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The opening of the permeability transition pore, a nonspecific channel
in inner mitochondrial membranes, is triggered by an elevated total
concentration of calcium ions in the mitochondrial matrix, leading to
disruption of the inner membrane and necrotic cell death. Cyclosporin
A inhibits pore opening by binding to cyclophilin D, which interacts
with the pore. It has been proposed that the pore is associated with
the ATP synthase complex. Previously, we confirmed an earlier observa-
tion that the pore survives in cells lacking membrane subunits
ATP6 and ATP8 of ATP synthase, and in other cells lacking the
enzyme’s c8 rotor ring or, separately, its peripheral stalk subunits b
and oligomycin sensitive conferral protein. Here, we investigated
whether the pore is associated with the remaining membrane sub-
units of the enzyme. Individual deletion of subunits e, f, g, and
6.8-kDa proteolipid disrupts dimerization of the complex, and dele-
tion of DAPIT (diabetes-associated protein in insulin sensitive tissue)
possibly influences oligomerization of dimers, but removal of each
subunit had no effect on the pore. Also, we removed together the
enzyme’s membrane bound c8 ring and the δ-subunit from the cata-
lytic domain. The resulting cells assemble only a subcomplex derived
from the peripheral stalk and membrane-associated proteins. Despite
diminished levels of respiratory complexes, these cells generate a
membrane potential to support uptake of calcium into the mitochon-
dria, leading to pore opening, and retention of its characteristic prop-
erties. It is most unlikely that the ATP synthase, dimer or monomer, or
any component, provides the permeability transition pore.
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For more than 40 y, it has been recognized that mitochondria
contain the permeability transition pore (PTP), a nonspecific

channel which opens in response to elevated levels of Ca2+ ions in
the mitochondrial matrix (1). In consequence, the mitochondria
take in water, their cristae swell, and their membranes rupture.
Similar observations have been made in many vertebrates from
humans to lampreys and also in plants and yeasts (2). Besides
elevated Ca2+ ions, PTP opening is promoted by phosphate,
adenine nucleotide depletion, and reactive oxygen species (3).
This sundering of the mitochondrial membranes disrupts the
synthesis of ATP and ion homeostasis in the organelle and leads
to cell death by necrosis (4, 5). Because the human PTP has been
implicated in neurodegeneration, ischemia reperfusion injury,
muscle dystrophy, and cancer (6), the pore has been studied
extensively in various cell types and also in isolated mitochon-
dria. Under experimental conditions, opening of the PTP in cells
can be provoked by high concentrations of thapsigargin, an in-
hibitor of the Ca2+-ATPase in the sarcoplasmic and endoplasmic
reticula, or by a direct effect on mitochondria (7). Another way is
to make the plasma membrane of cultured cells permeable, either
with ionophores such as ferutinin (8) or with the mild detergent
digitonin (9), to provide a route for exogenous Ca2+ ions to enter
the cells. The Ca2+ uniporter, a component of the inner mito-
chondrial membrane, takes the elevated cytoplasmic Ca2+ ions
into the mitochondrial matrix, which can accumulate large amounts
of Ca2+ in the presence of phosphate (10, 11). However, when the

total concentration of Ca2+ in the mitochondrial matrix is sufficiently
elevated, the PTP opens (12). Inhibition of the Ca2+ uniporter
with the oxygen-bridged dinuclear ruthenium amine complex,
Ru-360, or genetic disruption of the uniporter, reduces ingress of
Ca2+ ions into the matrix space and the pore remains closed (13).
The PTP is defined experimentally by a number of properties
including the following. First, cyclosporin A (CsA) inhibits opening
of the PTP by binding to cyclophilin D, a prolyl cis-trans isomerase
found in the mitochondrial matrix (14), which is considered to
interact with and modulate the PTP rather than being an integral
component. Second, the opening of the PTP is inhibited by
bongkrekic acid and stimulated by carboxyatractylate (15). Third,
the pore allows hydrophilic molecules up a molecular mass of
1,500 Da to pass (16).
Several proteins have been proposed as components of the

PTP and have been rejected subsequently (17). Another proposal
investigated here and previously is that the PTP is associated with
the dimeric ATP synthase complex in the inner mitochondrial
membrane (18). Each constituent monomer is an assembly of 28
proteins of 18 different types organized into a membrane extrinsic
domain, where synthesis of ATP takes place, and a membrane in-
trinsic domain, where the turning of the enzyme’s rotor is generated
from the proton motive force (Fig. 1) (19). The domains are linked
by a central stalk (subunits γ, δ, and e) and a peripheral stalk
(subunits b, d, F6, and the oligomycin sensitivity conferral protein or
OSCP). The subcomplex of the central stalk and a ring of eight c
subunits in the membrane domain constitute the enzyme’s rotor.

Significance

Mitochondria generate the cellular fuel, adenosine triphosphate,
or ATP, to sustain complex life. Production of ATP depends on the
oxidation of energy-rich compounds to produce a chemical po-
tential difference for hydrogen ions (or proton motive force, pmf),
across the inner mitochondrial membrane (IMM). Disruption of
the IMM, dissipation of the pmf, and cell death occur if the total
concentration of calcium inside mitochondria is elevated suffi-
ciently to open a pore in the IMM. It has been proposed that the
pore is in the membrane sector of the ATP synthase. Here, we
show that five membrane proteins associated with the enzyme’s
stator are not involved in the pore, and that the pore persists in
the absence of the enzyme complex.
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One suggestion is that the PTP is associated with this c8 ring (20–
22), and another is that the OSCP provides the site of interaction of
cyclophilin D with the PTP (18). However, neither suggestion is
tenable. The characteristic properties of the PTP persist in one
human cell line where the three genes encoding the c subunit have
been disrupted, making them devoid of the c subunit, and in others,
which lack a peripheral stalk by virtue of disruption of the gene for
either the OSCP or subunit b (23, 24). Recently, we investigated the
pathway of assembly of the membrane arm of ATP synthase by
removing individual supernumerary subunits e, f, g, DAPIT, and
6.8-kDa proteolipid (6.8PL) and characterizing the vestigial ATPase
complexes (25). Here, we have taken advantage of this knowledge
to study whether individual removal of these supernumerary sub-
units, which influence formation of dimers and their oligomeriza-
tion, has any effect on the PTP, and in other experiments to see
whether mitochondria devoid of an assembled ATP synthase still
retain the characteristics of a functional PTP.

Results
Effect of Removal of Supernumerary Subunits. According to the
pathway of assembly of the membrane arm of human ATP syn-
thase (SI Appendix, Fig. S1), the individual removal of any one of
supernumerary subunits e, f, g, and 6.8PL prevents the vestigial
complexes from dimerizing (25). In contrast, dimers persist to
some extent when DAPIT is removed. PTP opening in cells
lacking individual supernumerary subunits was assessed by three
independent methods. They were: first, calcein-cobalt quenching
and depletion of the fluorescence of tetramethylrhodamine
methyl ester (TMRM) in response to the treatment of intact cells
with either thapsigargin (TG) or the calcium ionophore ferutinin
(FT); second, measurement of calcium retention capacity (CRC)
by the mitochondria in cells permeabilized with digitonin; and
third, the swelling of mitochondria in response to exogenous
Ca2+ in permeabilized cells monitored by light absorbance (23,
24). As assayed by these methods, the removal of each of these
supernumerary subunits did not prevent the opening of the PTP
or the inhibition of opening by CsA (SI Appendix, Figs. S2–S5).
Therefore, the disruption of dimers of ATP synthase by removal
of any of subunits e, f, g, and 6.8PL does not influence the
function of the PTP, nor does the removal of DAPIT, and the
individual subunits are not part of the PTP.

Human Mitochondria Devoid of Assembled ATP Synthase.Yeast ATP
synthase is assembled from preformed modules of the F1 do-
main, the peripheral stalk, and the c10 ring (26, 27). The process
of assembly of the human enzyme is similar, but not identical
(25), and the assembly of its F1 domain has not been studied in
detail yet. However, depletion of any of the three components of
the central stalk, the γ-, δ-, e-subunits (Fig. 1), affects the as-
sembly of the entire domain, accompanied by a reduction in the
levels of peripheral stalk and membrane subunits (28, 29), and
the accumulation of an uncharacterized subcomplex containing
the c subunit. Homozygous missense mutations in ATP5F1D, the
single human gene encoding the δ-subunit, are associated with
metabolic disorder and are accompanied by a reduction in the
level of ATP synthase and changes in the morphology of the
cristae (30). Therefore, we disrupted ATP5F1D in HAP1-A12
cells, which lack the c subunit (23). Deletion of a single base
pair in exon II of this gene produced a frame shift, which
changed the mature δ-subunit after residue 88 and terminated
the chain after a further 10 residues unrelated to the sequence of
the δ-subunit (SI Appendix, Figs. S6 and S7). The resulting clonal
cell line, known as HAP1-Δ(c+δ), lacks both the c and δ-subunits
(Fig. 2) and grows at about the same rate as HAP1-WT cells (SI
Appendix, Fig. S8A), although the mutant cells contain 40%
more mitochondrial DNA molecules than HAP1-WT cells (SI
Appendix, Fig. S8B). However, as with HAP1-A12 cells (23), the
HAP1-Δ(c+δ) cells have a reduced respiratory capacity (SI Ap-
pendix, Fig. S8C), consistent with the reduced levels of com-
plexes I, III, and IV, but not complex II, in their mitochondria
(SI Appendix, Fig. S9). As expected, the HAP1-Δ(c+δ) cells
contain no intact ATP synthase (Fig. 2 and SI Appendix, Fig.
S10), and there was no evidence of any vestigial complex con-
taining the F1 domain; such vestigial complexes have been observed
previously in human ρ0-cells and in HAP1-A12 cells, and in HAP1
cells lacking the capability to express individually the OSCP, b, e, f,
g, and 6.8PL subunits (23–25). However, there was evidence in both
HAP1-WT and HAP1-Δ(c+δ) cells of an uncharacterized sub-
complex containing at least subunit g (s1 in SI Appendix, Fig. S10)
that may be related to an assembly intermediate containing subunits
b, e, and g (31).
The absence of intact ATP synthase and vestigial complexes

containing the F1 catalytic domain from HAP1-Δ(c+δ) cells was
confirmed by quantitative MS of material immunocaptured from
cells under conditions employed for purification of ATP synthase

Fig. 1. Organization of subunits in the dimeric ATP
synthase complex in mammalian mitochondria. The
dimers form rows along the edges of the cristae.
Black lines represent the limits of the inner membrane
between the matrix and the IMS (intermembrane
space). The F1 catalytic domain (subunit composition
α3β3γδe) including the central stalk is above; one
α-subunit has been removed from each monomer to
expose the γ-subunit (black), lying approximately along
the central axis of the spherical α3β3 domain. The γ-, δ-
and e-subunits are bound to the c8 ring (brown), and
together these subunits constitute the rotor. Rotation is
generated by the translocation of protons through the
interface between the c8 ring and ATP6 (blue). The
peripheral stalks are made of single copies of subunits
OSCP, b, d, and F6. Subunit b has two N-terminal
transmembrane α-helices. The membrane domain
also contains subunits ATP8 (brick red), e (yellow),
f (green), g (red), DAPIT (purple), and 6.8PL (cream),
eachwith a single transmembrane α-helix. The C-terminal
region of ATP8, extends into the peripheral stalk.
Subunits e, f, g, DAPIT, and 6.8PL are “supernumerary”with no known roles in the generation or hydrolysis of ATP. In the dimeric complex, subunits ATP6 and
6.8PL provide the protein interface between monomers. Subunits e and g make a separate domain not in contact with ATP6 and 6.8PL. One e-g pair at the
front of the dimeric structure has been removed for clarity. The dimer interface and arrangement of supernumerary membrane subunits is based upon the
structure of dimeric Fo from S. cerevisiae (33).
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from HAP1-WT cells (Fig. 3A, SI Appendix, Fig. S11, and
Datasets S1 and S2). The Δ(c+δ) material contained no trace of
some subunits of ATP synthase and very low levels of others
relative to HAP1-WT cells. It is noteworthy that the relative
abundance of IF1 in the immunocaptured material had de-
creased drastically also, in contrast to observations in mutant
HAP1 cells lacking individually supernumerary subunits (ex-
cepting DAPIT), peripheral stalk subunits OSCP or b, and
subunit c (23–25). In all of these mutant cells, where different
vestigial ATPase complexes remain (SI Appendix, Fig. S1), each
with an intact F1 domain, the level of IF1 is elevated relative to
HAP1-WT cells, presumably to prevent the F1 domain from
hydrolyzing ATP. Thus, the absence of IF1 from the immuno-
captured material from HAP1-Δ(c+δ) cells is consistent with the
absence of an assembled F1 domain. Quantitative MS analysis of
mitoplasts confirmed the loss of the three central stalk subunits,
γ, δ, and e, and the two mitochondrially encoded subunits, ATP6
and ATP8 (and the c subunit is absent also), but significant levels
(25–55%) of all of the other subunits were measured (Fig. 3B, SI
Appendix, Fig. S11, and Datasets S3 and S4). Residual levels of
subunits were detected also by fractionation of mitoplasts by
SDS/PAGE, followed by Western blotting with subunit-specific
antibodies (SI Appendix, Fig. S12), albeit at apparently lower
levels than those measured in stable isotope labeling using amino
acids in cell culture (SILAC) analyses. The quantitative MS ex-
periments also confirm reduced levels of subunits of complexes I,
III, and IV (SI Appendix, Fig. S13 and Dataset S3).

Characteristics of the PTP in HAP1-Δ(c+δ) Cells. The function of the
PTP was compared in HAP1-WT and HAP1-Δ(c+δ) cells by the
same three independent assays described above.
By the first assay, the opening of the pore was demonstrated

by calcein-cobalt quenching and loss of TMRM fluorescence in
both intact HAP1-WT and HAP1-Δ(c+δ) cells in the presence of
either thapsigargin or the calcium ionophore ferutinin. With
both reagents, opening of the pore was inhibited by CsA (Fig. 4).

In the second assay, the capacity of mitochondria to retain cal-
cium was followed in HAP1-WT and HAP1-Δ(c+δ) cells, where
the plasma membrane had been permeabilized with digitonin.
The responses of the cells to successive pulses of Ca2+ were mon-
itored in the absence and in the presence of CsA (Fig. 5). On
average, the ratio of the number of calcium pulses needed to
induce the opening of the PTP in the presence and absence of
CsA was very similar, and also to the values in HAP1-Δe, -Δf,
-Δg, -ΔDAPIT, and -Δ6.8PL cells (Fig. 5C and SI Appendix,
Table S3). In both HAP1-WT (24) and HAP1-Δ(c+δ) cells, in-
hibition of the mitochondrial calcium uniporter with Ru360
immediately after a single calcium injection prevented further
uptake of Ca2+ by mitochondria (SI Appendix, Fig. S14). Also,
there was no difference in HAP1-WT and HAP1-Δ(c+δ) cells to
the effects of either bongkrekic acid or carboxyatractylate, on the
opening of the PTP in response to pulses of exogenous Ca2+ (SI
Appendix, Fig. S15). Thus, in response to pulses of exogenous
Ca2+, there was no qualitative difference in pore opening in the
presence and in the absence of an assembled ATP synthase
complex. However, the rate of uptake of calcium was slower in
the HAP1-Δ(c+δ) cells than in HAP1-WT cells (SI Appendix,
Fig. S16), despite the former having slightly elevated levels of
components of the calcium uniporter (Dataset S3). The slower
uptake presumably arises because of the reduced levels of re-
spiratory complexes I, III, and IV in HAP1-Δ(c+δ) cells (SI
Appendix, Figs. S9 and S13). As expected, first, with the in-
troduction of each calcium pulse, the membrane potential fell
(SI Appendix, Fig. S17), and then recovered as calcium accu-
mulated in the mitochondria, but more slowly in the mutant than
in the wild-type cells, until, in both wild-type and mutant cells,
the PTP opened with release of accumulated calcium and com-
plete collapse of the membrane potential. An independent es-
timate of maximal respiratory capacity based on cellular oxygen
consumption following treatment with the ionophore, carbonyl
cyanide-4-(trifluoromethoxy)-phenylhydrazone, provides additional

A B

Fig. 2. Absence of the δ-subunit and of the assembly of ATP synthase from
clonal HAP1-Δ(c+δ) cells. (A) Analysis by Western blotting of extracts of
mitoplasts from HAP1 wild-type (WT) and HAP1-Δ(c+δ) cells made with n-
dodecyl-β-D-maltoside and fractionated by SDS/PAGE. The antibodies were
against the δ-subunit, and citrate synthase (CS) provided a loading control.
The positions of molecular mass markers (in kilodaltons) are shown on the
right. (B) Analysis by SDS/PAGE of ATP synthase immunopurified from
mitoplasts derived from HAP1-WT and HAP1-Δ(c+δ) cells. Material derived
from the same amount of starting material was applied in both lanes. The
gel was stained with silver. The positions of subunits are indicated on
the left.

A

B

Fig. 3. Relative quantitation of ATP synthase subunits in HAP1-Δ(c+δ) cells.
Relative abundances of subunits and the inhibitor protein IF1 are shown. (A)
Immunopurified ATP synthase and vestigial complexes. (B) Mitoplasts. The
complexes were purified from mitoplasts from 1:1 mixtures of differentially
SILAC-labeled cells. Complexes and mitoplasts were fractionated by SDS/
PAGE, and proteins were stained with Coomassie blue dye. Tryptic digests
were analyzed by mass spectrometry. The histograms are the median values
of both relative abundance ratios determined for proteins found in com-
plementary SILAC experiments. The data for all of the identified proteins are
given in SI Appendix, Fig. S11 and Datasets S1–S4. Error bars show the range
of the two values. IF1-M1 is a specific mature form of IF1 (23), and f-1 and f-2
are isoforms of subunit f (Swiss-Prot P56134). The relative abundance of the
c subunit was not determined.
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confirmation that HAP1-Δ(c+δ) cells retain the ability to generate
a proton flux sufficient to sustain uptake of Ca2+ (SI Appendix,
Table S4).
The third assay is based upon monitoring the change in ab-

sorbance of mitochondria in permeabilized HAP1 cells accom-
panying the opening of the PTP and mitochondrial swelling,
induced by a single calcium addition, and inhibited by CsA (SI
Appendix, Fig. S18). As in HAP1-Δb and -ΔOSCP cells (24), in
cells lacking individual subunits e, f, g, DAPIT, and 6.8PL, and
also in the HAP1-Δ(c+δ) cells, Ca2+-induced changes in their
mitochondria monitored by absorption of light were generally
slower and less extensive than in HAP1-WT cells (SI Appendix,
Figs. S4 and S18). The Ca2+-induced swelling of mitochondria in
HAP1-WT and HAP1-Δ(c+δ) cells was carried out also in the
presence of PEGs 200, 600, 1000, 1500, 2000, and 4000 at con-
centrations that generate an equivalent osmotic pressure. In both
wild-type and mutant cells, the PTP allowed PEGs 200 and 600
to pass, and in both cases, PEGS 1500, 2000, and 4000 were
excluded (SI Appendix, Fig. S19), and PEG 1000 was close to the
cutoff limit for pore permeability in both cell types. Therefore,
the pores in the wild-type and mutant cells have similar, probably
the same, sizes.

Discussion
The human PTP is characterized by its ability to open in re-
sponse to the elevation of the total concentration of Ca2+ in the
mitochondrial matrix, and by the inhibition of opening by CsA,
mediated via the binding of the drug to cyclophilin D, and the
interaction of cyclophilin D with the PTP. In previous work,
the removal of neither of the membrane subunits b or c had
any significant impact on the opening of the pore in response
to elevation of matrix Ca2+ in three independent assays and in
every instance pore opening remained sensitive to the action
of CsA (23, 24). Similarly, the absence of mitochondrial DNA
from ρ0-143B cells and, thus, of their ability to synthesize
membrane subunits ATP6 and ATP8, had no effect on pore

opening or on the inhibitory effect of CsA (23). Similar ob-
servations have been made before with another ρ0-143B cell
line (32).
Here, it has been shown that there was a similar lack of im-

pact on the opening of the PTP in response to elevated matrix
Ca2+ by the same three independent assays employed previ-
ously when the remaining membrane subunits e, f, g, 6.8PL, and
diabetes-associated protein in insulin sensitive tissue (DAPIT)
of ATP synthase were removed individually from HAP1 cells by
gene disruption. As yet, there is no detailed structure of the
interface between the monomers in the dimeric mammalian
ATP synthase complex, but the ATP synthase in S. cerevisiae

Fig. 4. Influence of FT or TG on the opening of the PTP in HAP1 cells. HAP1-
WT and HAP1-Δ(c+δ) cells were stained with calcein and TMRM and then
kept at 37 °C for 30 min in the presence of 25 μM FT, or for 1 h with 40 μM
TG. Duplicate samples were similarly stained and treated with 5 μM CsA and
then with either FT or TG. Fluorescence intensities of calcein and TMRM
were measured in a cell-counting fluorescence microscope (see SI Appendix,
Fig. S3 for an example). Gray and white columns correspond to the fluo-
rescence retention ratios for calcein and TMRM, respectively, calculated as
shown in SI Appendix, Fig. S3. The data shown are the mean values ± SD (n =
4). The data providing the basis for this summary are presented in SI Ap-
pendix, Tables S1 and S2. In each instance, the fluorescence retention ratios
for treatment in the absence or presence of CsA are significantly different
(t test, P < 0.01).

A

B

C

Fig. 5. Calcium induced opening of the PTP in permeabilized HAP1 cells.
The calcium retention capacity of mitochondria was determined in digitonin
permeabilized cells (2 × 107 cells per mL) in response to pulses of 10 μM
CaCl2, in the absence and presence of 1 μM CsA. Mitochondrial uptake of
extramitochondrial Ca2+ was monitored by the fluorescence of Calcium
green-5N given in arbitrary units (a.u.). The collapse of the fluorescence
signal corresponds to the opening of the PTP. (A) HAP1-WT cells. (B) HAP1-
Δ(c+δ) cells. (C) Quantitation of the PTP displayed as the ratio of the number
of calcium pulses required to induce the PTP in CsA inhibited (CRCi) and
untreated (CRCo) samples (±SD). The experimental data for the number of
calcium pulses required to induce the PTP are shown in SI Appendix, Table
S3, and representative traces for HAP1-Δe, -Δf, -Δg, -ΔDAPIT, and -Δ6.8PL
cells are given in SI Appendix, Fig. S5.
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has the same subunit composition as the mammalian complex,
yeast subunits j and k, respectively, being the orthologs of
mammalian 6.8PL and DAPIT (25). In a structure of the di-
meric membrane domain of the ATP synthase from S. cerevisiae
(33), the interface between monomers is formed by interac-
tions between the ATP6 subunits and between the j subunits
in each monomer, and no other subunit appears to be involved
directly in forming the dimer interface, although the struc-
tures of some membrane subunits are incomplete (33). We
have shown previously that the removal of any of subunits
OSCP, b, c, e, f, g, and 6.8PL individually, and of ATP6 and
ATP8 together, stalls the assembly of the complex, and vari-
ous vestigial partially assembled ATPase complexes accumu-
late that all lack the dimer interface forming proteins, ATP6
and 6.8PL (25). Similarly, the removal of DAPIT probably
disrupts the oligomerization of dimers into the long rows
along the cristae edges. Hence, the proposal that the dimeric
form of the ATP synthase provides the PTP (18) is extremely
unlikely.
In a more drastic experiment, the genes for the c and δ-subunits

were disrupted in the clonal cell line, HAP1-Δ(c+δ). Their mito-
chondria lack not only the c ring, ATP6, and ATP8 and associ-
ated subunits, DAPIT and 6.8PL, but also there is no assembled
F1 domain, and associated OSCP subunit, and yet they retain a
PTP, which opens characteristically in response to elevation of
the concentration of matrix Ca2+, and opening, as usual, is
inhibited by CsA. The only remaining vestige of the ATP syn-
thase in HAP1-Δ(c+δ) cells may be an incompletely character-
ized subcomplex containing subunits b, e, and g, and possibly
other subunits, and the participation of each of these subunits in
the PTP has been eliminated in the past and present work (24).
In HAP1-Δ(c+δ) cells, the levels of respiratory complexes I, III,
and IV and oxygen consumption are reduced markedly relative
to HAP1-WT cells. A similar reduction in respiratory complexes
and oxygen consumption has been noted also in HAP1-Δc, -Δb,
and -ΔOSCP cells (23, 24), leading to the ability to generate a
membrane potential to drive the uptake of Ca2+ being questioned
(34), despite clear experimental evidence that they were able to do
so (23, 24). Therefore, to remove any possible residual doubts
about the ability of the mitochondria of HAP1-Δ(c+δ) cells to
maintain a membrane potential and to accumulate pulses of exog-
enous Ca2+, it was shown here explicitly that they do, as expected,
take up Ca2+ more slowly than mitochondria in HAP1-WT cells, but
the membrane potential recovers, and they accumulate Ca2+ to
the point where the PTP opens and the membrane potential
collapses (SI Appendix, Figs. S16 and S17). Moreover, a simple
calculation provides additional confirmation that these mito-
chondria generate a sufficient proton flux to sustain uptake of
Ca2+ (SI Appendix, Table S4).
Similar to HAP1-Δb and HAP1-ΔOSCP cells (24), cells lacking

individually subunits e, f, g, DAPIT, and 6.8PL, and also the
HAP1-Δ(c+δ) cells, the Ca2+-induced changes in their mito-
chondria monitored by absorption of light were slower and less
extensive than in HAP1-WT cells (SI Appendix, Figs. S4 and
S18). This behavior has been used to infer that the deletion of
the individual b and OSCP subunits does have an impact on the
size of the PTP (34). However, it is well-known that aberrant
assembly of human ATP synthase has far-reaching effects, both
on the formation of mitochondrial networks and on the ultra-
structure of the mitochondria themselves (30, 35–41). Likewise,
the removal of either subunit e or g from the ATP synthase in S.
cerevisiae prevents the complex from dimerizing with an accom-
panying profound impact on the morphology of the mitochondria
(42, 43). They lose their characteristic cristae, and cross-sectional
views of the inner membranes consist of concentric circular struc-
tures, likened in appearance to the cross-section of an onion. Thus,
the dimerization of ATP synthase and the oligomerization of the
dimers in long rows are major determinants in the formation of the

cristae (44, 45), and changes (mutations; subunit deletions) that
disrupt the assembly of the ATP synthase complex, such as those
described here, will affect the structure and light absorbing or
scattering properties of the mitochondria. So far, the impact of the
removal of the various subunits of the ATP synthase on the structure
of the mitochondria networks in HAP1 cells has not been studied by
detailed microscopic analysis, but it is likely that the structures of the
mitochondrial networks and of their cristae, and the light absorbing
and scattering properties of the mitochondria will all have been
affected profoundly. Also, the induction of the PTP might be slower
in mutant mitochondria where metabolic differences arise because
the ATP synthase is defective, leading to a shift in the NAD(P)H/
NAD(P)+ and ADP/ATP ratios and a less than favorable envi-
ronment for PTP induction (46, 47). Changes in the structure of
the mitochondria and the cristae and in their metabolism
provide a more plausible explanation of the observed impacts
on the apparent slowing of the opening of the PTP as assayed
by light absorbance. A similar slower light absorbance change
in yeast mitochondria lacking subunits e and g has also been
interpreted as demonstrating an involvement of these subunits
in the formation of the PTP (48). The matrix of the mito-
chondria (or at least in some of the mitochondria) from the
yeast cells lacking subunits e and g, still had a dense (i.e., not
swollen) appearance in electron micrographs in negative stain
under conditions that would be expected to open the PTP (48).
However, the opening of the PTP is an all-or-nothing effect; the
pore is either closed or open, and the mitochondria are either
dense or swollen (16), and a slower rate of opening probably
produces a mixed population of dense and swollen states.
Another hallmark of the PTP that has been characterized

consistently is its ability to allow PEGs of increasing molecular
weight up to a specific maximum to pass, and to prevent the
passage of larger PEG polymers (16, 49, 50). Here, it has been
shown that in HAP1-WT and HAP1-Δ(c+δ) cells the pore allows
PEG polymers up to PEG 1000 to pass and excludes larger
polymers. Therefore, the diameter of the pore and its other
characteristic features are the same in the HAP1-Δ(c+δ) cells
and HAP1-WT cells. These data provide a crude estimate of the
pore diameter of about 2 nm, and this estimate is similar to
values of pore diameter estimated by the same and related
methods in various cell types (SI Appendix, Table S5). A recent
attempt to reinvoke the c8 ring of the ATP synthase as providing
the PTP (51) takes no account of the estimated diameter of the
PTP being about 20 Å or greater (SI Appendix, Table S5),
whereas the central nonprotein space in the c8 ring is 4 Å in
diameter at its narrowest point in the center of the lipid bilayer,
widening to 12 Å at the membrane surface (23). Nor are the
chemical and physical aspects of the central pore of the c8 ring
considered; it has an almost entirely hydrophobic surface, is fil-
led with lipids and is blocked on the matrix side of the ring by the
central stalk of the ATP synthase. There is no evidence that the
c8 ring exists on its own in wild-type mitochondrial membranes or
that the c8 ring and the catalytic F1 domain can be dissociated
from the intact ATP synthase in the inner mitochondrial mem-
brane. These physical, chemical, and biological properties are all
inconsistent with the proposal that the c8 ring provides the
aqueous channel of the PTP that allows Ca2+, water, and PEG
molecules up to PEG 1000 to pass (23, 52).
In conclusion, the experiments presented here, combined with

others published previously (23, 24), now provide overwhelming
evidence that the proposal that the PTP is associated with the
ATP synthase is not sustainable.

Materials and Methods
The derivation and characterization of human cell lines HAP1-Δe, -Δf, -Δg,
-Δ6.8PL, and -ΔDAPIT where, respectively, the genes for subunits e, f, g,
6.8PL, and DAPIT of ATP synthase were disrupted, have been described (25).
HAP1-Δ(c+δ) cells were generated by CRISPR-Cas9 gene editing (53) in
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HAP1-A12 cells of ATP5F1D, the gene encoding the δ-subunit of ATP synthase.
Growth and oxygen consumption rates of cells were measured as before
(23, 24). The oligomeric state of ATP synthase was examined by BN-PAGE
(54). ATP synthase and other respiratory complexes were transferred to mem-
branes and detected by Western blotting. ATP synthase and its subcomplexes
were immuno-captured from mitoplasts (23) and analyzed by SDS/PAGE. Pro-
teins were subject to SILAC and quantitated by mass spectrometry (23, 55). The
opening of the PTP was assayed by calcein-cobalt chloride quenching, and mi-
tochondrial membrane potential measurements with TMRM, as before (23),
with the PTP inducers thapsigargin and ferutinin (7, 8). The mitochondrial CRC
assay was performed as described previously (23), except that calcium levels
were measured with 0.2 or 0.25 μM calcium green-5N. Calcium-induced opening

of the PTP and mitochondrial swelling were monitored in digitonin per-
meabilized cells as described before (24), with 2 × 107 cells per mL and single
injections of either 100 or 150 μM CaCl2. The CRC assay solution was used with
HAP1-Δ(c+δ) cells for mitochondrial swelling experiments. The size exclusion
limit of the PTP was determined by performing the mitochondrial swelling assay
in the presence of polyethylene glycols of varying molecular weights (49, 50). For
additional details, see SI Appendix.
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