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Mitochondria maintain tight regulation of inner mitochondrial
membrane (IMM) permeability to sustain ATP production. Stressful
events cause cellular calcium (Ca*) dysregulation followed by
rapid loss of IMM potential known as permeability transition
(PT), which produces osmotic shifts, metabolic dysfunction, and
cell death. The molecular identity of the mitochondrial PT pore
(mPTP) was previously unknown. We show that the purified recon-
stituted c-subunit ring of the Fo of the F{Fo5 ATP synthase forms
a voltage-sensitive channel, the persistent opening of which leads
to rapid and uncontrolled depolarization of the IMM in cells. Pro-
longed high matrix Ca2* enlarges the c-subunit ring and unhooks
it from cyclophilin D/cyclosporine A binding sites in the ATP syn-
thase F,, providing a mechanism for mPTP opening. In contrast,
recombinant F; beta-subunit applied exogenously to the purified
c-subunit enhances the probability of pore closure. Depletion of
the c-subunit attenuates Ca?*-induced IMM depolarization and
inhibits Ca?* and reactive oxygen species-induced cell death
whereas increasing the expression or single-channel conductance
of the c-subunit sensitizes to death. We conclude that a highly
regulated c-subunit leak channel is a candidate for the mPTP. Be-
yond cell death, these findings also imply that increasing the prob-
ability of c-subunit channel closure in a healthy cell will enhance
IMM coupling and increase cellular metabolic efficiency.
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itochondria produce ATP by oxidative phosphorylation

(OXPHOS). Leak currents in the inner mitochondrial
membrane (IMM) reduce the efficiency of this process by
uncoupling the electron transport system from ATP synthase
activity. Many studies have described the biophysical and phar-
macological features of an IMM pore [the mitochondrial per-
meability transition pore (mPTP)] that is responsible for a rapid
IMM uncoupling, causing osmotic shifts within the mitochon-
drial matrix in the setting of cellular Ca** dysregulation and
adenine nucleotide depletion (1-4). Some studies suggest that
such uncoupling also functions during physiological events and
that the mPTP may transiently operate as a Ca**-release channel
(5-7). Although models for the molecular identity of the mPTP
have been proposed (8), deletions of putative components, such
as adenine nucleotide translocase (ANT) and the voltage-
dependent anion channel (VDAC), have failed to prevent rapid
depolarizations (9). In the meantime, nonpore forming regula-
tory components of the mPTP, such as cyclophilin D (CypD),
have been extensively investigated (10, 11).

We recently reported a leak conductance sensitive to ATP/
ADP and the Bcl-2 family member B-cell lymphoma-extra large
(Belxp) within the membrane of isolated submitochondrial
vesicles (SMVs) enriched in ATP synthase (12, 13). We dem-
onstrated binding of Bcl-x;, within F; to the beta-subunit of the
ATP synthase, suggesting that the channel responsible for the
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leak conductance lies within the membrane portion (ATP syn-
thase Fp) and that Bcel-xp, binding to F; might close the leak.
Recent studies also support the idea that the mPTP is located
within the multiprotein-lipid complex of the ATP synthase (10,
14, 15); however, a review of these articles confirms that the
specific protein responsible for pore formation remains un-
determined (16). We now describe that the purified c-subunit of
the mammalian ATP synthase, when reconstituted into lip-
osomes, forms a voltage-dependent channel sensitive to adenine
nucleotides, recombinant F; beta-subunit protein, and anti—c-
subunit antibodies. In cells, fluorescent labeling of the c-subunit
detects ring opening and closing in response to Ca** and the
mPTP inhibitor cyclosporine A (CsA). C-subunit single-channel
conductance is increased by permanent loosening of the c-sub-
unit ring structure by specific mutagenesis, promoting cell death.
In contrast, depletion of the c-subunit in cells inhibits Ca**-
induced IMM depolarization and cell death. Finally, we show
that high matrix Ca®* dissociates the c-subunit ring from the
ATP synthase enzyme in Fy, providing a mechanism for PT.

Results

The Purified C-Subunit Lacks Regulatory Components and Forms a
Voltage-Sensitive Conductance When Reconstituted into Liposomes.
ATP synthase comprises an extrinsic catalytic domain (F;) and
a membrane-bound portion (Fp) connected by a central stalk
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and a peripheral stator. Movement of protons down their
electrochemical gradient through a translocator at the junc-
tion between subunit-c and -a of Fp provides the energy used by the
alpha- and beta-subunits of F; to synthesize ATP (17). The octa-
meric c-subunit forms a central pore-like structure that could con-
ceivably allow for uncoupling when exposed. To test this hypothesis,
we analyzed the role of the c-subunit in IMM uncoupling. Mam-
malian c-subunit is encoded on three separate nuclear genes
(ATP5G]1 to -3). Antibodies raised against the common sequence
discerned 8-kDa and 15-kDa bands (Fig. S14). ATP5G1-encoded
myc/FLAG-tagged c-subunits were purified from HEK 293T cells
(Fig. S1B). In the absence of denaturation, purified c-subunit was
detected at ~250 kDa, suggesting the presence of oligomers (Fig.
S1C) (for endogenous oligomers, see Fig. 5G); similar c-subunit—
containing complexes have been observed previously (18). Either an
antibody raised against ATPSG or an ATP synthase (F; binding)
immunocapture antibody immunoprecipitated multiple subunits of
ATP synthase (Fig. S24), suggesting that the antibodies find epit-
opes within F; and Fg in the assembled ATP synthase complex.

The purified c-subunit was reconstituted into liposomes in its
native form. Immunoblotting confirmed the absence of regula-
tory moieties in the purified c-subunit elution including ANT,
VDACI, CypD, ATP synthase b-subunit, and oligomycin sensi-
tivity conferring protein (OSCP) (Fig. S1 C and E). The
c-subunit was localized to the liposomes by immunolabeling (Fig.
S1D). Recordings of excised patches from the proteoliposomes
demonstrated a multiconductance channel with prominent sub-
conductance states (Fig. 14). Recordings of empty liposomes
showed no activity (n = 3). Patches contained an ~100-pS con-
ductance as a subconductance state of multiconductance activity,
with peak conductances of up to ~1.5-2 nS (Fig. 14), similar to
activity described previously for the mitochondrial multiple
conductance channel (MCC) (11, 19-21). Also consistent with
MCC, channel activity showed negative rectification (Fig. 1B and
Fig. S3C). At very positive patch pipette potentials of over 100
mV, channel conductances of ~1.5 nS and ~2 nS were also
consistently observed (Fig. 1 A-D).

Such channel currents are not likely to represent movement of
protons through the ATP synthase proton translocator because
of their very high conductance, lack of ion selectivity, and the
absence of the a-subunit in the liposome recordings. For exam-
ple, the channel was only 1.5 times more selective for Na*/K*
(Fig. S3). In addition, although we could not specifically measure
proton conductance electrophysiologically, it is unlikely that
protons are excluded from such a large, nonselective channel. In
summary, the nonselective, high-conductance c-subunit channel
could conduct leak current that uncouples the IMM.

In a previous study, we measured a large leak conductance in the
IMM directly by patch clamping SMVs isolated from native rat
brain (12). Here, we show that ATP blocks this activity with an ECs,
of ~50 uM (Fig. S4 4 and B). However, parallel experiments with
purified reconstituted c-subunit demonstrate decreased sensitivity to
ATP, with an ECs, of 660 pM (Fig. 1B and Fig. S4 C-F). These
data suggest that some ATP sensitivity is localized directly within
the c-subunit itself and that other ATP binding sites are removed
during partial (urea-treated SMVs) or complete c-subunit purifi-
cation. The purified c-subunit channel activity was equally attenu-
ated by ATP, ADP, or AMP (Fig. S4F) so ATP hydrolysis by ATP
synthase is not likely to be required for its inhibition. Because there
appear to be multiple sites of inhibition by ATP within F;Fo ATP
synthase, we used a more specific inhibitor of the purified c-
subunit channel, the anti-pan-c-subunit antibody, which rap-
idly and effectively attenuated purified c-subunit conductance
(Fig. 1 C and D). We found similar antibody-mediated at-
tenuation in SMVs after exposure to Ca**, a known activator of
mPTP (Fig. 24). These data strongly support the notion that the c-
subunit forms the pore of the Ca”"-sensitive mPTP.

A number of lines of evidence, including our ATP concen-
tration-dependence data, suggested that the purified c-subunit
channel lacked regulatory components that might control its
activity in vivo. The mPTP is sensitive not only to high levels of
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Fig. 1. ATP synthase c-subunit ring forms a large conductance ion channel. (4,
Upper) Excised proteoliposome patch-clamp recording of purified c-subunit
protein. (Left) Amplitude histogram shows conductances of ~227 pS, 1,450 pS,
and 1,680 pS; C, closed; O1-03, open. (Right) Amplitude histograms of six
random recordings taken after depolarization of the patch. The histogram from
the Left is indicated in red. C is closed; O1-O3 mark the open levels at con-
ductances of ~100-300 pS, ~1,500 pS, and ~1,800-2,000 pS. Conductance levels
of ~500-750 pS are also seen but not designated in the figure. (B) Represen-
tative (~600 pS) excised proteoliposome patch-clamp recording of purified
c-subunit protein during continuous ramp voltage clamp from —100 mV to +100
mV before and after 1 mM ATP. (C) Representative patch-clamp recordings of
purified c-subunit protein before and after exposure to anti-pan-ATP5G1/2/3
(C-Sub ab.), control antibody (IgG), or 2 pM CsA. (D) Quantification of peak
conductance before and after exposure to anti-ATP5G1/2/3 (n = 10, **P =
0.0022), control IgG (n = 3), 100 pM Ca** (n=3), 0or2 uM GsA (n = 4). (E)
Representative patch-clamp recordings of purified ATP synthase reconstituted
into liposomes before and after addition of (in sequence) recombinant CypD
protein (5 pg/mL final), 100 uM CaCl,, and 5 pM CsA. (F) Group data for
recordings represented in E (n = 12; *P = 0.0228, **P = 0.00391). Closed state of
channel activity indicated by the dotted red line.

intramatrix Ca”*, but also to the protein CypD (22, 23), possibly
by its binding to OSCP on the F; stator, and to CsA, which may
interfere with the CypD-OSCP interaction (10, 15, 21). We
performed electrophysiology on three preparations to study the
following: (i) purified recombinant c-subunit preparations lack-
ing CypD and OSCP (Fig. S1 C and E) that were reconstituted
into proteoliposomes, (ii) purified ATP synthase monomers
lacking CypD (Fig. S2 B and C) reconstituted into proteolipo-
somes, and (i ) mitochondria and SMVs containing endogenous
CypD and OSCP (Fig. 2B). In keeping with the lack of Ca**
and CsA sensitive sites present in the purified c-subunit ring, neither
Ca”* nor CsA had an effect on channel activity of the purified
c-subunit (Fig. 1 C and D). Purified monomeric ATP synthase
had Fj-related enzymatic activity and contained OSCP but
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Fig. 2. The c-subunit large conductance ion channel is present in mito-
chondria. (A) Representative (~1,900 pS, Upper; ~1,000 pS, Lower) SMV
patch-clamp recordings before and after exposure to 100 pM Ca?* followed
by anti-ATP5G1/2/3 (C-sub ab.) or control antibody (IgG). Bar graphs show
quantification of peak conductances (Upper, N = 8, *P = 0.0194, **P =
0.0033; Lower, N = 5, **P = 0.0256). (B) SDS immunoblot of mitochondria,
SMVs, and urea-treated SMVs. C-sub ab is to ATP5G1. (C) Representative
patch-clamp recordings of whole-liver mitochondria, SMVs, and urea-
exposed SMVs before and after treatment with Ca®* then CsA and ATP
(Bottom trace). (D) Peak conductance in response to Ca?*, CsA, and ATP
(n = 4 Mito, 5 SMV, 10 urea-treated SMV, 5 ATP; *P = 0.0045, **P < 0.0001).
Closed (0 pA) indicated by the dotted red line.

lacked CypD (Fig. S2 B and C) (15). When reconstituted into
liposomes, monomeric ATP synthase showed infrequent channel
activity significantly enhanced by the addition of recombinant
CypD protein whether or not Ca** was present; channel ac-
tivity was readily inhibited by CsA (Fig. 1 E and F). Finally, we re-
corded channel activity of whole mitochondria, SMVs, and SMVs
that were exposed to urea to denature and remove extramem-
brane proteins, including F; components such as OSCP, beta-
subunit, and CypD (Fig. 2B). Channel activity of mitochondria
and SMVs revealed robust Ca®* and CsA responsiveness that
was completely absent from the urea-exposed SMVs although
1 mM ATP still rapidly inhibited the channel activity (Fig. 2 C
and D). These recordings confirm that Ca**, CypD, and CsA
regulate an IMM conductance by binding to an extramembrane
protein site, possibly within the OSCP-subunit of ATP synthase,
and explain why Ca** and CsA have little effect on the con-
ductance of the purified c-subunit channel.

The C-Subunit Leak Channel Undergoes Measurable Conformational
Changes upon Entering the Open and Closed States. To determine
whether the c-subunit ring structure within the ATP synthase
responds to CsA and Ca** in cells, we adapted a fluorescent
method, bipartite tetracysteine display (FlAsh), which detects
protein—protein interactions in living cells and localizes proteins
to subcellular compartments (24-26). When two pairs of cysteines
placed on proteins come in close proximity, they bind tightly to
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the FlAsh dye, increasing its fluorescence intensity (Fig. 34). We
expressed in separate experiments two constructs, each contain-
ing a cysteine pair inserted into ATP5G1 (C sub 1 or C sub 2)
(Fig. 3 A-D). At 48 h after transfection, FlAsh fluorescence was
apparent at high levels at puncta colocalized with mitochondria
within the cells (Fig. 3 B-D), suggesting that the individual
c-subunit proteins were in relatively close proximity, as expected.
However, only background FlAsh fluorescence was observed in
the absence of cysteine binding partners or after transfection of
a construct expressing a single pair of cysteines on OSCP (Fig. 3 C
and D). Specimens were then exposed to vehicle or CsA, followed
by ionomycin to increase intracellular and matrix Ca** (Fig. 3 C
and D). In the C sub 1- and C sub 2-expressing cells, FIAsh
fluorescence was significantly higher in cells preexposed to CsA,
suggesting that channel inhibition brings individual FlAsh-labeled
c-subunits closer together, thus increasing the packing of the
c-subunit ring. Ionomycin decreased FlAsh fluorescence, which
was prevented by CsA, suggesting that pore opening loosens the
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Fig. 3. The csubunit ring regulates Ca?*-induced IMM uncoupling. (4)
Schematic of cysteine pair labeling of two adjacent c-subunit monomers in
the open and closed position. Binding by FIAsh and subsequent fluorescence
occur when cysteine pairs move together. (B) Representative TMRE, FIAsh
fluorescence, and merged image in HEK 293T cells. (C) Time course of FIAsh
fluorescence intensity in HEK 293T cells 72 h after transfection (CC-CC indi-
cates two cysteine pairs, and CC indicates one cysteine pair). Cells were
pretreated with vehicle or 2 pM CsA for 1 h and exposed to 2 pM ionomycin
(lon., arrow). (D) Group data for FIAsh fluorescence intensity (n = 12 data
points and >3 independent experiments per condition; *P < 0.05, **P < 0.01,
***P < 0.0001, N.S., not significant). (E) Time course of calcein fluorescence
intensity before and after addition of 1 pM (for CsA experiment) or 4 uM
ionomycin to HEK 293T cells treated with 5 pM CsA or transfected with the
indicated shRNA constructs (Scr, scrambled). (F) Group data for experiment
in E at 20 min after addition of ionomycin (n = 3 cells, 16 cells, 13 cells, 18
cells for CsA (1 culture), scrambled, ATP5G3, and ATP5G1 shRNA (three in-
dependent cultures) (***P < 0.0001). (Scale bar: 10 pm.)
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packing of the c-subunit ring. In cells in which two cysteine pairs
were inserted on OSCP, FlAsh fluorescence was high, as
expected, but failed to respond to ionomycin or CsA (Fig. 3 C
and D), indicating no relative movement of the two cysteine pairs
in response to the addition of Ca®* when both were located on
the monomeric OSCP. Overall, these studies suggest that acti-
vation or inhibition of the c-subunit channel results in changes
in the structure of the c-subunit ring that are correlated with
changes in c-subunit channel conductance.

C-Subunit Depletion Prevents PT. Ca®*-induced PT can be quantified
in live cells by examining IMM permeability and electrical potential
(Aym) (10, 11, 27). To determine whether the c-subunit ring is
necessary for such rapid uncoupling in intact cells, we depleted
HEK 293T cells of c-subunit proteins by shRNA (Fig. 44) and
then tested cells for IMM permeabilization using calcein/cobalt

quenching (7). After the addition of ionomycin to the control cells,
a rapid drop in mitochondrial calcein fluorescence was measured,
with a time course correlated with changes seen in FlAsh fluores-
cence (compare Fig. 3 C and E); the drop in calcein fluorescence
was prevented by CsA or depletion of c-subunit isomers ATPSG1
or ATP5G3 (Fig. 3 E and F). Next, we measured Ay, with the
voltage-dependent indicators JC-1 and TMRE, which decrease
the intensity of mitochondrial fluorescence upon IMM de-
polarization (27). Compared with scrambled shRNA-transfected
controls, cells (on glycolytic media) transfected with c-subunit
shRNA had similar starting Ay, (Fig. S54), cytosolic ATP levels
(Fig. S5B), and cell survival (MTT assay, n = 24 wells per con-
dition). Ionomycin decreased Ay, in both untransfected
control cells and those transfected with scrambled shRNA but
not after treatment with 2 pM CsA or depletion of ATP5G1 (Fig.
S5 C and D). Together, these data suggest that the c-subunit is
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Fig. 4. Altering c-subunit expression or packing regulates IMM conductance and sensitivity to excitotoxic and ROS-mediated cell death. (A) Immunoblot
using the indicated antibodies. (B and C) Images and group data of propidium iodide (PI) staining of cultured hippocampal neurons at 24 h after 30-min
exposure to 100 pM glutamate or 20 pM H,0, with or without 0.5 uM CsA (n > 3 independent cultures, 56-65 micrographs of each condition; G1, ATP5G1; G3,
ATP5G3). (D) Schematic of the WT and M4 c-subunit rings. Increased channel conductance of M4 mutant suggests decreased packing and a larger central pore
due to the Gly-Val mutation. (E) Representative patch clamp recordings of liposomes reconstituted with WT or M4 c-subunit. (F) Peak single channel con-
ductance for liposome recordings with the indicated protein (WT, n =38, M1, n=7; M2, n=17; M3, n =7 M4, n = 22; ***P < 0.0001 for WT vs. M1-M4). (G)
Normalized NPo before and after addition of 1 mM ATP to patches with the indicated protein (WT, n=21; M1,n=3; M2, n=6; M3, n=5; M4, n = 8; ***P =
0.0009 comparing WT to M4 ATP response, NPo, number of channels multiplied times the probability of opening of each channel). (H) Immunoblot using the
indicated antibodies. The uppermost bands labeled with anti-c-subunit antibody represent the myc/FLAG tagged overexpressed protein. The lower bands
have lost one of the tags (blot is representative of >5 blots). (/ and J) Percent pyknotic nuclei (/) and cell survival (MTT assay) (J), measured in HEK 293T cells
expressing the indicated constructs (n = 2 experiments with three coverslips, two fields per coverslip per condition (**P < 0.01, ***P < 0.0001). Measurements
were made 24 h after switching to galactose-containing, glucose-free medium. (K and L) Images and group data of Pl staining of hippocampal neurons at 18 h
after 30-min exposure to 100 uM glutamate or 20 pM H,0; with vehicle or 0.5 pM CsA (n = 3 independent cultures, 38-53 micrographs of each condition.
(Scale bars: B, C, K, and L, 20 um.) *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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necessary for rapid IMM permeabilization and membrane de-
polarization induced by PT.

Depletion of the C-Subunit Attenuates, Whereas Overexpression of
Mutant Large Conductance C-Subunit Aggravates, Cell Death. Be-
cause PT is the hallmark of certain forms of cell death, partic-
ularly after ischemia in brain and heart (28, 29), we tested
whether c-subunits were required for Ca?*- and H,0,-induced
death. We found that, as previously reported, CsA attenuated
H,0,- or glutamate-induced death in cultured hippocampal
neurons (Fig. 4 B and C). In addition, although depletion of
ATP5G1 or ATP5G3 by shRNA did not affect protein levels of
Bax or ANT (Fig. 44), it attenuated H,O,- or glutamate-induced
death to a similar extent to that of CsA (Fig. 4 B and C). These
studies suggest that c-subunit expression is required for excito-
toxicity and reactive oxygen species (ROS)-associated cell death.

To further demonstrate that the c-subunit ring creates an
uncoupling pore, we mutated four highly conserved glycines
within the first (N terminus) alpha-helical region of the c-subunit
(Fig. S6). These glycines may be responsible for the tight packing
of the c-subunit molecules within the ring structure and control
membrane coupling and OXPHOS (Fig. 4D) (30-32). To de-
crease this tight packing, we made four individual constructs
containing glycine-to-valine mutations (M1-M4), and all four
mutant proteins when reconstituted into liposomes demon-
strated increased single-channel conductance averaging over
multiple traces (including those with subconductance states only)
compared with WT c-subunit; the conductance of M4 was the
largest of the four (Fig. 4 E and F). We also found that M4
abolished attenuation of channel activity by ATP (Fig. 4G).
Because these changes in the c-subunit ring could decrease
metabolic efficiency and thus increase cell death, we determined
whether the mutations altered cell survival by combining intrinsic
c-subunit depletion with overexpression of shRNA-resistant WT
and M4 constructs (Fig. 4H). After depletion of c-subunits,
forcing OXPHOS using glucose-free, galactose-containing me-
dium increased cell death whereas overexpression of the WT, but
not M4, c-subunit rescued these effects (Fig. 4 I and J). There-
fore, we overexpressed M4 c-subunit in neurons and determined
effects on H,O,- or glutamate-induced cell death in normal
medium. Neuronal death was markedly increased in cells over-
expressing M4, and this death was not inhibited by CsA (Fig. 4 K
and L). These data demonstrate that mutations that loosen the
packing of c-subunits of ATP synthase permanently increase the
conductance of the c-subunit ring, decrease sensitivity to CsA
and ATP, and increase cell death under oxidative conditions or
in response to PT-inducing stimuli.

F; Is Required for Inhibition of C-Subunit Channel Activation, and Fo
Releases F, During PT. Because our previous studies suggested that
the F, beta-subunit may control leak current (12, 13) and other
studies suggested that F; removal uncouples bacterial mem-
branes (33), we hypothesized that positioning of F; over the
c-subunit ring may be required for adequate coupling and
inhibition of the c-subunit leak conductance. To detect whether
components of F; bind to and inhibit the c-subunit channel, we
applied purified individual F; proteins to reconstituted c-subunit
channels (Fig. 54). Although gamma-, delta-, and epsilon-sub-
units had no effect, purified beta-subunit protein attenuated the
c-subunit conductance in both the small and large conductance
modes (Fig. 5 B-D), suggesting that the beta-subunit can bind to
the c-subunit directly to inhibit pore activity in vitro.

Our findings that removal of the F; proteins with urea un-
masked, and adding back the beta-subunit inhibited, the con-
ductance of the c-subunit pore raised the intriguing possibility
that physical uncoupling of F; from Fg could increase c-subunit
pore conductance and initiate PT. Therefore, we determined
whether release of F; from c-subunit rings was associated with
PT. Indeed, using immunocapture of the whole ATP synthase
(experimental design in Fig. S7), Ca®*-induced swelling released
c-subunit oligomers (15 kDa, 120 kDa, and 250 kDa) seen in
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Fig. 5. Structural rearrangements of ATP synthase unmask the c-subunit

pore. (A) Immunoblot using antibody against mammalian myc/FLAG-tagged
human ATP synthase subunit proteins (blot representative of 3 blots). (B and
C) Representative proteoliposome patch clamp recordings of purified
c-subunit. Purified gamma, delta, epsilon or beta-subunit (50 ng/pL recording
solution) were added (arrow). (C, Lower) Ramp voltage recording. (D) NPg
ratio after/before addition of indicated ATP synthase subunits (n = 5, **P =
0.0036). (£ and F) Ca**-induced IMM swelling assay of WT heart or CypD KO
mitochondria in 200 nM CsA or 0.5 mM ADP. Plotted is ratio of absorbance at
540 nm (A) after/before Ca®* (n > 3 each). (G) Immunoblots (ATP5G-com or
ATP5G1) of the supernatants and eluates after ATP synthase IP from WT and
CypD KO mitochondrial lysates, as in E and F (representative of >4 blots). (H)
Quantification of 15-kDa band and 120 plus 250 kDa oligomer band density in
gels represented in G (n > 3 for all bands, *P =0.0331 for 120 plus 250 kDa and
0.0417 for 15 kDa compared with control). (/) Schematic of regulation of PT
(c-subunit) pore by ATP synthase F. (Left) CypD and Ca®* expand the c-subunit
ring and open the pore by releasing F;. (Right) CsA, Bcl-x,, and ADP/ATP close
the c-subunit pore by positioning beta-subunit over its mouth.

denaturing or native immunoblots whereas PT inhibitors (CsA,
ADP) prevented the release from ATP synthase (Fig. 5 E, G, and H).
Furthermore, c-subunit release was not detectable in mitochondria
from CypD KO mice, even when swelling was induced with very high
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concentrations of Ca®* (Fig. 5 F and G) (22). This release of c-sub-
units was not due to mitochondrial rupture because insignificant
amounts of c- subumt were found in the postmitochondrial superna-
tant after Ca**-induced swelling, which, in contrast, did release
tochrome ¢ (Fig. S8). These data suggest that CypD-mediated Ca**
binding to F; destabilizes ATP synthase, causing unmasking of the c-
subunit ring, which initiates PT (Figs. 5I and Fig. S7B).

Discussion

Mitochondrial PT was first described in the 1950s (10) whereas the
electrophysiologic properties of the mPTP (or MCC) were de-
scribed in the 1980s and 1990s as a voltage- and Ca™"-sensitive
multiconductance channel (conductances from 100 pS to 2 nS (1,
19-21)). mPTP is inhibited by CsA and ADP. We find similar
bioph ;su:al features in the purified c-subunit, yet it is not sensitive
to Ca”* and it is resistant to CsA. However, the original recordings
of MCC/mPTP used preparations of IMM or mitoplasts that
contain now appreciated regulatory components such as CypD,
and we recapitulate the data of these reports using SMVs and
purified ATP synthase. Thus, we conclude that the major regula-
tory sites for the mPTP, which provide sensitivity to Ca**, CypD,
CsA, and ADP, reside in F;. These sites are removed during pu-
rification of the c-subunit or by stripping F; from Fg using urea,
exposing a lower-affinity adenine nucleotide binding site (Figs. 1
and 2 and Figs. S1 and S3). Furthermore, the purified c-subunit
ring largely lacks cation selectivity, similar to the MCC. For these
reasons, we suggest that the c-subunit ring is the pore of the mPTP.

If the c-subunit comprises the mPTP, then there exists a re-
lationship between the opening of the mPTP and ATP synthase
activity. If the mPTP is open, ATP hydrolysis, rather than synthesis,
occurs, leading to a rundown of energy and further opening of the
mPTP. In addition, eliminating the c-subunit may disrupt assembly
and function of ATP synthase, compromising metabolism in cells
that depend on OXPHOS (Fig. 4 H-J). However, glycolytic con-
ditions prevent this toxicity unless stress occurs (excitotoxicity,
H,0,) (Fig. 4 and Fig. S5). Overall, too much pore activity will
prevent ATP production and too little mPTP activity, although
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enhancing the efficiency of OXPHOS, could be detrimental to cell
survival by preventing an escape valve for Ca** and ROS.

In summary, we find that the long-sought molecular pore of
the mPTP is a heretofore-undetected ion channel located within
the c-subunit ring of the mammalian ATP synthase that may be
exposed during physical uncoupling of the F; and Fo complexes.
Depletion of the c-subunit prevents mitochondrial PT, attenu-
ating excitotoxicity- and ROS-induced death in primary neurons.
Mutations of the transmembrane domain that loosen c-subunit
packing increase the size of the c-subunit channel conductance
and predispose cells to death in a CsA-resistant manner. The
c-subunit channel is inhibited by the beta-subunit of ATP syn-
thase, regulated also by Bcl-x; to improve metabolism (12). From
a pathophysiologic standpoint, induction of PT unmasks c-subunit
rings that create the mPTP. We suggest that the c-subunit ring is
so situated as to regulate both metabolism and death.

Materials and Methods

Purification of the F,Fo ATP Synthase Subunit Proteins and C-Subunit Knockdown.
Cells were transfected to express or knock down (shRNA) WT or mutant human
ATP5G1 or -3.

Electrophysiology. SMV, mitochondrial, or proteoliposome recordings were
made by forming a giga-ohm seal in intracellular solution. Group data were
quantified in terms of conductance.

Bipartite Tetracysteine Display. Two cysteine residues were placed on the N
terminus of the c-subunit sequence before the first alpha-helical region (on
the intermembraneous space side).

Statistical Analysis. Data in graphs are shown as mean + SEM. Statistical
comparisons included t tests or ANOVA and Kruskal-Wallis tests with post
hoc testing (P < 0.05).
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