

microscopy (EM) suggests that c8-ring contacts subunit a in a small region, and the TMD of subunit 

b does not interact with c8-ring while subunits e and g extend from the distal of subunit a to c8-ring 
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(223). ATP8 and ATP6 are mitochondrial DNA (mtDNA) encoding mammalian A6L and subunit a, 

respectively. Cross-linking detection reveals that C-terminus of ATP8, as a part of the stator, 

interacts with the peripheral stalk in the matrix. It is predicted that the N-termini of other additional 

subunits are in the same side likely in the matrix (224). The molecular structure of F1 domain, the 

peripheral stalk and c8-ring have been determined in bovine mitochondrial enzyme, but that of the 

residual FO domain remains to be established. It is assumed that the structure of FO region of the 

mammalian enzyme is similar to yeast species. 

The yeast mitochondrial ATP synthase consists of 13 different subunits (α, β, γ, δ, ε, a, c, OSCP, b, 

d, f, h and 8) necessary for the assembly and catalysis of the complex, which is between the number 

of E. coli enzyme (8 subunits) and bovine enzyme (16 subunits). The additional 5 subunits that are 

not essential for the activity of yeast enzyme, so called supernumerary subunits, are subunits e, g, i/j, 

k, l. But yeast subunit i encoded by ATP18 is involved in the activity of F-ATP synthase and its 

ablation results in a decline of OXPHOS (225). It has been recently proposed that yeast subunit j 

and mammalian 6.8PL, as well as yeast subunit k and mammalian DAPIT are functional orthologs 

(226). 

In yeast, differently from mammals, subunits a, c and 8 are encoded by mtDNA ATP6, ATP9 and 

ATP8, respectively (225,227,228). These non-essential components (subunits e, g, k, i), and 

subunits a, h, b have been suggested to mediate the dimerization of the enzyme, which will be 

described in Part 1.3.3. The subunit compositions of mammalian and yeast mitochondrial ATP 

synthase are as shown in Table 2. 

Structure of a complete F-ATP synthase dimer from yeast Yarrowia lipolytica reveals that the 

horizontal helices of subunit a surround c-ring. Subunit e and g do not directly contact two 

monomers to form dimers but they induce an IMM curvature of ~100° resulting in mitochondrial 

cristae. The C-terminus of subunit i/j, which has been previously mistaken for subunit f, contains 

conserved charged residues that are directly involved in the dimer formation (229,230). Recently, 

Rubinstein group has determined the complete atomic structure of dimeric FO domain from S. 

cerevisiae by cryo-EM (230). The transmembrane α-helix of subunit b contacts with subunits e and 

g. The N-terminus of subunit f binds to the foot of the peripheral stalk. The N-terminal α-helix of 

subunit 8 embedded in the IMM interacts with subunit a. The TMD of subunits b together with 

subunits 8 and f contributes to the base of the lateral stalk, and subunit d acts as a clamp. Thus 

subunits 8 and f are categorized as the compositions of the lateral stalk. Two strands of subunit a 

from each monomer form a dimer interface. The subunit i/j and subunit a directly contact between 

two monomers and forms dimers. The N-terminal α-helix of subunit e begins within the IMM and 

extends into the IMS interacting with subunit k. Subunit g contains two N-terminal α-helices, one of 
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which interacts with subunit e and is exposed to the matrix (230). Fig. 1.8 reports the history of the 

F-ATP synthase structures. 

High-resolution crystallographic studies have identified 4 inhibitory sites that inhibit bovine 

mitochondrial ATP synthase: the aurovertin B-binding site, the efrapeptin-binding site, the catalytic 

site and the site to which the inhibitor protein IF1 binds (231). IF1 is a natural regulatory 

mitochondria protein encoded by ATP5IF1 gene, which displays inhibitory effect on F-ATP 

synthase. IF1 does not disturb the coupling activity and ATP synthesis of the enzyme, but it 

prevents ATP hydrolysis (232,233). At a pH below 6.7, IF1 is dimeric and binds to F1 catalytic core 

with a stoichiometry of 1:1 thus prevents the enzyme from hydrolyzing ATP. At pH 8.0, the dimeric 

IF1 associated with each other and form tetramer, and that the oligomeric states mask its inhibitory 

region leads to its inactivity (233–235). In chloroplasts and bacteria, there are no homologues of IF1 

in the mitochondria, and they develop another mechanism to inhibit the activity of F-ATP synthase 

(233,235). IF1 lacks the C-terminal dimerization region in yeast, and it lacks most of the 

dimerization region in bovine. The structure of the monomeric IF1 reveals that it binds to a αDP-βDP 

catalytic interface and contacts subunit γ (216,236,237). The bound IF1 will be released when the 

pmf is present and the direction of rotor reverses, followed by the recovery of ATP synthesis, which 

indicates that IF1 plays a role in preventing futile ATP hydrolysis (213). A well conserved 

regulatory mechanism of the enzyme ATPase activity is “ADP inhibition”. In de-energized 

mitochondria, F-ATP synthase is inactivated when MgADP is bound to the catalytic core, while 

ADP will be released after the mitochondria are energized followed by increased enzyme activity. 

In bacteria and chloroplasts subunit ε is involved in the modulation of this process: the 

conformational change of subunit ε from the contracted to the extended inhibits and prevents futile 

ATP hydrolysis, which is proposed to be determined by the direction of subunit γ rotation (238). 

Knock out (KO) of subunit ε in mammals leads to a decreased activity and content of the enzyme, 

paralleled by a decreased content of subunits α, β, a and d but accumulation of subunit c. The 

absence of subunit ε results in an oligomycin-insensitive enzyme. These findings suggest that 

subunit ε is essential for F1 stability and proton coupling. An understanding of these regulators of 

the enzyme may provide therapeutic rational for F-ATP synthase linked pathophysiological disorder 

(239).  
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Table 2. Subunit compositions of mammalian and yeast mitochondrial ATP synthase. Italics words indicate 

the corresponding encoding genes. “Genome” indicates gene localization (into nuclear or mitochondrial DNA). 

“Importance” indicates whether the corresponding protein is essential or dispensable for the activity of F-ATP 

synthase. 
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Fig. 1.8. Timeline for the characterization of the molecular structure of F-ATP synthase. In 1994, the first 

crystal structure of α3β3 complex and incomplete subunit γ was determined by X-ray crystallography in bovine 

heart mitochondria (215). In 2000, the structure of F1 sector was completed in bovine F-ATP synthase (217,240) 

and the structure of subunits δ and ε and their interaction with missing part of subunit γ were added. In 2006, the 

stator, also called peripheral stalk, was revealed in bovine mitochondria (221,222). In 2010, the structure of the 

F1-c8-ring complex was determined in bovine F-ATP synthase by cryo-EM (218). In 2012, the structure of 

membrane extrinsic part of the stator and its association with F1 sector were determined (223). By then, the 

structure of the membrane extrinsic section of the bovine enzyme was complete by cryo-EM. In 2017, the atomic 

structure of dimeric FO domain of yeast enzyme from S. cerevisiae strain was determined by cryo-EM (230). All 

the structure shown were modified from 3D structure (PDB: 6B2Z). 

 

1.3.2 Assembly of F-ATP synthase 

Human mitochondrial ATP synthase is a complex composed by 29 proteins (226). The assembly of 

the enzyme is a complex process, which has been recently identified by CRISPR-Cas9 based 

disruption of individual genes in human cell lines (226,241,242). As already mentioned, ATP6 and 

ATP8 are mitochondrially-encoded, and the other subunits are nuclear-encoded and imported into 

the matrix. The membrane extrinsic part likely forms independently of membrane-embedded 

domain. The assembly of F1-c8 subcomplex is a key intermediate, which first binds to the lateral 

stalk associated with the membrane subunits e, g and f, another separate assembly intermediate 
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(226,241–243). Subsequently, ATP6 and ATP8 are integrated into this intermediate and stabilized 

by 6.8PL (226,241,242). Indeed, in human ρ0 cells lacking mitochondrial genes ATP6 and ATP8, 

F1-c8 subcomplex is stably expressed, and an almost full assembly of F-ATP synthase is identified, 

suggesting that the insertion of subunits a and A6L is the last step to complete the enzyme assembly 

(244). Tmem70 is a membrane protein that mediates the enzyme assembly. The absence of 

Tmem70 results in the accumulation of F1 sector without any FO subunits associated, indicating that 

Tmem70 factor promotes the interaction of F1 and c-ring. The binding with Tmem70 stabilizes the 

F1 catalytic core favoring formation of a F1-c8 subcomplex (245). DAPIT is the most peripheral 

subunit, and is easily be removed from the enzyme under mild detergent treatment. DAPIT, a 

homologue of yeast subunit k, seems to play a role in the oligomerization of the enzyme and in 

mitochondrial cristae formation (226). 

The assembly pathway of yeast F-ATP synthase has been extensively studied and appears to be a 

similar process as in human mitochondria, but some mechanisms differ. Yeast subunit a is 

synthesized as a precursor protein and initially interacts with the chaperone ATP10 followed by the 

binding with the peptidase ATP23 (246). The inner membrane assembly complex (INAC) has been 

found to be required for the maturation of subunit a by ATP23, and is also essential for liaising the 

subunit a with c-oligomer (247). Yeast subunit a and ATP8, together with ATP23, ATP10 and 

INAC, first bind to the lateral stalk or the F1-lateral stalk complex, and then associate with c10-ring 

(248). In F1 sector, binding of subunits α and β to ATP11 and ATP12 prevents their aggregation 

that otherwise blocks the enzyme formation (249). The association of α3β3 complex with the central 

stalk results in the release of ATP11 and ATP12 (250). The membrane-embedded supernumerary 

subunits i/j, k, e, f, g are incorporated into the enzyme at the last to promote the dimerization (251) 

(Fig. 1.9). 
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Fig. 1.9. Assembly pathways of human and yeast F-ATP synthase. Upper, assembly of human F-ATP synthase. 

Lower, assembly of yeast F-ATP synthase. Inset, subunit compositions of human and yeast F-ATP synthase. *, 

proteins encoded by mtDNA. Figure is from Ref. (251). 

 

1.3.3 Dimerization of F-ATP synthase and subunits e and g 

1.3.3.1 Dimerization of F-ATP synthase 

Cryoelectron tomograms of the IMM have consistently revealed that F-ATP synthase is arranged in 

V-shaped dimers, which form long rows of oligomers located along the highly curved cristae edges, 

an organization which is highly conserved across species except in prokaryotes and chloroplasts 

(252). Dimers interact within the IMM through the FO subunits with the peripheral stalks turned 

away from each other, as shown in Fig. 1.10. Pioneering studies in yeast have unquestionably 

linked the dimeric state of the enzyme to the proper cristae formation (220–229). Dimer ribbons of 

the enzyme thus contribute to mitochondrial performance (229–232). Yet it has been demonstrated 

that the FO region of monomers is sufficient to induce curvature of the lipid bilayer (223,266). A 

quantitative molecular-simulation analysis suggested that this membrane deformation, which is an 

unusual membrane topology, drives self-association of the dimers into dimer rows to minimize the 

overall elastic strain of the membrane. The process would be due not due to direct protein-protein 

interactions or a specific lipid composition of the membrane (252).  
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Numerous biochemical and genetic studies have established that in yeast subunits a, b, h, and i/j, as 

well as the dimer-specific subunits e, g and k are involved in dimerization of the enzyme (267). In 

particular, subunits e and g have been extensively studied. These subunits are called dimer-specific 

subunits, as well as supernumerary subunits. Indeed, they are exclusively associated to F-ATP 

synthase dimers and their ablation leads to disappearance of the dimers and formation of a onion-

like ultrastructure of mitochondria (221,229–232). They are not essential for cellular growth on 

non-fermentable medium (262,263) and in the null mutant lacking subunit e or g, the oligomycin 

sensitivity and enzymatic activity of F-ATP synthase are unaltered (262). A peculiar behavior of 

yeast is that the absence of subunit e leads to disappearance of both subunit g and k, while normal 

expression of subunit e can be observed in the mutants lacking subunit g or k (262). Subunit k 

appears to be not essential for the dimeric state of yeast enzyme (262), but it likely contribute to 

stabilize the dimeric F-ATP synthase (268). 

The most recent high resolution atomic structure of the yeast dimer (230) reveals that (i) in each 

monomer subunits e, g and N-terminal of subunit b, with the further support from subunit k, enforce 

the membrane curvature; (ii) subunits i/j and two strands of subunit a from each monomer form the 

dimer interface, which is stabilized by the interaction of subunits e and g. Consistently with this 

structure, previous studies established that (iii) subunit b of one monomer can spontaneously form a 

homodimer with subunit b of another monomer by formation of a disulfide bridge at a position 

located in the intermembrane space (257); (iv) the yeast strain lacking the first transmembrane helix 

of subunit b loses both the dimers and the IMM curvature, while the mutant maintains functional F-

ATP synthase (255,265); (v) the absence of the first TMD of subunit b causes strongly decreased 

expression of subunit g (255); (vi) homodimerization of subunit i turned out to be independent of 

subunits e and g (253). These observations contribute to explain why a small fraction of dimers is 

detectable in the null mutants lacking subunit e or g (269). Because the N-terminus of subunit b has 

been identified next to subunit g also by cross-linking analysis (256), it is proposed that subunit b 

accommodates the interaction with subunit g, which interacts with subunit e to favor the 

dimerization of the enzyme (255,256). Part of my studies have been dedicated to define the charged 

amino acids involved in the physical association of the dimer-specific subunits e and g that stabilize 

the yeast enzyme dimers. 
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Fig. 1.10. F-ATP synthase organization and molecular structure of the yeast Fo dimeric domain. A, Rows of 

F-ATP synthase dimers in the mitochondrial membrane from five different species. Figure is from Ref (270). B, 

organization of subunits in the monomeric mammalian F-ATP synthase. Figure is from Ref (226). C, cartoon of 

dimeric yeast F-ATP synthase. D, top view of dimeric FO domain of yeast enzyme showing localization and 

structure of indicated subunits. Panels C and D are from Ref. (230). 

1.3.3.2 The subunits e and g in yeast 

Both e- and g-subunits have a unique TMD inserted with the same orientation in the IMM and a 

soluble domain localized on opposite sides of the membrane, with the C-terminal of subunit e 

exposed to the IMS. Both harbour an endogenous cysteine (eC28 and gC75, this latter conserved in 

the bovine enzyme) and possess a conserved coiled-coil motif located in their TMD. Alteration in 

this GxxxG motif of subunit e (by insertion of an alanine and by replacement of glycine with 

leucine) leads to the loss of subunit g and the loss of dimeric/oligomeric forms of the enzyme (259). 

Indeed, subunit g is quite unstable, i.e. its expression is influenced also by alterations of subunit b 

(255), suggesting that it plays an important role at the interfaces between monomers allowing 

dimerization/oligomerization of the yeast enzyme (259). Conversely, cross-linking of Cys 28 of 

subunit e with Cu2+, which  results in formation of subunit e homodimers, increases the stability of 

F-ATP synthase oligomeric forms in digitonin extracts, demonstrating the involvement of the 

dimerization motif of subunit e in the formation of F-ATP synthase oligomeric structures (258). 
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Consistently, cross-linking by Cu2+ followed by gel electrophoresis analysis of mitochondria from 

the subunit g C75S/L109C mutant reveals that homodimers of subunit e or subunit g are only 

present in the F-ATP synthase oligomers (258,260), confirming that e/e and g/g interactions 

participate in the putative oligomerization interface. 

The interaction between subunits e and g seems to play an important role in the dimerization of the 

enzyme, although the involvement of their respective GxxxG motifs has been questioned. Actually, 

Gly105 of subunit g GxxxG motif is the last residue of the TMD while subunit e GxxxG motif is 

located in the middle of the TMD (259,260). Moreover, the stability of subunit g is unaffected by 

mutation of the Gly 105 or by introduction of a cysteine at position 110 or 112 (261). These data 

suggest that an intact subunit g GxxxG motif may not be the sole basis for either the interaction 

between subunit e and g, or for the homodimerization of subunit g  (261). 

Charged amino acids are often partners for protein-protein interactions, which are required to 

stabilize the assembly of complex and protein−protein oligomerization including heterodimerization 

(271–274). We hypothesized that the charged amino acids in subunits e and g could be involved in 

the physical interaction between each other.  

1.3.4 F-ATP synthase and the PTP 

The most recent hypothesis about the nature of the PTP is that it originates from the conformational 

change induced by Ca2+-binding to the catalytic core of F-ATP synthase (126,163,275,276). 

OSCP subunit, located at the “crown” of the peripheral stalk of the enzyme, was identified as  

binding site for CyPD (162,163). These findings led to the subsequent demonstration that gel-

excised dimers of F-ATP synthase from bovine heart mitochondria reconstituted into lipid bilayers 

display channel activity that coincides with that expected of the PTP/MMC, while channel activity 

could not be observed with monomers (163). It was also shown that selective inhibitors of the PTP 

do not compromise the catalytic activity of the enzyme and vice versa, that inhibitors of catalysis do 

not affect the PTP (125). From the ensemble of these observations it was suggested that the  PTP 

may form at the interface between two monomers, while it appears unlikely that this can occur at 

regions involved in the catalytic activity of the enzyme (163), i.e. the c-ring, as will be discussed 

later. This proposal has been supported by studies in S. cerevisiae (158) and D. melanogaster (168); 

by the finding that ablation of yeast subunit e and g, which are essential for dimerization of yeast 

enzyme, desensitizes the PTP to Ca2+ (158); and by recent mutagenesis studies (275,277). Table 1 

summarizes the features of the PTP from different species. 

Although the molecular nature of the PTP has been a long-standing mystery, a few discrete 

regulatory sites of PTP have been defined in the 1990s (128,273) through the use of modifiers of 

sulfhydryl (279) and of relatively specific histidine (136) and arginine reagents (280–284). If these 
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residues are located on the F-ATP synthase, it should now be possible to identify them by genetic 

manipulation. Subunit β contains two binding sites for divalent metals (Me2+). These sites usually 

are occupied by Mg2+, which can be replaced by Ca2+ when the matrix Ca2+ rises (278). In contrast 

to Mg2+-ATP hydrolysis, Ca2+-ATP hydrolysis could not drive proton pumping, implicating an 

uncoupling mechanism that could be consistent with PTP opening (285). Thr163 of subunit β was 

identified to mediate Me2+-dependent activity of F-ATP synthase in human HeLa cells. The T163S 

mutation inhibited Ca2+-ATP hydrolysis and favored Mg2+-ATP hydrolysis, as was previously 

shown for the T159S mutation (the position equivalent to mammalian T163) in Rhodospirillum 

rubrum (286,287). This point mutation desensitized the PTP to Ca2+ and protected from PTP-

dependent cell death (275). Based on molecular dynamics simulations, it was proposed that a spatial 

rearrangement can be induced by the larger van der Waals radius of Ca2+ binding, resulting in 

increased overall F1 rigidity. Ca2+ binding-induced conformational changes might be transmitted 

through the peripheral stalk via OSCP to the inner membrane where the PTP eventually forms 

(126,275). 

Mitochondrial matrix acidic pH prevents PTP opening through reversible histidine protonation, and 

addition of DPC (which reacts with histidine residues) allowed pore opening at acidic pH (136). A 

unique histidine that is highly conserved in OSCP subunit has been identified to regulate the PTP 

by matrix H+. H112Q or H112Y mutations indeed abolished the sensitivity of PTP to matrix 

acidification in human HEK293 cells without affecting  catalytic activity of the enzyme (277). 

Taken, together, these findings are solid evidence that that PTP forms from F-ATP synthase. Fig. 

1.11 reports a model depicting this hypothesis. 
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Fig. 1.11. Proposed model for PTP opening. F-ATP synthase dimers with Mg2+ (upper) or Ca2+ (lower) bound 

to the catalytic sites (insets). Subunits α in red; subunit β in yellow; the lateral stalk (subunits OSCP, b, d, F6) is in 

green; subunits γ, δ, ε are in blue; c-ring is in magenta and subunit a is in light blue. Subunits A6L, f, e and g are 

also indicated. Lower, the structural region proposed to participate in the conformational change occurring upon 

Ca2+ binding is highlighted by sphere representation and the overall transmission along the lateral stalk is 

indicated by red arrows. Dark blue dots represent ion and solutes. 

 

Evidence that F-ATP synthase may form the PTP came also from independent studies from other 

laboratories. Bonora et al. used siRNA methods to downregulate and forced plasmid expression to 

transiently overexpress subunit c, and observed consistent changes of PTP opening that matched 

increased resistance to cell death after knockdown (288). Alavian et al. showed that patch-clamping 

of liposomes reconstituted with the c subunit revealed high-conductance channel activity induced 

by Ca2+. Furthermore, deletion of c subunit prevented the occurrence of PT and attenuated ROS-
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induced cell death (289). However, an atomistic simulation study suggested that the properties of 

the c-ring are incompatible with the features of the PPT/MMC. Indeed, the lipid-filled c-ring is not 

permeable to ions, H2O and osmolytes (290).   

The hypothesis that PTP forms from F-ATP synthase has been questioned by two studies based on 

disruption of the F-ATP synthase subunit c (241) and of subunits b and OSCP (242). In both cases 

(i) assembly of the enzyme was severely affected resulting in a “vestigial” complex where neither 

dimers nor normally-sized monomers were apparently assembled; and (ii) respiratory activity was 

dramatically decreased (241,242). In the case of deletion of the peripheral stalk subunits the 

decreased respiratory activity was due to lack of assembly of complex I, severe decrease of complex 

III and moderate decrease of complex IV expression (242). The authors report that in permeabilized 

cells Ca2+ is taken up normally irrespective of the deletions, that onset of the PTP (as measured by 

Ca2+ release after accumulation of a train of Ca2+ pulses) still occurs and is sensitive to treatment 

with CsA, which desensitized the PTP to the same extent in the wild type and in the null cells 

(241,242). As noted by Bernardi and Lippe, however, swelling in KCl media was substantially 

decreased in the mutants of the peripheral stalk, suggesting that the pore size had become much 

smaller (276). An additional problem is that in mitochondria the maximal rate of Ca2+ uptake is 

limited by the rate of H+ pumping by the respiratory chain (291), and it is not clear why the rate of 

Ca2+ uptake was instead reportedly unaffected in the KO cells, which had a negligible respiratory 

activity. 

 

1.3.5 PTP modulation by arginine residues 

1.3.5.1 The modification of arginine residues 

Phenylglyoxal (PGO) is the most extensively used arginine reagent and itis probably the most 

selective (292). The approach for modification of arginine residues in proteins by PGO was 

developed by Takahashi in 1968 (293). PGO reacts with arginine within proteins with a 2:1 

stoichiometry (293) (Fig. 1.12A). Under mild conditions, PGO reacts more rapidly and more 

selectively than glyoxal (GO) or methylglyoxal (MGO) (293,294). A similar reaction takes place 

with p-hydroxyphenylgloxal (OH-PGO) (Fig. 1.12B). 
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Fig. 1.12. Structure of PGO- and OH-PGO-arginine adducts. A, reaction of PGO with arginine in proteins 

with a stoichiometry of 2:1. The diagram is from Ref. (292) and identified by Takahashi in 1968(293). B, structure 

of the arginine adducts of PGO (left) and OH-PGO (right). The molecular mass of OH-PGO adduct is 32 Da 

higher than that of PGO adduct, which corresponds to the two hydroxy groups. The structure is from Ref. (282). 

 

Arginine residues are quite frequent in protein active or binding sites, and are the hotspots for 

modifications by MGO (295–297). MGO, an α-dicarbonyl byproduct of glycolysis, is the major 

precursor in the formation of advanced glycation end-products (AGEs) that contributes to the 

pathophysiology associated with aging and the long-term complications of diabetes (298–303). 

Protein glycation is also detectable in yeast (304,305). 

1.3.5.2 Effects of arginine modification by glyoxals on PTP 

Eriksson and co-workers have observed that modification with arginine-specific reagents modulates 

the PTP of rat liver mitochondria (RLM) with inhibitory or inducing effects that depend on the net 

charge and hydrogen-bonding capacity of the adduct(s) (280–284). The regulation of PTP by 

arginine modification was first addressed in 1997 by Eriksson et al., with the discovery that 

treatment of RLM with PGO or with 2,3 butanedione (another widely used arginine reagents) 

inhibits the PTP triggered by uncoupler after matrix Ca2+ accumulation (280). Remarkably, a 

similar effect could be obtained with MGO (283). It was hypothesized that the effects on the PTP 

could be due to formation of an imidazolone adduct at arginine site(s) that stabilize the pore in a 

closed conformation (283). 

Interestingly, and in spite of its chemical reactivity that is superimposable to that of PGO, OH-PGO 

instead dramatically sensitized the PTP to Ca2+ (282). Sequential modification of RLM with OH-

PGO and PGO demonstrated that the inducing or inhibitory effect depend on the order of addition, 

suggesting that modulation of PTP by OH-PGO and PGO occurs at the same site (282). OH-PGO 

readily triggers PTP opening in de-energized mitochondria even in presence of EGTA (282), 

showing that OH-PGO is a strong inducer that is able to activate PTP opening at low Δψm without 

addition of Ca2+ (but in presence of mitochondrial endogenous matrix Ca2+) (126). 
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Many synthetic PGO derivatives have been tested for their effects on PTP opening and these 

experiments revealed that the derivatives containing a net negative charge or with hydrogen bonds 

induce the PT, while neutral adducts favor PTP closure. Positively charged amino acid residues 

play a key role in translating changes in membrane potential to conformational changes of ion 

channels, and arginine residues are common voltage-sensing elements (133,306–308). Eriksson et 

al. hypothesized that the target arginine may act as a voltage sensor of PTP (280–284). Previous 

studies have defined the PTP-modulatory effects of arginine specific reagents in RLM (280–284). 

Fig. 1.13 summarizes the effect of PGO derivatives on the PTP. 

 

 
 

Fig. 1.13. Effect of phenylglyoxal derivatives on the PTP depending on the net negative charge or hydrogen 

bonds. The effect of PGO derivatives on PTP depending on the overall physical-chemical properties of resulting 

adducts. Inhibitors: Cl-PGO, 2,4-diF-PGO, F-PGO, Me-PGO, MeO-PGO, and PGO; Inducer: CamOH-PGO, NO-

PGO, and OH-PGO; No effect: Mor-PGO. The PGO derivatives that are overall electroneutral and cannot form 

hydrogen bonds favor the closure of PTP. The derivatives that possess a net negative charge and are able to form 

hydrogen bonds induce PTP opening. Mor-PGO is likely unable to react with the target arginine. This figure is set 

up based on the study by Eriksson and co-workers (282,284). 

 

These previous studies focused on the structure-function relationship of GOs with different 

structure in RLM, rather than on the identification of the reactive residue(s). During my PhD 

training, I have identified species-specific effects of PGO on the PTP, and Arg 107 of yeast subunit 

g of F-ATP synthase as the specific residue mediating the sensitivity of the PTP to PGO in yeast. 
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1.4 Objectives and key results 

⚫ Arginine-glyoxal adducts affect the PTP with inducing or inhibitory effects that depend on 

the specific reagent used. I have investigated PTP modulation by PGO in different species, 

and I have been able to identify the unique arginine residue (Arg 107 of subunit g) 

conferring PTP regulation by PGO in yeast F-ATP synthase. 

⚫ Although Ca2+ is considered essential for PTP opening, OH-PGO, which reacts with the 

same arginine residues as PGO, has been reported to induce the PTP in the absence of added 

Ca2+. I have reinvestigated the Ca2+-dependence of the PTP and shown that when matrix 

Ca2+ has been depleted OH-PGO is no longer able to open the pore. Furthermore, we found 

that OH-PGO facilitates Ca2+-dependent channel formation by purified F-ATP synthase, a 

finding that further supports our proposal that the PTP originates from F-ATP synthase. 

⚫ I have tested whether charged amino acids of subunits e and g are involved in the formation 

of F-ATP synthase dimers, which in turn determine the physiological arrangement of the 

enzyme in long rows of dimers located along the highly curved cristae edges. I have 

identified Arg 8 of subunit e as a critical residue in mediating interactions between 

monomers, most likely through an electrostatic bond between Arg 8 of subunit e and Glu 83 

of subunit g. 
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2 MATERIALS and METHODS 
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2.1 Reagents and cells 

PGO hydrate, MGO, oligomycin, rotenone, succinic acid, pyruvate, alamethicin, BSA, Pi, ATP, 

ADP, EGTA, CaCl2, CuCl2, digitonin, ETH129, Trizma Base (Tris), DTT, sorbitol, mannitol, yeast 

extract, bacto-polypeptone, yeast synthetic drop-out medium supplements, galactose and sucrose 

were from Sigma (Milan, Italy). NADH was purchased from Roche. OH-PGO (4-

Hydroxyphenylglyoxal hydrate), OSCP antibody (A-8) were purchased from Santa Cruz 

Biotechnology. CsA was purchased from Calbiochem. Ca2+ Green-5N, Rhod-2 AM (1-[2-Amino-5-

(3-dimethylamino-6-dimethylammonio-9-xanthenyl)phenoxy]-2-(2-amino-5-

methylphenoxy)ethane-N,N,N',N'-tetraacetic acid, 1-[2-amino-5-(3-dimethylamino-6-

dimethylammonio-9-xanthenyl)phenoxy]-2-(2-amino-5-methylphenoxy)ethane-N,N,N',N'-

tetraacetic acid, tetraacetoxymethyl ester) and BAPTA-AM (1,2-bis(2-aminophenoxy)ethane-

N,N,N′,N′-tetraacetic acid tetrakis(acetoxymethyl ester)) were purchased from Invitrogen. 

Zymolyase 100T was purchased from US Biological. “QuikChange Lightning Site-Directed 

Mutagenesis Kit” was purchased from Agilent Technologies. The CellTiter 96® AQueous One 

Solution Cell Proliferation Assay was purchased from Promega Corporation. HEK293 cells were 

obtained from the American Tissue Culture Collection (ATCC) and cultured in Dulbecco’s 

modified Eagle’s medium (DMEM; Life Technologies) supplemented with fetal bovine serum 

(10%) and penicillin & streptomycin (1%) (Thermo Fisher Scientific, Waltham, MA, USA). 

Drosophila Schneider S2 cells was obtained from Dr. Michael Forte at Oregon Health and Science 

University. The S. cerevisiae strains BY4743 (4741/4742), W303 (MATa/MATα, leu2-3,112 trp1-1 

can1-100 ura3-1 ade2-1 his3-11,15) as well as the ΔTIM11 (Δe) (MATa, his3Δ1, leu2Δ0, met5Δ0, 

ura3Δ0) and ΔATP20 (Δg) (MATα, his3Δ1, leu2Δ0, lys2Δ0, ura3Δ0) were purchased from Thermo 

Scientific. ΔTIM11ΔATP20 was generated as described (158). Antibodies for TIM11, ATP20 and 

ATP3 subunits were a kind gift of Dr. Marie-France Giraud, University of Bordeaux, France.  

2.2 Yeast mutant generation 

In order to generate ATP5 yeast expressing the human or yeast OSCP (ATP5) sequence, ATP5 

gene was firstly deleted in W303 diploids by homologous recombination, i.e. by substituting the 

genomic sequence with the Kan cassette of pFA6a-KanMX4 vector. Then, diploids were let to 

sporulate in 2% potassium acetate medium, resulting tetrads were dissected, selected in G418 plates 

and correct clones were checked by semi-quantitative PCR using appropriate primers. Yeast ATP5 

gene (yOSCP) was cloned in pFL38-URA vector after amplification using following primers that 

include upstream and downstream regulatory sites (endogenous promoter and termination 
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sequence): (Forward) 5’-

CACGACGTTGTAAAACGACGGCCAGTGAATTCGAGCTCGGTACCCTGCCGTCGTCATA

AAGTGGAC and (Reverse)5’-

TTACGCCAAGCTTGCATGCCTGCAGGTCGACTCTAGAGGATCCCCGTTTGCCTGGATAC

ACGAAC. Cloned products were confirmed by sequence analysis. Human OSCP (hOSCP) cDNA 

(NM_001697) was purchased from GenScript and amplified using the following primers: (Forward) 

5’-CAGTGTGCTGGAATTCAACACAATGGCTGCCCCAGCAGTGTCC and (Reverse) 5’-

GATATCTGCAGAATTTTAGACAATCTCCCGCATAGCCCTG. To substitute with the yeast 

putative mitochondrial import sequence at the N-terminus of the OSCP gene (yhOSCP), we used 

the following forward primer: 5’-

CAGTGTGCTGGAATTCAACACAATGTTTAATAGAGTCTTTACCAGGTCATTTGCATCAA

GCTTAAGAGCTGCTGCTTCCAAAGCTGCTGCTCCCCCTCCTGTTCAGGTATACGGTATT

G, and the same reverse primer for hOSCP. PCR products were cloned in pYES2-URA previously 

digested with EcoRI-HF using In-Fusion HD Cloning Kit (Clontech) and resulting vectors were 

checked by sequencing. Yeast ATP5 cells were separately transformed by standard procedure (309) 

with yOSCP pFL38-URA, hOSCP pYES2-URA or yhOSCP pYES2-URA and correct clones were 

selected. 

Human cDNA ATP5L (subunit g) cloned into pESC-LEU vector by SalI/XhoI sites was purchased 

from GenScript. The oligonucleotide primers used for yeast ATP20 gene (subunit g) to be cloned in 

pESC-LEU vector by SalI/XhoI sites were: (Forward) 5’-

GGGCCCGGGCGTCGACAACACAATGCTAAGCAGGATCCAA, (Reverse) 5’-

ACCAAGCTTACTCGATTAGTGATGTTTATATCCCAC. PCR products were cloned in pESC-

LEU vector previously digested with SalI-HF and XhoI using In-Fusion HD Cloning Kit (Clontech) 

and resulting vectors were checked by sequencing. One-step transformation protocol (309) was 

used to transform ATP5L pESC-LEU or ATP20 pESC-LEU into yeast ATP20 strain, and cultured 

in the selective medium 2% galactose (Drop-out-leucine). 

The oligonucleotide primers used for site-directed mutagenesis were: TIM11 R8A (Forward) 5’-

CGACAGTTAATGTTTTGGCATACTCTGCGTTGGGTTTG and (Reverse) 5’-

CAAACCCAACGCAGAGTATGCCAAAACATTAACTGTCG, ATP20 R107A (Forward) 5’-

CGGTGAAATAATTGGAAGAGCAAAATTAGTGGGATATAAAC and (Reverse) 5’-

GTTTATATCCCACTAATTTTGCTCTTCCAATTATTTCACCG, TIM11 R8E (Forward) 

CGACAGTTAATGTTTTGGAATACTCTGCGTTGGGTTTG and (Reverse) 

CAAACCCAACGCAGAGTATTCCAAAACATTAACTGTCG, ATP20 E83A (Forward) 

CATCCAAAAGAATGCACTATTAAAATATGGCGC and (Reverse) 

GCGCCATATTTTAATAGTGCATTCTTTTGGATG, ATP20 E102A (Forward) 
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TTATTCTGTCGGTGCAATAATTGGAAGAAGAAA and (Reverse) 

TTTCTTCTTCCAATTATTGCACCGACAGAATAA, ATP20 E83K (Forward) 

CATCCAAAAGAATAAACTATTAAAATATGGCGC and (Reverse) 

GCGCCATATTTTAATAGTTTATTCTTTTGGATG, ATP20 R107E (Forward) 

CGGTGAAATAATTGGAAGAGAAAAATTAGTGGGATATAAAC and (Reverse) 

GTTTATATCCCACTAATTTTTCTCTTCCAATTATTTCACCG. QuikChange Lightning Site-

Directed Mutagenesis Kit (Agilent) was used to harvest point mutations using TIM11 and ATP20 

wild-type genes cloned in pFL38 vector as template. After the mutations were confirmed by 

sequencing, one-step transformation protocol (309) was used to transform the plasmid into ΔTIM11 

or ΔATP20 S. cerevisiae strain, and plated on the selective medium 2% Glu (Drop-out-uracil) and 

incubated in 30°C. 

2.3 Yeast mitochondria isolation 

Yeast strains BY4743, ΔTIM11, ΔATP20 and ΔTIM11ΔATP20 were pre-cultured in YPG medium 

(1% yeast extract, 1% bacto-polypeptone, 2% glucose) at 30°C. TIM11 WT, TIM11 R8A, TIM11 

R8E, ATP20 WT, ATP20 R107A, ATP20 E83A and ATP20 E102A mutant strains were pre-

cultured in 2% glucose (Drop-out-uracil) selective medium at 30°C. ΔATP20 expressing ATP20 

and ΔATP20 expressing ATP5L mutants were pre-cultured in 2% galactose (Drop-out-leucine) 

selective medium at 30°C. For mitochondria preparation, yeast cells were cultured with a starting 

OD600 0.2-0.3 in 400 ml medium containing 1% yeast extract, 1% bacto-polypeptone and 2% 

galactose overnight at 30°C with rotation (180 rpm), and harvested in logarithmic growth phase by 

centrifugation at 2000 × g for 5 min, yielding about 4.0 g of yeast cells. The cell pellet was 

suspended in 0.1 M Tris-SO4, pH 9.4 buffer supplemented with 10 mM DTT and incubated at 37°C 

for 15 min with rotation (180 rpm). The cell pellet was washed once with 1.2 M sorbitol, 20 mM Pi, 

pH 7.4 buffer, and incubated in the above sorbitol buffer supplemented with zymolyase 100T 0.4 

mg/g pellet at 30°C for 45 min with rotation (180 rpm). The incubation was terminated by 

centrifugation at 2000 × g for 5 min and washed once with the above buffer at 4°C. The cell pellet 

was suspended in cold isolation buffer (0.6 M mannitol, 10 mM Tris-HCl, 0.1 mM EDTA, pH 7.4) 

and homogenized with a Potter homogenizer. The homogenate was spun for 5 min at 2000 x g and 

supernatant was collected and centrifuged for 10 min at 12000 × g. The mitochondrial pellet was 

suspended in the isolation buffer and protein concentration was determined by the absorbance at 

280nm of 0.6% SDS-solubilized mitochondria (OD 0.21 corresponds to 10 mg/ml protein) (310). 
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2.4 Mouse liver mitochondria isolation 

Everything was pre-chilled to 0-4°C and respiratory substrate was avoided to minimize any effect 

during the isolation, e.g.. mitochondrial activity and possible redox environment. All the isolation 

procedures were performed at 4°C or on ice with pre-chilled buffers. The liver from male C57BL6/J 

mice were cut into pieces in the isolation buffer (250 mM sucrose, 10 mM Tris-HCl, 0.1 mM 

EGTA, pH 7.4) and homogenate with a Potter homogenizer. The homogenate suspension was 

centrifuged at 690 × g for 10 min. The supernatant was collected and centrifuged at 7000 × g for 10 

min. The pellet was suspended in the isolation buffer and centrifuged at 9400 × g for 5 min. The 

mitochondria pellet was suspended in about 400 μl isolation buffer, and Biuret method was used for 

determining protein concentration. 

2.5 Cell permeabilization 

The culture medium of human HEK293 cell lines were discarded and cells washed once with 

Dulbecco’s Phosphate Buffered Saline (PBS). Cells were treated with 0.25% trypsin and the 

reaction terminated by addition of culture medium. Drosophila S2R+ cells were instead detached 

with a scraper. Cell suspensions were centrifuged at 500 × g for 5 min and washed once with 

medium containing 130 mM KCl, 10 mM MOPS-Tris, 1 mM Pi, 0.1 mM EGTA, pH 7.4. The cell 

pellet was suspended in a medium containing 130 mM KCl, 10 mM MOPS-Tris, 1 mM Pi, 1 mM 

EGTA, pH 7.4, supplemented with 100 μM digitonin and incubated for 10 min on ice at a density of 

2 × 107 cells x ml-1 for HEK293 cell lines or supplemented with 150 μM digitonin and incubated on 

ice for 20 min at a density of 6 × 107 cells x ml-1 for Drosophila S2R+ cells. Permeabilization was 

stopped by diluting with 15-20 ml medium containing 130 mM KCl, 10 mM MOPS-Tris, 1 mM Pi, 

0.1 mM EGTA, pH 7.4 followed by centrifugation at 500 × g for 5 min at 4°C. The cell pellet was 

washed once with the above KCl medium, spin down again. The final pellet was suspended in the 

assay medium, or in 250 mM sucrose, 10 mM HEPES-KOH, 20 μM EGTA, pH 8.0 for reaction 

with glyoxals as described in the following paragraph. 

2.6 Chemical modification with glyoxals 

Freshly isolated mouse liver mitochondria (MLM) or yeast mitochondria (YM) (1 mg × ml-1) or 2 × 

107 x ml-1 permeabilized cells were incubated with glyoxals in 250 mM sucrose, 10 mM HEPES-

KOH, 20 μM EGTA, pH 8.0, for 15 min at 25°C. The reaction was terminated by decreasing the pH 

to 6.8 with HEPES and cooling to 4°C. Mitochondria were precipitated by centrifugation at 8000 × 

g for 6 min and washed once with 250 mM sucrose, 10 mM Tris-HCl, 0.1 mM EGTA, 0.5 mg × ml-

1 BSA, pH 7.4. Mitochondria or cells were finally resuspended in the assay medium. 
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2.7 Isolation of mitochondria from cells 

All the isolation procedures were performed at 4°C or on ice. Cells were washed with cold PBS and 

detached with a scraper. The cell suspension was collected and centrifuged at 600 × g for 5 min. 

The pellet was suspended in the isolation buffer containing 250 mM sucrose, 10 mM Tris-HCl, 0.1 

mM EGTA, pH 7.4 and homogenized with a Potter homogenizer. The homogenate suspension was 

centrifuged at 600 × g for 5 min. The supernatant was collected and centrifuged at 6800 × g for 15 

min. Pellet was then washed with isolation buffer and spin down again at 6800 × g for 15 min. The 

mitochondrial pellet was suspended in the isolation buffer and quantified with the BCA method. 

2.8 Mitochondrial Ca2+ retention capacity 

YM (0.5 mg × ml-1) were suspended in 250 mM sucrose, 10 mM Tris-MOPS, 2 mM Pi, 1 mM 

NADH, 20 μM EGTA, 5 μM ETH129, 1 μM Calcium Green-5N, 0.5 mg × ml-1 BSA, pH 7.4. 

MLM (0.5 mg × ml-1) and permeabilized HEK293 or Drosophila S2R+ cells (1 × 107 cells x ml-1) 

were suspended in 250 mM sucrose, 10 mM Tris-MOPS, 5 mM succinate, 1 mM Pi, 10 μM EGTA, 

2 μM rotenone, 0.5 μM Calcium green-5N, pH 7.4. Final volume was 0.2 ml. Extramitochondrial 

Ca2+ was monitored by Calcium Green-5N fluorescence (excitation and emission wavelengths 485 

nm and 538 nm, respectively), using a Fluoroskan Ascent FL (Thermo scientific) plate reader. 

2.9 Mitochondrial swelling assay 

Unless otherwise stated, YM (0.5 mg × ml-1) were suspended in 250 mM sucrose, 10 mM Tris-

MOPS, 2 mM Pi, 1 mM NADH, 20 μM EGTA, 5 μM ETH129, 0.5 mg × ml-1 BSA, pH 7.4 in a 

final volume of 2 ml. MLM (0.5 mg × ml-1) were suspended in the assay medium as indicated in the 

figure legends in a final volume of 2 ml. Mitochondrial swelling was measured as the decrease of 

the turbidity (apparent absorbance at 540 nm) using a Cary 100 UV-Vis Spectrophotometer 

(Agilent Technologies). 

2.10 ATP hydrolysis assay 

MLM or YM pre-treated by glyoxals were suspended in 30 mM sucrose, 50 mM KCl, 50 mM Tris-

HCl, 2 mM EGTA, 4 mM MgCl2 and 2 mM phosphoenolpyruvate, supplemented with 4 U/ml 

pyruvate kinase, 3 U/ml lactate dehydrogenase, 2 mM ATP and 0.3 mM NADH. Treatment with 4 

μM oligomycin was performed at 37°C for 15 min. The assay was carried out at 37°C at a protein 

concentration of 40 μg × ml-1 in a final volume of 0.2 ml. ATP synthesis was measured as the 

decrease of absorbance of NADH at 340 nm using an Infinite® 200 PRO multimode microplate 

reader. 
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2.11  Oxygen consumption rate assay 

A Clark oxygen electrode was used to detect the oxygen consumption rate of isolated mitochondria. 

MLM were incubated in 250 mM sucrose, 10 mM Tris-MOPS, 10 μM EGTA, pH 7.4 at a final 

concentration of 0.5 mg of protein × ml-1 in a final volume of 2 ml. Further additions were 5 mM 

succinate as substrate, 1 mM Pi and 0.2 mM ADP. YM were incubated in 250 mM sucrose, 10 mM 

Tris-MOPS, 20 μM EGTA, 5 mM Pi, 0.5 mg/ml BSA, pH 7.4 at a final concentration of 0.25 mg of 

protein × ml-1 in a final volume of 2 ml. Further additions were 1 mM NADH, 0.2 mM ADP and 4 

μM oligomycin. 

2.12  Yeast cell lysis 

Yeast strains were cultured in YPG medium or 2% glucose (Drop-out-uracil) selective medium (as 

mentioned above) overnight at 30°C. About 5 × 107 cells (OD600nm of 3) were harvested and wash 

once with 1 ml cold H2O. Cell pellet was suspended in 0.1 M NaOH and incubated at 25°C for 10 

min. The incubation was stopped by centrifugation and the resulting pellet was solubilized in 50 µl 

SDS–PAGE loading buffer (50 mM Tris/HCl pH 6.8, 20% v/v glycerol, 5% v/v -mercaptoethanol, 

2% w/v SDS and 0.04% w/v bromophenol blue). The sample was heated at 95°C for 3 min, 

followed by centrifugation at 12000 × g for 10 min at 4°C, and 25 µl of the lysates was subjected to 

SDS-PAGE. 

2.13  Cross-linking experiments 

Isolated yeast mitochondria were suspended at a protein concentration of 1 mg × ml-1 in 250 mM 

sucrose, 10 mM Tris-MOPS, 2 mM Pi, 10 μM EGTA, pH 7.4. The cross-linking reaction was 

carried out with the addition of 2 mM CuCl2 and incubation at room temperature for 15 min. The 

reaction was stopped with the addition of 5 mM EDTA and 5 mM of N-ethylmaleimide (NEM) and 

incubation on ice for 10 min. Mitochondrial pellet was collected by centrifugation at 12000 x g for 

10 min at 4°C and subjected to the BN-PAGE analysis. 

2.14  Western blotting 

Isolated mitochondria (5 μg × μl-1) or yeast cell lysate were suspended in 50 mM Tris/HCl pH 6.8, 

2% w/v SDS, 20% v/v glycerol, 5% v/v -mercaptoethanol, and 0.04% w/v bromophenol blue at, 

and boiled for 5 minutes. After a centrifuge at 12000 × g for 10 min at 4°C, 25 µl of cell lysates or 

10 µl mitochondrial lysates were loaded onto NuPAGE™ 12% Bis-Tris Protein Gels (Invitrogen), 

and proteins were separated by electrophoresis in MOPS SDS Running Buffer (Invitrogen) for 3 h 

at 20 mA at 4°C. Proteins were transferred onto nitrocellulose membranes at 30 V for 1.25 h at 4°C. 

The membrane was blocked with 5% (w/v) milk at room temperature for 1 h and incubated with the 
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antibodies against TIM11, ATP20, ATP4, ATP3 (subunit ) and OSCP overnight at 4°C. 

Immunoreactive bands were detected by chemiluminescence using an Uvitec Cambridge instrument. 

2.15  Blue native gel electrophoresis 

Yeast mitochondria were suspended at a protein concentration of 10 mg × ml-1 in 150 mM 

potassium acetate, 30 mM HEPES, 10% v/v glycerol, 1 mM phenylmethylsulfonyl fluoride (PMSF), 

supplemented with 1.5% (w/v) digitonin (unless otherwise stated), pH 7.4. The mitochondrial 

lysates were harvested by centrifugation at 100,000 × g for 25 min at 4°C with a Beckman TL-100 

rotor. The supernatants were supplemented with native PAGE 5% G-250 sample additive 

(Invitrogen), and loaded onto NativePAGE™ 3-12% gradient Bis-Tris Protein Gels (BN-PAGE, 

Invitrogen). Electrophoresis was carried out in the Dark Blue cathode buffer at 150 V for 20 min 

and in the Light Blue cathode buffer at 250 V for 2 h. After electrophoresis, gels were stained with 

0.25 mg/ml Coomassie Blue, 10% acetic acid at room temperature overnight, or used for in-gel 

activity staining for ATP hydrolysis of F-ATP synthase. Activity was monitored in 270 mM glycine, 

35 mM Tris, pH 7.4, 8 mM ATP-Tris, pH 7.4, 15 mM MgSO4, and 2 mg/ml Pb(NO3)2 at 37°C. 

Alternatively, gels were blotted to polyvinylidene difluoride (PVDF) membranes for Western Blot 

analysis, or excised to obtain bands of F-ATP synthase dimers and monomers. These protein 

complexes were eluted from gels by an overnight incubation at 4°C in 25 mM Tricine, 10 mM 

MgSO4, 8 mM ATP, 7.5 mM Bis-Tris, 1% (w/v) n-heptyl β-D-thioglucopyranoside, pH 7.0.  

Samples were then centrifuged at 20,000 × g for 10 min at 4°C and supernatants were used either 

for Western Blotting, silver staining or for bilayer experiments as described in next paragraphs.  

2.16  Silver staining 

F-ATP synthase dimers and monomers eluted from BN-PAGE as described above were processed 

for silver staining analysis. Briefly, protein was denatured and separated by SDS-PAGE as detailed 

in “Western Blotting” section. After SDS-PAGE electrophoresis, gels were fixed in 50% methanol, 

12% acetic acid, 0.05% formalin (37% Formaldehyde) for 3 h, then washed twice with 50% ethanol 

for 20 min. The gels were treated with 0.02% Na2S2O3 for 1 min, followed by incubation with silver 

staining buffer containing 0.2% AgNO3, 0.076% formalin (35% Formaldehyde) for 20 min, and 

washed twice with H2O. The gels were incubated in 6% Na2CO3, 0.05% formalin (35% 

Formaldehyde) and 0.0004% Na2S2O3 until the bands were clearly visible and then washed twice 

with H2O. The developing reaction was blocked in 50% methanol, 12% acetic acid for ≥ 10 min, 

and the gels finally washed with 50% methanol for ≥ 20 min. 
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2.17  Electrophysiology 

Eluted dimers of F-ATP synthase from BN-PAGE gels were used for planar lipid bilayer 

experiments. Electrophysiological properties of F-ATP synthase were assessed by means of 

multisite single channel recording following protein insertion into artificial planar lipid bilayer. 

Multiple electrophysiological recordings were assessed at the same time from the same sample 

exploiting a Orbit mini bilayer workstation (Nanion Technologies, Munich, Germany) enabling the 

simultaneous recording of up to four artificial lipid bilayers. Membranes were prepared by painting 

a solution (10 mg/ml in octane) of soybean asolectin (Sigma) across four microcavities (150 µm in 

diameter) on standard Multielectrode Cavity Array (Meca) 4 chips (IonEra, Freiburg, Germany), set 

on the bottom of the Orbit mini recording chamber. The cavities and the whole recording chamber 

were filled with a recording solution (150 mM KCl, 10 mM HEPES, pH 7.5), before membrane 

painting. The microcavities of the chip constituted the cis compartment, to which all voltages 

reported refer, zero being assigned by convention to the trans (grounded) side. Currents were 

considered as positive when carried by cations flowing from the cis to the trans compartment, and 

vice versa. Currents were elicited after bulk loading of the protein into the recording chamber and 

addition of 3 mM CaCl2, 100 µM PhAsO, and 5 µM Cu(OP)2. Membrane capacity ranged from 10 

to 80 pF (average 50 pF) and no current leakage was detectable. Control recordings from empty 

membrane showed no currents occurrence during the whole recording time, up to 30 minutes. Data 

were acquired at 5 KHz, filtered at 500 Hz using a low-pass 4-pole Bessel filter, digitalized, and 

stored on a computer by a dedicated software (EDR, Elements s.r.l, Italy); data were analyzed 

offline using MATLAB 2007b (MathWorks). The power spectrum for each current signal was 

calculated by means of the Fast Fourier transform; frequencies lower than 5 Hz (baseline drifts) and 

higher than 500 Hz were not included in the analysis. The area under the power spectrum curve, 

referred for brevity as |P(f)|, as well as mean currents for non-zero values, and maximal currents, 

were calculated for each condition, taking advantage of a home-made algorithm developed on 

MATLAB. Averaged |P(f)| values were normalized for the WT value. Results are normally 

distributed by the Shapiro-Wilk test, and data are represented as mean ± s.e.m. Statistical 

comparison of data was assessed with ANOVA analysis. 

2.18  Serial-dilution spotting assay 

Overnight cultures of yeast different genotypes in appropriate selective mediums were diluted with 

sterile H2O to an OD600nm of 0.1 and four serial dilutions (1:10) were prepared in sterile H2O. Cell 

suspensions were transferred onto plates containing 2% Glucose, glycerol and 2% Glucose (-uracil) 

selective medium using a multi-channel pipette. Plates were analyzed after one to three days of 

incubation at 30°C. 
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2.19  Fluorescence dye rhod-2 loading 

MLM (25 mg × ml-1) were pre-incubated with 10 μM Rhod-2 AM in the mitochondrial isolation 

buffer (250 mM sucrose, 10 mM Tris-HCl, 0.1 mM EGTA, pH 7.4) for 20 min at 25°C. 

Mitochondria were collected by centrifugation at 15,300 × g for 6 min, washed once and finally 

suspended in the isolation buffer at a concentration of 25 mg × ml-1. Change of fluorescence was 

followed with a Perkin Elmer luminescence spectrometer at excitation 552 nm and emission 581 

nm. 

2.20  BAPTA-AM mitochondria loading 

MLM (1 mg × ml-1) were suspended in the isolation buffer (250 mM sucrose, 10 mM Tris-HCl, 0.1 

mM EGTA, pH 7.4) in the presence of 0.2 mM BAPTA-AM for 20 min at 25°C. Mitochondria 

were harvested by centrifugation at 15,300 × g for 6 min and resuspended at 10 mg/ml in the 

isolation buffer at 4°C. Mitochondria not loaded with BAPTA-AM were subjected to the same 

procedure after the addition of equivalent vehicle (DMSO) 
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3 RESULTS and DISCUSSION 
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3.1 OH-PGO is able to generate channel activity comparable to 

MMC in purified F-ATP synthase 

Modification with arginine-specific glyoxals modulates the PTP with inhibitory or inducing effects, 

depending on the net charge of the adduct(s) (281–284). Consistent with the effect of OH-PGO on 

the PTP of RLM, OH-PGO sensitized the PTP to Ca2+ in MLM, as well as in permeabilized human 

HEK293 cells (data not shown). We then tested whether OH-PGO was able to generate channels in 

purified F-ATP synthase. 

We found that purified bovine F-ATP synthase reconstituted into planar lipid bilayers displayed 

channel activity after the addition OH-PGO in presence of Ca2+, even in the absence of Bz-423 and 

of oxidants, which were previously shown to potentiate Ca2+-induced activation of the channel (Fig. 

3.1). OH-PGO is thus a strong inducer of PTP, and these results indicate that reactive arginine(s) 

are located in the F-ATP synthase. 
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Fig. 3.1. OH-PGO is able to trigger PTP opening in planar lipid bilayer in the presence of Ca2+. Upper, 

representative current traces recorded at -60 mV holding potential in symmetrical 150 mM KCl. 300 µM Ca2+ was 

added upon incorporation of purified F-ATP synthase following the addition of OH-PGO as indicated. Lower, 

corresponding current amplitude histograms were obtained from at least three independent experiments. The 

purified bovine F-ATP synthase could form a 350-pS channel after the addition of 2 mM OH-PGO together with 

300 µM Ca2+. The F-ATP synthase was purified from bovine heart mitochondria by Christoph Gerle(266). The 

bilayer experiments were performed with Andrea Urbani. 

 

3.2 Matrix Ca2+ is an essential permissive factor for opening of the 

PTP 

Consistent with a strict Ca2+ requirement for channel activity is the finding that MMC opening at 

the patch-clamp has never been observed unless Ca2+ was added (81). In isolated mitochondria PTP 

opening is usually triggered by matrix Ca2+ accumulation in the presence of one of a variety of 

inducers (311). Yet, as already mentioned conditions have been described under which PTP 

opening takes place in the absence of Ca2+ accumulation. These conditions include treatment with 

the SH reagent PhAsO (312), the wasp venom peptide mastoparan (313,314), the thiol oxidant 

Cu(OP)2 (312), cyanine dies (315) and the arginine reagent OH-PGO(282). The addition of OH-

PGO readily induced mitochondrial swelling in de-energized mitochondria even in presence of 

EGTA, indicating the matrix Ca2+ was thus sufficient for PTP opening triggered by OH-PGO at low 

Δψm (282). 

Establishing whether pore opening can occur in the absence of Ca2+ is an important issue because it 

represents a test for the hypothesis that Ca2+ binding to the  subunit of F-ATP synthase triggers 

PTP opening. Given that the presence of adventitious and/or matrix Ca2+ has not been addressed in 

the above-mentioned studies, we have reinvestigated the problem of whether PhAsO and OH-PGO 

can induce a Ca2+-insensitive permeability transition. 

In the absence of EGTA, energized mitochondria take up the adventitious or contaminating Ca2+, 

which may lead to PTP, which was potentiated by relatively low amounts of PhAsO and OH-PGO, 

prevented by EGTA and potentiated by added Ca2+ (Fig. 3.2.1). 
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Fig. 3.2.1. Differential permeability induced by PhAsO and OH-PGO in absence and presence of EGTA. 

MLM were added to 0.1 M KCl, 10 mM Tris-MOPS, 1 mM Pi, 2 μM rotenone, 5 mM succinate, pH 7.4 at 0.5 

mg/ml. In trace a (black), 1 mM EGTA was added before the addition of mitochondria. In trace c (blue), 50 μM 

Ca2+ was added before the addition of mitochondria. 5 μM PhAsO, 20 μM OH-PGO, 5 μM alamethicin (Ala) were 

added as indicated by arrows. 

 

To test the role of matrix Ca2+ in PTP opening we devised protocols to deplete or chelate matrix 

Ca2+. Mitochondria were loaded with Rhod-2 AM, which generates the Ca2+ indicator Rhod-2 in the 

matrix giving rise to a detectable fluorescence signal (Fig. 3.2.2). Addition of A23187 (allowing 

release of matrix Ca2+, which is then chelated by EGTA, panel A) or treatment with BAPTA-AM 

(which generates the Ca2+ chelator BAPTA in the matrix, panel B) resulted in the decrease of the 

fluorescence signal (Fig. 3.2.2). 
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Fig. 3.2.2. Effect of A23187 and BAPTA-AM on intramitochondrial Ca2+ level monitored by Rhod-2 

fluorescence. MLM (mito) were pre-treated by Rhod-2 AM as described in “Materials and Methods”. A, the pre-

treated MLM were added to a medium containing 0.1 M KCl, 10 mM Tris-MOPS, 2 μM Rotenone, 1 mM Mg2+, 1 

mM EGTA, pH 7.4 at 0.5 mg/ml, followed by additions of 1 μM A23187 and 1 mM Ca2+. B, the pre-treated MLM 

were added to a buffer containing 250 mM sucrose, 10 mM Tris-HCl, 0.1 mM EGTA, pH 7.4 at 1 mg/ml, 

followed by additions of equivalent amount of DMSO (red trace) or 200 μM BAPTA-AM (black trace). 

 

We next used these protocols to test whether PTP opening by PhAsO and OH-PGO, which occurs 

even in the presence of EGTA (282,312), was inhibited by depletion of matrix Ca2+. It should be 

recalled that a high membrane potential tends to prevent PTP opening (132); and that, due to 

operation of the K+/H+ exchanger, incubation of deenergized mitochondria in sucrose-based media 

causes matrix acidification, which in turn inhibits the PTP (316). 

In order to observe a reproducible induction of the permeability transition in the absence of Ca2+ 

uptake, we therefore incubated mitochondria in the absence of oxidizable substrates in an isotonic, 

KCl-based medium in the presence of EGTA. In the absence of further additions mitochondria 

maintained a constant volume, as indicated by readings of apparent absorbance (Fig. 3.2.3A, trace a 

in both panels). Addition of PhAsO (upper panel) or of OH-PGO (lower panel) was readily 

followed by a process of absorbance decrease (Fig. 3.2.3A, traces b), which was blunted by 

treatment with CsA (Fig. 3.2.3A, traces c), A23187 (Fig. 3.2.3A, traces d), or their combination 

(Fig. 3.2.3A, traces e). The results were highly significant both for treatment with PhAsO and with 

OH-PGO (Fig. 3.2.3B). 

 

 
Fig. 3.2.3. Depletion of matrix Ca2+ by A23187 inhibits the PTP induction by PhAsO and OH-PGO. MLM 

were incubated in a KCl based medium containing 0.1 M KCl, 10 mM Tris-MOPS, 1 mM Mg2+, 1 mM EGTA, 2 

μM rotenone, pH 7.4 at 0.5 mg /ml. Mg2+ was added to avoid the loss of matrix Mg2+ via A23187. A, in trace a 

(black), there was no addition of PhAsO or OH-PGO. In trace b (control, red), the assay medium was 

supplemented with equivalent amount of DMSO. In trace c (blue), the assay medium was supplemented with 1 
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μM CsA. In trace d (purple), mitochondria were incubated with 1 μM A23187 for 15 min. In trace e (green), the 

assay medium was supplemented with 1 μM A23187 and 1 μM CsA. 50 μM PhAsO, 2 mM OH-PGO and 5 µM 

Ala were added as the arrow indicated. B, rate of mitochondrial swelling was expressed as the fraction of swollen 

mitochondria per minute. Results are mean ± S.E. of three independent experiments. *P<0.05 vs control, **P<0.01 

vs control, ***P<0.001 vs control. Student’s t test. 
 

A titration was also performed, which confirmed that swelling (i.e. spreading of PTP opening 

throughout the mitochondrial populations (317)) was observed in the presence of EGTA (black 

squares), indicating that endogenous Ca2+ is sufficient to allow pore opening upon addition of the 

inducer. The rate of swelling was stimulated by added Ca2+ (green diamonds) and inhibited by both 

treatment with BAPTA-AM (red circles) and with the novel diarylisoxazole PTP inhibitor 63 (318) 

(purple triangles) (Fig. 3.2.4). 

 
Fig. 3.2.4. Mitochondrial BAPTA loading inhibits the PTP induction by different concentrations of PhAsO 

and OH-PGO. MLM were added to a medium containing 0.1 M KCl, 10 mM Tris-MOPS, 1 mM Pi, 2 μM 

rotenone, pH 7.4 at 0.5 mg/ml and rate of mitochondrial swelling (fraction of swollen mitochondria per minute) 

was measured in presence of indicated concentrations of PhAsO and OH-PGO. In traces colored in black, red and 

purple, the assay medium supplemented with 1 mM EGTA. In red trace, MLM were pre-treated with BAPTA-AM. 

In purple trace, the assay medium supplemented with 1 μM a N-phenylbenzamide compound (a novel 

diarylisoxazole PTP inhibitor 63) (318). In green trace, EGTA was omitted and 50 μM Ca2+ was added before the 

addition of mitochondria. 

 

Taken together, these results demonstrate that PTP opening can occur in the absence of added Ca2+ 

after treatment of isolated mitochondria with the dithiol reagent PhAsO or the arginine reagent OH-

PGO, two very effective PTP inducers. The inducing effect was inhibited by treatment with the 

ionophore A23187 (which depletes matrix divalent cations) or with BAPTA-AM (which chelates 

matrix Ca2+). We conclude that matrix Ca2+ is an essential permissive factor for PTP opening. This 

is consistent with the hypothesis that the permeability transition requires Ca2+ binding, possibly to 

the  subunit of F-ATP synthase (275). 
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3.3 Species-specificity of the PTP regulation by arginine residue(s) 

3.3.1 The species-specific effects of PGO on the PTP 

Previous studies had defined the PTP-modulatory effects of arginine-selective reagents. The 

outcome was dependent on the specific glyoxal used, with PTP inhibition by MGO or PGO and 

PTP activation by OH-PGO (281–284). However, these previous studies had focused on the effect 

of the reagents in RLM while whether the arginine-glyoxal adducts can modulate PTP in other 

species had not been investigated. 

Consistent with the effect of PGO on the PTP of RLM, PGO desensitized the PTP to Ca2+ in MLM 

(Fig. 1A) as well as in mitochondria from Saccharomyces cerevisiae in the presence of ETH129, a 

selective ionophore that allows Ca2+ equilibration across the inner membrane in yeast mitochondria 

(Fig. 3.3.1B). In either case, the desensitizing effect can be appreciated from the increased CRC of 

PGO-treated mitochondria (Fig. 3.3.1A,B). Unexpectedly, PGO caused instead sensitization of the 

pore to Ca2+ in permeabilized human HEK293 (Fig. 3.3.1C) and Drosophila S2R+ cells (Fig. 

3.3.1D). Sensitization of PTP opening by PGO in human and Drosophila cells was not due to 

digitonin permeabilization, as it was also observed in mitochondria isolated from these cells (results 

not shown). These findings indicate that the ability to modulate the PTP by PGO has been 

conserved although the effect (induction or inhibition) differs between species. 
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Fig. 3.3.1. The effects of PGO on the PTP have been conserved but differ between species. Isolated 

mitochondria or permeabilized cells were pre-treated with vehicle (DMSO) or PGO and resuspended in the CRC 

assay buffer as described in “Materials and Methods”. A, CRC of MLM pretreated with DMSO (black trace) or 1 

mM PGO (red trace). B, CRC of isolated yeast mitochondria pretreated with DMSO (black trace) or 4 mM PGO 

(red trace). C, CRC of permeabilized HEK293 cells pretreated with DMSO (black trace) or 4 mM PGO (red trace). 

D, CRC of permeabilized Drosophila S2R+ cells pretreated with DMSO (black trace) or 1 mM PGO (red trace). 

Representative traces are shown. Bars represent the CRC of DMSO- (black) or PGO-pretreated (red) isolated 

mitochondria or permeabilized cells. CRC of DMSO-treated mitochondria was set as one unit. Results are mean ± 

s.e.m. of at least three independent experiments. *P<0.05 vs vehicle, **P<0.01 vs vehicle. One-way ANOVA was 

used for statistical analysis.  
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Table 3. Number and position of arginine residues conserved between F-ATP synthase of S. cerevisiae, H. 

sapiens and M. musculus (in parentheses when different). 

 

Under the assumptions (i) that the observed differences depend on specific features of the PTP 

rather than on the existence of species-specific reactive sites and (ii) that these sites are located on 

the F-ATP synthase, we narrowed the search of the reactive arginine(s) from 135 (yeast) to 60 

arginines that are conserved between F-ATP synthases of S. cerevisiae, H. sapiens, M. musculus 

and D. melanogaster (the position of these residues in the yeast, human, and mouse enzymes are 

reported in Table 3). After ruling out a major role for the arginine residues of the , , , , a and c 

subunits because PGO treatment did not affect the catalytic activity of the enzyme, we were able to 

identify a key role for the g subunit Arg 107 in a study that is reported in full in the Appendix as 

Publication 1. The key findings are reported below for the reader’s convenience. 

3.3.2 The role of subunit g in conferring this species-specificity 

Taking advantage of the yeast model and of the species-specific response to PGO, we have replaced 

yeast subunit g (encoded by ATP20 gene) with its human counterpart (encoded by ATP5L gene). 

PGO desensitizes the yeast PTP to Ca2+ (thus increasing the CRC) while it sensitizes it in human 

HEK293 cells (thus decreasing the CRC, see Fig. 3.3.1). We exploited this phenotypic difference to 

test whether expression of human subunit g is able to switch the inhibitory effect of PGO in yeast 
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mitochondria to the inducing effect seen in human mitochondria. Deletion of the ATP20 gene 

encoding for yeast subunit g prevented dimerization of F-ATP synthase, which could be rescued by 

both expression of ATP20 and of ATP5L (which encodes human subunit g) (Fig. 3.3.2A). As for 

wild-type yeast (compare with Fig. 3.3.1), PGO increased the CRC of ATP20 mitochondria 

reexpressing ATP20, while replacement with ATP5L totally prevented the desensitizing effects of 

PGO, which rather decreased the CRC (Fig. 3.3.2B) as also seen in permeabilized HEK293 cells. 

These results suggest that subunit g confers species-specificity to the effects of PGO on the PTP. 

 

 
 

Fig. 3.3.2. Expression of human subunit g in yeast prevents the inhibitory effect of PGO. A, yeast 

mitochondrial proteins of the indicated genotypes were separated by BN-PAGE as described in “Materials and 

Methods” and revealed with Coomassie blue and in-gel activity staining for ATP hydrolysis to identify dimers (D), 

monomers (M) and F1 sector of F-ATP synthase. B, CRC of YM from ΔATP20 + ATP20 (black trace) and 

ΔATP20 + ATP5L (red trace) pretreated with the indicated concentrations of PGO. Data are expressed as 

CRC/CRC0 ratio, in which CRC0 refers to the CRC of DMSO-treated mitochondria. Results are mean ± s.e.m. of 

at least three independent experiments. *P<0.05 vs vehicle, **P<0.01 vs vehicle, ***P<0.001 vs vehicle. One-way 

ANOVA was used for statistical analysis. All sets of lanes in panel A are from the same gels. 

3.4 Arginine 107 of yeast subunit g mediates the sensitivity of 

PTP to PGO 

Subunits e and g are essential for dimerization of yeast F-ATP synthase and cristae generation, and 

deletion of either subunit leads to dimer and cristae disruption (254,259,262–264,267,269). The e 

and g subunits are also important for regulation of the Ca2+ sensitivity of yeast PTP, which 

undergoes desensitization after their genetic ablation (158). The fact that their contribution has been 

so far addressed in null mutants inevitably limits our understanding of their putative function in 

PTP formation. Conversely, site-directed mutagenesis of specific residues that does not alter 
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assembly, subunit composition and activity of the enzyme allows to interrogate their role in PTP 

formation and regulation. 

Both subunit e and g possess a single conserved arginine residue (R8 and R107 in the yeast 

sequence, respectively). To test whether these residues are involved in PTP modulation by PGO, we 

first analyzed deletion mutants of subunit g (ΔATP20) and of subunit e (ΔTIM11). The effect of 

PGO was completely abolished in the ΔATP20 deletion mutant lacking subunit g (Fig. 3.4A) and a 

similar, albeit somewhat smaller effect, was observed with the ΔTIM11 mutant lacking subunit e 

(Fig. 3.4B). In order to explore the role of individual arginines, we generated specific point mutants 

and tested their CRC. Remarkably, the R107A mutation in subunit g dramatically blunted the effect 

of PGO (Fig. 3.4C) while the R8A mutation in subunit e was ineffective, with an identical 

sensitivity to PGO as the wild-type species (Fig. 3.4D). This result was puzzling because subunit e 

only has one conserved arginine in position 8 and therefore, we would have expected the same 

result following either deletion of the subunit e gene or the R8A mutation. This apparent 

contradiction was resolved by analysis of the expression of the e and g subunits in the ΔATP20 and 

ΔTIM11 mutants. Indeed, deletion of the ATP20 gene led to the expected disappearance of subunit g 

only, 
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while deletion of the TIM11 gene caused the disappearance of both subunit e and g (Fig. 3.4E). 

Both R8 and R107 are located next to the GxxxG dimerization domains (Figs. 3.4F), and we 

suspect that this is the region where the PTP forms. 

Previous studies have focused on the structure-function relationship of glyoxals of different 

structure (281–284) rather than on the identification of the reactive residue(s). Here we had been 

able to identify R107 of subunit g as the unique target of PGO in yeast. 

 
Fig. 3.4. R107 of yeast F-ATP synthase subunit g mediates the effects of PGO on the CRC. Experimental 

conditions were as in Fig. 3.3.1B. A, CRC of YM from ΔATP20 pretreated with the indicated concentrations of 

PGO. B, CRC of YM from ΔTIM11 pretreated with the indicated concentrations of PGO. C, CRC of YM from 

ATP20 WT control (black trace) and ATP20 R107A (red trace) pretreated with the indicated concentrations of 

PGO. *P<0.05 vs ATP20 WT, ***P<0.001 vs ATP20 WT. Two-way ANOVA was used for statistical analysis. 

One-way ANOVA had been used for the statistical analysis, revealing that PGO did show any significance at all 

indicated concentration treatment comparing to vehicle treatment in YM from ATP20 R107A. D, CRC of YM 

from TIM11 WT control (black trace) and TIM11 R8A (red trace) pretreated with the indicated concentrations of 

PGO. In A-D, data are expressed as ratio to DMSO-treated mitochondria. Means ± s.e.m. of at least three 

independent experiments are shown. E, isolated yeast mitochondria of the indicated genotypes were evaluated by 

western blotting for , TIM11 and ATP20 subunit content after SDS-PAGE separation of 50 g of protein per lane. 

F, overview of F-ATP synthase FO dimer (PDB code 6B2Z) with frontal and top views highlighting the relative 

position of subunits g (yellow) and e (light blue) (with help of Giovanni Minervini). Putative GxxxG dimerization 

motifs is represented in purple. The structure is shown in standard view (front) and after a 90° rotation around the 

z-axis and two F0 monomers are presented. The boxed region is expanded in the lower part of the panel. Green 

spheres represent the position of R8 of subunit e and R117 of subunit g, which are predicted to localize at the 

border of the GxxxG domains. These positions were derived by comparing data from 3D structure (PDB: 6B2Z) 

with secondary structure predictions. 
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3.5 Arginine 8 of yeast subunit e is required for dimerization of F-

ATP synthase 

Subunits e and g of yeast F-ATP synthase are not essential for mitochondrial respiratory 

competence while they are necessary for the formation of F-ATP synthase dimers and maintenance 

of cristae morphology (228–230,254,262–265). In yeast ΔTIM11 mutant, ATP20 is unable to be 

detected, while the subunit e is present in ΔATP20 (262,319). We propose the charged amino acids 

may play a role in the interactions between subunits that favor their stability. 

3.5.1 Substitution of Arg 8 in subunit e affects dimerization of the F-

ATP synthase complex 

Arg 8 (R8) of subunit e, encoded by yeast TIM11 gene, is the only one positively charged arginine 

conserved across species. We substituted TIM11 R8 with alanine (A) or glutamic acid (E) using 

site-directed mutagenesis. Mitochondria from TIM11 R8A and TIM11 R8E mutants were assessed 

for F-ATP synthase supramolecular structure and compared to the TIM11 mutant lacking subunit e. 

The presence of monomers and dimers was examined in the mitochondrial extracts, which were 

obtained with increasing digitonin-to protein ratios and were subjected to blue native 

electrophoresis (BN-PAGE), then stained by Coomassie blue or tested for in-gel ATPase activity. 

As expected, the null mutant TIM11 displayed only monomers whatever the digitonin-to protein 

ratio used, while in the S. cerevisiae wild type strain BY4743 and in ΔTIM11 re-expressing wild-

type TIM11 genotype dimers were well detectable along with monomers at all digitonin 

concentrations. Conversely, in the mitochondrial extracts from TIM11 R8A and TIM11 R8E 

mutants the dimers were evident only at low, but not at high digitonin-to protein ratios, which favor 

dimer dissociation into monomers after the separation by BN-PAGE (Fig. 3.5.1A,B). In Panel C the 

dimer/monomer ratio of the different genotypes is reported, demonstrating that in the TIM11 R8A 

and TIM11 R8E mutants dimerization status was dramatically affected. In these mutants, like in the 

wild-type genotype, subunit e was found mainly associated to the dimers, as assessed by 2D-SDS-

PAGE and Western blotting of monomers and dimers cut out from BN gel (Fig. 3.5.1D). This 

finding further supports the interpretation that the low dimer/monomer ratio found in the TIM11 

R8A and TIM11 R8E mutants arose from an increased tendency of the dimers to dissociate when 

extracted with detergents and/or run in BN gels, rather than from a defect in assembly of the 
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mutated subunit e. All together these results show that the single amino acid substitutions of Arg 8 

of yeast subunit e affected dimerization of the F-ATP synthase complex. 

 
 

Fig. 3.5.1. Single amino acid substitutions of Arg 8 of yeast subunit e affect F-ATP synthase dimerization. 

A-B, mitochondrial protein extracts with 1.5 g/g or 0.5 g/g (digitonin/protein), respectively, from the indicated 

genotypes were subjected to BN-PAGE to separate the dimers (D), monomers (M) and F1 sector of F-ATP 

synthase identified by Coomassie blue staining and in-gel activity staining. C, histograms refer to dimer/monomer 

ratios (expressed in %) obtained by densitometry analysis of gel activity staining after indicated digitonin 

extraction and BN-PAGE separation. Data are an average ± S.E.M. of at least three independent experiments. 
*p<0.05 vs TIM11WT, **p<0.01 vs TIM11WT, ***p<0.001 vs TIM11WT. One-way ANOVA were used for 

statistical analysis. D, monomers and dimers separated from the 0.5g/g digitonin extracts were cut out from BN 

gel and eluted. The elution was subjected to 2D SDS-PAGE and Western blotting against subunit e. Plots are 

representative of three independent experiments. 

 

3.5.2 Ablation or loss of subunit g affects accommodation of subunit 

e in the F-ATP synthase dimers 

As already mentioned in the Introduction, CuCl2 treatment leads to dimer formation even in the null 

mutants lacking subunit e (ΔTIM1) or subunit g (ΔATP20), by stabilizing pre-existing dimers 

through copper cross-linking, which is resistant to digitonin extraction and detectable in BN gels 

(158,253,257,260). Consistently, after cross-linking with copper dimer/monomer ratios similar to 

those of the wild-type genotypes were observed in the null mutants ΔTIM11 and ΔATP20, as well 
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as in TIM11 R8A and TIM11 R8E mutants (Fig. 3.5.2A). To assess the abundance of subunit e in 

the monomers and dimers after CuCl2 treatment, the BN gels were directly subjected to 

immunoblotting against subunit e or γ (Fig. 3.5.2B). The levels of subunit γ were consistent with 

the protein abundance detected in BN gels, but not those of subunit e. As expected, in the wild type 

strain BY4743 and in the ΔTIM11 re-expressing wild type subunit e, subunit e was only present in 

the dimers, while in the null mutant ΔTIM11 subunit e was not detectable both in monomers and 

dimers. Interestingly, in the mutants TIM11 R8A and TIM11 R8E appreciable quantity of subunit e 

was found in the dimers, but also in the monomers, while in the null mutant ΔATP20 almost all 

subunit e was only observed in the monomers. These findings exclude that Cu2+ treatment forms F-

ATP synthase dimers by subunit e homodimers in all genotypes, in accordance with the recent 

genetic evidence that Cys23 of subunit a is responsible for Cu2+-dependent dimer formation in yeast 

(320). Moreover, our results demonstrate that deletion of ATP20 affects the proper assembly of 

subunit e, which remains associated to the F-ATP synthase monomers even after Cu2+ cross-linking. 

The presence of subunit e in monomers of the mutants TIM11 R8A and TIM11 R8E may be due to 

a partial loss of subunit g, which is essential for properly accommodate subunit e in the F-ATP 

synthase complex.  

 

 
 

Fig. 3.5.2. Ablation or loss of subunit g affects accommodation of subunit e in F-ATP synthase dimers. A, 

after pre-treatment with CuCl2 as described in “Materials and Methods”, mitochondrial protein extracts with 1.5 

g/1 g (digitonin/protein) from the indicated genotypes were separated by BN-PAGE and stained with Coomassie 

blue or identified by in-gel activity staining. B, BN-PAGE gels as described in panel A were subjected to 

immunoblotting to assess the abundance of  or e subunit in dimers (D) and monomers (M). 

 

3.5.3 Glu 83 of subunit g interacts with Arg 8 of subunit e 

Subunit g possesses two glutamic acids that are the only two negatively charged amino acids well 

conserved in the subunit g (Fig. 3.5.3A). The predicted positions of TIM11 R8 and ATP20 E83 or 
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E102 are reported in Fig. 3.5.3B. To investigate the putative glutamic residues of subunit g 

interacting with TIM11 R8, we generated the point mutants in the position of E83 and E102 of 

subunit g. We found that dimer/monomer ratio detected by digitonin extraction and BN gels in 

mitochondria from the mutant ATP20 E83A was significantly decreased, while the mutation of 

ATP20 R102A was ineffective (Fig. 3.5.4A-C). Remarkably, re-expression of TIM11 R8E and 

ATP20 E83K in ΔTIM11ΔATP20 mutant was able to rescue the dimer formation, as re-expression 

of TIM11 WT and ATP20 WT in ΔTIM11ΔATP20 mutant (Fig. 3.5.4D). These data indicate that 

ATP20 E83 participates in the interaction with TIM11 R8, which favors their incorporation into F-

ATP synthase and the dimerization of F-ATP synthase. 

 

 
 

Fig. 3.5.3. Sequence and structure of yeast subunit e and g. A, amino acid sequence comparison of F-ATP 

synthase subunit e and subunit g across species. B, overview of F-ATP synthase FO dimer (PDB code 6B2Z) 

frontal and top views highlighting the relative position of subunits g (yellow) and e (light blue). Putative GxxxG 

dimerization motifs is marked in purple. Stars represent putative positions of Arg 8 of subunit e, Glu 83 and Glu 

102 of subunit g in the zoomed view. These positions were kindly provided by Dr. Giovanni Minervini 

(University of Padova). 
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Fig. 3.5.4. Glu 83 of subunit g interacts with Arg 8 of subunit e favoring F-ATP synthase dimerization. A-B, 

mitochondrial protein extracts with 1.5 g/g (A) or 6 g/g (B) (digitonin/protein), respectively, from the indicated 

genotypes were subjected to BN-PAGE to separate the dimers (D), monomers (M) and F1 sector of F-ATP 

synthase identified by Coomassie blue staining and in-gel activity staining. C, histograms refer to dimer/monomer 

ratios (expressed in %) of indicated genotypes obtained by densitometry of in-gel activity staining after indicated 

digitonin extraction and BN-PAGE separation. Data are an average ± S.E.M. of at least three independent 

experiments. *p<0.05 vs ATP20WT, **p<0.01 vs ATP20WT, ***p<0.001 vs ATP20WT. One-way ANOVA were 

used for statistical analysis. D, experimental conditions were as described in Fig. 1A. Lanes 1-4 represent the 

genotypes BY4743, ΔTIM11ΔATP20 mutant (DKO), ΔTIM11ΔATP20 mutant re-expressing TIM11 R8E and 

ATP20 E83K (DKO+TIM11 R8E +ATP20 E83K), ΔTIM11ΔATP20 mutant re-expressing TIM11 WT and 

ATP20 WT (DKO+TIM11 WT +ATP20 WT), respectively. Plots are representative of at least three independent 

experiments. 

 

3.5.4 Expression level of subunits e and g in the mutants 

We next examined the abundance of several F-ATP synthase subunits by Western blotting in cell 

lysates and mitochondria from all genotypes. The analyses of cells lysates revealed that the mutants 

TIM11 R8A and TIM11 R8E, as well as the mutants ATP20 E83A and ATP20 E102A retained the 

expression levels of subunits g and e, as compared to subunit b and taken as control. These results 

indicated that the significant reduction in the levels of dimeric F-ATP synthase complexes observed 

in these mutants did not significantly alter the expression levels of subunits e and g in cells and 

mitochondrial lysates (Fig. 3.5.5).  
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Fig. 3.5.5. Expression level of subunits e and g in the mutants. Total or mitochondrial proteins from indicated 

genotypes were separated by SDS-PAGE and analyzed by Western blotting. Plots are representative of at least 

three independent experiments. Graphs show the mean ± s.e.m. of at least three independent experiments. Values 

refer to the relative densitometry values of TIM11 or ATP20 respect to subunit b and normalized to those of 

BY4743. *p<0.05 vs TIM11WT, **p<0.01 vs TIM11WT, ***p<0.001 vs TIM11WT; *p<0.05 vs ATP20WT, 

**p<0.01 vs ATP20WT. One-way ANOVA were used for statistical analysis. 

 

3.5.5 Substitutions of Arg 8 of subunit e affect the channel features 

We finally assessed the channel properties of TIM11 R8A and TIM11 R8E. Dimers cut out from 

BN-PAGE were eluted, and reconstituted into planar lipid bilayers followed by detection of their 

electrophysiological properties. Compared to the enzyme from WT mitochondria, dimers from the 

TIM11 R8A and TIM11 R8E mutants displayed strikingly smaller channel activities with a 

decrease of both the relative |P(f)| area (curve under the power spectrum) and of the mean currents 

(Fig. 3.5.6). These results suggest that Arg 8 of subunit e might participate in generating the full 

conductance channel, probably through the interaction with neighbor subunit(s) like subunit g. 



 

83 
 

 
 

Fig. 3.5.6. Substitutions of Arg 8 of subunit e affects channel features of the PTP in planar lipid bilayers. A, 

dimers and monomers from BN-PAGE gels as described in Fig. 1B were cut and eluted. The elution was 

subjected to Western blotting. Plots are representative of three independent experiments. B, electrophysiological 

characterizations of F-ATP synthase dimers reconstituted in planar lipid bilayers. Dimers from BN-PAGE gels as 

described in Fig. 1B were cut and eluted for planar lipid bilayers. Upper panels, representative current traces 

elicited after insertion of purified dimeric F-ATP synthase from TIM11 WT, TIM11 R8A, and TIM11 R8E into 

planar lipid bilayer following the additions of 3 mM Ca2+ (to the trans side), plus 100 µM PhAsO and 5 µM 

Cu(OP)2 (to both sides). Channel activity was abolished by the addition of 1 mM Gd3+. Vhold = −60 mV. Dotted 

lines indicate the closed state of the channel (0 pA). Lower panels, Average relative |P(f)| area, mean current, 

maximal current and open probability of the indicated genotypes. Data are mean ± s.e.m. of at least three 

independent experiments. *P<0.05 vs TIM11WT, **P<0.01 vs TIM11WT, ***P<0.001 vs TIM11WT. Statistical 

analysis was performed with ANOVA. With the help of Andrea Carrer. 

 

 

Taken together, these observations suggest that Arg 8 of TIM11 favors the dimerization of F-ATP 

synthase, most likely through the electrostatic interaction with Glu 83 of ATP20. 
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Modification with arginine-specific glyoxals modulates the
permeability transition (PT) of rat liver mitochondria, with
inhibitory or inducing effects that depend on the net charge of
the adduct(s). Here, we show that phenylglyoxal (PGO) affects
the PT in a species-specific manner (inhibition in mouse and
yeast, induction in human and Drosophila mitochondria). Fol-
lowing the hypotheses (i) that the effects are mediated by con-
served arginine(s) and (ii) that the PT is mediated by the F-ATP
synthase, we have narrowed the search to 60 arginines. Most of
these residues are located in subunits �, �, �, �, a, and c and were
excluded because PGO modification did not significantly
affect enzyme catalysis. On the other hand, yeast mitochon-
dria lacking subunit g or bearing a subunit g R107A mutation
were totally resistant to PT inhibition by PGO. Thus, the
effect of PGO on the PT is specifically mediated by Arg-107,
the only subunit g arginine that has been conserved across
species. These findings are evidence that the PT is mediated
by F-ATP synthase.

The mitochondrial PT3 is a Ca2�-dependent permeability
increase of the inner membrane (1). The PT is mediated by
opening of a regulated channel, the permeability transition pore
(PTP), which coincides with the mitochondrial megachannel
(MMC) identified by electrophysiology (2, 3). The mammalian
PTP/MMC displays a range of conductance states, which can
be as high as 1.2 nanosiemens, corresponding to a pore with a
diameter of about 2 nm. The channel also visits lower conduc-
tance states that may be the basis for selective permeation of

small solutes (4). Depending on open time and channel size, the
PTP/MMC can participate in Ca2� homeostasis (short-term
and/or low-conductance openings that provide a pathway for
fast Ca2� release) (5) or cell death (long-lasting and/or high-
conductance openings that cause energy dissipation, mem-
brane permeabilization to solutes, matrix swelling, and outer
membrane rupture with release of proapoptotic proteins) (6).
The mammalian PTP is modulated by binding of cyclophilin D
(CyPD), which favors pore opening after matrix accumulation
of Ca2�, an essential permissive factor (7). Regulation of the
PTP is complex; opening is favored by CyPD, Pi, and oxidative
stress, whereas it is inhibited by matrix H�, Mg2�, adenine
nucleotides, and cyclosporin A, which displaces CyPD and
desensitizes the pore to Ca2� (8). Although the molecular com-
ponents of the PTP were unknown, a few discrete regulatory
sites have been defined in the 1990s through the use of modifi-
ers of SH groups and of relatively specific histidine and arginine
reagents (9 –15).

The most recent hypothesis about the molecular nature of
the PTP/MMC is that it originates from a conformational
change occurring on F-ATP synthase when Mg2� is replaced by
Ca2� at the catalytic site. The conformational change would be
transmitted to the inner membrane by the peripheral stalk,
causing pore formation at the interface between enzyme mono-
mers (7). Whether and how the F-ATP synthase can form chan-
nels is the matter of controversy. The hypothesis is supported
by genetic manipulation of F-ATP synthase (16, 17); by electro-
physiological measurements of the bovine, human, yeast, and
Drosophila enzymes (17–20); and by site-directed mutagenesis
of specific F-ATP synthase residues (21, 22), whereas it has been
questioned by studies based on genetic ablation of subunits c, b,
and OSCP (23, 24) (see Bernardi and Lippe (25) for a recent
discussion that covers this controversy and offers an explana-
tion for the apparent discrepancies).

The PTP response to Ca2� is modulated by arginine residues,
which upon modification with glyoxals can cause PTP sensiti-
zation or desensitization, depending on the specific reagent
(12–15). Previous studies have focused on the structure–
function relationship of glyoxals of different structure rather
than on the identification of the reactive residue(s) (12–15).
Here, we have found that the effect of phenylglyoxal (PGO) on
the PTP differs between species and used sequence comparison
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and mutagenesis to identify the unique arginine of F-ATP syn-
thase subunit g (of a total of 60 conserved residues) that medi-
ates the PTP-modulating effect of PGO in yeast. This finding is
a step forward in the molecular understanding of PTP regula-
tion and further supports the hypothesis that the PTP forms
from F-ATP synthase.

Results

The effects of PGO on the PTP have been conserved but differ
between species

Consistent with the effect of PGO on the PTP of rat liver
mitochondria, PGO desensitized the PTP to Ca2� in mouse
liver mitochondria (MLM) (Fig. 1A) as well as in mitochondria
from Saccharomyces cerevisiae in the presence of ETH129, a
selective ionophore that allows Ca2� equilibration across the
inner membrane in yeast mitochondria (Fig. 1B). In either case,
the desensitizing effect can be appreciated from the increased
Ca2� retention capacity (CRC) of PGO-treated mitochondria
(Fig. 1, A and B). Unexpectedly, PGO caused instead sensitiza-
tion of the pore to Ca2� in permeabilized human HEK293 (Fig.
1C) and Drosophila S2R� cells (Fig. 1D). Sensitization of PTP
opening by PGO in human and Drosophila cells was not due to
digitonin permeabilization, as it was also observed in mito-
chondria isolated from these cells (results not shown). These
findings indicate that the ability to modulate the PTP by
PGO has been conserved across species. Under the assump-
tions (i) that the observed differences depend on specific

features of the PTP rather than on the existence of species-
specific reactive sites and (ii) that these sites are located on
the F-ATP synthase, we narrowed the search of the reactive
arginine(s) from 135 (yeast) to 60 arginines that are con-
served between F-ATP synthases of S. cerevisiae, Homo sapi-
ens, Mus musculus, and Drosophila melanogaster (the posi-
tions of these residues in the yeast, human, and mouse
enzymes are reported in Table 1).

Chemical modification by PGO does not affect catalytic
activity, oligomycin sensitivity, assembly, and subunit
composition of F-ATP synthase

Due to the large number of arginine residues and their spe-
cific relevance to enzymatic activity of F-ATP synthase, we
assessed whether treatment with PGO affects the catalytic
properties of the enzyme in MLM and yeast mitochondria
(YM). In MLM, a trend toward a slight inhibition of ATP hy-
drolysis was observed (but this did not reach statistical signifi-
cance), and the catalytic activity maintained its sensitivity to
oligomycin (Fig. 2A), and respiratory stimulation by ADP was
not affected (Fig. 2B). Similarly, in YM, both ATP hydrolytic
activity and respiratory stimulation by ADP were unaffected by
PGO (Fig. 2, C and D). Blue native gel separation and in-gel
activity staining after digitonin extraction did not reveal any
major effect of PGO on F-ATP synthase oligomeric state in
MLM (Fig. 2E). In these experiments, we used MLM because
they are easy to purify and because the mouse enzyme is virtu-

Figure 1. The sensitivity of PTP to PGO is conserved across species. Isolated mitochondria or permeabilized cells were pretreated with vehicle (DMSO) or
PGO and resuspended in the CRC assay buffer as described under “Experimental Procedures.” A, CRC of MLM pretreated with DMSO (black trace) or 1 mM PGO
(red trace). B, CRC of isolated yeast mitochondria pretreated with DMSO (black trace) or 4 mM PGO (red trace). C, CRC of permeabilized HEK293 cells pretreated
with DMSO (black trace) or 4 mM PGO (red trace). D, CRC of permeabilized Drosophila S2R� cells pretreated with DMSO (black trace) or 1 mM PGO (red trace).
Representative traces are shown. Bars, CRC of DMSO- (black) or PGO-pretreated (red) isolated mitochondria or permeabilized cells. CRC of DMSO-treated
mitochondria was set as 1 unit. Results are mean � S.E. (error bars) of at least three independent experiments. *, p � 0.05 versus vehicle; **, p � 0.01 versus
vehicle. One-way ANOVA was used for statistical analysis.
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ally identical to the human and yeast species for composition of
conserved arginines (Table 1). Analysis of dimers and mono-
mers resolved by SDS-PAGE and silver staining demonstrated
that treatment with PGO did not alter the pattern and relative
abundance of F-ATP synthase subunits (Fig. 2F). Based on these
results, the arginine residues of the F1 sector, subunit a, and
c-ring were not investigated further. Taking advantage of the
yeast model and of the species-specific response to PGO, we
performed a set of mutagenesis experiments in yeast cells to
identify the arginine residue(s) conferring the modulatory
effect to PGO.

OSCP does not confer sensitivity to the effects of PGO

We first investigated whether OSCP, which contains two
conserved arginine residues (Table 1), could be involved in con-
ferring the species specificity to the effects of PGO, which are
opposite in human and yeast mitochondria (Fig. 1). Deletion of
the ATP5 gene encoding for OSCP (�ATP5) prevented F-ATP
synthase assembly and growth on glycerol, both features being
rescued by reexpression of the WT yeast gene (�ATP5 �
yOSCP) (Fig. 3, A–C). Replacement with the human OSCP gene
(�ATP5 � hOSCP) was instead essentially unable to rescue
F-ATP synthase assembly unless the yeast mitochondrial tar-
geting sequence replaced the human sequence in the construct
(�ATP5 � yhOSCP). Indeed, only the chimeric protein allowed
assembly of a functional F-ATP synthase complex, which grew
normally on glycerol (Fig. 3, A–C). The rescued mutant dis-
played an increased CRC in response to PGO (i.e. the same
response of WT yeast mitochondria) (Fig. 3D). Thus, OSCP
does not confer species specificity to the effects of PGO on the
PTP.

Arginine 107 of yeast F-ATP synthase subunit g mediates the
effect of PGO on the mitochondrial permeability transition

Both subunit e and g possess a conserved arginine residue
(Arg-8 and Arg-107 in the yeast sequence, respectively, Fig. 4).
These residues correspond to Arg-15 and Arg-96, respectively,
in the human sequence (Table 1). To test whether these resi-

dues are involved in PTP modulation by PGO, we first analyzed
deletion mutants of subunit g (�ATP20) and of subunit e
(�TIM11). The effect of PGO was completely abolished in the
�ATP20 deletion mutant lacking subunit g (Fig. 5A), and a sim-
ilar, albeit somewhat smaller, effect was observed with the
�TIM11 mutant lacking subunit e (Fig. 5B). To explore the role
of individual arginines, we generated specific point mutants
and tested their CRC. Remarkably, the R107A mutation in sub-
unit g dramatically blunted the effect of PGO (Fig. 5C), whereas
the R8A mutation in subunit e was ineffective, with an identical
sensitivity to PGO as the WT species (Fig. 5D). This result was
puzzling because subunit e only has one conserved arginine in
position 8, and therefore we would have expected the same
result following either deletion of the subunit e gene or the
R8A mutation. This apparent contradiction was resolved by
analysis of the expression of the e and g subunits in the
�ATP20 and �TIM11 mutants. Indeed, deletion of the
ATP20 gene led to the expected disappearance of subunit g
only, whereas deletion of the TIM11 gene caused the disap-
pearance of both subunit e and g (Fig. 5E). Both Arg-8 and
Arg-107 are located next to the GXXXG dimerization
domains (Figs. 4 and 5F), and we suspect that this is the region
where the PTP forms.

The ATP20 Arg-107 mutation does not affect growth
properties, dimerization, and subunit composition of F-ATP
synthase

Given the importance of subunits e and g in both F-ATP
synthase dimerization and PTP formation in yeast (19), we
characterized the key features of the R107A mutants. Yeast cells
can grow by fermentation in glucose-rich medium, whereas
they need ATP generated from oxidative phosphorylation in
glycerol medium. The ATP20 R107A mutant grew both on the
glucose and glycerol (Fig. 6A), indicating that the mutation did
not influence the function of F-ATP synthase. The �TIM11 and
�ATP20 mutants expectedly did not display dimers after digi-
tonin extraction and blue native PAGE (Fig. 6B). Mitochondria

Table 1
Number and positions of arginine residues conserved between F-ATP synthase of S. cerevisiae, H. sapiens, and M. musculus (in parentheses when
different)

Subunit
Total

number Positions in S. cerevisiae Positions in H. sapiens (M. musculus)

� 26 4, 9, 67, 77, 127, 143, 163, 165, 176, 198, 201, 208, 225, 247,
295, 316, 323, 324, 328, 341, 345, 399, 410, 435, 457, 460

5, 12, 73, 83, 133, 149, 169, 171, 182, 204, 207, 214, 231, 253,
301, 322, 329, 330, 334, 347, 351, 405, 416, 441, 463, 466

� 17 93, 105, 127, 139, 223, 225, 262, 264, 277, 293, 307, 328, 370,
389, 439, 441, 445

109, 121, 143, 155, 239, 241, 279, 281, 294, 310, 324, 345, 387,
406, 456, 458, 462

� 7 4, 31, 42, 153, 266, 290, 292 4, 23, 34, 143, 253, 277, 279
a 1 186 159
c 1 39 c1: 99, c2: 104 (109), c3: 105 (104)
� 2 5, 23 6, 24
OSCP 2 8, 114 14, 117
b 1 200 208
f 1 56 50 (44)
e 1 8 15
g 1 107 96

Total 60 60 60
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reexpressing either WT or R107A subunit g had functional
dimers indistinguishable from those of WT BY4743 cells (Fig.
6B) with identical subunit composition, as judged from SDS-
PAGE and silver staining (Fig. 6C). Thus, the R107A replace-
ment in subunit g did not influence the assembly, activity, and
stability of F-ATP synthase.

PGO reacts with Arg-107 of subunit g and affects the pore only
in mitochondria with the WT subunit

We next tested whether the PGO adduct affects the proper-
ties of the PTP. One emerging issue is pore size, which is
affected by the deletion of lateral stalk subunits OSCP and b
even when the CRC is apparently unaffected (24). We therefore
measured Ca2�-induced swelling in yeast mitochondria in the
presence of ETH129 to allow electrophoretic Ca2� uptake. The

swelling rate was significantly inhibited by PGO in mitochon-
dria reexpressing WT subunit g but not the R107A mutant,
which displayed a lower rate of swelling (Fig. 7, A–C). Because
yeast subunit g also contains an arginine residue at position 106,
we employed synthetic test peptides corresponding to the
88 –114 amino acid segment of WT or containing the R106A
replacement. Following reaction with PGO, the peptides were
analyzed by MALDI-TOF MS. The results revealed that one
adduct with a molecular mass of 116 Da was formed on both the
WT and the R106A modified peptide (Fig. 7D). This molecular
mass corresponds to one molecule of PGO covalently attached
to the guanidine moiety of arginine. Formation of one single
adduct in the WT peptide carrying two adjacent arginines sug-
gests that reaction of Arg-107 with PGO may reduce the reac-
tivity of Arg-106.

Figure 2. Chemical modification of arginine residue(s) by PGO does not significantly affect activity, dimerization, and assembly of F-ATP synthase.
Experimental conditions were as described under “Experimental procedures.” A, ATP hydrolysis rate of MLM pretreated with DMSO (black bar) or with the
indicated concentrations of PGO (red bars). Closed bars, values subtracted for the oligomycin-insensitive fraction and expressed as nmol of ATP/mg/min. Open
bars, ATP hydrolysis in the presence of 4 �M oligomycin. Results are mean � S.E. (error bars) of three independent experiments. B, oxygen consumption rate of
DMSO- or 2 mM PGO-pretreated MLM in presence of succinate (state 4) and ADP � Pi (state 3). Values refer to state 3/state 4 ratio and are expressed as mean �
S.E. of three independent experiments. C, ATP hydrolysis rate of YM isolated from WT strain BY4743 pretreated with DMSO (black bar) or with the indicated
concentrations of PGO (red bars). Values have been subtracted for the oligomycin-insensitive fraction and expressed as nmol of ATP/mg/min. Results are
mean � S.E. of at least three independent experiments. D, oxygen consumption rate of YM isolated from WT strain BY4743 pretreated with DMSO (black bar)
or with the indicated concentrations of PGO (red bars) in the presence of NADH and ADP. Values refer to the ratio of OCR (ADP) and OCR (NADH) and are
expressed as mean � S.E. of three independent experiments. E, isolated MLM pretreated with the concentrations of PGO labeling each lane were separated by
BN-PAGE as described under “Experimental procedures” and revealed with Coomassie Blue and in-gel activity staining for ATP hydrolysis to identify dimers (D),
monomers (M), and F1 sector of F-ATP synthase. F, dimers and monomers were cut out from BN-PAGE gels and subjected to SDS-PAGE and silver-stained. All
sets of lanes in E and F are from the same gels.
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Expression of human subunit g in yeast prevents
PGO-dependent desensitization of PTP

PGO desensitizes the yeast PTP to Ca2� (thus increasing the
CRC), whereas it sensitizes it in human HEK293 cells (thus
decreasing the CRC; see Fig. 1). We exploited this phenotypic
difference to test whether expression of human subunit g is able
to switch the inhibitory effect of PGO in yeast mitochondria to
the inducing effect seen in human mitochondria. Deletion of
the ATP20 gene encoding for yeast subunit g prevented
dimerization of F-ATP synthase, which could be rescued by
both expression of ATP20 and of ATP5L (which encodes
human subunit g) (Fig. 8A). As for WT yeast (compare with Fig.
1), PGO increased the CRC of �ATP20 mitochondria reex-
pressing ATP20, whereas replacement with ATP5L totally pre-
vented the desensitizing effects of PGO, which rather decreased
the CRC (Fig. 8B), as also seen in permeabilized HEK293 cells.
These results suggest that subunit g confers species specificity
to the effects of PGO on the PTP.

Arg-107 of subunit g is a target for modification by high
glucose, phenylglyoxal, and methylglyoxal

Advanced glycation end-products (AGE) originate from
nonenzymatic modification of lysine and arginine residues that
takes place after long-term exposure to high concentrations of
glucose or to reactive compounds like methylglyoxal (MGO), a
byproduct of glycolysis that alters protein structure, stability,
and function (26 –28). Yeast cells grown at high glucose con-
centration undergo protein glycation largely due to generation

of high levels of MGO (29), with a relevant increase in argpy-
rimidine-modified proteins (30, 31). Arginine residues are fre-
quently found in enzyme sites involved in substrate binding and
catalysis, and their modification by MGO results in the forma-
tion of AGE (28). Consistent with these toxic effects, the growth
rate of yeast cells was slowed down in high-glucose medium
(Fig. 9A). At normal concentrations of glucose, toxicity was
mimicked by PGO and MGO (Fig. 9A). Remarkably, yeast
strains lacking subunit g or harboring the subunit g R107A
mutation were significantly more resistant to PGO toxicity (Fig.
9B).

Discussion

The molecular nature of the PTP is a long-standing mystery
of mitochondrial biology. In the past, we have used relatively
selective sulfhydryl, histidine, and arginine reagents to define
the properties of discrete sites conferring PTP regulation by the
proton electrochemical gradient, divalent cations, quinones,
and oxidative stress (8). The recent hypothesis that the PTP
may originate from a specific, Ca2�-induced conformation of
F-ATP synthase (16 –19) provides a unique opportunity to
identify these sites in molecular terms. Indeed, mutagenesis of
specific residues or deletion of specific subunits of F-ATP syn-
thase should modify predictably the properties of the PTP
and/or the effect of reagents acting at these sites. This is a for-
midable challenge because F-ATP synthase is a complex multi-
subunit enzyme (32–37) whose assembly is affected by deletion
of specific subunits (23, 24). The present study is part of our

Figure 3. Expression of human OSCP does not alter the inhibitory effect of PGO on yeast PTP. A, isolated yeast mitochondria of the indicated
genotypes (50 �g of protein/lane) were evaluated by Western blotting for �, OSCP, TIM11, and ATP20 subunits. B, serial dilution spotting assay of the
indicated genotypes. Cell suspensions were grown to A600 nm � 1; serially diluted; plated on medium containing 2% glucose (Glu), 2% Glu drop-out uracil
(�uracil), and 2% glycerol; and incubated at 30 °C. Pictures were taken after 1–2 days. C, yeast mitochondrial proteins of the indicated genotypes were
separated by BN-PAGE as described under “Experimental procedures,” and revealed with Coomassie Blue and in-gel activity staining for ATP hydrolysis
to identify dimers (D), monomers (M), and F1 sector of F-ATP synthase. D, CRC of yeast mitochondria from �ATP5 � yOSCP (black bars) and �ATP5 �
yhOSCP (red bars) pretreated with the indicated concentrations of PGO. Data are expressed as CRC/CRC0 ratio, in which CRC0 refers to the CRC of
DMSO-treated mitochondria. Results are mean � S.E. (error bars) of at least three independent experiments. All sets of lanes in A and C are from the same
gels.
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efforts at identifying such regulatory sites and, as a corollary, at
(dis)proving the general hypothesis that the PTP originates
from F-ATP synthase. So far, we have provided evidence (i) that
Ca2� triggers the PTP by substituting Mg2� at the catalytic site,
causing a conformational change that is transmitted through
OSCP to the lateral stalk and eventually to the inner membrane
(21), and (ii) that PTP blockade by matrix H� is mediated by the
unique, highly conserved histidine residue of OSCP subunit
(22). Here, we have been able to identify a unique arginine res-
idue that mediates the effects of PGO on the Ca2� sensitivity of
the PTP in yeast mitochondria.

Our previous studies had defined the PTP-modulatory
effects of arginine-selective reagents like glyoxals and 2,3-bu-
tanedione (12–15). Although glyoxals can also react with other
residues (such as lysines and cysteines) (38), it has been possible
to trace their effects on the PT to modification of arginines with
reasonable certainty (12–15). In rat liver mitochondria, the out-
come depended on the specific glyoxal used, with PTP inhibi-
tion by MGO or PGO and PTP activation by OH-PGO (12–15).
Studies with a variety of compounds with similar reactivity but
different overall physical-chemical properties led to the conclu-
sion that glyoxals react with the same arginine residue(s) and

Figure 4. Amino acid sequence comparison of F-ATP synthase subunits e and g.
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that the main determinants for the effects on the PTP are
charge and hydrogen-bonding capacity of the adducts (12–15).
Here, we have added the very relevant piece of information that
PGO has species-specific effects on the PTP. Having identified
Arg-107 of subunit g as the unique target of PGO in yeast, we
suspect that the species-specific effects may depend on differ-
ences in the primary structure of F-ATP synthase, which appear
to be particularly prominent in subunits e and g (Fig. 4).

A large fraction of the 60 conserved arginines of F-ATP syn-
thase is located in the catalytic sector (26 in subunit � and 17 in
subunit �) and in the F0 subunits �, �, c, and a (11 residues). The
membrane extrinsic region (F1 sector) of the F-ATP synthase
complex is composed of 3� and 3� and of one each of the �, �,
and � subunits. The 3�3� hexamer contains the catalytic sites
responsible for ATP synthesis or hydrolysis (32) and associates
through the �, �, and � subunits with a ring of hydrophobic c
subunits (the c-ring) in the membrane domain. The rotating
c-ring is in contact with the static a subunit, which maintains a
specific pathway for translocation of protons through the mem-
brane (34). A conserved arginine residue of subunit a plays a
critical role in blocking a futile proton shortcut and in facilitat-
ing proton transfer at the a/c-ring interface via a carboxylic
group in the c-ring (39). Our data do not reveal whether the
arginine residues of the catalytic sector react with glyoxals, but
they do indicate that, if present, these adducts do not play a
direct role in PTP modulation.

OSCP plays a critical role in the assembly and function of
F-ATP synthase (40, 41) and has a well-characterized regula-
tory role in PTP modulation in mammals by providing a site for
CyPD binding, which results in sensitization of the PTP to Ca2�

(17, 42, 43). Replacement of yeast with human OSCP did not
reverse PTP sensitization to Ca2� by PGO, however, suggesting
that also OSCP arginines are not critical for PTP modulation by
glyoxals.

F-ATP synthase complexes associate into dimers, which are
essential for the formation of oligomers and generation of the
cristae (44 –46). Subunits e and g are essential for this process,
and deletion of either subunit leads to dimer and cristae disrup-
tion (46 –52). The e and g subunits are also important for reg-
ulation of the Ca2� sensitivity of yeast PTP, which undergoes
desensitization after their genetic ablation (19). The fact that
their contribution has been so far addressed in null mutants
inevitably limits our understanding of their putative function in
PTP formation. Conversely, site-directed mutagenesis of spe-
cific residues that does not alter assembly, subunit composi-
tion, and enzymatic activity of the enzyme allows interrogation
of their role in PTP formation and regulation.

The yeast R107A mutant of subunit g described here shows
F-ATP synthase dimers with normal hydrolytic activity, yet it
displays a PTP that is desensitized to Ca2� (data not shown) and
insensitive to PGO and a decreased swelling rate in sucrose.
This last finding suggests that Arg-107 of subunit g may be

Figure 5. Arg-107 of yeast F-ATP synthase subunit g mediates the effects of PGO on the CRC. Experimental conditions were as in Fig. 1B. A, CRC of �ATP20
yeast mitochondria pretreated with the indicated concentrations of PGO. B, CRC of �TIM11 yeast mitochondria pretreated with the indicated concentrations
of PGO. C, CRC of yeast mitochondria from ATP20 WT control (black trace) and ATP20 R107A (red trace) pretreated with the indicated concentrations of PGO. *,
p � 0.05 versus ATP20 WT; ***, p � 0.001 versus ATP20 WT. Two-way ANOVA was used for statistical analysis. D, CRC of yeast mitochondria from TIM11 WT
control (black trace) and TIM11 R8A (red trace) pretreated with the indicated concentrations of PGO. In A–D, data are expressed as ratio to DMSO-treated
mitochondria. Means � S.E. (error bars) of at least three independent experiments are shown. E, isolated yeast mitochondria of the indicated genotypes were
evaluated by Western blotting for �, TIM11, and ATP20 subunit content after SDS-PAGE separation of 50 �g of protein per lane. F, overview of ATP synthase F0
dimer (Protein Data Bank code 6B2Z) with frontal and top views highlighting the relative position of subunits g (yellow) and e (light blue). Putative GXXXG
dimerization motifs are represented in purple. The structure is shown in standard view (front) and after a 90° rotation around the z axis, and two F0 monomers
are presented. The boxed region is expanded in the bottom part of the panel. Green spheres represent the position of Arg-8 of subunit e and Arg-107 of subunit
g, which are predicted to localize at the border of the GXXXG domains. These positions were derived by comparing data from the three-dimensional structure
(Protein Data Bank code 6B2Z) with secondary structure predictions.
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important for solute permeation through the PTP, providing a
further clue as to a possible site where the pore forms. Of note,
replacement of yeast subunit g with its human counterpart con-
fers the “human” phenotype to yeast, suggesting that the spe-
cies-specific effect of PGO is more likely to depend on struc-
tural differences between the yeast and human F-ATP synthase
than on the Arg-107–PGO adduct as such.

In mammals, dysregulated PTP opening is a primary cause of
cell death initiated via matrix swelling and rupture of the outer
membrane followed by release of proapoptotic factors (cyto-
chrome c), whereas its inhibition appears often to be protective
(8). Whether the pore plays a similar role in yeast is still a matter
of debate. Yeast does not possess a mitochondrial Ca2�

uniporter to mediate rapid Ca2� overload; nor does it form the
apoptosome complex required for the activation of effector
caspases. However, yeast mitochondria can undergo mem-
brane permeabilization in response to Ca2� and oxidative
stress (53, 54), leading to the release of cytochrome c, which
certainly causes decreased respiration and ATP production.
These events, together with the activation of the yeast meta-
caspase Ycalp, are proximal events in yeast programmed cell
death (54). Thus, as for mammals, PTP opening might repre-
sent an important cell death pathway also for yeast, which can
undergo apoptosis and aging (55).

AGE arising from carbonyl stress contribute to many patho-
logical states, such as diabetes and age-related diseases (26 –28).
It is apparent that adducts form at many sites other than sub-
unit g, yet our findings suggest that altered PTP features may

play a role in glucose-dependent toxicity also in human cells, as
was already suggested (56). Whether additional arginine resi-
dues mediate the glyoxal-specific effects described in rat mito-
chondria and human cells (12–15) remains to be established.
However, the demonstration that a single conserved arginine
residue of subunit g mediates the effects of PGO on the PTP in
yeast is another step toward a molecular understanding of PTP
regulation and evidence that the latter forms from a specific
conformation of the F-ATP synthase.

Experimental procedures

Reagents and cells

PGO hydrate, MGO, oligomycin, rotenone, succinic acid,
pyruvate, alamethicin, ATP, ADP, EGTA, CaCl2, digitonin,
NADH, ETH129, galactose, and sucrose were from Sigma
(Milan, Italy). Cyclosporin A was purchased from Calbiochem.
Ca2� Green-5N was from Invitrogen (Milan, Italy). HEK293T
were obtained from the American Tissue Culture Collection
(ATCC) and cultured in Dulbecco’s modified Eagle’s medium
(Lonza, Basel, Switzerland) supplemented with fetal bovine
serum (10%) and penicillin and streptomycin (1%) (Thermo
Fisher Scientific). Drosophila Schneider S2 cells were obtained
from Dr. Michael Forte (Oregon Health and Science Univer-
sity) and cultured as described (57). The Saccharomyces cerevi-
siae strains BY4743, �TIM11, and �ATP20 were purchased
from Thermo Scientific, and mitochondria were isolated as
described (19). Antibodies for TIM11, ATP20, and � subunits

Figure 6. The ATP20 R107A mutation does not affect dimerization, assembly, and function of F-ATP synthase. A, serial dilution spotting assay of BY4743,
�TIM11, �ATP20, ATP20 WT, ATP20 R107A strains. Cell suspensions were grown to A600 nm � 1; serially diluted; plated on medium containing 2% Glu, 2% Glu
drop-out uracil (�uracil), and 2% glycerol; and incubated at 30 °C. Pictures were taken after 1–3 days. B, yeast mitochondrial proteins of the indicated
genotypes were separated by BN-PAGE as described under “Experimental procedures” and revealed with Coomassie Blue and in-gel activity staining for ATP
hydrolysis to identify dimers (D), monomers (M), and the F1 sector of F-ATP synthase. C, dimers and monomers were cut out from BN-PAGE, subjected to
two-dimensional SDS-PAGE, and revealed by silver staining. All sets of lanes in B and C are from the same gels.
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were a kind gift of Dr. Marie-France Giraud (University of Bor-
deaux, France). Antibody for the OSCP subunit was purchased
from Santa Cruz Biotechnology, Inc. (sc-365162).

Yeast mutant generation

To generate �ATP5 yeast expressing the human or yeast
OSCP (ATP5) sequence, the ATP5 gene was first deleted in
W303 diploids by substituting the genomic sequence with the
Kan cassette of pFA6a-KanMX4 vector. Then diploids were
allowed to sporulate in 2% potassium acetate medium, resulting
tetrads were dissected, and correct clones were checked by
semiquantitative PCR using appropriate primers. Yeast ATP5
gene (yOSCP) was cloned in pFL38-URA vector after amplifi-
cation using the following primers that include upstream and
downstream regulatory sites (endogenous promoter and termi-
nation sequence): 5�-CACGACGTTGTAAAACGACGGCC-
AGTGAATTCGAGCTCGGTACCCTGCCGTCGTCATAA-

AGTGGAC (forward) and 5�-TTACGCCAAGCTTGCATGC-
CTGCAGGTCGACTCTAGAGGATCCCCGTTTGCCTGG-
ATACACGAAC (reverse). Cloned products were confirmed by
sequence analysis. Human OSCP (hOSCP) cDNA (NM_
001697) was purchased from GenScript and amplified using the
following primers: 5�-CAGTGTGCTGGAATTCAACACA-
ATGGCTGCCCCAGCAGTGTCC (forward) and 5�-GATA-
TCTGCAGAATTTTAGACAATCTCCCGCATAGCCCTG
(reverse). To substitute with the yeast putative mitochondrial
import sequence at the N terminus of the OSCP gene
(yhOSCP), we used the forward primer 5�-CAGTGTGCTGG-
AATTCAACACAATGTTTAATAGAGTCTTTACCAGGT-
CATTTGCATCAAGCTTAAGAGCTGCTGCTTCCAAAG-
CTGCTGCTCCCCCTCCTGTTCAGGTATACGGTATTG
and the same reverse primer as for hOSCP. PCR products were
cloned in pYES2-URA previously digested with EcoRI-HF
using the In-Fusion HD cloning kit (Clontech), and resulting

Figure 7. Arg-107 of yeast F-ATP synthase subunit g mediates inhibition of mitochondrial permeability transition by PGO. Experimental conditions
were as in Fig. 1B except that Ca2� green-5N was omitted. A and B, PTP-dependent mitochondrial swelling was evaluated as the decrease of absorbance at 540
nm, and the fraction of mitochondria that underwent the PT was assessed as described by Petronilli et al. (63). Additions of 50 �M Ca2� and 5 �M alamethicin
are indicated by arrows. Ca2� was omitted in the light blue traces. Mitochondria isolated from ATP20 WT (A) and ATP20 R107A yeast (B) were treated with DMSO
(black traces) or 4 mM PGO in DMSO (red traces). Representative traces of at least three independent experiments are shown. C, rate of mitochondrial swelling
triggered by 50 �M Ca2�. ATP20 WT or ATP20 R107A mitochondria were pretreated with DMSO (black bars) or 4 mM PGO (red bars). The rate of mitochondrial
swelling is expressed as the fraction of swollen mitochondria/min. Data are mean � S.E. (error bars) of at least three independent experiments. *, p � 0.05 versus
WT (ATP20 WT); ***, p � 0.001 versus vehicle. One-way ANOVA was used for statistical analysis. D, MALDI-TOF mass spectra of synthetic peptides of the amino
acid segment comprising Arg-107. The mass spectra of the parent peptides are shown in the top windows, and that of the PGO-modified peptides is shown in
the bottom window. Masses in the spectra are M � H�. The 116-Da adducts are marked with arrows.
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vectors were checked by sequencing. Yeast �ATP5 cells were
separately transformed by a standard procedure (58) with
yOSCP pFL38-URA, hOSCP pYES2-URA, or yhOSCP pYES2-
URA, and correct clones were selected. Human cDNA ATP5L
cloned into pESC-LEU vector by SalI/XhoI sites was purchased
from GenScript. The oligonucleotide primers used for the yeast
ATP20 gene to be cloned in pESC-LEU vector by SalI/XhoI sites
were 5�-GGGCCCGGGCGTCGACAACACAATGCTAAGC-
AGGATCCAA (forward) and 5�-ACCAAGCTTACTCGATT-
AGTGATGTTTATATCCCAC (reverse). PCR products were
cloned in pESC-LEU vector previously digested with SalI-HF
and XhoI using the In-Fusion HD cloning kit (Clontech), and
resulting vectors were checked by sequencing. A one-step
transformation protocol (58) was used to transform ATP5L
pESC-LEU or ATP20 pESC-LEU into yeast �ATP20 strain and
cultured in the selective medium 2% galactose (drop-out leu-
cine). The oligonucleotide primers used for TIM11 R8A and
ATP20 R107A site-directed mutagenesis were as follows:
TIM11 R8A, 5�-CGACAGTTAATGTTTTGGCATACTCTG-
CGTTGGGTTTG (forward) and 5�-CAAACCCAACGCAG-
AGTATGCCAAAACATTAACTGTCG (reverse); ATP20
R107A, 5�-CGGTGAAATAATTGGAAGAGCAAAATTAG-
TGGGATATAAAC (forward) and 5�-GTTTATATCCCACT-
AATTTTGCTCTTCCAATTATTTCACCG (reverse).

The QuikChange Lightning site-directed mutagenesis kit
(Agilent) was used to harvest the mutants, and the dsDNA tem-
plates we used were TIM11 and ATP20 WT genes created in
pFL38 plasmid. After the mutations were confirmed by
sequencing, a one-step transformation protocol (58) was used
to transform the plasmid into �TIM11 or �ATP20 S. cerevisiae
strain and plated on the selective medium 2% Glu (drop-out
uracil) and incubated in 30 °C for 2 days.

Mouse liver mitochondria preparation

All of the isolation procedures were performed at 4 °C or
on ice. Mouse livers were cut into pieces in the isolation

buffer containing 250 mM sucrose, 10 mM Tris-HCl, 0.1 mM

EGTA, pH 7.4. The homogenate suspension was centrifuged
at 690 	 g for 10 min. The supernatant was collected and
centrifuged at 7000 	 g for 10 min. The pellet was suspended
in the isolation buffer and centrifuged at 9400 	 g for 5 min.
The mitochondria pellet was resuspended in about 400 �l of
isolation buffer. The biuret test was used for determining
protein concentration.

Yeast mitochondria isolation

Yeast mitochondria were isolated as described previously
(19). Briefly, yeast cells were cultured in 400 ml of medium
containing 1% yeast extract, 1% bacto-polypeptone, and 2%
galactose overnight at 30 °C. Yeast cells were harvested by cen-
trifugation at 2000 	 g for 5 min at room temperature. The cell
pellet was incubated in 0.1 M Tris-SO4, pH 9.4, buffer, supple-
mented with 10 mM DTT for 15 min at 37 °C. The incubation
was terminated by centrifugation at 2000 	 g for 5 min and
washed once with 1.2 M sorbitol, 20 mM Pi, pH 7.4, buffer.
The cell pellet was resuspended in the above sorbitol buffer
supplemented with zymolyase (0.4 mg/g pellet) and then
incubated for 45 min at 30 °C. The incubation was termi-
nated by centrifugation at 2000 	 g for 5 min at 4 °C and
washed once with sorbitol buffer. The cell pellet was resus-
pended in cold buffer containing 0.6 M mannitol, 10 mM

Tris-HCl, 0.1 mM EDTA, pH 7.4, and homogenized with a
Potter homogenizer. The supernatant was collected and cen-
trifuged at 2000 	 g for 5 min at 4 °C, and then the superna-
tant was centrifuged at 12,000 	 g for 10 min at 4 °C. The
mitochondrial pellet was harvested in mannitol medium.
Protein concentration was quantified by the A280 of 0.6%
SDS-solubilized mitochondria.

Cell permeabilization

The culture medium of human HEK293 cells was discarded,
and cells were washed once with Dulbecco’s PBS. Cells were

Figure 8. Expression of human subunit g in yeast prevents the inhibitory effect of PGO. A, yeast mitochondrial proteins of the indicated genotypes were
separated by BN-PAGE as described under “Experimental Procedures” and revealed with Coomassie Blue and in-gel activity staining for ATP hydrolysis to
identify dimers (D), monomers (M), and F1 sector of F-ATP synthase. B, CRC of yeast mitochondria from �ATP20 � ATP20 (black trace) and �ATP20 � ATP5L (red
trace) pretreated with the indicated concentrations of PGO. Data are expressed as CRC/CRC0 ratio, in which CRC0 refers to the CRC of DMSO-treated mitochon-
dria. Results are mean � S.E. (error bars) of at least three independent experiments. *, p � 0.05 versus vehicle; **, p � 0.01 versus vehicle; ***, p � 0.001 versus
vehicle. One-way ANOVA was used for statistical analysis.

Subunit g Arg-107 of F-ATPase regulates PTP

J. Biol. Chem. (2018) 293(38) 14632–14645 14641

 at U
niversity of South D

akota on Septem
ber 23, 2018

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


treated with 0.25% trypsin, and the reaction was terminated by
the addition of culture medium. Drosophila S2R� cells were
detached with a scraper. Cell suspensions were centrifuged at
500 	 g for 5 min and washed once with medium containing
130 mM KCl, 10 mM MOPS-Tris, 1 mM Pi, 0.1 mM EGTA, pH
7.4. The cell pellet was resuspended in a medium containing
130 mM KCl, 10 mM MOPS-Tris, 1 mM Pi, 1 mM EGTA, pH 7.4,
and supplemented with 100 �M digitonin and incubated for 10
min on ice at a density of 2 	 107 cells/ml (HEK293 cells) or
supplemented with 150 �M digitonin and incubated on ice for
20 min at a density of 6 	 107 cells/ml (Drosophila S2R� cells).
The incubations were terminated by dilution with 15–20 ml of
medium containing 130 mM KCl, 10 mM MOPS-Tris, 1 mM Pi,
0.1 mM EGTA, pH 7.4, followed by centrifugation at 500 	 g for
5 min at 4 °C. The cell pellet was washed once with 5 ml of the
above KCl medium at 4 °C. The final pellet was resuspended in
250 mM sucrose, 20 �M EGTA, 10 mM HEPES-KOH, pH 8.0, for
reaction with PGO.

Chemical modification with PGO

Freshly isolated mouse liver or yeast mitochondria (1 mg/ml)
or 2 	 107/ml permeabilized cells were incubated with PGO in
250 mM sucrose, 20 �M EGTA, 10 mM HEPES-KOH, pH 8.0, for
15 min at 25 °C. The reaction was terminated by decreasing the
pH to 6.8 with HEPES and cooling to 4 °C. Mitochondria were
precipitated by centrifugation at 8000 	 g for 6 min and washed
once with 250 mM sucrose, 0.1 mM EGTA, 0.5 mg/ml BSA, 10
mM Tris-HCl, pH 7.4. Mitochondria or cells were finally resus-
pended in the assay medium.

Mitochondrial Ca2� retention capacity

Yeast mitochondria (0.5 mg of protein/ml) were suspended
in 250 mM sucrose, 10 mM Tris-MOPS, 20 �M EGTA, 1 mM

NADH, 5 �M ETH129, 2 mM Pi, 1 �M Calcium Green-5N, 0.5
mg/ml BSA, pH 7.4. MLM (0.5 mg of protein/ml) and permea-
bilized HEK293 or Drosophila S2R� cells (1 	 107 cells/ml)
were suspended in 250 mM sucrose, 10 mM Tris-MOPS, 10 �M

Figure 9. The ATP20 R107A yeast mutant is partially resistant to PGO toxicity. A, A600 nm values of WT strain BY4743 cultured in 2% glucose (black trace),
20% glucose (purple trace), 2% glucose with the addition of 16 mM MGO (green trace), or 2% glucose with the addition of 0.5 mM PGO (red trace) at the indicated
time points. B (left), A600 nm value of yeast WT strain BY4743 (blue trace), �ATP20 mutant (purple trace), ATP20 WT control (black trace), or ATP20 R107A (red trace)
cultured in 2% glucose with the addition of 0.5 mM PGO. Right, survival of yeast cells incubated with 0.5 mM PGO at 30 °C for 6 h normalized to untreated
cultures. Data are mean � S.E. (error bars) of three independent experiments. ***, p � 0.001 versus BY4743; §, p � 0.001 versus ATP20 WT. One-way ANOVA was
used for statistical analysis.
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EGTA, 1 mM Pi, 0.5 �M Calcium Green-5N, 5 mM succinate, 2
�M rotenone, pH 7.4. Final volume was 0.2 ml. External Ca2�

concentration was monitored by Calcium Green-5N fluores-
cence (excitation and emission wavelengths 485 and 538 nm,
respectively) using a Fluoroskan Ascent FL (Thermo Scientific)
plate reader.

Mitochondrial swelling assay

Isolated yeast mitochondria were suspended in 250 mM

sucrose, 10 mM Tris-MOPS, 20 �M EGTA, 1 mM NADH, 5 �M

ETH129, 0.5 mg/ml BSA, 2 mM Pi, pH 7.4, at a concentration of
0.5 mg of protein/ml in a final volume of 2 ml. Mitochondrial
swelling was measured as the decrease of the turbidity (appar-
ent absorbance at 540 nm) using a Cary 100 UV-visible spec-
trophotometer from Agilent Technologies.

Western blotting

Isolated mitochondria were lysed in 150 mM NaCl, 50 mM

Tris-HCl, pH 7.4, 2 mM EDTA, 2 mM EGTA, 1% Triton X-100,
10 mM �-mercaptoethanol, 10% glycerol, 0.3% Nonidet P-40,
0.04% bromphenol blue, supplemented with protease inhibitor
mixture (Sigma) at 2.5 �g of protein/�l and boiled for 5 min.
The above lysates were loaded onto NuPAGETM 12% BisTris
protein gels (Invitrogen), and proteins were separated by elec-
trophoresis in NuPAGETM MOPS SDS running buffer (Invitro-
gen) for 3 h at 20 mA at 4 °C. Resolved proteins were transferred
to nitrocellulose membranes in NuPAGETM transfer buffer for
1.25 h at 30 V at 4 °C, followed by membrane blocking with 5%
(w/v) dry milk. The membrane was incubated overnight with
the antibodies for TIM11, ATP20, and � subunits overnight at
4 °C. Immunoreactive bands were detected by chemilumines-
cence using an Uvitec Cambridge instrument.

Blue native gel electrophoresis

Isolated yeast mitochondria were suspended in 150 mM

potassium acetate, 30 mM HEPES, 10% glycerol, 1 mM phenyl-
methylsulfonyl fluoride, supplemented with 1.5% (w/v) digito-
nin, pH 7.4, at 10 mg/ml, followed by centrifugation at
100,000 	 g for 25 min at 4 °C with a Beckman TL-100 rotor.
Supernatants were collected and supplemented with native
PAGE 5% G-250 sample additive (Invitrogen) and then rapidly
applied onto NativePAGETM NovexTM 3–12% BisTris protein
gels (Invitrogen). Electrophoresis was carried out in the Dark
Blue cathode buffer at 150 V for 20 min and in the Light Blue
cathode buffer at 250 V for 2 h. After electrophoresis, gels were
stained with Coomassie Blue or used for in-gel activity staining
of F-ATP synthase as described previously (19).

ATP hydrolysis assay

MLM or YM pretreated by PGO were suspended in 30 mM

sucrose, 50 mM KCl, 50 mM Tris-HCl, 2 mM EGTA, 4 mM MgCl2
and 2 mM phosphoenolpyruvate, supplemented with 4 units/ml
pyruvate kinase, 3 units/ml lactate dehydrogenase, 2 mM ATP,
and 0.3 mM NADH. Treatment with 4 �M oligomycin was per-
formed at 37 °C for 15 min. The assay was carried out at 37 °C at
a protein concentration of 40 �g 	 ml�1 in a final volume of 0.2
ml. ATP synthesis was measured as the decrease of absorbance

of NADH at 340 nm using an Infinite� 200 PRO multimode
microplate reader.

Oxygen consumption rate

A Clark oxygen electrode was used to detect the oxygen con-
sumption rate of isolated mitochondria. MLM were incubated
in 250 mM sucrose, 10 mM Tris-MOPS, 10 �M EGTA, pH 7.4, at
a final concentration of 0.5 mg of protein/ml in a final volume of
2 ml. Further additions were 5 mM succinate as substrate, 1 mM

Pi, and 0.2 mM ADP. YM were incubated in 250 mM sucrose, 10
mM Tris-MOPS, 20 �M EGTA, 5 mM Pi, 0.5 mg/ml BSA, pH 7.4,
at a final concentration of 0.25 mg of protein/ml in a final vol-
ume of 2 ml. Further additions were 1 mM NADH, 0.2 mM ADP,
and 4 �M oligomycin.

Mass spectrometry of g subunit peptides

Peptides (amino acids 88 –114 of subunit g) modeled on the
native sequence or containing alanine at position 106 were pur-
chased from Caslo ApS (Kongens Lyngby, Denmark). Peptides
were dissolved at a concentration of 100 �M in 10 mM Hepes-
K�, pH 8.0, and allowed to react with 2 mM PGO at room tem-
perature for 60 min. The reaction was stopped by the addition
of 0.5% TFA. The peptides were separated from the reaction
mixture by reverse phase chromatography using C18 ZipTips
(Millipore) pre-equilibrated with 0.5% TFA. Bound peptides
were eluted with 10 �l of 60% acetonitrile and 0.5% TFA. The
eluate was concentrated to 1 �l under a stream of nitrogen,
mixed with 1 �l of a saturated solution of �-cyano-4-hydroxy-
cinnamic acid, and applied to the MALDI target plate. MALDI-
TOF was performed on a Bruker Ultraflextreme (Bremen, Ger-
many) mass spectrometer operating in positive reflectron
mode. Calibration of the instrument was performed using pep-
tides of known mass.

Secondary structure assignment

This was performed pairing predictions from PSIPRED (59)
and FELLS (60), whereas transmembrane regions were pre-
dicted with TMHMM (61). Default parameters were selected.
The three-dimensional structure was visualized with Chimera
(62).
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a  b  s  t  r a  c t

Recent  years  have seen  renewed interest  in the  permeability  transition  pore,  a high  conductance  channel
responsible for  permeabilization  of  the inner  mitochondrial  membrane,  a  process that  leads  to depolar-
ization  and  Ca2+ release.  Transient  openings  may  be involved  in physiological  Ca2+ homeostasis  while
long-lasting  openings  may  trigger  and/or  execute  cell  death.  In  this  review  we  specifically  focus (i) on
the hypothesis  that  the  PTP forms  from the  F-ATP  synthase  and  (ii) on  the  mechanisms  through  which
eywords:
a2+

ermeability transition
itochondria

-ATP synthase
hannels

Ca2+ can reversibly  switch  this  energy-conserving  nanomachine  into an energy-dissipating  device.
© 2017  Elsevier  Ltd.  All  rights  reserved.
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. Introduction

The permeability transition (PT) is an increased permeability of
he mitochondrial inner membrane caused by opening of the PT

the matrix and the surrounding medium is generated and the
channel has an appropriate size, mitochondrial swelling, rupture
ore (PTP), a channel whose prolonged opening leads to depolar-
zation, loss of ionic homeostasis with Ca2+ release, and cessation
f mitochondrial ATP synthesis. If an osmotic imbalance between

Abbreviations: BAPTA-AM, N,N’-[1,2-ethanediylbis(oxy-2,1-phenylene)]bis[N-
2-[(acetyloxy)methoxy]-2-oxoethyl]]- bis[(acetyloxy)methyl] ester; CyP,
yclophilin; CsA, cyclosporin A; MMC,  mitochondrial megachannel; OH-PGO,
-hydroxyphenylglyoxal; PhAsO, phenylarsine oxide; Pi, inorganic phosphate; PT,
ermeability transition; PTP, permeability transition pore.
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E-mail address: bernardi@bio.unipd.it (P. Bernardi).
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143-4160/© 2017 Elsevier Ltd. All rights reserved.
of the outer membrane and release of proapoptotic proteins may
eventually take place [1]. Occurrence of a permeability increase
(including inhibition by Mg2+ and adenine nucleotides) in iso-
lated mitochondria was  recognized quite early [2,3] and its key
functional features fully established in the 1970s [1].  The perme-
ability change was defined “permeability transition” by Hunter and
Haworth, who carried out a systematic characterization of inducers
and inhibitors. They were the first to clearly propose that it resulted
from opening of a regulated channel [4–6] whose molecular nature
has long remained a mystery. The channel hypothesis of the PT

was greatly consolidated by the discovery that the inner mitochon-
drial membrane possesses ion channels [7] and that one of them,
the mitochondrial megachannel (MMC), has all the features of the
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TP including activation by Ca2+ and thiol oxidants, inhibition by
g2+/ADP, CsA and H+ [8–11] (see Ref. [12] for a thorough review).
A long-standing hypothesis proposed that the PTP forms at

ontact sites between the outer and inner mitochondrial mem-
ranes, and that the channel is composed by the adenine nucleotide
ranslocator and/or the phosphate (Pi) carrier in the inner mem-
rane and VDAC in the outer membrane, in association with a
ariety of regulatory proteins including the peripheral benzodi-
zepine receptor and cyclophilin (CyP)D [13]. This hypothesis has
een conclusively disproved by genetic elimination of each candi-
ate protein [14–18] with the exception of CyPD [19–22]. CyPD, the
arget of the inhibitor cyclosporin A (CsA), is  a  matrix peptidyl pro-
yl cis-trans isomerase that favors PTP opening but is not a structural
ore component. We  refer the reader to a comprehensive review
or these earlier aspects of research on the PTP [1].

A recent study based on a phenotypic screen with siRNAs has
roposed that the PTP forms from a complex of inner membrane
PG7 and outer membrane VDAC1 [23]. SPG7 and AFG3L are m-AAA
roteases that associate to perform mitochondrial quality con-
rol [24]. Mutations of the corresponding genes are at the basis
f hereditary spastic paraplegia [25] and spinocerebellar ataxia
26,27],  respectively, and of other neurological syndromes [28].  As
iscussed in some detail elsewhere [29,30] we disagree with the
uthors’ conclusions because an essential role of VDAC1 has been
onclusively ruled out by genetic experiments [15] and because
TP opening was still seen in the absence of SPG7 [23],  proving
hat this protein is not essential for PTP formation. A subsequent
tudy from the Langer laboratory reported that lack of SPG7 and/or
FG3L increased rather than decreased sensitivity to Ca2+-induced
TP opening, a possible consequence of abnormal processing of
he EMRE component of the mitochondrial Ca2+ uniporter com-
lex generating excessive mitochondrial Ca2+ uptake [31]. While
he basis for this discrepancy remains to be solved, we  note that in
iseases caused by SPG7 and AFG3L gene mutations the neuropatho-

ogical findings include the prominent presence of abnormal, often
wollen mitochondria [25–27,32,33], which is the expected out-
ome of PTP opening [1].

The PTP has been the subject of  a very large number of studies. Its
otential role in cell death was proposed in the early 1990s [34–38]
nd extensively addressed in a  variety of paradigms that developed
s the mitochondrial pathways to  cell death were being unraveled,
articularly after the discovery that release of cytochrome c is a key
eterminant in caspase 9 activation and induction of apoptosis [39].
argely through the use of CsA and of its non-immunosuppressive
erivatives (and later by elimination of the gene encoding CyPD),
he role of the PTP could be also addressed in organ and whole
nimal studies, which yielded convincing results particularly in
schemia-reperfusion injury of the heart [19,21,40], in brain dis-
ase models [22,41–48] and in muscular dystrophies [49]. While
ong-lasting openings of the PTP are associated to cytochrome c
elease and cell death [50], transient openings have been docu-
ented in situ [51] that could serve the purpose of allowing fast
itochondrial Ca2+ release [52], as now supported by increasing

xperimental evidence [53–56]. These pathophysiological aspects
ave been addressed in a comprehensive review [1] and will not be

urther discussed here, where we will rather cover recent work on
he nature of the PTP and the mechanism of its Ca2+-dependence.

. F1FO ATP synthase and the PTP

By following its interactions with other mitochondrial proteins

hrough an unbiased approach, we found that CyPD associates
ith the F1FO (F)-ATP synthase under conditions of mild detergent

xtraction. Binding was favored by Pi and prevented by CsA, and
ed to a partial (∼ 30%) inhibition of enzymatic activity which could
m 70 (2018) 56–63 57

be reactivated by CsA [57]. These findings are reminescent of the
effects of CyPD on the PTP, i.e. Pi and CyPD binding favor opening
while CsA favors PTP closure through CyPD unbinding [58–60] and
represent the first indication in the literature that the F-ATP syn-
thase may  be related to the PTP [57]. Following this lead, we showed
that gel-purified dimers of F-ATP synthase from bovine heart mito-
chondria form Ca2+-activated high conductance channels in lipid
bilayers, and that these channels have all the key features of the
MMC  [61]. Channel formation was then demonstrated in prepa-
rations from yeast [62], drosophila [63] and human mitochondria
[64],  and in each case the electrophysiological features matched
those of the corresponding PTPs [1].  Involvement of the F-ATP syn-
thase is also supported by an independent study where treatment
with siRNA against the c subunit of F-ATP synthase decreased PTP
opening in response to several death stimuli [65].  The key ques-
tion then became defining the mechanism(s) through which the
energy-conserving F-ATP synthase can be turned into the energy-
dissipating PTP, an issue that is the subject of intense research and
considerable controversy [1].

2.1. The mitochondrial F-ATP synthase

F-ATP synthase is a large multisubunit complex of about 600 kDa
organized into a catalytic (F1) and a membrane sector (FO) linked
by central and peripheral stalks. The enzyme is located in the inner
membrane, where under aerobic conditions it catalyzes the syn-
thesis of ATP at the expense of the protonmotive force generated
by the respiratory chain [66,67] whereas under anoxic conditions
it works in the direction of ATP hydrolysis, a  process that is lim-
ited by binding of inhibitory factor 1 [68–70].  Diffusion of H+ down
their electrochemical gradient drives the rotation of a ring of c
subunits within FO and the co-rotation of the central stalk (com-
prising the F1 �,  � and � subunits) inside the catalytic �3�3 domain
of the F1 sector, which is  responsible for ATP synthesis [71].  Vice
versa, ATP hydrolysis drives central stalk rotation in the opposite
direction, with H+ translocation to the intermembrane space and
formation of the protonmotive force. In either case the peripheral
stalk is thought to act as a stator that counters the tendency of the
�3�3 subcomplex to rotate with the central stalk [72]. In the FO
sector, subunits OSCP, b, d,  F6, DAPIT and 6.8PL form the periph-
eral stalk, which extends from the top of F1 in the matrix along its
external surface down into the membrane making contacts with
the so-called accessory subunits e, f, g, and A6L, which also extend
within the inner membrane [73–77].  Recently the regions of inter-
action between peripheral stalk and F1 catalytic domain have been
characterized in Yarrowia lipolytica [77] and Pichia angusta [78].
These new findings suggest a general mechanism through which
conformational changes occurring in F1 during catalysis may  be
propagated to the peripheral stalk. The binding site for CyPD is sub-
unit OSCP [57,61,79],  which is located on top of F1 and connects
with the lateral stalk subunits b and d. F-ATP synthase is com-
monly isolated as a  functional monomer, but this appears not to
be the physiological state in the membrane. Indeed, high resolu-
tion cryo-electron microscopy of native mitochondrial membranes
from yeast, algae, fungi, plants and mammals demonstrated that F-
ATP synthase is organized in dimers, which then associate to form
long rows of oligomers that help shape the cristae [80–85].

Essentially two hypotheses have been put forward to explain
PTP formation from F-ATP synthase (see [86] for a specific review).
The first suggests that the channel forms within the c ring after
a Ca2+-dependent modification leading to partial or total dissoci-

ation of the F1 sector from FO [64,65]; the second proposes that
the channel forms at the interface between monomers within the
dimers [61]. Either model must account for activation by Ca2+ and
ROS, inhibition by Mg2+/adenine nucleotides, and for the effects of
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yPD, CsA and of a variety of PTP modulators like the membrane
otential and matrix pH [1,87].

.2. Mechanism of PTP formation from F-ATP synthase – the c
ing hypothesis

To the best of our knowledge, evidence that the FO sector of
-ATP synthase can form channels was first provided by Sorgato
t al. in 1989, but the activity was insensitive to Ca2+ and pH and
he Authors therefore concluded that the PTP was not involved
88].  Subsequent patch-clamp studies were carried out using highly
urified c subunits, which assemble spontaneously into annular
tructures [89,90],  and cGMP-activated channels were detected. At
ariance from the MMC  and the PTP, however, these channels were
nhibited rather than activated by Ca2+ [91–93]. A possible link
etween subunits c  and PTP formation/regulation was suggested
y PT induction by a  phosphorylated peptide derived from subunit

 as  well as by subunit c itself [94,95]. Renewed interest in the c
ing in the context of PTP formation was recently provided by two
ndependent studies [64,65].

In the protocols of Bonora et al., HeLa cells were treated with
iRNA against the c subunit or subjected to overexpression of a
yc-tagged c subunit, and the propensity of the PTP to open tested

n several paradigms. The appropriate response was  observed, with
ecreased PTP opening and cell death after suppression of the c
ubunit and increased PTP opening with matching increase in cell
eath after overexpression of the c subunit [65]. As also noted by
alestrap [96], these experiments are consistent with a role of the
-ATP synthase in PTP regulation but cannot reveal whether the c
ing is directly involved or whether the results are rather a conse-
uence of altered ATP production or of a misfolded protein response
o the overexpressed construct. Furthermore, downregulation of
he c  subunit could have affected the biogenesis of the whole F-ATP
ynthase.

Alavian et al. have reconstituted the c subunit and the F-ATP
ynthase from human cells in liposomes and measured the pres-
nce of Ca2+-activated channels [64] whose features resemble those
e described for the purified bovine dimers [61]. They have sug-

ested that the PTP channel forms within the c ring itself after
a2+-dependent extrusion of  F1, i.e. of the �/�/� subunits [64]. In
hese experiments the channel could be closed by F-ATP synthase
ubunit � but not by its natural partners �, � or � [64].  We  have
lready noted that the physical dissociation of F1 from FO requires
uite drastic conditions such as treatment with 2  M urea [97,98].
e  also find it hard to envision a plausible mechanism through
hich matrix Ca2+ would cause release of F1 generating a chan-
el that cannot be closed by F1 itself [64], while it is known that
TP-dependent swelling in saline media is a fully reversible process
here pore closure is followed by shrinkage and complete recovery

f inner membrane structure and function [99].
Solid evidence that the MMC/PTP channel does not form within

he c ring comes from two recent studies. The Walker labora-
ory obtained from HAP1 human cells a clone where the ATPG1,
TPG2, and ATPG3 genes encoding for subunit c were genetically
isrupted, generating a vestigial F-ATP synthase which lacked the

 subunit and additionally was devoid of subunits ATP6 and DAPIT
100]. These cells had Ca2+-activated, CsA-sensitive PTP opening
hat was indistinguishable from what displayed by the parental, c
ing-competent HAP1 line both in permeabilized and in intact cells
100]. The Faraldo-Gomez laboratory took a  different approach and
enerated an atomistic simulation study on a variety of c rings. The

esults indicate that the lumen of  the c ring cannot be occupied by
ater, which is an obvious prerequisite for ion conductivity, leading

he Authors to conclude that the PTP channel cannot form within
he c ring [101].
m 70 (2018) 56–63

2.3. Mechanism of PTP formation from F-ATP synthase – the
peripheral stalk/dimer hypothesis

Selective inhibitors of the PTP exist that do not compromise
the catalytic activity of F-ATP synthase and vice versa [1],  suggest-
ing that catalytic activity and channel formation occur at different
regions of the enzyme complex. Since gel-excised dimers but not
monomers of F-ATP synthase rapidly gave rise to PTP-like channels
in lipid bilayers [61–63] we proposed that channel formation does
not involve the c ring (which participates in catalysis) but rather
occurs at the interface of two  adjacent monomers in the dimers
[61]. This idea is also supported by a study in yeast, where ablation
of subunits e  and g (which are located at the monomer–monomer
interface and stabilize the dimers) results in desensitization of the
pore to Ca2+ [62]. Our working hypothesis [61], which is now sup-
ported by novel evidence [102], is that opening of the PTP is the
indirect consequence of Ca2+ binding to  the metal binding site of
the � subunit within F1 [102], which in turn causes a conforma-
tional change that is propagated to the inner membrane by the
peripheral stalk via OSCP (Fig. 1).

The F1 sector contains two binding sites for divalent metals
(Me2+), a low affinity binding site in a peripheral loop [103] and
the nucleotide binding pocket, which is exposed to the matrix in
the �� cleft with the majority of coordinating residues contributed
by the � subunit [104]. The coordinating Me2+ is usually Mg2+,  but
under conditions of high matrix Ca2+ the same site can be occupied
by the latter cation [105] (Fig. 1). In the proteobacterium Rhodospir-
illum rubrum a single Thr to Ser mutation at position 159 of the �
subunit abolished the hydrolysis of Ca2+-ATP and increased the rate
of hydrolysis of Mg2+-ATP [106,107].  This same residue (Thr163 in
the bovine enzyme) was  also shown to play a key role in coordinat-
ing the Me2+ in the catalytic site of the bovine enzyme during ATP
hydrolysis [104], suggesting that it may  modulate the relative affin-
ity for Me2+ also in the � subunit of mammals. Interestingly, Ca2+

binding has major functional consequences in the sense that Ca2+-
ATP hydrolysis occurs, but this is not matched by the buildup of a
H+ gradient, suggesting that Ca2+ causes a conformational change
in the enzyme complex that impairs energy conservation [108].
Such a conformational change could be PTP opening, as our recent
data suggest [102].  We therefore investigated whether Thr163 is
responsible for PTP modulation in human HeLa cells. Like in Rho-
dospirillum rubrum the Thr163Ser mutation in the human F-ATP
synthase � subunit affected the catalytic activity, with inhibition
of Ca2+-ATP hydrolysis and increase of Mg2+-ATP hydrolysis. At the
same time, it desensitized Ca2+-dependent PTP opening resulting in
increased resistance to cell death in human cells as well as in devel-
oping zebrafish embryos [102]. Molecular dynamics simulations in
the presence of Mg2+ were consistent with a motion originating
at the catalytic sites and transmitted through the connecting loop
(subunit � residues 82–131) to the “crown region”, the �-barrel
shaped “ring” located at the binding interface between the F1 sec-
tor and OSCP [104].  In the presence of Ca2+ at the catalytic site the
system became more rigid and extremely static at the connecting
loop and in the crown region. This suggests that the larger van der
Waals radius of Ca2+ induces spatial rearrangements that increase
overall F1 rigidity [102]. We  proposed that decreased compliance
of the Ca2+-bound F-ATP synthase transmits mechanical energy to
OSCP, the “hinge” through which energy could then be transferred
through the peripheral stalk to the inner membrane where the PTP
eventually forms [77,109] (Fig. 1). We note that combined con-
formational changes at the OSCP/F6 and b subunit at the point of
entrance into the membrane have actually been observed [109].
A critical role of OSCP in PTP modulation is emerging. Both CyPD
and benzodiazepine 423 (a PTP inducer) affect the PTP by binding
to the same site on OSCP [61] and acetylation of OSCP residue K70
promotes its interaction with CyPD sensitizing the PTP to opening
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Fig. 1. Putative events leading to PTP formation from F-ATP synthase upon Ca2+ binding. Hypothetical structure of F-ATP synthase dimers with Mg2+ (upper panel) or Ca2+

(lower panel) bound at the catalytic sites (insets). The ribbon models are based on the bovine structure of Zhou et al. [109]. Subunits � and � are colored in red and yellow,
respectively. Subunits �, � and � are rendered in shades of blue and subunits OSCP, b, d, F6 (peripheral stalk) in shades of green. The c-ring is  magenta and subunit a light
blue.  The transmembrane subunits are drawn based on the cryo-EM yeast structure of Hahn et al. [77]. Subunits A6L,f, e and g are colored in grey/green, dark red and yellow,
r ative c
r ced by
a

[
s
1
p
m

i
t
c
i
t
m
s
t
o
f
�
f
p
c

espectively. In the lower panel the �-carbon of the regions responsible for the put
epresentation. Arrows are meant to indicate how the conformational change indu
nd  solutes.

79]. Thus, changes of OSCP conformation can affect the propen-
ity of PTP opening in the inner membrane, which is more than
00 Å away. This putative mechanism is compatible with recently
ublished structural data showing that the peripheral stalk makes
ore than one point of contact with F1 [77,78].
One last point to be considered is whether the presence of a PTP

n HAP1-A12 cells devoid of the c ring undermines our hypothesis
hat the PTP forms at the peripheral stalk. Indeed (i) absence of the

 ring also led to loss of A6L and of a subunit, which is involved
n the dimerization surface; and (ii) after extraction with digitonin
he resulting vestigial F-ATP synthase did not form fully assembled

onomers, dimers or oligomers [100]. On the other hand, the F-ATP
ynthase of �0 cells (which has a virtually identical composition to
hat of HAP1-A12 cells except for the presence of the c subunits but
bviously lacks subunit a) does display monomeric and dimeric
orms of F-ATP synthase after digitonin extraction [100,110], and

0 cells undergo PTP opening in situ after detachment of hexokinase
rom mitochondria [111]. However, none of the subunits we  pro-
osed to contribute to PTP formation is downregulated in  HAP-A12
ells [100] and as noted by the Authors of this study the vestigial
onformational change occurring upon Ca2+ binding are highlighted using a sphere
 Ca2+ binding could be transmitted to the lateral stalk and blue dots represent ion

complex may  be artifactually destabilized (i.e. monomerized) by
the extraction process and remain dimeric within the membrane
[100]. Thus, we  think that resolving the issue of whether any or all of
the � helix-containing b, e, f, and g subunits are involved in forming
the PTP must await gene disruption and mutagenic strategies.

3. Is Ca2+ a permissive factor for PTP opening?

If Ca2+ must bind to the catalytic site of F-ATP synthase for
the PT to occur, then Ca2+ should be a key permissive factor
for PTP opening while other inducers should affect either the
accessibility of the Me2+ binding site or the transmission of the
Ca2+-dependent conformational change to the inner membrane.
The Ca2+-dependence of the MMC  measured with the patch-clamp
in mitoplasts is absolute, in the sense that channel opening has

never been observed unless Ca2+ was  added [12]. On the other hand
onset of the PT in the absence of added Ca2+ has been detected
with phenylarsine oxide (PhAsO) [112], mastoparan [113,114], p-
hydroxyphenylglyoxal (OH-PGO) [115], copper-o-phenanthroline
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Fig. 2. PTP opening requires matrix Ca2+. Deenergized mitochondria were incu-
bated in the KCl-based medium specified below. Except for traces (a), PhAsO and
OH-PGO were added where indicated. In traces (a) and (c) the medium was sup-
plemented with 1  mM EGTA-Tris; in traces (b) no further additions were made;
in  traces (d) 50 �M CaCl2 was  added; in traces (e) 1 mM EGTA-Tris and 1 �M CsA
were added; in  traces (f) 1 mM EGTA-Tris was added and mitochondria had been
preloaded with BAPTA. In  all experiments Alamethicin (Ala, 5  �M) was added at the
end of the experiments in order to determine the maximal mitochondrial swelling
and  convert absorbance values to the fraction of swollen mitochondria (�) as pre-
viously described [121].  Methods. Mouse liver mitochondria were isolated exactly
as  described [127] in a  buffer containing 250 mM sucrose, 10 mM  Tris-HCl, 0.1 mM
EGTA-Tris, pH 7.4. Mitochondrial BAPTA loading was  achieved by incubating mito-
chondria at 1 mg/ml  in their isolation buffer in the presence of 0.2 mM BAPTA-AM
(added as 40 �l/ml DMSO from a stock solution) for 20 min  at 25 ◦C. Mitochon-
dria  were harvested by centrifugation at 15,300 × g for 6 min  and resuspended at
10  mg/ml  in the isolation buffer at 4 ◦C. Mitochondria not loaded with BAPTA were
subjected to the same procedure after the addition of vehicle (40 �l/ml DMSO).
Traces are representative of at least 3 replicates per condition. The incubation
medium contained 0.1 M KCl, 10 mM Tris-Morpholine propane sulfonic acid pH 7.4,
1  mM Pi-Tris, 2 �M rotenone and the additions specified above. The experiments
were started by the addition of 0.5 mg/ml  mouse liver mitochondria (not shown)
and  recordings started immediately after. Mitochondrial swelling was  followed as
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mitochondria. II. Nature of the Ca2+ trigger site, Arch. Biochem. Biophys. 195
he absorbance decrease at 540 nm in an Agilent Cary 100 UV–vis spectrophotometer
quipped with magnetic stirring and thermostatic control.

nd cyanine dies [116].  Whether all these conditions reflect the
ccurrence of a bona fide PT, and given that the presence of adven-
itious and/or matrix Ca2+ has not been addressed in these studies,
e have reinvestigated the problem with the inducers PhAsO and
H-PGO [115,117]. In the following experiments (as is the case for
any previous studies) we monitored onset of the PT indirectly

rom the apparent absorbance changes that mitochondria undergo
hen the PTP opens, solutes diffuse to the matrix and mitochon-
ria swell. In these protocols (i) we incubated mitochondria in a
Cl-based medium because the use of sucrose causes matrix acid-

fication due to H+/K+ exchange [118], which in  turns opposes PTP
pening [118,119]; (ii) we  did not add respiratory substrates and
nhibited endogenous respiration with rotenone since a high mem-
rane potential would oppose PTP opening [120]; and (iii) we added
he pore-forming antibiotic alamethicin at the end of each exper-
ment to assess the maximum swelling response, so that swelling
an be related to the fraction of mitochondria whose pore(s) have
pened [121].

In the absence of any additions the absorbance remained stable,
ndicating a low basal permeability to K+ and Cl− (Fig. 2A and B,
races a). The addition of PhAsO (Fig. 2A) or of OH-PGO (Fig. 2B)
as followed by a process of absorbance decrease (traces b) that

ould be partially slowed down by EGTA (traces c) and marginally
f at all altered by the addition of Ca2+ (traces d), suggesting that
ptake of the adventitious Ca2+ present in the KCl solution was
lready sufficient to stimulate PTP opening. The swelling response
therwise observed in the presence of EGTA was inhibited by CsA

traces e), which also inhibited swelling induced by both PhAsO and
H-PGO under basal conditions or after the addition of Ca2+ (omit-

ed for clarity). Remarkably, both PhAsO- and OH-PGO-induced
m 70 (2018) 56–63

swelling was  blunted by prior treatment with the membrane
permeant N,N’-[1,2-ethanediylbis(oxy-2,1-phenylene)]bis[N-[2-
[(acetyloxy)methoxy]-2-oxoethyl]]-, bis[(acetyloxy)methyl] ester
(BAPTA-AM), which generates free BAPTA in the matrix resulting
in chelation of Ca2+. We conclude that CsA-sensitive swelling
observed in previous studies in the absence of added Ca2+ or in
the presence of EGTA [112–114,116] was due to adventitious
or residual matrix Ca2+, respectively; and that matrix Ca2+ is
necessary (but not always sufficient) to observe PTP opening. We
would like to stress that higher concentrations of  mastoparan lead
to CsA-insensitive permeabilization [113,114], which was also
observed in our protocols for longer incubation times, the possible
consequence of the opening of latent ion transport pathways for
K+ and/or Cl−.  This is consistent with the fact that mitochondria
possess a variety of cation and anion transport systems regulated
by Mg2+ and Ca2+. These include K+ (Na+)  channels, H+/K+ and
H+/Na+ antiporters whose molecular nature is being actively pur-
sued [122–124]. In this connection it is noteworthy that activation
of a K+ channel by PhAsO had been reported as early as in 1986
[125].

4. Conclusions

In summary, we think that the PTP is likely to form from F-ATP
synthase through a strictly Ca2+-dependent mechanism that still
awaits clarification but appears to involve (i) the intramembrane
portion of subunits b, e, f, and/or g for channel formation; (ii) the
peripheral stalk subunits for transduction of the Ca2+-dependent
conformational change originating at the Ca2+-occupied catalytic
site; and (iii) OSCP as a key integrator of regulatory interactions
with CyPD and additional proteins and ligands like benzodiazapine
423 and sirtuin 3 [126]. This model is being actively tested by site-
directed mutagenesis and by assessment of the structural features
conferring species-specific features to the channels formed by F-
ATP synthases [61–63]. Although much more work will be needed
to solve the riddle of PTP formation, it is encouraging that the F-ATP
synthase can accommodate all the key factors (Ca2+/Mg2+, ade-
nine nucleotides, membrane potential, matrix pH, −SH oxidants
and reductants, CyPD/CsA) that regulate PTP activity.
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