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Defining the molecular mechanisms of the
mitochondrial permeability transition through
genetic manipulation of F-ATP synthase
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Michael Forte2, Andrea Rasola 1, Ildikò Szabò3,4, Michela Carraro1✉ & Paolo Bernardi 1,3✉

F-ATP synthase is a leading candidate as the mitochondrial permeability transition pore

(PTP) but the mechanism(s) leading to channel formation remain undefined. Here, to shed

light on the structural requirements for PTP formation, we test cells ablated for g, OSCP and b

subunits, and ρ0 cells lacking subunits a and A6L. Δg cells (that also lack subunit e) do not

show PTP channel opening in intact cells or patch-clamped mitoplasts unless atractylate is

added. Δb and ΔOSCP cells display currents insensitive to cyclosporin A but inhibited by

bongkrekate, suggesting that the adenine nucleotide translocator (ANT) can contribute to

channel formation in the absence of an assembled F-ATP synthase. Mitoplasts from ρ0

mitochondria display PTP currents indistinguishable from their wild-type counterparts. In this

work, we show that peripheral stalk subunits are essential to turn the F-ATP synthase into the

PTP and that the ANT provides mitochondria with a distinct permeability pathway.
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The permeability transition (PT) is a Ca2+-dependent per-
meability increase of the mitochondrial inner membrane to
ions and solutes with molecular mass up to about 1500

Da1–3. It is today generally accepted that the PT is due to the
opening of a channel, the PT pore (PTP), as first proposed by
Haworth and Hunter in 19791–3. This channel, also called
mitochondrial megachannel (MMC), was later identified in
patch-clamp experiments in mitoplasts, which defined its max-
imal conductance (as high as 1.3–1.5 nS) and a number of dis-
tinctive, smaller subconductance states4,5. The PTP and the MMC
are considered to be the same molecular entity because they
respond in the same way to the same set of agonists and
antagonists6,7. The latter include cyclosporin (Cs) A8–11, which
desensitizes the PTP to opening after binding cyclophilin (CyP) D
in the matrix12.

The molecular nature of the PTP is the matter of debate. The
first potential candidate has been the adenine nucleotide
translocator1 (ANT), which was later shown to form Ca2+-acti-
vated channels with conductance of 0.3–0.6 nS that are activated
by CyPD and inhibited by ADP13,14. The selective ANT inhibitors
atractylate15 (ATR) and bonkgrekate16 (BKA) have opposite
effects on the PT. ATR, which locks the ANT in the “c” con-
formation (nucleotide binding site facing the cytosol) shows a
PT-stimulating effect; while BKA, which locks the protein in the
“m” conformation (nucleotide binding site facing the matrix)
instead shows a PT-inhibiting effect, suggesting that pore opening
and closure could be related to a specific, Ca2+-dependent con-
formational change of the ANT1. Given that mitochondria from
Ant1−/−Ant2−/− and Ant1−/−Ant2−/−Ant4−/− mice still
undergo a CsA-sensitive PT, albeit at increased matrix Ca2+

loads;17,18 and considering that deletion of the Ppif gene (which
encodes CyPD) in the Ant1−/−Ant2−/−Ant4−/− background
totally prevents the PT18, at least another CyPD-sensitive channel
must mediate PTP formation19. The second major candidate for
PTP formation is the F-ATP synthase. This hypothesis was put
forward after the demonstration (i) that CyPD binds to, and
modulates the F-ATP synthase in a CsA-sensitive manner;20 and
(ii) that partially purified F-ATP synthase generates Ca2+-acti-
vated channels with the features expected of the corresponding
PTPs in bovine21, human22, yeast23, and drosophila24 mito-
chondria. Investigations based either on knockdown25 or on
selective ablation of individual subunits of F-ATP synthase26–28

have generated conflicting results, since both persistence26–28 and
inhibition25,29 of the PT have been reported to occur. In yeast,
absence of the “dimerization” subunits e and g, and of the N-
terminal segment of subunit b30, which closely interacts with
subunit g31, dramatically decreases both size of the PTP and
channel conductance of F-ATP synthase32. Furthermore, point
mutations that do not affect either assembly of the enzyme
complex or ATP synthesis did cause specific changes in the
channel properties of the PTP22,32–37. Finally, highly purified F-
ATP synthase preparations displayed the features expected of the
PTP in electrophysiological experiments38,39. In order to address
the many open questions about the role of F-ATP synthase in
channel formation, we have studied the features of the PTP by
in situ techniques and by patch-clamp recordings of mitoplasts
deriving from HeLa cells ablated for subunit g (Δg), from
HAP1 cells individually ablated for subunit b (Δb) and subunit
OSCP (ΔOSCP)28 and from ρ0 cells derived from 143B osteo-
sarcoma cells lacking mitochondrial (mt) DNA, and therefore
devoid of subunits a and A6L40.

Here, we show that peripheral stalk subunits are essential to
turn the F-ATP synthase into the PTP and that the ANT provides
mitochondria with a distinct permeability pathway. Our results
resolve a number of outstanding questions about PTP formation
by F-ATP synthase and about the role of ANT in the occurrence

of the PT, and open new perspectives in understanding this
central mystery of mitochondrial biology.

Results
The permeability transition in HeLa-Δg cells. To test its role in
PTP formation, we generated HeLa cells where the g subunit of F-
ATP synthase had been deleted by CRISPR/Cas9 technology
(Fig. 1a; see Supplementary Fig. 1 for the structure of F-ATP
synthase). Absence of subunit g also drastically lowered the level
of subunit e, which was virtually undetectable (Fig. 1b), indicating
that expression of these two proteins is coordinated. Other
components of the lateral stalk were also affected by subunit g
ablation, with decreased expression of peripheral stalk subunits b,
OSCP and f, while the levels of subunit c were normal (Fig. 1b).
Clear native-PAGE analysis revealed that in the absence of sub-
units g (and e) the complex migrated at lower molecular weight,
with the appearance of a species (Fig. 1c, asterisk) which may
represent a “vestigial” form of the enzyme28. Expression of ANT2
and ANT3, the two major isoforms of the translocator expressed
in proliferating cells, was not altered (Fig. 1d). Deletion of subunit
g had a strong impact on respiration, which was drastically
reduced and became insensitive to oligomycin but could be sti-
mulated by FCCP (Fig. 1e). Note that FCCP-stimulated respira-
tion in wild-type (WT) cells was lower than basal, a toxic effect
due to the combination with oligomycin, which indeed was not
seen with FCCP alone (Supplementary Fig. 2a). Lower respiration
of Δg cells was matched by a dramatic decrease in the expression
of respiratory complexes I, III, and IV (Supplementary Fig. 2b),
which has also been observed in HAP1 cells after deletion of
peripheral stalk subunits and of the c ring26–28. A possible
explanation is that respiratory chain complex I and F-ATP syn-
thase share the assembly factors TMEM70 and TMEM242, which
could be part of a negative regulatory mechanism connecting the
levels of complex I to those of F-ATP synthase41. Cell growth was
also impaired in HeLa-Δg cells (Supplementary Fig. 2c), a finding
that can be explained by the severe defects of respiration and ATP
synthesis. Δg mitochondria exhibited a significant reduction in
the fraction undergoing swelling upon treatment with a Ca2+

bolus (Fig. 1f), and consistently showed an increased Ca2+

retention capacity (CRC) (Supplementary Fig. 2d).
To further explore the effect of subunit g ablation on the PTP,

we studied mitochondria in living cells. HeLa cells were loaded (i)
with calcein followed by Co2+ to quench the cytosolic calcein
signal and allow detection of mitochondrial calcein42 and (ii) with
the potentiometric probe TMRM to detect changes of mitochon-
drial membrane potential43 (Fig. 2a). CsA-sensitive loss of
mitochondrial calcein fluorescence detects the occurrence of the
PT even for very short PTP open times42 while TMRM release
requires longer-lasting PTP openings associated with the release
of cytochrome c44. We added a cell-permeant hexokinase (HK) 2
peptide that displaces HK2 from the outer mitochondrial
membrane45 and rapidly increases mitochondrial matrix Ca2+

by direct transfer from the endoplasmic reticulum, causing PTP
opening46,47. This is a useful tool to selectively increase Ca2+

transfer to mitochondria without perturbing ion gradients across
all membranes. Within 2 min of peptide addition, only HeLa
WT cells underwent rapid loss of calcein and TMRM fluores-
cence, suggestive of PTP opening that was confirmed by the full
protection exerted by CsA (Fig. 2b). In good agreement with
resistance to PTP opening, HeLa-Δg cells maintained unaltered
levels of calcein and TMRM fluorescence throughout the
recording period. Importantly, (i) expression of HK2 was
maintained and even somewhat increased in Δg cells (Supple-
mentary Fig. 3a), possibly due to a more glycolytic phenotype;
and (ii) the rise of mitochondrial Ca2+ elicited by HK2 peptide

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-25161-x

2 NATURE COMMUNICATIONS |         (2021) 12:4835 | https://doi.org/10.1038/s41467-021-25161-x | www.nature.com/naturecommunications

www.nature.com/naturecommunications


was not significantly different in WT and Δg cells, indicating that
resistance to opening was not due to reduced matrix Ca2+ load
(Supplementary Fig. 3b). The features of the PTP at the single
channel level were tested next. High-conductance stable currents
with multiple subconductance states were induced by 0.3 mM
Ca2+ in WT HeLa mitoplasts (i.e., mitochondria devoid of the
outer membrane) and these currents were fully blocked by Ba2+

(Fig. 2c, left panel and Supplementary Fig. 3c). In striking
contrast, under the same conditions, channel activity was never
detected in 19 independent experiments with HeLa-Δg mito-
plasts, even after increasing [Ca2+] to 0.9 mM (Fig. 2c, right panel

and Supplementary Fig. 3d). Channel activity in WT mitoplasts
was inhibited by CsA (Supplementary Fig. 3e) but not by BKA
(Supplementary Fig. 3f).

The total absence of Ca2+-induced channels was surprising, as
we would have predicted the appearance of channels mediated by
the ANT as observed in HAP1-Δc cells29. We therefore tested the
effects of ATR and BKA on PT occurrence in cells and PTP
opening in patched mitoplasts. As Ca2+ is needed for channel
formation by ANT13,14, we treated cells with the ionophore
A23187. In these protocols the ionophore was preferred to the
HK2 peptide because it allows to calibrate the PTP response to
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Fig. 1 Characterization of HeLa-Δg cells. a Western blot analysis of indicated protein in total cell lysates of HeLa-Δg cells (40 μg/lane). Images are
representative of three independent blots. b Western blot analysis of isolated mitochondria from wild-type (WT) and Δg cells for the indicated F-ATP
synthase subunits. Histogram refers to the quantification of protein levels relative to citrate synthase (CS) and represents mean ± SEM of 3 (for subunit a)
or 4 (for all other subunits) independent blots, *p < 0.05, two-sided Student’s t-test. Gray bars, WT and cyan bars, HeLa-Δg cells. c Clear native-PAGE
analysis and subsequent immunoblotting against ATP synthase subunits β, c, and against SDHA of WT and Δg mitochondria in the presence of indicated
amount of digitonin (g digitonin/g protein). Images are representative of two independent blots. d Western blot on isolated mitochondria for ANT2 and
ANT3. Histogram refers to the quantification of protein levels relative to citrate synthase (CS) and represents mean ± SEM of three independent blots.
Two-sided Student’s t-test. e Mitochondrial oxygen consumption rate (OCR) was evaluated in intact cells by Seahorse XF Analyzer before and after the
addition of oligomycin (O), FCCP (100 nM), rotenone (R), and antimycin A (AA). Traces are average of four independent experiments for WT (gray trace)
and Δg cells (cyan trace). Basal and oligomycin-sensitive OCR is expressed as mean ± SEM of four independent experiments, ***p < 0.001 with two-sided
Student’s t-test. f Swelling assay in isolated mitochondria in the presence (black traces) or absence (red traces) of Ca2+. PTP opening was induced with
50 μM Ca2+, and alamethicin (ala) was added where indicated. Histograms refer to the fraction of swollen mitochondria after about 9min of Ca2+ addition
and are mean ± SEM of six independent experiments, ***p < 0.001, two-sided Student’s t-test.
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Ca2+. We determined the A23187 concentration that does not
activate PTP opening per se, and then treated cells with ATR. We
confirmed that calcein release is only marginal in Δg cells at 5 μM
A23187, i.e., a concentration that readily activates the PTP in
WT cells (Supplementary Fig. 3g). Preincubation with ATR
significantly accelerated the rate of calcein signal loss after
A23187 administration both in WT and Δg cells, a process that
was prevented by BKA and CsA in WT cells, and only by BKA in
Δg cells (Fig. 2d). Patch-clamp measurements in isolated
mitoplasts confirmed the presence of an ATR-induced channel
in HeLa-Δg mitoplasts (Fig. 2e).

The permeability transition in HAP1-Δb and HAP1-ΔOSCP
cells. To study PTP activity in the absence of peripheral stalk

subunits b and OSCP we used HAP1 cells (a kind gift of Prof. Sir
John E. Walker), as these have been thoroughly characterized28

and thus allow a meaningful comparison to be made with the
electrophysiological features of the pore, which in these cells have
not been tested before. As already seen for subunits g and e,
expression of subunits b and OSCP appears to be coordinated.
Indeed, Δb mitochondria had a considerable decrease in the
expression of subunit OSCP and vice versa (Supplementary
Fig. 4a). The expression level of subunits e and g was also dra-
matically decreased in both mutants (Supplementary Fig. 4a) and
these subunits could not be detected in F-ATP synthase com-
plexes in clear-native gels (Supplementary Fig. 4b). We tested the
occurrence of the PT in situ in cells loaded with calcein/Co2+ and
TMRM as before. To our surprise, within 5 min of the addition of
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HK2 peptide WT, HAP1-Δb, and HAP1-ΔOSCP cells (all of
which express HK2, Supplementary Fig. 4c) lost both calcein and
TMRM fluorescence (Fig. 3a). Mitochondrial permeabilization
was significantly inhibited by CsA in WT but not in HAP1-Δb
and HAP1-ΔOSCP cells (Fig. 3a, b and Supplementary Fig. 4d).
We then tested the features of the PTP at the single channel level.
High-conductance, Ca2+-activated stable currents were observed
in mitoplasts from all HAP1 cell lines (Fig. 3c), although the
frequency was lower in mitoplasts from the deletion mutants. No
significant differences were observed in maximal conductance
(Gmax), mean conductance (Gmean), and net charge passing
through the channel during its maximal activity (Q4s) between
WT, Δb, and ΔOSCP mitoplasts (Supplementary Fig. 4e). Con-
sistent with the results in intact cells, HAP1 WT (Fig. 3c, left
panel and Supplementary Fig. 5a) but not HAP1-Δb (Fig. 3c,
middle panel and Supplementary Fig. 5b) and HAP1-ΔOSCP
currents (Fig. 3c, right panel and Supplementary Fig. 5c) were
inhibited by CsA, while pore closure rapidly followed the addition
of Sr2+ (Fig. 3c, middle and right panels), a well-characterized
PTP inhibitor9,10. Statistical analysis of single channel activity
confirmed the total lack of inhibition by CsA in Δb and ΔOSCP
mitoplasts (Fig. 3d).

ANT mediates permeability transition in HAP1 cells lacking
OSCP and b subunits. Given that HAP1-ΔOSCP and HAP1-Δb
cells lack lateral stalk subunits (including subunits g and e, which
according to the results in HeLa-Δg cells should have caused a
loss of PTP activity), the results described in the preceding
paragraph were unexpected. It has been reported that HAP1-Δc
cells lack a PTP but show a CsA-sensitive channel activated by
Ca2+ and inhibited by BKA, which might be mediated by ANT29.
In order to assess whether PTP formation in HAP1-ΔOSCP and
HAP1-Δb cells could occur through ANT, we tested the effects of
BKA, which does not inhibit channel activity of the purified F-
ATP synthase38. In intact WT HAP1 cells occurrence of the PT
triggered by HK2 detachment was not prevented by preincuba-
tion with BKA (Fig. 4a, left panel and Fig. 4b), which instead
substantially decreased the mitochondrial calcein and fluores-
cence loss in HAP1-Δb and HAP1-ΔOSCP cells (Fig. 4a, central
and right panel, respectively, and Fig. 4b). Consistent with these
findings, in WT mitoplasts currents were insensitive to BKA
(Fig. 4c, left panel and Fig. 4d) while BKA blocked the currents in

Δb (Fig. 4c, middle panel and Fig. 4d) and in ΔOSCP mitoplasts
(Fig. 4c, right panel and Fig. 4d). Two hundred second recordings
are provided in Supplementary Fig. 5. Taken together, these data
strongly suggest that both F-ATP synthase and ANT can con-
tribute to the permeability transition in HAP1 cells.

The permeability transition pore in ρ0 cells. ρ0 cells lack
mtDNA-encoded proteins40 (Supplementary Fig. 6a) and there-
fore their ATP synthase lacks the a and A6L subunits. We ana-
lyzed calcein and TMRM fluorescence in living cells and the
effects of treatment with the HK2 peptide as described above.
Although ρ0 mitochondria have no respiratory activity and their
ATP synthase does not pump protons, they maintain a mem-
brane potential by hydrolyzing ATP and thus allowing the elec-
trogenic exchange of extramitochondrial ATP for matrix
ADP48,49. The HK2 peptide caused CsA-sensitive loss of mito-
chondrial calcein and TMRM fluorescence in both ρ+ and ρ0

cells, consistent with the onset of permeabilization (Fig. 5a, b and
Supplementary Fig. 6b) and in keeping with previous results46.
The time-course analysis revealed that: the process of fluores-
cence decrease occurred rapidly, being nearly complete within
about 2 min of addition of the HK2 peptide; it was very similar
for ρ+ and ρ0 cells; and the effect of CsA was somewhat more
complete in ρ+ cells, particularly for TMRM (Fig. 5a, b). While
these in situ measurements are useful to detect the occurrence of
the PT in a population of mitochondria, they do not provide
information on whether the absence of subunits a and A6L has
affected pore conductance. We therefore tested the features of the
pore at the single channel level. The addition of 0.3 mM Ca2+

elicited high-conductance stable currents with multiple sub-
conductance states in 11 out of 17 experiments for ρ+ cells and in
10 out of 12 experiments for ρ0 cells (Fig. 5c). In both cell types,
currents were completely inhibited by Mg2+/ADP (Fig. 5c and
Supplementary Fig. 6c, d) and by CsA (Supplementary Fig. 7a) as
well as by Ba2+ (Supplementary Fig. 7b). On the contrary, both
currents were insensitive to BKA (Supplementary Fig. 7c). Sta-
tistical analysis of single channel activity revealed no significant
differences between ρ+ and ρ0 cells in the maximal or mean
conductance, nor in the net charge passing through the channel
during its maximal activity (Fig. 5d). We conclude that subunits a
and A6L do not contribute to PTP formation.

Fig. 2 HeLa-Δg cells lack the permeability transition but show a latent ANT-related channel. a Fluorescence microscopy images of WT HeLa and HeLa-
Δg cells loaded with 20 nM TMRM and 500 nM calcein-AM/8mM CoCl2 before and 9min after the addition of 2.5 µM HK2 peptide (pep) in the absence
(top panels) or presence (bottom panels) of 4 µM CsA. Bar, 40 μm. b Top: changes in mitochondrial calcein (green traces) and TMRM (red traces)
fluorescence intensities in the absence (dark colors) or presence (light colors) of 4 µM CsA. Where indicated, 2.5 µM HK2 peptide (pep) was added. Data
are averages of the following ROIs: for WT, 82 (HK2) and 185 (HK2+ CsA) over four independent experiments; for Δg, 101 (HK2) and 133 (HK2+CsA)
over three independent experiments; SEM for each time point is denoted by thin lines. Bottom: Calcein and TMRM fluorescence intensities were analyzed
8min after peptide addition in the absence (dark colors) or presence (light colors) of 4 µM CsA. Data are average ± SEM of the ROIs indicated above,
***p < 0.001, **p < 0.01, two-sided Student’s t-test. c Representative current traces showing PTP channel activity obtained by patch-clamping isolated
mitoplast fromWT and Δg cells in the presence of 300 µM Ca2+ (Vh=+20mV). Left panels, currents in WT cells were recorded in 12 experiments out of
17; where indicated, 2 mM Ba2+ was added. Right panel, Δg cells with the addition of up to 900 μM Ca2+, no current activity was recorded in 19
experiments. d Changes in mitochondrial calcein fluorescence in HeLa cells after treatment with A23187 alone (black, 1 μM for WT and 5 μM for Δg), in
combination with 50 µM atractylate (ATR, red) or with both ATR and 2 µM bongkrekate (BKA, green) or 2 µM cyclosporin A (CsA, blue). Data are
average ± SEM of ROIs as follows: for WT cells, A23187 (88 over four independent experiments), A23187+ATR (104 over four independent experiments),
A23187+ATR+ BKA (72 over three independent experiments) and A23187+ATR+ CsA (78 over three independent experiments); for HeLa-Δg cells,
A23187 (158 over eight independent experiments), A23187+ATR (188 over seven independent experiments), A23187+ATR+ BKA (129 over six
independent experiments) and A23187+ATR+ CsA (140 over five independent experiments). For each trace SEM is denoted by thin lines. Histograms
refer to calcein fluorescence 8min after A23187 addition for all conditions, and represent the average ± SEM of the ROIs indicated above, ***p < 0.001, two-
sided Student’s t-test. e Current traces showing ATR-induced channel activity obtained by patch-clamping isolated mitoplast from HeLa-Δg cells in the
presence of 300 µM Ca2+ (Vh=+20mV) and ATR (50 µM), which was present both in the pipette and in the bath. The mean values of WT versus Δg+
ATR were 827 ± 78 and 620 ± 127 pS (GMax), 703 ± 72 and 434 ± 85 pS (GMean), and 48 ± 5 and 47 ± 10 pC (Q4s). No statistically significant differences
between WT and Δg+ATR were found (p value > 0.17 for all comparisons). Representative currents are from four independent experiments.
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Fig. 3 The permeability transition in wild-type, Δb, and ΔOSCP HAP1 cells. a Changes in mitochondrial calcein (green traces) and TMRM (red traces)
fluorescence intensities in the absence (dark colors) or presence (light colors) of 4 µM CsA. Where indicated, 15 µM HK2 peptide (pep) was added. Left
panel, WT HAP1 cells; middle panel HAP1-Δb cells; right panel, HAP1-ΔOSCP cells. Data are averages of the following ROIs over four independent
experiments for each condition and genotype: for WT, 130 (HK2) and 171 (HK2+ CsA); for Δb, 146 (HK2) and 168 (HK2+ CsA); and for ΔOSCP 173
(HK2) and 137 (HK2+ CsA); SEM for each time point is denoted by thin lines. b Analysis of the calcein and TMRM fluorescence intensities 8 min after
peptide addition in the absence (dark colors) or presence (light colors) of 4 µM CsA. Data are average ± SEM of the ROIs indicated above, ***p < 0.001,
**p < 0.01, two-sided Student’s t-test. c PTP channel activity obtained by patch-clamping isolated mitoplast from WT HAP1 cells (left panel), HAP1-Δb cells
(middle panel), and HAP1-ΔOSCP cells (right panel). Where indicated, 4 µMCsA and 2 mM Sr2+ were added. Currents in WT cells were recorded in seven
experiments out of 11; currents in Δb cells were recorded in seven experiments out of 25; currents in ΔOSCP cells were recorded in eight experiments out
of 25. d Analysis of the maximal conductance (Gmax) calculated in each independent experiment before and after the addition of 4 µM CsA or 2mM Sr2+.
***p < 0.001, **p < 0.01, two-sided paired t-test.
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Fig. 4 Contribution of ANT channel activity to the occurrence of the permeability transition in cells lacking subunits b and OSCP. a Changes in
mitochondrial calcein (green and blue traces) and TMRM (red and purple traces) fluorescence intensities in the absence (green and red) or presence (blue
and purple) of 4 µM BKA. Where indicated, 15 µM HK2 peptide (pep) was added. Data are averages of the following ROIs over three independent
experiments for each condition and genotype: for WT, 87 (HK2) and 74 (HK2+ BKA); for Δb, 65 (HK2) and 90 (HK2+ BKA); and for ΔOSCP 70 (HK2)
and 97 (HK2+ BKA); SEM for each time point is denoted by thin lines. b Analysis of the calcein and TMRM fluorescence intensities 8min after peptide
addition in the absence (green and red) or presence (blue and purple) of 4 µM BKA. Data are average ± SEM of the ROIs indicated above, ***p < 0.001,
**p < 0.01, two-sided Student’s t-test. c Channel activity obtained by patch-clamping isolated mitoplast from WT HAP1 cells (left panel), HAP1-Δb cells
(middle panel) and HAP1-ΔOSCP cells (right panel). Where indicated, 4 µM BKA was added. Representative currents are from three independent
experiments. d Analysis of the maximal conductance (Gmax) calculated in each independent experiment before and after the addition of 4 µM BKA or 4 µM
CsA. ***p < 0.001, **p < 0.01, two-sided paired t-test.
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Discussion
Whether the PTP originates from a Ca2+-dependent con-
formation of F-ATP synthase is the matter of debate. Evidence
in favor is based on reconstitution experiments from mito-
chondria of various origins21–24, on knockdown of subunit
c25,29, on generation of point mutations that affect specific
channel properties22,32–37, and on reconstitution of channel
activity from highly purified and fully functional F-ATP syn-
thase from bovine and porcine hearts38,39. Evidence against is
provided by persistence of a CsA-sensitive PT after genetic
ablation of subunit c and of constituents of the F-ATP synthase
peripheral stalk26–28. The findings of the present study provide
a solution to this apparent discrepancy and shed new light on
the molecular bases of the PT and on the mechanisms of PTP
formation.

Our results indicate that in wild-type HeLa, HAP1, and 143B
osteosarcoma ρ+ cells, both the Ca2+-induced PT in situ and the
high-conductance channel recorded by patch-clamp in mitoplasts
is inhibited by CsA and unaffected by BKA, the selective inhibitor
of the ANT. Given that the channel formed by purified F-ATP
synthase is insensitive to BKA38, we conclude that the PT is
mediated by opening of the F-ATP synthase channel (F-PTP).
Since both the F-PTP and the ANT channel (A-PTP) are inhib-
ited by CsA, their relative contribution can be inferred from the
effects of BKA, which is selective for the A-PTP. Opening of both
channels in wild-type cells cannot be excluded, but given the lack
of inhibition by BKA we must conclude that in HeLa, HAP1, and
ρ+ cells the F-PTP predominates. From these experiments it is
clear that cell-specific differences exist, and that the basis for these
will need to be addressed in the future, including the extent to
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Fig. 5 The permeability transition pore in ρ+ and ρ0 cells. a Changes in mitochondrial calcein (green traces) and TMRM (red traces) fluorescence
intensities in the absence (dark colors) or presence (light colors) of 4 µM CsA. Where indicated, 2.5 µM HK2 peptide (pep) was added. Data are averages
of the following ROIs over three independent experiments for each condition and genotype: for ρ+, 23 (HK2) and 43 (HK2+ CsA); for ρ0, 54 (HK2) and 59
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which the use of HK2 peptide compares to ionophores in indu-
cing mitochondrial Ca2+ (over)loading.

A second important point is that HeLa-Δg cells, which lack key
peripheral stalk subunits and therefore do not have a fully
assembled F-ATP synthase, do not undergo a PT nor form high-
conductance channels after treatment with Ca2+, and therefore
lack the F-PTP. Yet, addition of ATR elicits currents indicating
that HeLa-Δg cells have a latent, inducible A-PTP. The presence
of the latter could provide an explanation to the eventual Ca2+

release seen in Δg mitochondria, although the limited respiratory
capacity inevitably curbs the ability to accumulate Ca2+. The A-
PTP was also detected in HAP1-Δb and HAP1-ΔOSCP cells,
where prompt BKA-sensitive permeabilization and channel
opening followed the addition of HK2 peptide in situ and of Ca2+

at the patch-clamp. Thus, while in wild-type HAP1 cells the F-
PTP predominates (as indicated by lack of inhibition by BKA), in
HAP1-Δb and HAP1-ΔOSCP cells (and at variance from HeLa-
Δg cells) activation of the A-PTP does not require ATR. Similar
findings were obtained in HAP1-Δc cells, which also displayed
currents sensitive to BKA that indicate the presence of the A-
PTP29. It should be noted that in HeLa-Δg and in HAP1-Δb and
HAP1-ΔOSCP cells the A-PTP became insensitive to CsA, a
puzzling finding that will be further discussed below.

We also studied ρ0 cells lacking mtDNA40. This is a very
interesting model because the F-ATP synthase lacks subunits A6L
and a, but has an intact peripheral stalk and undergoes full
assembly with generation of dimers and oligomers26,50, although
these may have a lower stability toward detergent extraction50.
Mitochondria in these cells undergo a process of CsA-sensitive
permeabilization consistent with PTP opening26,46 and have CsA-
sensitive channels of identical conductance to those of ρ+ cells, as
shown here. Thus, F-PTP formation does not require a catalyti-
cally active F-ATP synthase, nor H+ transport through the c ring,
which cannot occur in the absence of subunit a51. It is intriguing
that during apoptosis induction ρ0 cells undergo mitochondrial
permeabilization in a fashion that is indistinguishable from that
of control ρ+ cells52, which is entirely consistent with preserva-
tion of the PT. It will be interesting to test whether PTP-defective
cells have an altered response to cell death inducers, although
decreased ATP synthesis combined with respiratory inhibition
make for a very challenging task.

Our results also bear on the question of how the F-PTP ori-
ginates from F-ATP synthase. Previous experiments highlighted
the importance of an intact peripheral stalk, which is essential for
enzyme dimerization21,38. In turn, this requirement could explain
why we could not detect channel activity in monomers21,38 and
why HeLa-Δg cells lack PTP formation in spite of their normal
levels of subunit c. This is in apparent contrast with recent
findings reporting channel formation from monomers39 and
leading to the conclusion that the F-PTP forms from the c ring, in
keeping with earlier suggestions22,25. At variance from the clas-
sical PTP, however, channel opening was observed in the absence
of added Ca2+ and was inhibited by oligomycin39, which does not
block the PTP in native mitochondria53. As discussed in more
detail elsewhere19, it is possible that removal of lateral stalk
subunits (including e and g) by dodecylmaltoside39 may have
generated an F-PTP that is no longer regulated through subunit e,
which directly contacts the lipids within the c ring54,55. Thus,
both an intact peripheral stalk and the c ring appear to be
required for F-PTP formation in situ. The Ca2+-induced con-
formational change would originate at the enzyme crown
region33, and would be transmitted via OSCP and the peripheral
stalk to the c ring through the “wedge” or “bundle” region formed
by the tight association between the N-termini of e, g, and b
subunits54–56. This hypothesis, first suggested by Gerle in the
“death finger” model for PTP formation and recently revisited57,

is supported by a deletion study in yeast32 and by recent struc-
tural data on the entire enzyme complex54.

The sensitivity of both F-PTP and A-PTP to CsA suggests that
the PT-promoting regulatory protein CyPD interacts with both F-
ATP synthase20,21 and ANT14,58. What remains puzzling is why
the channel observed in HAP1-Δb and HAP1-ΔOSCP cells,
which is sensitive to BKA and thus mediated by ANT, becomes
insensitive to CsA as does the PT induced by ATR in HeLa-Δg
cells. The best characterized interaction of CyPD with mito-
chondrial proteins is with subunit OSCP of F-ATP synthase21,
which has been confirmed in several laboratories59–62. Since both
HAP1-Δb and HAP1-ΔOSCP cells lack OSCP, this finding sug-
gests that CyPD binding occurs at OSCP and that the presence of
F-ATP synthase is required for the ANT to assume the A-PTP
conformation, possibly through a physical interaction with F-
ATP synthase in the “ATP synthasome”, which may also include
the Pi carrier63–65. Experiments are underway to address this
hypothesis. Irrespective of the detailed mechanism through which
the F-PTP and A-PTP may communicate, however, the existence
of two PTPs provides a convincing explanation for the persistence
of Ca2+-dependent permeabilization in the absence of an
assembled F-ATP synthase26–28. We are confident that having
solved this apparent discrepancy will further boost research on
mitochondrial permeability pathways and on their role in phy-
siology and pathology.

Methods
Cell cultures. The human 143B osteosarcoma (ρ+) and the derived 206 (ρ0) cell
lines were kindly provided by Lodovica Vergani (Department of Neurosciences,
University of Padova, Padova, Italy). Cells were grown in Dulbecco’s modified
Eagle medium (DMEM, Gibco) supplemented with 10% fetal bovine serum (FBS,
Gibco), 1% penicillin/streptomycin (Pen/Strep, Invitrogen), 50 mg/l uridine, MEM
non-essential amino acids (Sigma-Aldrich), and vitamins (Sigma-Aldrich). HeLa
cells were cultured in DMEM supplemented with 10% FBS, 1% Pen/Strep, 50 mg/l
uridine, MEM non-essential amino acids, and vitamins. HAP1 cells were kindly
provided by Sir John E. Walker (Medical Research Council Mitochondrial Biology
Unit, University of Cambridge, Cambridge, UK) and cultured in Iscove’s Modified
Dulbecco’s Medium (Gibco) supplemented with 10% FBS and 1% Pen/Strep. Every
cell line was cultured in a humidified incubator at 37 °C with 5% CO2.

Generation of HeLa-Δg cells. The CRISPR/Cas9 system was used to create HeLa
cell lines lacking the expression of ATP5MG gene encoding ATP synthase subunit
g. A pair of guide RNAs targeting exon 1 and exon 2 (see Supplementary Table 1)
were subcloned into the BbsI site of px330 plasmid (Addgene). HeLa cells were
grown in DMEM (Gibco 11965) supplemented with 10% FBS, 100 mg/L uridine,
non-essential amino acids (Gibco), and vitamins (Gibco) in a humidified atmo-
sphere of 5% CO2/95% air at 37 °C to 70% confluency in 6-well plates. Cells were
then transfected with 6 µl Lipofectamine 2000 with 7 µg px330 gRNA1, 7 µg px330
gRNA2, and 7 µg pAAV Syn-GFP (Addgene). The next day, transfected cells were
subjected to FAC sorting based on GFP fluorescence and single cells were placed in
individual wells of a 96-well plate. The single colonies were subsequently expanded
and the loss of subunit g expression was confirmed by Western blot. For cell
growth analysis, 10 × 103 WT or HeLa-Δg cells were seeded into a 6-well plate and
counted after 48, 72, and 96 h.

Mitochondrial isolation. Cells grown to 90% confluence were washed twice with
cold phosphate-buffered saline (Sigma-Aldrich), detached using a scraper, and
centrifuged for 5 min at 600 × g. The resulting pellet was resuspended in 2 ml of
250 mM sucrose, 10 mM Tris-HCl, and 100 µM EGTA (pH 7.4). Then, cells were
homogenized using a Teflon Potter and the homogenate was centrifuged at 600 × g
for 5 min. The resulting supernatant was centrifuged at 7000 × g for 10 min at 4 °C
and the pellet containing intact mitochondria was resuspended in 50 µl of the
above medium and quantified with the BCA method.

Mitoplast preparation and patch clamp. Isolated mitochondria were diluted
(1:100) in a solution of 30 mM Tris–HCl, pH 7.4 and let to swell at ice-cold
temperature for 10 min to obtain mitoplasts (i.e., mitochondria without the outer
membrane). The suspension was then inserted in the patch-clamp chamber and
washed with the recording medium. Mitoplasts were well distinguishable from
debris, being characterized by a typical cap region (formed by remnants of the
outer membrane); mitoplasts suitable for patch clamping, with a diameter of
2–5 µm, were visually selected. Patch-clamp recordings were performed using
borosilicate pipettes (5 MΩ) in a solution of 150 mM KCl, 10 mM HEPES, 0.3 mM
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CaCl2 (pH 7.4) both in the pipette and in the bath. Giga-ohm seals were established
by gentle suction of the membrane section opposite to the cap; the mitoplast
membrane, corresponding to mitochondrial inner membrane was maintained
intact, leading to a mito-attached configuration. Data were sampled at 10 kHz and
filtered at 500 Hz. Single channel currents were monitored at constant holding
potential (Vh) of +20 mV. Data were acquired at 10 kHz using a L/M EPC-7
amplifier (List-Medical, Darmstadt, Germany), digitized and stored with a Digidata
1322 A and PClamp8.0 acquisition software (all from Molecular Devices). Inducers
and inhibitors were added in the bath during the experiment. When indicated,
atractyloside (ATR) was presented in the pipette solution and in the bath solution.

Current analysis. Data were analyzed using Clampfit software (Molecular Devices)
and MATLAB 2007b (MathWorks). Maximal conductance (Gmax) was calculated
for every experiment as the maximal transition in channel conductance between
two stable states (transition duration <10 ms) detected with a multi-Gaussian fit-
ting of the current amplitude histogram. Mean conductance (Gmean) was calculated,
after offset correction, as the average of the mean conductance measured during
channel activity in 30 s before administration of the blocker for each experiment.
The Q4s parameter, representing the net charge passing through the fully open
channel in a time interval of 4 s, was calculated for each experiment as the integral
over 4 s of the current signal at the maximal activity. Statistical comparison of data
was assessed with the two-sided Student’s t-test.

Live cell imaging. For epifluorescence microscopy, cells were seeded onto 24 mm
diameter round glass coverslips and grown for 1–2 days in the proper culture
medium described above. Cells were incubated in DMEM without phenol red
(Gibco) plus 0.8 μM cyclosporin H (CsH, Adipogen) to inhibit P-glycoprotein.
Mitochondrial membrane potential was monitored with 20 nM tetra-
methylrhodamine methyl ester (TMRM, Invitrogen) in combination with 0.5 µM
calcein-AM (Invitrogen) and 8 mM CoCl2 to detect PTP openings as described42.
To test the effect of atractyloside (ATR), HeLa cells were incubated in HBSS
(H1387 SIGMA) supplemented with CsH for 30 min with 2 mM CoCl2 and for
another 10 min with 0.5 μM calcein-AM. When indicated, cells were incubated
since the beginning with 50 μM ATR alone or in combination with 2 μM BKA.
After calcein-AM loading, cells were washed with PBS and incubated with HBSS
devoid of CoCl2. After 1 min of calcein-AM fluorescence recording, the Ca2+

ionophore A23187 was added as indicated in figure legends. Recordings were
performed with a DMI6000B inverted microscope (Leica, HCX Plan Apo 40x oil
objective, NA 1.25), while keeping cells in the incubation solution. TMRM was
excited using an EL6000 lamp (Leica) combined with a 540–580 nm bandpass
optical filter and a 595 nm dichroic mirror to reflect the light beam. Emission light
passed through the 595 nm dichroic mirror and a 607–683 nm bandpass optical
filter. Calcein was excited using the aforementioned lamp combined with a
460–500 nm bandpass optical filter and a 505 nm dichroic mirror. Emission light
passed through the 505 nm dichroic mirror and a 512–542 nm bandpass optical
filter. Emissions were collected by a DMC4500 CCD camera (Leica). Fluorescence
emission was sampled every 30 s using LAS AF software (Leica). After background
subtraction, images were analyzed with ImageJ, calculating the fluorescence
emissions generated by exciting cells at 480 and 560 nm, respectively, in specific
regions of interest (ROIs) comprising the entire mitochondrial network. For
GCAMP6f Ca2+ measurements, cells were transfected with a cDNA encoding
mitochondrial and nuclear GCAMP6f66. To perform Ca2+ measurements, medium
was replaced with DMEM without phenol red supplemented with 0.8 μM CsH
(Adipogen) and with 1 mM CaCl2. Fluorescence was recorded with an inverted
microscope (Zeiss Axiovert 100, Fluar 40x oil objective, NA 1.30) in the
500–530 nm range (by a bandpass filter, Chroma Technologies). Probes were
sequentially excited at 475 and 410 nm, respectively, for 180 and 300 ms, every 5 s.
Excitation light produced by a monochromator (polychrome V; TILL Photonics)
was filtered with a 505 nm DRLP filter (Chroma Technologies). After background
subtraction, images were analyzed with ImageJ, calculating the ratio (R) between
emissions generated by exciting cells at 475 and 410 nm, respectively, in specific
ROIs comprising the entire mitochondrial network. Standard error of the mean for
the signal is denoted by the dashed traces above and below the solid lines.

Ca2+ retention capacity (CRC) and mitochondrial swelling. The CRC was
evaluated with Calcium Green-5N (Molecular Probes) using a Fluoroskan Ascent
FL (Thermo Electron) plate reader. Isolated mitochondria were resuspended to a
final concentration of 0.4 mg/ml in 130 mM KCl, 10 mM MOPS-Tris, 10 μM
EGTA-Tris, pH 7.4, 5 mM glutamate, 2.5 mM malate, 1 mM Pi, and 0.5 μM Cal-
cium Green-5N and then subjected to a train of 2.5 µM Ca2+ pulses. Swelling of
isolated mitochondria was evaluated by measuring the absorbance at 540 nm using
an Infinite M200Pro (Tecan) plate reader. Briefly, 80 μg of mitochondria were
resuspended in 130 mM KCl, 10 mM MOPS-Tris, 10 μM EGTA-Tris, pH 7.4 sup-
plemented with 5 mM glutamate, 2.5 mM malate, and 1 mM Pi. PTP opening was
triggered by the addition of 50 μM Ca2+. At the end of the experiment, 10 μM
alamethicin was added to measure maximal mitochondrial swelling. The fraction of
swollen mitochondria was calculated as described53,67. Statistical comparison of
data was assessed with the two-sided Student’s t-test.

Oxygen consumption rate. Oxygen consumption rate in adherent cells was
measured with an XF24 Extracellular Flux Analyzer (Seahorse Bioscience). Briefly,
HeLa cells were seeded in XF24 microplates at 3 × 104 cells/well for WT and at
5 × 104 cells/well for Δg cells in 200 μl supplemented DMEM and grown at 37 °C in
a 5% CO2 humidified incubator for 24 h. Before starting the assay, the growth
medium was replaced with Seahorse medium (DMEM-Sigma D5030) supple-
mented with 143 mM NaCl, 25 mM glucose, 10 mM sodium pyruvate, 2 mM
glutamine, and 15 mg/l phenol red. Cells were incubated at 37 °C for 30 min to
allow temperature and pH equilibration. After an oxygen consumption rate (OCR)
baseline measurement, 1 μg/ml oligomycin, 100 nM FCCP, 1 μM rotenone, and
1 μM antimycin were sequentially added to each well. OCR values were normalized
for the protein content and rotenone- and antimycin-insensitive respiration was
subtracted. Statistical comparison of data was assessed with the two-sided Student’s
t-test.

Western blot. For Western blot analysis, the following antibodies were used in a
1:1000 dilution: anti-β (ab14730, Abcam), anti-γ (PA5-29975, ThermoFisher), anti-
b (ab117991, Abcam), anti-OSCP (ab110276, Abcam), anti-f (ab200715, Abcam),
anti-g (ab126181, Abcam), anti-e (ab122241, Abcam), anti-c (ab181243, Abcam),
anti-a (ab192423, Abcam), anti-citrate synthase (ab96600, Abcam), anti-vinculin
(V4505, Sigma), anti-prohibitin (MS-261-P1, NeoMarkers), anti-GAPDH (2118,
Cell Signaling), anti-CyPD (ab110324, Abcam), anti-ANT2 (14671, Cell Signaling),
anti-ANT3 (PA5-35113, ThermoFischer), anti-OXPHOS (ab110411, Abcam), anti-
HKII (sc130358, Santa Cruz), anti-UQCRC1 (sc65238, Santa Cruz), anti-Grim19
(sc271013, Santa Cruz), and anti-SDHA (sc166947, Santa Cruz). Statistical com-
parison of data was assessed with the two-sided Student’s t-test.

Clear native-PAGE. Clear native-PAGE was performed according to a published
protocol68. Briefly, isolated mitochondria were resuspended in 50 mM NaCl,
50 mM imidazole/HCl, 2 mM aminocaproic acid, 1 mM EDTA, pH 7.0 at a final
concentration of 10 μg/μl, supplemented with the indicated amount of digitonin
and subjected to an ultraspin at 100,000g for 25 min at 4 °C. The resulting
supernatant was collected and supplemented with 5% glycerol and 0.001% Ponceau
S solution. Samples were loaded onto a Native-PAGE 3–12% gel and run in the
presence of 50 mM Tricine, 7.5 mM imidazole, pH 7.0 cathode, supplemented with
0.05% deoxycholic acid sodium salt (DOC) and 0.01% n-Dodecyl β-D-maltoside
(DDM). Samples were then transferred to a PVDF membrane and subjected to
western blot analysis for subunit β, c, g, e, and SDHA as indicated in the figure
legends.

Software. The following software have been used for data acquisition and analysis:
pClamp8.0 (Molecular Devices), LAS AS (Leica), Seahorse Wave, Clampfit
(Molecular Devices), Origin, Excel, MATLAB 2007b (MathWorks), and ImageJ.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
Data supporting the findings of this manuscript are available within the article, the
Supplementary Information and the Source data files or are available from the
corresponding authors. A reporting summary for this article is available as a
Supplementary information file. Source data are provided with this paper.

Received: 3 May 2021; Accepted: 26 July 2021;

References
1. Hunter, D. R. & Haworth, R. A. The Ca2+-induced membrane transition in

mitochondria. I. The protective mechanisms. Arch. Biochem. Biophys. 195,
453–459 (1979).

2. Haworth, R. A. & Hunter, D. R. The Ca2+-induced membrane transition in
mitochondria. II. Nature of the Ca2+ trigger site. Arch. Biochem. Biophys. 195,
460–467 (1979).

3. Hunter, D. R. & Haworth, R. A. The Ca2+-induced membrane transition in
mitochondria. III. Transitional Ca2+ release. Arch. Biochem. Biophys. 195,
468–477 (1979).

4. Petronilli, V., Szabó, I. & Zoratti, M. The inner mitochondrial membrane
contains ion-conducting channels similar to those found in bacteria. FEBS
Lett. 259, 137–143 (1989).

5. Kinnally, K. W., Campo, M. L. & Tedeschi, H. Mitochondrial channel activity
studied by patch-clamping mitoplasts. J. Bioenerg. Biomembr. 21, 497–506
(1989).

6. Szabó, I. & Zoratti, M. Mitochondrial channels: ion fluxes and more. Physiol.
Rev. 94, 519–608 (2014).

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-25161-x

10 NATURE COMMUNICATIONS |         (2021) 12:4835 | https://doi.org/10.1038/s41467-021-25161-x | www.nature.com/naturecommunications

www.nature.com/naturecommunications


7. Bernardi, P., Rasola, A., Forte, M. & Lippe, G. The mitochondrial permeability
transition pore: channel formation by F-ATP synthase, integration in signal
transduction, and role in pathophysiology. Physiol. Rev. 95, 1111–1155 (2015).

8. Szabó, I. & Zoratti, M. The giant channel of the inner mitochondrial
membrane is inhibited by cyclosporin A. J. Biol. Chem. 266, 3376–3379
(1991).

9. Bernardi, P. et al. Modulation of the mitochondrial permeability transition
pore. Effect of protons and divalent cations. J. Biol. Chem. 267, 2934–2939
(1992).

10. Szabó, I., Bernardi, P. & Zoratti, M. Modulation of the mitochondrial
megachannel by divalent cations and protons. J. Biol. Chem. 267, 2940–2946
(1992).

11. Szabó, I. & Zoratti, M. The mitochondrial megachannel is the permeability
transition pore. J. Bioenerg. Biomembr. 24, 111–117 (1992).

12. Giorgio, V. et al. Cyclophilin D in mitochondrial pathophysiology. Biochim.
Biophys. Acta 1797, 1113–1118 (2010).

13. Brustovetsky, N. & Klingenberg, M. Mitochondrial ADP/ATP carrier can be
reversibly converted into a large channel by Ca2+. Biochemistry 35, 8483–8488
(1996).

14. Brustovetsky, N., Tropschug, M., Heimpel, S., Heidkamper, D. & Klingenberg,
M. A large Ca2+-dependent channel formed by recombinant ADP/ATP
carrier from Neurospora crassa resembles the mitochondrial permeability
transition pore. Biochemistry 41, 11804–11811 (2002).

15. Bruni, A., Luciani, S. & Contessa, A. R. Inhibition by atractyloside of the
binding of adenine nucleotides to rat-liver mitochondria. Nature 201,
1219–1220 (1964).

16. Henderson, P. J. & Lardy, H. A. Bongkrekic acid. An inhibitor of the adenine
nucleotide translocase of mitochondria. J. Biol. Chem. 245, 1319–1326 (1970).

17. Kokoszka, J. E. et al. The ADP/ATP translocator is not essential for the
mitochondrial permeability transition pore. Nature 427, 461–465 (2004).

18. Karch, J. et al. Inhibition of mitochondrial permeability transition by deletion
of the ANT family and CypD. Sci. Adv. 5, eaaw4597 (2019).

19. Carraro, M., Carrer, A., Urbani, A. & Bernardi, P. Molecular nature and
regulation of the mitochondrial permeability transition pore(s), drug target(s)
in cardioprotection. J. Mol. Cell. Cardiol. 144, 76–86 (2020).

20. Giorgio, V. et al. Cyclophilin D modulates mitochondrial F0F1-ATP synthase
by interacting with the lateral stalk of the complex. J. Biol. Chem. 284,
33982–33988 (2009).

21. Giorgio, V. et al. Dimers of mitochondrial ATP synthase form the
permeability transition pore. Proc. Natl Acad. Sci. USA 110, 5887–5892
(2013).

22. Alavian, K. N. et al. An uncoupling channel within the c-subunit ring of the
F1FO ATP synthase is the mitochondrial permeability transition pore. Proc.
Natl Acad. Sci. USA 111, 10580–10585 (2014).

23. Carraro, M. et al. Channel formation by yeast F-ATP synthase and the role of
dimerization in the mitochondrial permeability transition. J. Biol. Chem. 289,
15980–15985 (2014).

24. von Stockum, S. et al. F-ATPase of D. melanogaster forms 53 picosiemen (53-
pS) channels responsible for mitochondrial Ca2+-induced Ca2+ release. J.
Biol. Chem. 290, 4537–4544 (2015).

25. Bonora, M. et al. Role of the c subunit of the FO ATP synthase in
mitochondrial permeability transition. Cell Cycle 12, 674–683 (2013).

26. He, J. et al. Persistence of the mitochondrial permeability transition in the
absence of subunit c of human ATP synthase. Proc. Natl Acad. Sci. USA 114,
3409–3414 (2017).

27. He, J., Carroll, J., Ding, S., Fearnley, I. M. & Walker, J. E. Permeability
transition in human mitochondria persists in the absence of peripheral stalk
subunits of ATP synthase. Proc. Natl Acad. Sci. USA 114, 9086–9091 (2017).

28. Carroll, J., He, J., Ding, S., Fearnley, I. M. & Walker, J. E. Persistence of the
permeability transition pore in human mitochondria devoid of an assembled
ATP synthase. Proc. Natl Acad. Sci. USA 116, 12816–12821 (2019).

29. Neginskaya, M. A. et al. ATP synthase C-subunit-deficient mitochondria have
a small cyclosporine A-sensitive channel, but lack the permeability transition
pore. Cell Rep. 26, 11–17 (2019).

30. Arnold, I., Pfeiffer, K., Neupert, W., Stuart, R. A. & Schägger, H. Yeast
mitochondrial F1F0-ATP synthase exists as a dimer: identification of three
dimer-specific subunits. EMBO J. 17, 7170–7178 (1998).

31. Soubannier, V. et al. In the absence of the first membrane-spanning segment
of subunit 4(b), the yeast ATP synthase is functional but does not dimerize or
oligomerize. J. Biol. Chem. 277, 10739–10745 (2002).

32. Carraro, M. et al. High-conductance channel formation in yeast mitochondria
is mediated by F-ATP synthase e and g subunits. Cell. Physiol. Biochem. 50,
1840–1855 (2018).

33. Giorgio, V. et al. Ca2+ binding to F-ATP synthase β subunit triggers the
mitochondrial permeability transition. EMBO Rep. 18, 1065–1076 (2017).

34. Antoniel, M. et al. The unique histidine in OSCP subunit of F-ATP synthase
mediates inhibition of the permeability transition pore by acidic pH. EMBO
Rep. 19, 257–268 (2018).

35. Guo, L. et al. Arginine 107 of yeast ATP synthase subunit g mediates
sensitivity of the mitochondrial permeability transition to phenylglyoxal. J.
Biol. Chem. 293, 14632–14645 (2018).

36. Guo, L. et al. Arg-8 of yeast subunit e contributes to the stability of F-ATP
synthase dimers and to the generation of the full-conductance mitochondrial
megachannel. J. Biol. Chem. 294, 10987–10997 (2019).

37. Carraro, M. et al. The unique cysteine of F-ATP synthase OSCP subunit
participates in modulation of the permeability transition pore. Cell Rep. 32,
108095 (2020).

38. Urbani, A. et al. Purified F-ATP synthase forms a Ca2+-dependent high-
conductance channel matching the mitochondrial permeability transition
pore. Nat. Commun. 10, 4341 (2019).

39. Mnatsakanyan, N. et al. A mitochondrial megachannel resides in monomeric
F1FO ATP synthase. Nat. Commun. 10, 5823 (2019).

40. King, M. P. & Attardi, G. Human cells lacking mtDNA: repopulation
with exogenous mitochondria by complementation. Science 246, 500–503
(1989).

41. Carroll, J., He, J., Ding, S., Fearnley, I. M. & Walker, J. E. TMEM70 and
TMEM242 help to assemble the rotor ring of human ATP synthase and
interact with assembly factors for complex I. Proc. Natl Acad. Sci. USA 118,
e2100558118 (2021).

42. Petronilli, V. et al. Transient and long-lasting openings of the mitochondrial
permeability transition pore can be monitored directly in intact cells by
changes in mitochondrial calcein fluorescence. Biophys. J. 76, 725–734 (1999).

43. Farkas, D. L., Wei, M. D., Febbroriello, P., Carson, J. H. & Loew, L. M.
Simultaneous imaging of cell and mitochondrial membrane potentials.
Biophys. J. 56, 1053–1069 (1989).

44. Petronilli, V., Penzo, D., Scorrano, L., Bernardi, P. & Di Lisa, F. The
mitochondrial permeability transition, release of cytochrome c and cell death.
Correlation with the duration of pore openings in situ. J. Biol. Chem. 276,
12030–12034 (2001).

45. Chiara, F. et al. Hexokinase II detachment from mitochondria triggers
apoptosis through the permeability transition pore independent of voltage-
dependent anion channels. PLoS ONE 3, e1852 (2008).

46. Masgras, I., Rasola, A. & Bernardi, P. Induction of the permeability transition
pore in cells depleted of mitochondrial DNA. Biochim. Biophys. Acta 1817,
1860–1866 (2012).

47. Ciscato, F. et al. Hexokinase 2 displacement from mitochondria-associated
membranes prompts Ca2+-dependent death of cancer cells. EMBO Rep. 21,
e49117 (2020).

48. Buchet, K. & Godinot, C. Functional F1-ATPase essential in maintaining
growth and membrane potential of human mitochondrial DNA-depleted ρ°
cells. J. Biol. Chem. 273, 22983–22989 (1998).

49. Appleby, R. D. et al. Quantitation and origin of the mitochondrial membrane
potential in human cells lacking mitochondrial DNA. Eur. J. Biochem. 262,
108–116 (1999).

50. Wittig, I. et al. Assembly and oligomerization of human ATP synthase lacking
mitochondrial subunits a and A6L. Biochim. Biophys. Acta 1797, 1004–1011
(2010).

51. Allegretti, M. et al. Horizontal membrane-intrinsic α-helices in the stator a-
subunit of an F-type ATP synthase. Nature 521, 237–240 (2015).

52. Marchetti, P. et al. Apoptosis-associated derangement of mitochondrial
function in cells lacking mitochondrial DNA. Cancer Res. 56, 2033–2038
(1996).

53. Petronilli, V., Cola, C., Massari, S., Colonna, R. & Bernardi, P. Physiological
effectors modify voltage sensing by the cyclosporin A-sensitive permeability
transition pore of mitochondria. J. Biol. Chem. 268, 21939–21945 (1993).

54. Pinke, G., Zhou, L. & Sazanov, L. A. Cryo-EM structure of the entire
mammalian F-type ATP synthase. Nat. Struct. Mol. Biol. 27, 1077–1085
(2020).

55. Spikes, T. E., Montgomery, M. G. & Walker, J. E. Structure of the dimeric ATP
synthase from bovine mitochondria. Proc. Natl Acad. Sci. USA 117,
23519–23526 (2020).

56. Gu, J. et al. Cryo-EM structure of the mammalian ATP synthase tetramer
bound with inhibitory protein IF1. Science 364, 1068–1075 (2019).

57. Gerle, C. Mitochondrial F-ATP synthase as the permeability transition pore.
Pharmacol. Res. 160, 105081 (2020).

58. Woodfield, K., Rück, A., Brdiczka, D. & Halestrap, A. P. Direct demonstration
of a specific interaction between cyclophilin-D and the adenine nucleotide
translocase confirms their role in the mitochondrial permeability transition.
Biochem. J. 336, 287–290 (1998). Pt 2.

59. Lee, C. F. et al. Normalization of NAD+ redox balance as a therapy for heart
failure. Circulation 134, 883–894 (2016).

60. Yang, W. et al. Mitochondrial sirtuin network reveals dynamic SIRT3-
dependent deacetylation in response to membrane depolarization. Cell 167,
985–1000 (2016).

61. Burstein, S. R. et al. Estrogen receptor beta modulates permeability transition
in brain mitochondria. Biochim. Biophys. Acta 1859, 423–433 (2018).

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-25161-x ARTICLE

NATURE COMMUNICATIONS |         (2021) 12:4835 | https://doi.org/10.1038/s41467-021-25161-x | www.nature.com/naturecommunications 11

www.nature.com/naturecommunications
www.nature.com/naturecommunications


62. Gauba, E., Chen, H., Guo, L. & Du, H. Cyclophilin D deficiency attenuates
mitochondrial F1Fo ATP synthase dysfunction via OSCP in Alzheimer’s
disease. Neurobiol. Dis. 121, 138–147 (2018).

63. Ko, Y. H., Delannoy, M., Hullihen, J., Chiu, W. & Pedersen, P. L.
Mitochondrial ATP Synthasome. Cristae-enriched membranes and a
multiwell detergent screening assay yield dispersed single complexes
containing the ATP synthase and carriers for Pi and ADP/ATP. J. Biol. Chem.
278, 12305 (2003).

64. Nusková, H. et al. Mitochondrial ATP synthasome: expression and structural
interaction of its components. Biochem. Biophys. Res. Commun. 464, 787–793
(2015).

65. Beutner, G., Alanzalon, R. E. & Porter, G. A. Jr. Cyclophilin D regulates the
dynamic assembly of mitochondrial ATP synthase into synthasomes. Sci. Rep.
7, 14488 (2017).

66. Filadi, R. et al. TOM70 sustains cell bioenergetics by promoting IP3R3-
mediated ER to mitochondria Ca2+ transfer. Curr. Biol. 28, 369–382 (2018).

67. Carraro, M. & Bernardi, P. Measurement of membrane permeability and the
mitochondrial permeability transition. Method. Cell Biol. 155, 369–379 (2020).

68. Meyer, B., Wittig, I., Trifilieff, E., Karas, M. & Schägger, H. Identification of
two proteins associated with mammalian ATP synthase. Mol. Cell Proteom. 6,
1690–1699 (2007).

Acknowledgements
This work is in partial fulfilment of the requirements for a Ph.D. to A.C. Supported by
AIRC (grants IG23129 to P.B. and IG20286 to I.S.), Fondation Leducq (16CVD04 to P.B.
and M.F.), PRIN (2017LHFW42 to P.B. and 20174TB8KW_004 to I.S.). HAP1 cells lacking
ATP synthase subunit b or subunit OSCP were provided by Professor Sir John E. Walker.

Author contributions
A.C., M.C., and P.B. conceived the work. A.C., L.T., M.C., F.C., J.Š., and R.F. carried out
experiments. P.B., I.S., and M.F. acquired funds. A.U., M.F., A.R., I.S., M.C., and P.B.
supervised the work. A.C., M.C., and P.B. wrote the initial draft. P.B., M.F., A.R., and I.S.
reviewed and edited the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-25161-x.

Correspondence and requests for materials should be addressed to M.C. or P.B.

Peer review information Nature Communications thanks Evgeny Pavlov, George Porter,
and other, anonymous, reviewers for their contributions to the peer review of this work.
Peer review reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-25161-x

12 NATURE COMMUNICATIONS |         (2021) 12:4835 | https://doi.org/10.1038/s41467-021-25161-x | www.nature.com/naturecommunications

https://doi.org/10.1038/s41467-021-25161-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Defining the molecular mechanisms of the mitochondrial permeability transition through genetic manipulation of F-ATP synthase
	Results
	The permeability transition in HeLa-Δg cells
	The permeability transition in HAP1-Δb and HAP1-ΔOSCP cells
	ANT mediates permeability transition in HAP1�cells lacking OSCP and b subunits
	The permeability transition pore in ρ0 cells

	Discussion
	Methods
	Cell cultures
	Generation of HeLa-Δg cells
	Mitochondrial isolation
	Mitoplast preparation and patch clamp
	Current analysis
	Live cell imaging
	Ca2+ retention capacity (CRC) and mitochondrial swelling
	Oxygen consumption rate
	Western blot
	Clear native-PAGE
	Software

	Reporting summary
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




