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A B S T R A C T

The current state of research on the mitochondrial permeability transition pore (PTP) can be described in terms
of three major problems: molecular identity, atomic structure and gating mechanism. In this review these three
problems are discussed in the light of recent findings with special emphasis on the discovery that the PTP is
mitochondrial F-ATP synthase (mtFoF1). Novel features of the mitochondrial F-ATP synthase emerging from the
success of single particle cryo electron microscopy (cryo-EM) to determine F-ATP synthase structures are sur-
veyed along with their possible involvement in pore formation. Also, current findings from the gap junction field
concerning the involvement of lipids in channel closure are examined. Finally, an earlier proposal denoted as the
'Death Finger' is discussed as a working model for PTP gating.

1. Introduction

The mitochondria of mammalian cells can undergo a permeability
transition (PT) of the inner mitochondrial membrane (IMM) caused by
the prolonged opening of the permeability transition pore (PTP) [1–3],
also named after its electrophysiological equivalent, the mitochondrial
megachannel (MMC) [4–9]. Opening of the PTP is elicited by matrix
Ca2+ and stimulated by binding of cyclophilin D (CyPD), Pi, elevated
concentration of reactive oxygen species (ROS), free fatty acids or a
diminished transmembrane potential. Nucleotides, Mg2+ and the
binding of CsA are known molecular inhibitors of PTP opening, whereas
arginine-specific adducts of phenylglyoxal modulate PTP opening in a
species and net-charge dependent manner. Short, reversible openings of
the PTP are thought to be involved in Ca2+ homeostasis and long, ir-
reversible openings lead to non-selective efflux of matrix solutes up to a
size of 1.5 kDa and a concomitant influx of water into the matrix re-
sulting in mitochondrial swelling, remodeling of cristae architecture
and the release of pro-apoptotic factors such as cytochrome c [10].

Mitochondrial permeability transition regulated cell death plays a
critical role in a whole range of pathophysiological phenomena such as

cardiac ischemia and reperfusion, muscle dystrophy and neurological
disorders [11]. Despite the physiological importance of the PTP and a
rich body of literature on its electrophysiological and pharmacological
characteristics at the mitochondrial level, the field still faces three
crucial interlinked problems: What is the identity of the PTP? What is
its structure? What is its gating mechanism?

In this short review I will describe the current state of these three
problems and attempt to give some suggestions on how to move for-
ward. A standard procedure to probe the electrophysiological proper-
ties of a membrane protein is to express it in Xenopus oocytes by in-
jecting its cDNA and then performing whole cell patch-clamp
recordings of the oocytes [12]. By such approaches to identify which
protein underlies the well characterized currents recorded from patch-
clamped mitoplasts may seem straightforward. However, oocyte ex-
pression of multisubunit membrane proteins of the inner mitochondrial
membrane, like for example the F-ATP synthase, is currently not fea-
sible. Despite these experimental problems in using standard proce-
dures to identify multisubunit membrane proteins as the molecular
origin of transmembrane currents, several studies in recent years using
in situ or in vitro approaches came to the surprising conclusion that the
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mitochondrial F-ATP synthase is the molecular identity of the PTP [13].
Mammalian multisubunit membrane proteins like the F-ATP syn-

thase are often recalcitrant to 3D crystallization and as a consequence
do not yield to structure determination by X-ray crystallography [14].
Although single particle analysis (SPA) cryo-EM has matured into a
powerful technique in structural biology of membrane proteins
[15–17], the high resolution (> 3 Å) structural analysis of a complete
mammalian F-ATP synthase has yet to be achieved.

Finally, even though reliable atomic models built on the basis of
high resolution density maps are an essential prerequisite for arriving at
realistic models of channel gating, possible involvement of lipids or
transmembrane potential (electric or chemical) imply that structural
information alone is insufficient. That is, structures obtained from de-
tergent stabilized channels, even if solved to high resolution, may not
reveal the structural basis of channel gating.　

2. Identity: mtFoF1 as PTP

F-ATP synthase is a membrane bound nano-machine that inter-
converts the electrochemical energy of a transmembrane proton motive
force (Δpmf) and the chemical energy in the form of ATP via me-
chanical rotation [18]. Its division into a chemical energy driven rotary
motor and an electrochemical energy driven rotary motor is reflected
by its bipartite structure of the water soluble F1 domain and the
transmembrane Fo domain which are mechanically coupled via a cen-
tral stalk and held together by a peripheral stalk [19]. The F1 domain's
catalytic part, either synthesizing or hydrolyzing ATP, is a hexamer of
alternating α-subunits and β-subunits with the central stalk positioned
in its center [20]. The Fo domain harbors the central stalk bound,
transmembrane proton transporting c-ring, whose random rotary
Brownian motion is biased by the Δpmf dependent protonation prob-
ability in the two half-channels of the c-ring's adjacent a-subunit [21].
In which direction energy conversion takes place is dependent on the
energy balance of ATP versus Δpmf [22]. To avoid futile ATP depletion
in the absence of Δpmf, in mitochondria the natural inhibitor protein
IF1 senses matrix pH and inhibits ATP hydrolysis powered proton
pumping across the inner mitochondrial membrane by its insertion into
the matrix protruding F1 domain [23]. In contrast to monomeric
chloroplast F-ATP synthase [24], mitochondrial F-ATP synthase is di-
meric and organized in oligomeric rows of dimers along regions of
positive curvature of the cristae membrane [25]. The biological
meaning of F-ATP synthase oligomerization is under debate with ideas
ranging from space saving membrane architecture [26] over the im-
provement of proton availability [27,28] and the control of PTP
opening probability [126].

CyPD, a peptidylprolyl cis-trans isomerase, is a bona fide binding
partner of the PTP on the matrix side of the inner mitochondrial
membrane [29]. Therefore, binding studies on CyPD suggesting inter-
action of CyPD with the OSCP subunit of the mitochondrial F-ATP
synthase prompted experiments probing the electrophysiological
properties of bovine F-ATP synthase [30]. Gel extractions eluted from
excised band of blue native PAGE gels corresponding to ATP hydrolase
activity yielded currents and pharmacological behavior equivalent to
the mitochondrial megachannel (MMC) after their addition to planar
lipid bilayers [31]. Since excised gel bands corresponding to a mole-
cular weight equivalent to F-ATP synthase monomers did not yield any
currents, it was also concluded that the minimal PTP forming unit is the
mitochondrial F-ATP synthase dimer. These conclusions were however
limited by the presence of an unknown number and amount of con-
taminating proteins as well as by the unknown physiological relevance
and oligomeric state of the F-ATP synthase after gel elution and planar
lipid bilayer reconstitution.

An effort to confirm or refute the proposal of mitochondrial F-ATP
synthase (mtFoF1) as PTP was undertaken by employing genetic abla-
tion of single subunits and the subsequent monitoring of permeability
transition by using a mitochondrial swelling assay [32–34]. Persistent

swelling of mitochondria from cells with vestigal F-ATP synthase led to
the conclusion that the PTP is not formed by the mitochondrial F-ATP
synthase. In the mitochondrial swelling assay mitochondria are sub-
jected to pulses of Ca2+ until swelling of mitochondria is observed via a
decrease in light scattering of mitochondria or of lysated cells. How-
ever, the central role of F-ATP synthase in the energetic state of mi-
tochondria as well as the known drastic alteration of cristae archi-
tecture upon genetic ablation of F-ATP synthase subunits left the
biological interpretation of these results open to debate [35,36]. Also
the presence of a multitude of channels in the inner mitochondrial
membrane unrelated to the PTP suggested a possible explanation of
persistent mitochondrial swelling in the absence of a functional PTP
[37–39]. Thus in contrast to electrophysiology, the mitochondrial
swelling assay can not easily distinguish between different types of
channels. Indeed, even though cells lacking a fully assembled F-ATP
synthase showed persistent mitochondrial swelling, patch-clamping of
their mitoplasts failed to detect typical MMC currents, indicating the
observed swelling to be caused by the opening of other channel forming
proteins of the inner mitochondrial membrane [40]. The use of an ex-
perimental set-up dependent on a reporter system that is sensitive to the
manipulation of the subject of investigation complicates decisive in-
terpretation.

The F-ATP synthase proton transporting c-ring is the structurally
best characterized transmembrane domain of this multisubunit complex
with several high resolution crystal structures described [41–48]. Its
prominent hourglass shape is known to be blocked by lipids [49–51],
although a recent cryo-EM study of mammalian F-ATP synthase tetra-
mers posited protein to occupy the c8-ring's lumen [52]. The c-ring's
shape obviously lends to the idea of a pore function and despite well
documented lipid occupancy of rotor rings lumena, the proposed evo-
lutionary origin of rotor rings as DNA and peptide transporting pores
supports the concept of c-rings as a conductive transmembrane protein
assembly [53]. Indeed, mutations of the c-ring GxxG motifs, responsible
for a tight, stabilizing packing of the hairpin c-subunits, altered PTP
behavior [54,55] in HEK cells. However, given the central role of F-ATP
synthase in both mitochondrial energetics and cristae architecture, the
direct role of c-rings in mitochondrial permeability transition is up to
debate.

Point mutations in subunits of the F-ATP synthase that strongly
affect well characterized electrophysiological behavior of the MMC in
patch clamped mitoplasts, while affecting neither the energetics nor the
architecture of mitochondrial cristae, present a convincing tool for the
identification of the protein underlying the MMC/PTP. Given the very
large number of amino acids in the mammalian ATP synthase monomer
(> 5000) this approach appears impractical. Notwithstanding, this
strategy was pursued for the known effects of Ca2+ [8,9], pH [56],
glyoxal adducts [57–59] on the PTP. The OSCP subunit is situated on
the top of the β-barrel crown of the into the matrix protruding F1 do-
main, with its hinge region connecting the peripheral stalk subunits b
and F6 with F1 [60,61]. Mutation of a highly conserved histidine in this
hinge region of OSCP in HEK cells to a glutamine completely abolished
the blocking of MMC currents as recorded by patch-clamped mitoplasts
at acidic pH (pH 6.5) but not at a slightly basic control pH (pH 7.3)
[62]. Importantly the mutation did not affect the cells respiratory rate,
indicating that side-effects not connected to the PTP were not re-
sponsible for the lack of PTP inhibition by acidic pH.

Likewise, the replacement of the highly conserved threonine 163 of
the β-subunit of the catalytic site in HeLa cells engaged in either ATP
synthase or ATP hydrolysis changed the Ca2+ concentration dependent
induction of PTP opening as measured by Ca2+ retention assay [63],
findings in line with the notion of the catalytic site of the F-ATP syn-
thase being the Ca2+ sensing site of the PTP.

From studies on the influence of glyoxals on PTP behavior it was
known that the PTP should posses an intercristae side reactive arginine
that can form glyoxal adducts tuning the probability of PTP opening in
a species dependent manner; higher for mammals, lower for yeast. By
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reasoning from an observed set of conserved arginines combined with
mutant screening using electrophysiology of patch clamped mitoplasts,
arginine 107 of subunit g was found to be the glyoxals reactive residue
[64]. Its location in the rotor ring distal, membrane bending and likely
flexible domain of the b-e-g unit [65] gives a rational for how this ar-
ginine conveys sensitivity to changes in membrane potential. These
observations were consistent with those of the conserved arginines in
the voltage sensors of potassium channels [66–68]. Furthermore, in the
same study the species-dependent influence on PTP opening probabilty
could be engineered by replacing the g-subunit of yeast F-ATP synthase
with its human counterpart. This feat gave strong support to the con-
clusion that it is indeed arginine 107 of the F-ATP synthase subunit g
that conveys the sensitivity of the PTP to glyoxal adducts.

Cells and even single mitochondria are highly complex inter-
dependent systems where the cause-effect relation of experimental
input and measured output is not trivial, often leaving vast amounts of
doubt to interpretational conclusions. Therefore, the swelling of mi-
tochondria or the decrease of transmembrane potential across the inner
mitochondrial membrane can easily be the consequence of PTP un-
related events. Thus, for genetic studies on the PTP, ideally by point
mutations, the full preservation of house keeping functionality of mi-
tochondria in general, and the F-ATP synthase in particular, is key.
With the PTP being a non-selective membrane ion channel and with the
gold standard method in ion channel research of electrophysiology
being capable of very rapid quantitative measurements at the timescale
of thermal motion, and a very good signal to noise ratio, it is electro-
physiology that should be the main method used in the detection and
molecular characterization of the PTP channel function.

Research on mammalian F-ATP synthase has a long and rich history
of more than 60 years, starting with seminal papers in the 1960s
[69,70]. Great advances in the understanding of F-ATP synthase at the
molecular level were mainly achieved with well designed in vitro ex-
periments on extracted and purified F-ATP synthase, yielding con-
clusive evidence for the proton motive force as the driving force of ATP
synthesis [71] and mechanical rotation as its mode of catalysis [72].
Unfortunately, these conclusive in vitro experimental breakthroughs
were mostly achieved using very stable F-ATP synthase of thermophilic
origin, though note is taken on recent progress for the human F1 sub-
complex [73]. Thus, even though many pioneering studies on F-ATP
synthase were conducted on mammalian F-ATP synthase, their fragility
in conventional detergents and also its oligomeric assembly state pre-
vented success in the establishment of a well working isolation proce-
dure for intact mammalian F-ATP synthase. The field has yet to estab-
lish a protocol which allows the isolation of oligomeric pure, stable,
intact and fully active mammalian F-ATP synthase at high yield and
concentration for the efficient performance of in vitro experiments at
ease. Such a protocol will be an important prerequisite for the ad-
vancement of the field. Novel detergent tools for solubilization and
stabilization originally developed for the investigation of G protein-
coupled receptors (GPCRs) give hope that the situation might improve
soon [74,75].

Put in a different way, in vitro experiments on the question of
mammalian F-ATP synthase being the molecular identity of the PTP
suffer from three distinct problems. First and foremost, is the lack of
purity of the preparation in respect to the presence of contaminating
proteins or pure oligomeric state, i.e. monomer, dimer, tetramer or
higher oligomer. Next is the issue of stability of this multisubunit as-
sembly outside its physiological environment of the inner mitochon-
drial membrane. Finally, is the question if functionality is fully retained
after isolation from mitochondria and reconstitution into an in vitro
membrane system, i.e. whether rotational catalysis in the form of ATP
hydrolysis, proton pumping and ATP synthesis from ADP + Pi is not
impaired.

To clarify if the molecular identity of the PTP is identical with mi-
tochondrial F-ATP synthase we undertook an in vitro study employing
purified bovine F-ATP synthase and planar lipid bilayer

electrophysiology [76]. In order to arrive at a conclusive answer to the
question of whether mammalian F-ATP synthase alone is the molecular
identity of the mitochondrial PTP/MMC, we tried to overcome the
above described problems associated with in vitro experiments of
mammalian F-ATP synthase. For alleviating the problem of con-
tamination by other membrane proteins of the inner mitochondrial
membrane, we employed a large scale purification scheme that uses 1.2
kg of bovine heart muscle tissue to obtain 20 mg of highly pure F-ATP
synthase with only a minimal amount (< 1%) of contaminating pro-
teins, a level of contamination that is not visible in conventional SDS-
PAGE gels or in micrographs from negative stain electron microscopy
[76–80]. By using the very mild, lipid like detergent LMNG [74], it was
ensured that the easily dissociated subunits 6.8PL and DAPIT were re-
tained, laying testimony to the integrity of the preparation used in these
in vitro experiments.

Even though the employed large scale purification exhibited only a
very low level of contamination, other integral membrane proteins with
known channel activity, namely, adenine nucleotide translocase (ANT)
and the voltage-dependent anion channel (VDAC), were detected by
quantitative mass spectrometry [76]. Persistence of MMC like currents
in the presence of the established inhibitors of ANT and VDAC channel
activity (Königs Polyanion and bongkrekic acid) ruled out these two
proteins as a cause of the recorded currents. However, even though the
influence of ANT and VDAC could be dismissed and further confidence
comes from very strong statistics of the number of conducted electro-
physiological recordings in this study (n>100), yet, the effect of an
unknown trace contaminant could not be completely ruled out.

Here, a novel, GraDeR based [80] automembrane reconstitution
approach provided a means for clarification. In the presence of very low
amounts of lauryl maltose-neopentyl glycol (LMNG) detergent, pro-
teoliposomes densely packed with F-ATP synthase were readily formed
[76,81]. Bulk solution measurements of ATP hydrolysis mediated
proton pumping into these proteoliposomes demonstrated a very high
level of coupling in the liposome reconstituted F-ATP synthases and
extraordinary tightness to protons allowing long duration measure-
ments. The observed generation of proton gradients in bulk after the
addition of ATP⋅Mg2+ can only be explained by the activity of bovine F-
ATP synthase and not by minor contaminants. Similarly, complete
breakdown of these proton gradients across the membrane of the pro-
teoliposomes in bulk after addition of PTP inducers (Ca2+, Bz-423 and
PhAsO) can not be explained by minor contaminants and has to be
attributed to the bovine F-ATP synthase alone. The point made here is
that the ability of electrophysiology to detect single channel activity is
also its Achilles' heel. Recording a minor contaminant's activity instead
of that of the target protein in the preparation is possible. However, by
measuring in bulk the known effectors (ATP and PTP inducers) caused
changes in a transmembrane property (proton gradient) the role of
contaminants as the cause behind the measured changes can be ruled
out. This is a clear advantage of bulk solution measurements using well
prepared, proton tight proteoliposomes. This important experiment
allowed us to state with high confidence that mitochondrial F-ATP
synthase is the molecular identity of the PTP/MMC [76].

The oligomeric state of channel activity exhibiting F-ATP synthase,
however, was not established in these experiments and thus the ques-
tion of monomer, dimer or oligomer as the active agent was not an-
swered. Native PAGE is an excellent tool for the separation of the mi-
tochondrial F-ATP synthase's oligomeric states [82,83] and was
instrumental in the discovery and acceptance of mitochondrial F-ATP
synthase being an oligomer of dimers [84,85]. Nevertheless, the same
pioneers on the use of Blue Native PAGE and later Clear Native PAGE
for the study of mitochondrial F-ATP synthase also showed the detri-
mental effects the electrophoresis itself and the relative amount and
type of used detergent can have on this fragile supercomplex [127].
Therefore, while raising confidence in the absence of contaminants, the
electric currents of F-ATP synthase purified by native PAGE into sepa-
rate oligomeric states, gel eluted and then reconstituted into planar
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lipid bilayers do not allow strong conclusions on the oligomeric, bio-
chemical or structural state of the F-ATP synthase complexes under-
lying the measured currents. The absence of currents from sample
eluted from monomer bands could easily be explained by the loss of
contact between subunit e and the c-ring or the dissociation of the very
labile subunits DAPIT and 6.8 PL. Mass spectrometry on gel eluted
monomers might shed some light on this question.

A separate study employed strictly monomeric porcine F-ATP syn-
thase that was column purified using the detergent dodecyl-maltoside
(DDM) and subsequently reconstituted into small unilamellar vesicles
(SUVs) for structural characterization by single particle cryo-EM [86].
The resulting density map clearly showed the reconstituted F-ATP
synthase to be monomeric. Fusion of the monomeric F-ATP synthase
SUVs with giant unilamellar vesicles (GUVs) and subsequent electro-
physiological recordings by patch-clamp technique allowed detection of
currents of a magnitude characteristic for the PTP/MMC. The use of
DDM for the extraction and isolation of mammalian F-ATP synthase is
known to dissociate the small transmembrane subunits DAPIT and 6.8
PL from the complex [127], so the loss of DAPIT and the somewhat
weak detection of subunit e and g is not surprising. The recordings of
PTP/MMC like currents in the absence of Ca2+ and the blocking of
those currents by oligomycin, however, is surprising. For the detection
of PTP/MMC currents in patch-clamped mitoplasts the presence of
Ca2+ is obligatory [10] and the use of oligomycin in previous studies of
isolated mitochondria did not impede PTP opening [87,88]. As argued
in a recent review, regulated PTP opening possibly relies on the inter-
action of subunit e with other mitochondrial specific transmembrane
subunits of neighboring complexes in the structural context of dimeric
or oligomeric F-ATP synthase [13]. Here it is of interest, that in the
yeast Fo dimer structure subunit k of one Fo domain is in contact with
subunit e of the other Fo domain [65]. Thus the PTP/MMC currents
detected by patch-clamped GUVs of monomeric F-ATP synthase might
stem from an unregulated conformation of the pore. The concentration
of oligomycin used in this study was five times higher than in previous
studies on isolated mitochondria [87]. Taking into account that the
concentration of protein in the patch-clamped GUVs is presumably
significantly lower than that of patch-clamped mitoplasts, the amount
of oligomycin per F-ATP synthase complex was likely significantly
higher. In a crystallographic study of the yeast F-ATP synthase c-ring
complexed with oligomycin it was shown that oligomycin binds tightly
to the central transmembrane outer face of the c-ring and does stabilize
its structure in the crystal [89]. Therefore, the effect of channel
blockage by oligomycin might origin from its ability at high con-
centration (at least 10 times the number of c-sunits used in the ex-
perimental set-up) to stabilize the orthodox architecture of the c-ring.
The greatest value of the monomer-SUV-GUV study [86] lies with the
experimental strategy of combining structural characterization of SUVs
reconstituted F-ATP synthase with current recordings by patch-clamp
electrophysiology. If structure analysis by single particle analysis cryo-
EM of SUVs can be brought to the α-helical level, doubts on subunit
composition and physiological relevance of the reconstituted complex
will vanish. This presents a fruitful future avenue of PTP/MMC in vitro
studies with conclusive structure-function interpretation. At this stage,
however, the question, if monomeric F-ATP synthase is truly sufficient
to exhibit all electrophysiological characteristics of the in mitoplasts
measured PTP/MMC is still unresolved and will have to await a pur-
ification method that does not harm the complex in any aspect.

3. Structure: mtFoF1 as PTP

It is desirable to know the atomic structures of channel forming
membrane proteins, because they allow us to rationalize the properties
measured for wild type and mutant channels. For instance mutants of
the potassium channel selectivity filter could only be understood in the
framework of its crystal structure which revealed that the backbone
carbonyl oxygens and not atoms of the amino acid sidechains directly

participate in the selectivity process [90,91]. Since channels reside in
membranes the structural information necessary for providing a firm
basis for their understanding often must include lipids or even a full
membrane with transversal electric fields. This is a problem, as there
are no methods for structure determination able to provide such data
and thus we must rely on in silico studies [92,93]. A highly regrettable
state of affairs, for all the electrophysiological measurements conducted
to understand channel properties are carried out in the context of a full
membrane systems under non-equilibrium conditions. This is important
to bear in mind when considering the relation between channel struc-
tures per se and explanation of gating behavior; they are not necessarily
the same.

Long term efforts to obtain high resolution structures of whole F-
ATP synthase by X-ray crystallography never succeeded due to the
difficulty of obtaining well diffracting 3D crystals [94]. Thanks to the
'Resolution Revolution' in cryo-EM [95] and the non-necessity of crystal
contacts in single particle analysis [96], in recent years numerous cryo-
EM maps of mitochondrial F-ATP synthases were published at in-
creasing resolution, nearly allowing construction of atomic models of
whole mitochondrial F-ATP synthase for the yeast and mammalian
complex [52,61,65,97]. The structures of bacterial and chloroplast F-
ATP synthases [98–100], reported in parallel, allow comparison to non-
mitochondrial F-ATP synthases and thus the assignment of structural
features specific to yeast and mammalian F-ATP synthase.

In 2012, when Paolo Bernardi presented the proposal that the mi-
tochondrial F-ATP synthase is the molecular identity of the PTP at the
EBEC in Freiburg [101] the available structural data on whole mam-
malian F-ATP synthase was scarce: a ∼20 Å single particle cryo-EM
structure visualizing a bend in the membrane part of the Fo domain
[102] and a ∼30 Å cryo-EM map of the V-shaped dimer including the
surrounding membrane from in situ cryo-ET of the inner mitochondrial
membrane of yeast mitochondria [103]. Atomic models of whole mi-
tochondrial F-ATP synthase were not reported and the most complete
atomic models of subcomplexes deposited in the PDB were those of F1-
PSfrag [60] and F1-c8 [104] and F1-c10 [105,106]. In 2015 the situation
improved considerably. Direct visualization of membrane bending in
liposomes containing 2D crystals of monomeric bovine F-ATP synthase
demonstrated the minimal membrane bending unit to lie with the
monomer of mitochondrial F-ATP synthase in the absence of dimer
contacts [78]. Furthermore, a∼12 Å single particle cryo-EM map of the
bovine monomer indicated a novel density extending from the rotor
ring distal membrane bending part of the Fo domain towards the in-
tercristae side of the c-ring and a contact site between the peripheral
stalk and the c-terminal region of the adjacent α-subunit [80]. A further
single particle cryo-EM map of the bovine monomer at a resolution of
∼6 Å clearly showed the novel density on the intercristae side of the
complex to extend towards the protruding lipid plug and a single α-
helix of subunit e was correctly assigned as its underlying protein
[107]. Earlier in the same year a cryo-EM map of the Polytomella dimer
had visualized for the first time the horizontal α-helices of the ATP
synthase a-subunit wrapping around the proton transporting c-ring
[108]. Strikingly, the Polytomella dimer did not exhibit any α-helices
extending from the rotor ring distal into the intercristae space side of
the complex. The year 2016 brought the first structure of a yeast dimer
at α-helical resolution [97]. It was also the first dimer structure clearly
visualizing e-subunits extending to the intercristae side protruding c-
ring. Surprisingly, however, seemingly the c-ring contacted by subunit e
is from the opposing monomer and not its own [109]. Improvement of
the yeast dimer structure hopefully will clarify this interesting point in
the future.

The first map of the yeast Fo domain at a resolution sufficient to
build atomic models for large part of the transmembrane subunits was
obtained from yeast dimers which had their F1 domain stripped off by
exposure to three molar sodium bromide prior to membrane solubili-
zation [65]. The structure described for the first time the membrane
bending b-e-g unit of Fo which strikingly appeared to have an almost
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separate architecture from the proton transporting region of Fo while
being firmly anchored to the peripheral stalk via the b-subunit. In this
structure the e-subunit extends into the intercristae space; however, the
e-subunit is not bent but straight, without suggestion of a possible
contact with the c-ring. Whether this apparent detachment from the c-
ring is physiological relevant or an artifact of the harsh chemical
treatment used to remove F1 remains to be seen. Interestingly, the
concept of the b-e-g unit as a structurally stable unit particular to mi-
tochondrial F-ATP synthase had already been formulated earlier in a
study on the assembly of human F-ATP synthase [110].

The notion of mitochondrial F-ATP synthase as a candidate PTP
started with the finding that the accepted PTP modulator CyPD can
bind to the OSCP subunit of the matrix-side F1 domain [30,31].
Therefore, the visualization of the OSCP subunit by a recent high re-
solution (∼2.8 Å) single particle cryo-EM study of the Polytomella
dimer is of great interest [111]. The detected flexibility among the 13
rotary substate structures determined is in support of the notion that
the OSCP has the ability to serve as a binding partner capable of
transmitting signals via conformational change. Together with the
discovery of human OSCP His112 as a pH sensor at the hinge region and
the established binding of CyPD [30,31,112], Sirt3 [113,114] and
matrix p53 [115] the OSCP subunit emerges as a central signaling
platform in the mitochondrial matrix for the regulation of PTP beha-
vior.

That the natural inhibitor protein IF1 of the mitochondrial F-ATP
synthase can form dimers and inhibits F1 by insertion into the catalytic
hexamer has been described in detail by X-ray crystal structures of F1-
IF1 [116] and (IF1)2 [117]. Electron microscopy images also suggested
that IF1 dimers are able to link two F1 domains [118]. How this plays
out under physiological conditions in the mitochondria, however, has
been under debate for a considerable amount of time. By combining
very mild purification conditions yielding only a crude extract (target
complex<20 %) and the collection of a record breaking large cryo-EM
image data set (> 40,000 images), the first description of a mammalian
IF1 stabilized tetramer of the mitochondrial F-ATP synthase at a re-
solution of∼6 Å [52] was achieved. The resulting structure provides an
explanation for how neighboring dimers can be interlinked via the in-
sertion of dimeric IF1 into adjacent F1 domains effectively providing
stabilization to interdimer contacts, and, as a consequence, to the oli-
gomeric form of the mitochondrial F-ATP synthase. It is easy to picture
how IF1 dimers inserted in alternating directionality along a row of F-
ATP synthase dimers can provide interlinkage to a large number of
dimers while preventing depletion of ATP in the absence of a proton
motive force (pmf). The tetramer structure also clearly visualized the e-
subunits contacting a density protruding from the c-ring lumen into the
intercristae space side of the complex. Using the approach of re-ex-
traction of monomers from tetramer coordinates and a subsequent se-
paration into two groups of monomers (E-state and DP-state) and the
separate refinement of F1 and Fo domain, the same image data set was
used to internally improve the resolution of the density map for the
building of atomic models of the unassigned parts of the transmem-
brane Fo domain. In the resulting model c-ring lumenal density was
assigned to an α-helix of the 6.8PL subunit. This contradicts the ex-
pectation that lipids fill the c-ring lumen. The absence of density for at
least 18 of the 60 amino acids of 6.8PL, the novel image processing
approach of 'Split-and-Recenter' and the de novo modeling of relatively
poor density gives reason for pause. Hopefully improved maps will
resolve this point in the near future.

A very interesting structure of the mitochondrial dimer from the
single celled alga Euglena gracilis exhibited a further contact by a single
α-helix from the rotor ring distal Fo domain to the intercristae space
side of the c-ring [119]. Remarkably the portion of the c-ring pro-
truding into the intercristae space that makes contact with this α-helix
has a β-barrel architecture which changes into a conventional α-helical
structure from the transmembrane region of the c-ring on.

Membrane protein structures are almost exclusively characterized

in the absence of a closed membrane system, leaving effects of gradients
across the membrane out of reach. The approach developed by
Sigworth of performing single particle cryo-EM on channel proteins
reconstituted into SUVs should overcome this fundamental problem in
structural biology [120]. A proof that this approach can be applied to
mitochondrial F-ATP synthase, is the recent low resolution re-
construction (∼20 Å) of porcine F-ATP synthase monomer of SUVs
employed for detection of PTP/MMC currents [86]. This gives reason
for optimism that in the future higher resolution structures are possible
in the context of a transmembrane potential.

The list of desirable structures for providing a framework for a
better understanding of mitochondrial F-ATP synthase as PTP is natu-
rally very long. But it might be useful to point out some priorities.
Clearly the most pressing demand is after a structure that can provide a
complete and reliable atomic model of the entire mitochondrial F-ATP
synthase from yeast or mammalian source. This can then be used for
further directed point mutations probing channel behavior by in situ
and in vitro electrophysiology. If the resolution is sufficiently high (< 2
Å) the structure can also be used for the design of small molecule
binding partners with improved binding properties, i.e. structure based
drug design. In the last four years numerous careful studies that address
the question of whether mitochondrial F-ATP synthase is the PTP have
been published [40,54,55,62–64,76,86,121,122]. Nevertheless, per-
haps the best experimental data to dispel remaining doubt is a high
resolution structure of the PTP in an open state, preferably induced by
Ca2+ alone. In principle single particle cryo-EM is suitable to achieve
this. Cryo-ET of mitoplasts used for patch-clamp recordings may seem
the most straightforward way to obtain a 3D structure of the PTP in an
open state; however, the high density of the matrix in intact mitoplasts
likely render this approach very challenging [123]. If an open state of
the PTP demands the presence of a lipid bilayer or even a membrane
with transmembrane gradients, then single particle cryo-EM of SUVs
should be a promising way to visualize the PTP in an open state. Good
structures of mitochondrial F-ATP synthase bound with the many
known PTP binding partners (e.g. Ca2+, CyPD, CsA, phenylglyoxal)
would of course be very informative to explain how these achieve their
known effect on PTP currents and might provide fruitful ideas for
pharmacological avenues to manipulate PTP properties. Furthermore,
structural description of open substates of the PTP that correspond to
Ca2+ release rather than mitochondrial permeability transition indu-
cing full opening might give molecular insights into the mitochondrial
role of cellular Ca2+ homeostasis. While X-ray crystallography has
failed to deliver a structure of physiologically relevant intact mi-
tochondrial F-ATP synthase after several decades of serious efforts it is
still worthwhile to try. Once the problem of how to obtain oligomeric
pure mitochondrial F-ATP synthase in intact and stable form has been
sorted out, the growth of well diffracting 3D crystals might be quite
straightforward. The resulting structural insights would be different
from that of single particle cryo-EM. After a long slump, the renewed
interest in mitochondrial F-ATP synthase, preparation together with the
arrival of novel detergents [74,75,124] might allow the purification
problem to be solved relatively soon.

4. Gating: mtFoF1 as PTP

To understand the mechanism of channel gating one faces the
conundrum of having to describe a dynamic process, i.e. opening and
closing, at the atomic level based only on static snapshots of the un-
derlying structure. In addition, electrophysiological recordings that
define gating states are obtained from non-equilibrium membranes,
while, to date, high resolution structures could only be determined
under equilibrium conditions, mostly in the absence of a membrane.
However, progress made in unraveling the gating mechanism of voltage
gated potassium channels in the last 20 years [125] gives reason to be
optimistic in regard to the possibility of understanding PTP gating. With
the identity problem solved, structures of mitochondrial F-ATP synthase
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are increasingly becoming available and with structure determination
in the context of membranes no longer being rare, PTP gating might be
fairly well understood in less than 10 years.

4.1. 'Death Finger' model

An acceptable model for the description of PTP gating must account
for typical conductance of> 1 nS, the reversibility of short openings,
the presence of substates with small conductances and the molecular
action of all known effectors (in particular Ca2+, CypD, CsA and Bz-
423). Previously, I proposed a PTP gating mechanism coined the 'Death
Finger' model [126], in which an Fo subunit of unknown identity con-
nected to the peripheral stalk reaches from the c-ring distal portion of
Fo involved in membrane bending through the intercristae space to the
lipid plug protruding from the c-ring (Fig. 1 left panel). The physical
connection between OSCP at the top of F1 and the intercristae side of
the c-ring via the mitochondria specific membrane bending portion of
Fo was envisioned to manipulate the c-ring lumenal lipid such that the
complete removal of the lipid plug would cause full opening of the PTP.
This model was based on several premises. First, if mitochondrial F-ATP
synthase turned out to be the PTP, then the minimal structural unit
should be the monomer since mammalian dimers are highly unstable
[127] and would thus not function well as a stable structural basis for
mitochondrial swelling during cristae remodeling. Second, the only gap
junction resembling structure in the complex is the c-ring, which is
assumed to be plugged by lipids. Third, the novel intercristae space side
protein contacts both c-ring lipid plug and peripheral stalk for allowing
communication from OSCP to the c-ring lumenal lipid plug.

When I first voiced the 'Death Finger' model at the CSH Asia Meeting

on Mitochondria in Suzhou in 2015, experimental evidence on the
identity of mitochondrial F-ATP synthase as PTP was still rather thin.
Also structural evidence of a physical connection between rotor ring
distal Fo and the c-ring lumen was limited to negative stain images of
bovine F-ATP synthase dimers [128] and two medium-resolution single
particle cryo-EM reconstructions of monomeric bovine F-ATP synthase
[80,107]. Put simply, the 'Death Finger' model was highly speculative.
However, while speculative it was not baseless, as it was able to explain
functionality to membrane bending, a novel structural feature of Fo
specific to mitochondrial F-ATP synthase, and also possibly how the c-
ring is transformed into a conduit.

Since then, thanks to the efforts of many labs, the available data on
this problem has improved dramatically. It is now clear that the c-ring
contacting density is common in both mammalian and yeast F-ATP
synthase and that it stems from a single α-helix of subunit e
[52,65,97,107]. The structure of the yeast Fo dimer established that
subunit e is part of a structural unit formed by tight interaction of
subunit b, e and g; the b-e-g unit [65]. This puts subunit e in the po-
sition to sense membrane curvature through subunit g while being
strongly anchored to the membrane foot of the peripheral stalk through
subunit b. These unique properties allow subunit e to sense both
binding of PTP effectors to OSCP as well as changes in membrane
curvature and convey this directly to the c-ring lumen.

The connection of membrane bending with c-ring lumen creates a
contextual link between PTP gating and the oligomeric state of mi-
tochondrial F-ATP synthase and cristae architecture. As proposed ear-
lier on the basis of in silico experiments the membrane tension ex-
perienced by a single dimer is higher than that of a dimer in a row of
dimers [103]. This predicted self-assembly of dimers into oligomeric

Fig. 1. Cartoon illustrating the 'Death Finger' model.
Left panel: Movement of C-terminal subunit e causes conformational changes transforming the c-ring into an ion conductive pore. Binding of subunit e at the C-
terminal to lumenal lipid of the c-ring and its N-terminal anchor in the b-e-g unit of the membrane bending domain of Fo allows it to both sense changes in OSCP via
subunit b of the peripheral stalk (PS) and in membrane curvature via subunit g. The structural framework transmitting PTP related changes are colored in orange
with the important hinge point of the b-e-g unit marked in red. Single point mutations that have been demonstrated to have a clear effect on PTP properties are labled
in blue (See section 2 for details). Regions of interest for further point mutations are labled in red.
Right side panels: Two speculative scenarios how lipid removal via movement of subunit e might be coupled to large conformational changes in the c-ring. Upper
panel: In analogy to recent findings in the gap junction field lateral movement of lipids both from the c-ring lumen and embedding membrane through lateral
openings of the c-ring allow the c-ring to relax into a wider conformation with low conductivity. Lower panel: Complete removal of the e-subunit bound lipid causes
the c-ring to transform into a beta barrel with high conductivity.
Cartoon depiction of monomeric mitochondrial F-ATP synthase was chosen to avoid the image of certainty in the absence of complete atomic models for yeast and
mammalian F-ATP synthase.

C. Gerle Pharmacological Research 160 (2020) 105081

6



rows as a consequence of the energy minimization in the oligomeric
state has been verified by cryo-electron tomography of liposomes re-
constituted with yeast F-ATP synthase dimers [129]. In addition, the
membrane tension from membrane bending in a monomer is directed at
the b-e-g unit alone, whereas in a dimer the tension is shared between
the b-e-g unit and the intra-dimer contact of the monomers. Therefore,
a hierarchy in levels of membrane tension experienced by the b-e-g unit
might exist which rises from rows of dimers to dimers at the end points
of rows over single dimers to monomers. It is tempting to speculate that
the observed correlation between respiratory function and mitochon-
drial ultrastructure [130,131] is at least partially the result of mem-
brane curvature sensing by the b-e-g unit and an ensuing tuning of
short, reversible openings of the PTP in the form of mitoflashes
[132,133]. In this scenario cristae architecture and the oligomeric state
of the F-ATP synthase act as a meta-controller of PTP open probability
in a synthesis of phenomena from the molecular level up to mi-
tochondrial architecture.

The structural framework outlined here for a 'Death Finger' working
model of PTP gating receives support from the effects of single point
mutations on the unique histidine of the OSCP subunit [62], the phe-
nylglyoxal sensitivity conveying arginine in subunit g [64] and the full
conductance conveying conserved arginine in subunit e [122]. Also the
notion of monomeric mitochondrial F-ATP synthase as the minimal
structural unit capable of eliciting large currents is supported by the
patch clamp recordings of GUVs fused with SUVs reconstituted with
monomers only [86]. Here it is of interest to note that a recent corre-
lative light and electron microscopy study examining the ultrastructure
of mitochondria undergoing apoptotic cristae re-modelling detected
only monomeric F-ATP synthase in the vicinity of the outer membrane
using cryo-electron tomography [134]. Finally, remaining doubts on
the molecular identity of the PTP were dispelled by combining in vitro
electrophysiology and bulk solution proton pumping experiments per-
formed on highly pure and well-characterized bovine F-ATP synthase
[76]. In a very recent paper a "new bent-pull" model of PTP gating was
described [135] that is basically identical to the 'Death Finger' model.
New is its incorporation of the proposal that 6.8PL occupies the c-ring's
lumen and is being pulled out by movement of subunit e. An already not
very satisfying part of the original 'Death Finger' model is the removal
of lipid from the c-ring's lumen because of the unfavorable energetics
involved (see below). To place a whole hydrophobic α-helix into bulk
water, however, is dissatisfying the more so.

4.2. Valid criticism

The 'Death Finger' model now appears much less speculative then
when outlined four years ago and might actually point in the right di-
rection. Nevertheless, valid criticism has been raised and must be ad-
dressed. At the EBEC in Riva del Garda in 2016 Thomas Meier rightly
pointed out that the energetics of pulling out lipids into bulk water are
highly unfavorable and might not even be tolerated by the strength of a
possible salt bridge between subunit e and a lipid headgroup protruding
from the c-ring. Indeed, the energetic penalty of pulling a single car-
diolipin with four acyl chains each with 18 carbon atoms from the
hydrophobic interior of the c-ring lumen into bulk water amounts to
more than 30 kcal/mol [136], whereas breaking a single salt bridge
amounts to less than 5 kcal/mol [137]. The energetic situation changes,
however, if the c-ring lumen is less hydrophobic than expected, by for
example an influx of water molecules. Or if the lumenal lipid has a
small tail, which is likely the case given the c8-ring's exceptionally small
lumen. For example a lipid with only 8 carbons in its hydrophobic tail
can be forced into bulk water without breaking the lipid headgroup
binding salt bridge. Another way out of the energetic penalty problem is
a scenario wherein the lumenal lipid is not removed by pulling it out
into bulk water, but induced to move laterally into bulk lipid of the
surrounding membrane through openings of the c-ring. A similar me-
chanism has been reported for the TRAAK channel [138,139]. In this

case the energetic costs for lipid movement out of the c-ring's lumen is
close to zero and only necessitates Brownian movement biased by slight
movement of the bound subunit e. Note that Brownian motion of lipids
is several orders of magnitude faster (10−7–10−9 s timescale)
[140,141] than that of, i.e. c-ring rotation (10−1–10−3 s timescale), i.e.
lipid movement is instant from the perspective of protein.

However, removal of lipid from the c-ring does not necessarily mean
that ion conduction is possible. This point was raised in detail by an in
silico study that used full atom molecular dynamic simulations to probe
the question of ion conductance of c-rings in the absence of lumenal
lipids [142]. In none of the simulations large ion fluxes were observed,
clearly indicating that removal of lumenal lipids alone might be in-
sufficient to cause channel activity. The simulations were performed
using atomic models of the yeast c10-ring and a bacterial c13-ring. They
did not include any conformational changes of the c-subunits themself,
which certainly leaves room for further studies. It would have been
interesting to see for comparison how the simulation conditions used
here play out on the conductance of known channels having a hydro-
phobic conduit such as the actylcholine receptor or connexin gap
junction channels.

4.3. Learning from gap junctions

Gap junctions are channels of large conductance formed by oligo-
mers of connexins and innexins whose biological role is to connect
neighboring cells for the fast communication of ions and small solutes
[143,144]. Their hemichannels consist of six or eight subunits, each
with four transmembrane helices and their conductance has been stu-
died in depth by electrophysiology and can be very large, with e.g.
∼500 pS for Connexin-50 hemichannels expressed and measured in
Xenopus oocytes [145], a magnitude in electric current similar to that
of the PTP/MMC. Like the PTP/MMC gap junctions exhibit a multitude
of substates suggestive of a complex gating mechanism, which can be
modulated by both Ca2+ and the transmembrane potential. Those and
other shared characteristics led me to believe that the gap junction field
could be very informative and inspiring for the PTP field. When it
comes to the question of gating, the gap junction field faced a problem
opposite to that of the PTP field. Until very recently, all reported high
resolution structures determined for gap junctions by either X-ray
crystallography or single particle cryo-EM were apparently in an open
state [146–150]. This posed a puzzling question: how can such a large
conduit be closed to ions? All open state gap junction structures were
determined in detergent and in the absence of a lipid bilayer preventing
visualization of a role for lipids. In a very recently published study on
the problem of gap junction gating, several structures of Innexin-6 gap
junction hemichannels were determined by single particle cryo-EM in
the absence and presence of a lipid bilayer, i.e. in detergent or lipid
nano-discs [151]. Analysis of the resulting density maps and electro-
physiological recordings of wild type and N-terminal deletion mutants
of Innexin-6 used in this study strongly indicate that the Innexin-6
hemi-channel is closed by lipids. In addition, it could be shown that the
N-terminal domain on the lumenal side interacts with lipids and is
engaged in gating the hemichannel via manipulation of lipid occu-
pancy. The resulting model posits that the N-terminal region is up when
lipids enter the hemichannel's pore and down when lipids are excluded
from the channels lumen resulting in an open state. Here, it is note-
worthy that the N-terminal region in connexins is thought to sense
changes in the transjunctional voltage [152]. The notion that gap
junctions are closed via the lateral diffusion of lipids into the channel's
transmembrane lumen received support from molecular dynamic si-
mulations of the also very recently determined structures of the related
CALHM channels [153,154]. Possibly, closing via lipids rather than
protein is a general motif for channels of large conductance.

In analogy to the findings on lipid mediated gating in gap junctions
the PTP might be gated by lipids as well. If so, then the re-arrangement
of the c-ring to an open state could involve the insertion of both
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lumenal lipids and that of lipids from the embedding membrane into
openings between c-subunits. As a consequence the ring's diameter
would widen and possibly undergo conformational change that favors
ion conductance. A complete removal of c-ring lumenal lipids might
also cause more drastic conformational changes of the c-ring into an
VDAC like β-barrel structure (Fig. 1 right side panels). However, the
primary sequence of the c-subunit is dominated by hydrophobic re-
sidues and does not have the stretches of alternating polar and unipolar
residues necessary for the formation of a classical β-barrel channel like
VDAC. Hence, if this highly speculative idea is true, a non-canonical β-
barrel is expected. The possibility of the α-helical c-ring subunits
transforming into β-sheets has previously been suggested by in vitro
experiments conducted on synthetic and extracted c-subunit polypep-
tides [155,156]. Coincidentally, the outer diameter of VDAC is almost
identical with the outer diameter of the mammalian c8-ring.

The microscopic world of proteins and membranes is far too dif-
ferent from our own macroscopic world to make surefooted guesses.
Even seemingly very clear cause and effect relationships visualized by
high resolution crystal structures can be misleading. Thus for example
in the crystal structure of asymmetric F1 it is seemingly obvious that the
γ-subunit presses against one of the three β-subunits and thus in-
troduces asymmetry into the catalytic α3β3 hexamer [157]. The in-
troduction of asymmetry could consequently be assigned to the pre-
sence of the γ-subunit in the center of the hexamer. However, later
truncation studies on the role of the γ-subunit first by single molecule
rotation assays on α3β3γtruncate [158] and eventually high speed AFM
movies of the α3β3 hexamer alone demonstrated the γ-subunit neither
to be essential for asymmetry in the α3β3 hexamer per se nor for se-
quential, i.e. rotational, catalysis in the α3β3 hexamer in the correct
direction [159].

With this in mind, one should expect that all of the above-described
gating mechanisms of the PTP are unlikely to be correct. However, they
are nonetheless useful to encourage new experiments to investigate this
important problem of mitochondrial biology which can then lead to
better data and eventually more accurate biological interpretations.

5. Concluding remarks

In this short review I have tried to address the current state of affairs
surrounding three main problems facing the PTP field: identity, struc-
ture and gating. Hopefully, it is clear that the first problem of the
molecular identity of the PTP is now basically settled with very strong
evidence for the mitochondrial F-ATP synthase as the sole protein
complex responsible for the name giving maximum conductance of the
PTP/MMC. It is also very likely that the minimal oligomeric unit of
mitochondrial F-ATP synthase that can harbor a channel of large con-
ductance is a monomer. Thanks to the maturation of cryo-EM into an
extraordinary strong approach in doing structural biology on proteins
which are not easily coaxed into forming 3D crystals, structures of
mitochondrial F-ATP synthases are not out of reach anymore. A truly
high resolution structure (< 2 Å) necessary to build a very accurate
atomic model of yeast or mammalian F-ATP synthase that includes all
amino acids, co-factors, lipids, waters and ions will likely remain absent
for the foreseeable future, though. For deciphering the mechanism of
PTP gating a combination of purification from cell cultures of wild type
and mutant mitochondrial F-ATP synthase with in vitro electro-
physiology and structure determination will be necessary. That is a tall
order and the bottleneck here might be the establishment of a quick and
reliable extraction protocol of mitochondrial F-ATP synthase from the
inner mitochondrial membrane in oligomeric pure but intact form. The
number of labs around the world engaging with in vitro studies on
mitochondrial F-ATP synthase (i.e. using purified complexes in their
experiments) had been in decline since the 1990s. In recent years this
decline seems to have reversed and I hope that interest in the question
of mitochondrial F-ATP synthase as PTP will help to re-activate basic
research on this membrane protein complex central to eukaryotic life.
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