Journal of
General
Physiology

The very low number of calcium-induced
permeability transition pores in the single
mitochondrion
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Mitochondrial permeability transition (PT) is a phenomenon of stress-induced increase in nonspecific permeability of the
mitochondrial inner membrane that leads to disruption of oxidative phosphorylation and cell death. Quantitative measurement
of the membrane permeability increase during PT is critically important for understanding the PT’s impact on mitochondrial
function. The elementary unit of PT is a PT pore (PTP), a single channel presumably formed by either ATP synthase or adenine
nucleotide translocator (ANT). It is not known how many channels are open in a single mitochondrion during PT, which makes it
difficult to quantitatively estimate the overall degree of membrane permeability. Here, we used wide-field microscopy to
record mitochondrial swelling and quantitatively measure rates of single-mitochondrion volume increase during PT-induced
high-amplitude swelling. PT was quantified by calculating the rates of water flux responsible for measured volume changes.
The total water flux through the mitochondrial membrane of a single mitochondrion during PT was in the range of (2.5 + 0.4)

x 1077 kg/s for swelling in 2 mM Ca?* and (1.1 £ 0.2) x 10-%7 kg/s for swelling in 200 pM Ca?*. Under these experimental
conditions, a single PTP channel with ionic conductance of 1.5 nS could allow passage of water at the rate of 0.65 x 10~ kg/s.
Thus, we estimate the integral ionic conductance of the whole mitochondrion during PT to be 5.9 + 0.9 nS for 2 mM
concentration of Ca?* and 2.6 * 0.4 nS for 200 pM of Ca?*. The number of PTPs per mitochondrion ranged from one to nine.
Due to the uncertainties in PTP structure and model parameters, PTP count results may be slightly underestimated. However,

taking into account that each mitochondrion has ~15,000 copies of ATP synthases and ANTs, our data imply that PTP
activation is a rare event that occurs only in a small subpopulation of these proteins.

Introduction

Permeability transition (PT) is a phenomenon of the sudden
increase in permeability of the mitochondrial inner membrane
during stress conditions (Bernardi et al., 2015; Zoratti and Szabo,
1995). PT leads to the disruption of mitochondrial energy me-
tabolism and eventually cell death. It is believed that PT is a
critical event responsible for cell and tissue damage in a wide
range of acute conditions, including strokes and heart attacks.
The principal causes of PT are reactive oxygen species (ROS) and
excessive accumulation of intramitochondrial calcium (Halestrap
and Richardson, 2015). Experimentally, PT can be studied by
several methods, such as following the gradual leak of the fluor-
escent probe out of the mitochondrial matrix (Hiiser et al., 1998)
or changes in light scattering caused by osmotic swelling of the
mitochondria (Baev et al., 2018). These methods enable the study
of PT regulation and kinetics but do not quantify membrane
permeability changes. The central goal of this study was to use the

swelling assay to quantitatively measure inner membrane per-
meability at the level of the single mitochondrion during calcium-
induced PT.

The swelling assay is based on the principle that an increase
of membrane permeability due to PT activation initially re-
sults in the equilibration of small molecules across the mito-
chondrial inner membrane. This equilibration is followed by
high-amplitude swelling of the mitochondria due to the water
influx driven by oncotic pressure created by membrane-
impermeable matrix proteins (Baev et al., 2018; Lorimer and
Miller, 1969). High-amplitude swelling eventually leads to rup-
ture of the mitochondrial outer membrane and formation of
mitoplasts (mitochondria lacking outer membrane). The swell-
ing of the mitoplast proceeds further until the oncotic pressure
inside the mitoplast is compensated by the elastic forces of the
inner membrane. Kinetics of swelling is usually measured in a
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large population of suspended mitochondria (Carraro and
Bernardi, 2020). These experiments allow the determination
of the average rate of PT activation but do not allow quantifi-
cation of the rates of solute fluxes through an individual mi-
tochondrion (mitoplast). Using light microscopy, we measured
the rate of single-mitoplast volume increase due to water influx
through the membrane. These measurements allowed us to
quantify the values of the membrane permeability to water
during PT. Using this value, we translated membrane perme-
ability values into units of ionic current and calculated the total
number of permeability transition pores (PTPs; elementary
units of PT) in a single mitochondrion.

Materials and methods
Mitoplast preparation
Mouse liver mitochondria were isolated by homogenization and
differential centrifugation in isolation buffer (225 mM mannitol,
75 mM sucrose, 1 mM EGTA, and 5 mM HEPES, pH 7.2) com-
pleted by fatty acid-free BSA in 1 mg/ml of buffer (Sigma Al-
drich; Elustondo et al., 2015). The dissected liver was rinsed
three times with isolation buffer and minced into small pieces with
scissors. Tissue was collected and homogenized with a Teflon pestle
four or five times on ice. The liver homogenate was transferred into
a 1.5-ml microcentrifuge tube and centrifuged at 600 g for 10 min at
4°C. The supernatant was collected and centrifuged at 4°C for
10 min at 9,000 g. Then, the supernatant was discarded, and the
pellet was resuspended in 50 pl sucrose buffer (250 mM sucrose,
100 pM EGTA, and 5 mM HEPES, pH 7.2) and kept on ice.
Isolated mitochondria were incubated in isotonic KCI solu-
tion (150 mM KCl and 5 mM HEPES, pH 7.4) containing 5 mM
succinate (in the presence of 2 pM rotenone) as mitochondrial
substrate, 1 mM Na,HPO,, and 250 uM EDTA. Mitochondria in
the same solution were placed at the glass bottom of the 1-ml
imaging/recording chamber and incubated for 5-10 min to allow
mitochondria to settle on the bottom of the chamber. Following
incubation, mitochondria were gently washed two times with
the same solution to remove detached organelles and debris. To
induce PT and swelling, mitochondria were microperfused using
a syringe pump with the same KCl solution in the presence of
substrate supplemented either with 2 mM Ca?* or 200 pM Ca%*
(final concentrations of free Ca?* in the perfused area of the
chamber are 2 mM and 100 pM, respectively). The rate of per-
fusion flow was maintained at 200 pl/h. Due to continuous per-
fusion during the experiment, the concentration of the free
calcium was kept constant, so the overall calcium load did not
depend on the amount of mitochondria in the recording chamber.
The perfusion with Ca®*-containing solution led to mitochondrial
PT activation, mitochondrial swelling, and rupture of the outer
mitochondrial membrane. Formation of mitoplasts and changes in
their diameter were monitored and recorded in real time with a
light microscope (Nikon Eclipse TE300) with a PlanApo Nikon
objective (40x, Ph2; NA = 0.95) and a digital camera (Accu-Scope).

Mitochondrial membrane potential measurement
The membrane potential of isolated mitochondria was measured
with the fluorescent dye tetramethylrhodamine-methyl ester
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(TMRM; Hiiser et al., 1998). Isolated mitochondria were incu-
bated for 30 min in sucrose buffer containing 200 nM of TMRM.
Then, mitochondria were placed on the bottom of the recording
chamber and perfused with Ca?* as described previously. All the
solutions in the experiment for membrane potential measure-
ment contained 200 nM of TMRM.

Patch-clamp experiments

Patch-clamp procedures and analysis were performed as de-
scribed previously (Kinnally et al., 1991; Pavlov et al., 2001).
Briefly, membrane patches were excised from mitoplasts right
after the formation of a gigaseal using micropipettes with re-
sistances of 20-40 MQ at room temperature. The solution for
patch-clamp recordings was symmetrical 150 mM KCl and 5 mM
HEPES, pH 7.4. The voltage clamp was performed with the ex-
cised configuration of the patch-clamp technique using an Axon
Axopatch 200B Microelectrode Amplifier (Molecular Devices) in
the inside-out mode. Voltages are reported as pipette electrode
potentials.

Water flux rate estimation

The volumes of the mitoplasts in each moment of observation
were calculated with the aid of Image]J software and an in-house
MATLAB computer program. The rate of the water flux through
the inner mitochondrial membrane was calculated from the
rates of mitoplast volume change.

Quantification and statistical analysis

Clampfit 10.7 (Molecular Devices) and Origin 2019 (OriginLab
Corporation) were used for the analysis of channel activity and
for statistical analysis. Experimental errors of volume meas-
urements were proportional to the objective resolution error
0.29 um according to the following formula: 5 = 34", Student’s
t test (P < 0.05) was used to determine the significant difference
in water fluxes and total ion conductance of the mitochondrial
membrane.

Results

Under basal conditions, energized isolated mitochondria main-
tain a condensed shape due to low permeability of the inner
membrane and the ability to regulate ionic and osmotic ho-
meostasis. This shape is characterized by multiple cristae en-
closed within the outer membrane (Haworth and Hunter, 1979).
However, excessive accumulation of calcium leads to a dramatic
increase in inner membrane permeability and mitochondrial
swelling. Mitochondrial swelling is caused by the oncotic pres-
sure of the membrane-impermeable molecules located inside the
mitochondrial matrix. The overall strategy of our study was to
quantify the permeability of the inner mitochondrial membrane
by measuring the rates of the water influx (changes in mitoplast
volume).

Schematics of mitochondrial/mitoplast swelling stages dur-
ing the experiment are shown in Fig. 1. Initially, intact mito-
chondria have multiple cristae (Fig. 1, I). At the early stages of
swelling, cristae disappear, but the outer membrane is still intact
(Fig. 1, II). Further swelling leads to the rupture of the outer
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Figure 1. Schematics of the experimental
approach. Calcium addition to the intact ener-
gized mitochondria (I) causes activation of PT
and induces mitochondrial swelling (I1), which
eventually results in outer membrane rupture
and formation of mitoplasts (Ill). The increase in
mitoplast volume during PT is caused by water
influx into the matrix due to the oncotic pressure
and stops when this pressure is compensated by
inner membrane elastic forces (V). The addition
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membrane and formation of mitoplasts (Fig. 1, III). Mitoplast
swelling continues until the oncotic pressure is equilibrated
with the elastic forces of the inner membrane (Fig. 1, IV). At the
latest stages of the experiment, swelling can be reversed by
increasing the oncotic pressure of the external solution through
the addition of the polyethylene glycol (PEG) molecules (>1.5 kD)
that are too large to traverse the PTP (Fig. 1, V).

Measurements of the rate of water flux through the whole
mitochondrion during PTP opening

Experiments were performed with freshly isolated, energized
mitochondria that were placed on the glass bottom of the re-
cording chamber. To test the functional state of the isolated
mitochondria and integrity of the inner membrane, we first
measured their membrane potential using fluorescent probe
TMRM. TMRM is a cationic membrane-permeable probe that
accumulates only in mitochondria with membrane potential
(Berezhnaya et al., 2018). As shown in Fig. 2, energized mito-
chondria can be identified by the red (TMRM) staining (Fig. 2 A).
To induce PT and swelling, we perfused mitochondria with the
same bath solution supplemented with either 2 mM or 100 uM
of free Ca?*. Treatment of isolated mitochondria with Ca?* led to
the PT, causing loss of the mitochondrial membrane potential
detected as the disappearance of TMRM fluorescence (Fig. 2 B).
As can be seen in the bright-field image of the same region,
mitochondrial depolarization was accompanied by the mito-
chondrial swelling, further confirming the activation of the PT
(compare corresponding white boxes in Fig. 2, C and D; and
Fig. 3).

The swelling was observed continuously with a light micro-
scope and video was recorded (Fig. 3). The use of a 40x/0.95 NA
objective allowed us to determine the edge of the mitoplast with
aresolution of 0.29 um and to remain in focus over the course of
swelling due to the depth of field of 1 um. Notably, using this
approach, we quantified only the size change of the mitoplasts
but not mitochondria. As illustrated in Fig. 3, before outer
membrane rupture, swelling causes a change in light scattering
but not in the size of the mitochondrion. Because we cannot
determine the exact moment of the outer membrane rupture,

Neginskaya et al.
Quantitative measurement of PT

of the membrane-impermeable PEG (>1.5 kD) at
the end of the experiment leads to an increase in
external oncotic pressure, causing mitoplast
shrinkage to the steady state (V). At the steady
state, the value of oncotic pressure inside the
mitoplast is at equilibrium with internal oncotic
pressure (see also Fig. 5 A).

Time

(V)

we used the latest periods of mitoplast swelling when calculating
water fluxes. To measure the changes in the size of the mito-
plast, video recordings were processed with ImageJ and an in-
house MATLAB algorithm (Fig. 4). This program allowed us to
track the rate of change in mitoplast radii throughout the ex-
periment. Mitoplast volume was calculated with the formula for
sphere volume

V=4s7r,

where r is measured mitoplast radius in each moment of ob-
servation (Fig. 4). Integrated water flux through a single mito-
plast membrane was calculated as

av
]irlt = E:

where V is the volume of mitoplast and t is time. To determine
Jint, we used linear fit where the slope of the fitting line reflects
the 4/ value (Fig. 5 B, black arrow).

Using this approach, we calculated that the average rate of
the water flux across the mitochondrial membrane of a single
mitochondrion was J$%¢ = (2.5 + 0.4) x 1077 kg/s for swelling in
2 mM Ca?* (n = 14) and J$%¢ = (11 0.2) x 1077 kg/s for swelling
in 200 pM Ca?" (n = 15). Notably, water flux through the
membrane is directly proportional not only to the membrane
permeability but also to the driving force of the oncotic pressure.
Thus, to obtain the absolute values of the flux, we measured the
value of the oncotic pressure. To do this, we used PEG 8000. PT
allows free passage of molecules of <1.5 kD. PEG 8000, with an
average molecular weight of 8 kD, cannot enter the matrix,
creating an external oncotic pressure, which results in shrink-
age of swollen mitoplasts (Fig. 5 A). As a consequence of the
shrinkage, the oncotic pressure inside the mitoplast increases.
At the point when the external and internal pressures are equal,
mitoplast shrinkage stops and allows us to estimate the oncotic
pressure inside the mitoplast (Fig. 5 B). We found that a 1%
concentration of PEG 8000 in the solution produces shrinkage
of mitoplasts to ~70% of the maximal swollen volume. At this
point, the oncotic pressure created by PEG 8000 is equilibrated
by the oncotic pressure inside the mitoplast. This concentration
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Figure 2. Detection of PT activation by measurement of mitochondrial membrane potential. (A and B) Isolated energized mitochondria (5 mM suc-
cinate/2 UM rotenone) stained with TMRM (200 nM) before (A) and after (B) activation of PT with 2 mM Ca?*. Note the loss of mitochondrial membrane
potential caused by PT detected with TMRM fluorescence disappearance (B). (C and D) Bright-field images of the same mitochondrion before (C) and after (D)
PT activation. Loss of mitochondrial membrane potential went along with mitochondrial swelling (D). Boxes 1-6 correspond to the representative individual
mitochondria that responded to the calcium addition by depolarization and swelling. Scale bar = 5 um.

of PEG 8000 corresponds to the oncotic pressure of 10 mOsm.
The rates of water flux through the mitoplast were calculated
at this specific 70% point from the rates of volume change
(Fig. 5 B, black arrow) at which estimated oncotic pressure
inside the mitoplast during the swelling stage was considered
to be 10 mOsm.

Jint values, when normalized to the driving force created by
oncotic pressure (recalculation for 1 mOsm oncotic pressure),
translated to J$%¢ = (2.5 + 0.4) x 1078 kg/s for swelling in 2 mM
Ca?* (n = 14) and 3% = (1.1 + 0.2) x 1078 kg/s for swelling in
200 pM Ca?** (n = 15; Fig. 5 C). The significant difference be-
tween water influx during PT activated by different calcium
concentrations (P < 0.05) is likely due to the sensitivity of the PT
toward increased calcium concentrations.

Calculation of water flux rates based on shrinkage and
estimation of the contribution of non-PT water permeability
The approach of calculation of water flux from the rates of mi-
toplast swelling does not allow us to evaluate contribution of the
water flux across the mitochondrial membrane that is not as-
sociated with the PT. Indeed, it has been demonstrated before
that the inner membrane of the intact mitochondria is water
permeable (Tedeschi and Harris, 1955; for details, see review by
Bernardi [1999]), presumably due to the presence of the aqua-
porin channels (Calamita et al., 2005), although this view has
been challenged (Yang et al., 2006). To evaluate the contribution
of the water fluxes through an intact inner membrane, we
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measured water flux in the individual mitoplasts under con-
ditions of the classic light-scattering assay of mitochondrial
shrinkage performed by Haworth and Hunter (1979). In these
experiments, PT is measured from the rates of mitochondrial
shrinkage induced when oncotic pressure is created outside the
mitoplast by the addition of the impermeable molecules. Spe-
cifically, we subjected isolated mitochondria to the external
pressure of PEG 2000 after passive swelling in isotonic KCI so-
lution without substrates and after swelling in the presence of
2 mM Ca?*. Passive swelling does not induce PT and thus allows
us to estimate water efflux through the intact inner membrane
when the mitochondrion shrinks. Perfusion of passively swollen
mitochondria with the recording solution containing 1% of PEG
2000 led to a very small decrease in mitoplast volume (10 min of
perfusion caused only a slight decrease in volume), whereas
mitochondria with calcium-induced PT shrank much faster and
to a larger degree. As can be seen in Fig. 6, the decrease in the
volume of passively swollen mitoplasts after 2 min was negli-
gibly small when compared with the volume loss in mitoplasts
after PT-associated swelling. This result indicates that calcium-
induced PT dramatically increases the passage of water mole-
cules through the inner mitochondrial membrane. Importantly,
our data are in good agreement with the work of Haworth and
Hunter, who reported that significant shrinkage of the mito-
chondria occurs only when PT is activated and is not detected
when the mitochondrial membrane is intact (Haworth and Hunter,
1979). This suggests that, although under normal conditions
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Figure 3. Mitochondrial swelling detection with a bright-field microscope. Mitochondrial swelling was induced by microperfusion of freshly isolated,
energized (5 mM succinate/2 uM rotenone) mouse liver mitochondria with calcium (200 uM or 2 mM) in the presence of phosphate. (A) Isolated mitochondria
before perfusion with calcium. (B) The same field as in A after perfusion for 10 min with the calcium-containing solution (2 mM). White arrows indicate
mitoplasts formed after calcium-induced PT activation. (C) Magnified images of the mitochondrion shown in black boxes in A and B. Note the transition of
normal (0) into swollen (1 min) mitochondrion and into mitoplast (3 min). Also note the initial outer membrane rupture (first evident at 3 min), eventually
resulting in a swollen mitoplast with the pieces of the outer membrane appearing as a dark spot (5 and 9 min). Rates of volume change were calculated for the

mitoplast stage of swelling. Scale bars = 4 um for A and B, 1 um for C.

permeability of the inner membrane to water can significantly
contribute to the changes in mitochondrial volume, this per-
meability is much lower than the permeability of the membrane
during PT. Because our experimental measurements were made
at the latest stages of mitoplast swelling, the contribution of this
“non-PT” water influx is negligible (Fig. 6).

Next, we verified our estimation of the inner mitochondrial
membrane permeability by calculation of water efflux during
mitoplast shrinkage. The advantage of this approach is that, at
the initial moment following PEG addition to the swollen mi-
toplasts, the oncotic pressure that drives water flux is equal to
the external oncotic pressure of PEG. We perfused mitoplasts
with 1% of PEG 2000, which created external pressure of 40
mOsm.

The value of water efflux through the membrane of a single
whole mitoplast during shrinkage calculated from the slope of
linear fit (Fig. 5 B, red arrow) was Ji7 = (5.2 + 0.7) x 10" kg/s. The
Ji value when normalized to the driving force created by oncotic
pressure (recalculation for 1 mOsm oncotic pressure) translated to
Jir = (1.3 £ 0.2) x 1078 kg/s for swelling in 2 mM Ca** (n = 12).
Calculation of the ionic flux across PT membrane and of the
number of PTPs
Calculation of water fluxes gave us a quantitative measure of the
membrane permeability during PT. However, in most biological
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applications, the most relevant parameter that characterizes
membrane transport is expressed in units of electric current
generated by the ion flux across the membrane. To calculate PT
in units of ionic current, we took advantage of the fact that PT
occurs through the opening of the nonselective channel PTP
with conductance of up to 1.5 nS. Here, we first estimated the
size of the single PTP channel and the water flux that it could
produce. Knowing these parameters, we have been able to
calculate two important values: the ionic conductance of
the membrane during PT and the density of the PTP channels
per mitochondrion.

First, we measured the conductance of the single PTP in the
mitoplasts under our experimental conditions (Fig. 7). Specifi-
cally, we tested the electrophysiological properties of the inner
mitochondrial membrane. An excised configuration of patch
clamp was performed immediately after calcium-induced
swelling (Fig. 7, A-C). A total of 28 membranes were tested for
both conditions; 10 of them demonstrated channel activity after
calcium treatment in which conductance was decreased upon
addition of the cyclosporine A-PTP inhibitor (Fig. 7 D). The
partial block by cyclosporine A is consistent with previous re-
ports of the effects of these compounds on the PTP channel
activity in both native and reconstituted systems (Brustovetsky
et al.,, 2002; Kinnally et al., 1992; Neginskaya et al., 2019;
Szabé and Zoratti, 1991). We detected channels with transition
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Figure 4. Data acquisition and processing and detection of the rates of
mitoplast volume change. (A) Original (left) and software-processed (right)
images of the mitoplast that was used for swelling rate analysis. Scale bar =
1 um. (B) Plot generated by calculation of mitoplast volume from the mea-
sured radius of software-processed image, assuming spherical geometry of
the mitoplast. Data are presented as mitoplast volume as a function of
swelling time. Red line represents trend of volume changes.

sizes of 530 + 20 pS (n = 5 of 10 detected channels) and 910 =+
70 pS (n = 2 of 10), which presumably represent the substates
of a multiconductance PTP channel. The maximal transition
size detected was 1,500 + 100 pS (n = 3 of 10), which corre-
sponds to a fully open PTP channel in high-conductance mode.

Taking into account that PTP can also function in the low-
conductance mode (Ichas et al., 1997; Ichas and Mazat, 1998), we
performed sizing experiments to test the likely PTP mode (low-
conductance PTP or high-conductance PTP). We estimated pore
size by performing shrinkage experiments with 400 D and
2,000 D PEG molecules. Specifically, we perfused isolated mi-
tochondria swollen in the presence of calcium with PEGs with
molecular weights of 400 and 2,000 D (Fig. 8). PEG 400 did not
cause shrinkage of the mitoplasts, whereas perfusion with PEG
2000 led to the shrinkage, indicating that PTP was permeable
for PEG 400 but not for PEG 2000. Overall, PEG experiments
suggest that in our estimates of the PTP size, we can assume that
it was primarily present in its high-conductance conformation.

These results confirmed that Ca?*-induced PT in our exper-
imental design could be explained by the opening of the classic
PTP that was in its high-conductance mode (~1.5 nS) in all mi-
toplasts and presumably had a size that allows transport of
molecules up to 1.5 kD. The weakly selective pore with the
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conductance of 1.5 nS in 150 mM KCl solution is expected to have
the diameter of ~2 nm (Massari and Azzone, 1972; Pavlov et al.,
2001). Taking this into account, we performed further calcu-
lations assuming that PTP can be modeled as a cylinder with
2-nm diameter and 4-nm length.

The number of pores per single mitochondrion was calcu-
lated as the ratio of the rates of water flux through the whole
mitoplast and water flux through a single PTP with a diameter of
2 nm:

-
]PTP

where J;; is calculated empirically from ‘fi—‘t’ as was described

above, while Jprp = k x AP, and k is the parameter defined by the

geometry of the pore (Borg et al., 2018). Jprp is proportional to

AP that is equal to the oncotic pressure.

Simulation of water flux through the nanoscale tube with
parameters of the modeled pore (Borg et al., 2018) demonstrated
that predicted water flux through the single pore is J = 5 x 1074
kg/s at 200 mPa pressure. Taking into account a linear rela-
tionship between pressure and water flux through the pore and
the results of single-channel simulations (Borg et al., 2018), we
can calculate that under our experimental conditions, per
1 mOsm of driving pressure, the rate of water flux through a
single PTP (Jprp) equals 0.65 x 1078 kg/s. By dividing the nor-
malized water flux rate through the mitoplast by the value of the
flux through a single pore, we obtained the total number of PTPs
per mitoplast (Fig. 9, A and B). The results of these calculations
are presented in Fig. 9, which summarizes the results of meas-
urements from six independent experiments: three for each
calcium concentration for the swelling assay and two indepen-
dent experiments for the shrinking assay. Each data point rep-
resents an individual mitoplast. According to these measurements
and calculations, the number of PTP channels per single mito-
chondrion range from one to a maximum of nine for the 2 mM
Ca?* swelling calculations (Fig. 9 A).

In summary, we can conclude that the average ionic con-
ductance of the mitochondrial membrane ranges from 2.6 to
13.1nS (with an average of 5.9 + 0.9 nS; n = 14) for 2 mM Ca* and
from 0.7 to 6.7 nS (with an average of 2.6 + 0.4 nS; n = 15) for
200 uM Ca?* when based on swelling rate calculations (Fig. 9 C).

Ionic conductance calculated from the shrinking assay ranges
from 1.1 to 5.9 nS (average is 3.0 + 0.4 nS; n = 12; Fig. 9 C). The
estimated number of PTP channels that activated during PT was
in a range from one to four.

Relationship between PTP count and geometry and surface
charge of the model pore
In our calculations, we used the model that was based on two
approximations: we considered that the pore size has a 2-nm
diameter and that the surface area of the pore is not charged.
However, taking into account that the exact structure of the PTP
channel is not known, we have to consider how uncertainty in
these parameters might affect our estimates.

Due to the lack of knowledge about the structure of PTP,
there is no precise estimation of its diameter. The predicted
diameter of the pore available in the literature varies from 2 to
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Figure 5. Estimation of the oncotic pressure inside the mitoplast and normalized water flux through a single mitochondrion inner membrane.
(A) Swelling is caused by water influx after PT induction. The addition of PEG following maximal swelling causes shrinkage of the mitoplast until the oncotic
pressures inside and outside the mitoplast are equilibrated (plateau region at the end of the experiment in B). (B) The value of pressure created by PEG was
considered equal to the value of oncotic pressure inside the mitoplast of the equilibrium volume during the swelling phase (black arrow). The calculation of
water flux driven by this pressure during swelling was done for this specific volume. Slope of linear fitting reflects the rate of water flux inside the matrix
(dashed blue line under the arrow). Red arrow points to the initial moment of PEG addition when the rate of shrinkage was calculated. (C) Water flux was
recalculated for swelling in 2 mM Ca?* (n = 14) and 200 uM Ca2* (n = 15) per 1 mOsm of driving pressure and presented as normalized water flux. Mean + SEM.

*, P < 0.05.

4 nm in different reports (Bernardi, 1999; Carroll et al., 2019;
Massari and Azzone, 1972; Szab6 and Zoratti, 1992). The lowest
estimation of pore diameter based on adenine nucleotide
translocator (ANT) structure is 2.1 nm (Bround et al., 2020). We
based our calculations on the lowest reported pore diameter,

© Ca?* swelling
© Passive swelling

Avolivol =0.1

Figure 6. Estimation of water flux through inner mitochondrial mem-
brane in normal conditions. Relative changes of volume of passively swollen
mitoplasts (that reflects permeability of intact inner membrane) and mito-
plasts after calcium-induced PT activation under the external oncotic pres-
sure of 1% PEG 2000. Slow mitoplast shrinkage after passive swelling when
compared with PT swollen mitoplasts indicate that PT dramatically increases
permeability of inner membrane to water. Thus, at the latest stage of mi-
toplast swelling after PT activation, the contribution of water influx through
the intact part of the inner membrane is negligible.
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which gives us the maximal number of pores per mitochon-
drion, but it should be acknowledged that, based on the pore
size, the actual count could be lower.

The second critical assumption of our approach is that the
rates of the water flux through the pore are estimated for the
flow with no interactions with the pore wall (e.g., in a pristine
carbon nanotube). The structure of PTP is not defined, but ac-
cording to its weak ion selectivity, we can assume that the walls
of the PTP would be polar (Hilder et al., 2010, 201la, 2011b).
Thus, in our estimates, we should take into account that water
flux might be considerably slower than in an uncharged pore.
Based on the literature data, the surface charge of the walls
(“polar carbon nanotubes”) of the 7-nm-diameter pore would
decrease the flow through the pore (Majumder and Corry,
2011) by up to 30%. Considering the pore size of 2 nm and
the distribution of velocity along the tube cross-section
(Majumder and Corry, 2011), we can roughly estimate that
the surface charge of the polar pore will give us a 50% de-
crease in water flow, and thus increase the calculated upper
limit of pores to 14.

Overall, we can conclude that variety in pore parameters
might affect the estimate of the number of pores and needs to be
taken into account. The variability of the pore size might give
some overestimate of the number of PTPs, whereas variability of
the pore surface charge might underestimate the number of
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Figure 7. Electrophysiological characterization of the PT. (A and B) Perfusion tube (right) used for microperfusion and patch pipette (left) used for current
measurements. B is the zoomed-in version of A. Scale bars = 20 um for A, 8 um for B. (C) Schematics of the patch-clamp experiment in excised mode.
(D) Patch-clamp recording of the PTP. Note the substates of the detected multiconductance PTP channel. Addition of cyclosporine A (CsA) caused partial
closure of the channel. The detection frequency of channel activity is 36% (n = 28). Mitoplasts were formed by the calcium-induced swelling of the energized

mitochondria.

PTPs. In either case, these considerations still support the key
conclusion that the number of PTPs in a single mitochondrion is
very low.

The relative accuracy of our pore parameters is also evident
by comparison with the experimental data of water flux
through the bacterial channel a-hemolysin. The bacterial channel

84 Ca%*,2mM

PEG 400 PEG 2000

0 2 4 6 8 10
Time, min

Figure 8. The effect of PEGs with different molecular weights on the
shrinkage of PT-induced mitoplasts. Mitochondrial swelling was induced
by microperfusion with 2 mM Ca?*. Shrinkage was performed as described in
Fig. 5. PEG 400 did not lead to mitoplast shrinkage, indicating permeability of
the inner mitochondrial membrane to the molecules of 400 D molecular
weight after PT activation with calcium. PEG 2000 (2,000 D) led to mitoplast
shrinkage. The experiment confirmed the presence of the classical PTP
channel with molecular cutoff ~1.5 kD. V, volume.
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a-hemolysin has the single-channel conductance of 1.0-1.3 nS,
matching that measured in the high-conductance mode of PTP.
This bacterial channel’s pore is cylindrical, and its water per-
meability has been measured (Paula et al., 1999). The normal-
ized water flux through the bacterial channel a-hemolysin is
~1.5 x 1078 kg/s, which is of the same order of magnitude as
used in our calculations.

Discussion

In this study, for the first time, we quantitatively measured the
PT at the level of a single mitochondrion. To do this, we calcu-
lated the water fluxes through the inner mitochondrial mem-
brane during calcium-induced swelling after PT induction. We
found that overall conductance of a single mitochondrion during
calcium-induced PT varies as a function of the external calcium
concentration. Itis 5.9 + 0.9 nS for 2 mM of Ca?* and 2.6 + 0.4 nS
for 200 pM of Ca2*. Similar values were obtained by calculations
based on the flux of water out of the mitochondrial matrix
during shrinkage after the external oncotic pressure was in-
creased. The slight discrepancy between two methods was
perhaps caused by differences in the estimation of the oncotic
pressure. Taking into account that the size of a single PTP is
~2 nm (corresponding to a ~1.5-nS ion-conducting pore), we
calculated that the number of pores during PT did not exceed
nine.

Although direct calculations presented in this study have
never been done, our data are consistent with previous ob-
servations at the level of the single organelle. Indeed, previous
studies using patch clamping of the mitoplasts that involve ex-
cised patch configuration demonstrated that, in most cases, only
a single-channel PTP (or no PTP) is detected (Kinnally et al.,
1989, 1991, 1992; Szabé et al., 1992; Szabé and Zoratti, 1991).
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Figure 9. The number of PTP channels and ionic conductance per single mitochondrion. (A and B) Each data point in A and B represents the ratio of the
water flux through the whole mitoplast and water flux through the single pore with a diameter of 2 nm. This ratio reflects the estimation of the number of
pores in the individual mitochondrion after PT activation with calcium. (A) Calculations based on the rate of mitochondrial swelling. Data points were collected
from six individual experiments. (B) Calculations based on the rate of mitochondrial shrinkage. Data points were collected from two individual experiments.
(C) Overall ionic conductance of the single mitochondrion during calcium-induced PT. Mean + SEM. *, P < 0.05; n = 14 for swelling in 2 mM Ca2*; n = 15 for
swelling in 200 pM Ca?*; n = 12 for shrinkage in 2 mM Ca?*/PEG 2000. V., maximum volume.

Taking into account that the excised patch contains a relatively
large fragment of the mitochondrial inner membrane, this
suggests that the density of PTP channels should be relatively
low. This was consistent with patch-clamp experiments pre-
sented in the present study when only ~36% of patches had
channel activity. Interestingly, the original recordings of the
whole-mitoplast currents by Sorgato and colleagues in 1987 were
performed in the presence of 200 pM Ca2* in the recording
solution (Sorgato et al., 1987). Although highly speculative at this
point, it is tantalizing to propose that they might have recorded
the integral current reflecting PTP activity. The current values
seen in these experiments are consistent with very few pores,
but further experiments will be needed to confirm this inter-
pretation. Further, very recent imaging data measuring single
mitochondrial swelling under conditions similar to those pre-
sented in this work demonstrated that swelling occurs in a
steplike manner, suggesting that it is induced by the activation
of a relatively small number of pores (Morikawa et al., 2014;
Shibata et al., 2019). Interestingly, this study reported that de-
spite the fact that all mitochondria undergo depolarization in-
dicating PT activation, not all of them swell, suggesting an
intriguing possibility that the high-conductance mode of PTP is
not activated in every mitochondrion. This means that the
number of high-conductance PTPs can actually be zero in some
specific organelles.

An unusually low probability of the PTP activation can have
important implications in our understating of the possible mo-
lecular mechanisms of this channel’s activation. Current models
of PTP suggest that it is formed by the calcium-induced transi-
tion of either ANT or ATP synthase into the large ion-conducting
pore. It is estimated that the amount of ANT and ATPase in
mitochondria is 100 to 200 pmol/mg of ANT and ATPase pro-
teins, which translates to ~15,000 copies of each protein per
mitochondrion (Lauquin and Vignais, 1976; Roux et al., 1996;
Schwerzmann et al., 1986; Zoratti et al., 2005). Current models
assume that PTP is activated by calcium binding to the (un-
known) binding site that causes channel opening. If this were
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the case, one would expect a much higher number of PTP
channels than detected in the experiment. Indeed, we did not
find a dramatic increase in membrane conductance with the rise
of calcium concentration, which suggests that PT activation
unlikely involves simple calcium biding to the putative calcium-
binding site. These results are consistent with previous re-
ports which indicate that PT activation depends not on the
mitochondrial free calcium but rather on total calcium load
(Chalmers and Nicholls, 2003). In our experiments, both con-
centrations of free calcium would provide sufficient total cal-
cium load to induce PT, but the overall outcome will not
strongly depend on the free calcium. Furthermore, it was re-
ported that the PTP channel can be detected in the mitochon-
drial membranes isolated in the absence of EGTA (conditions
favoring PT) without the requirement of having calcium in the
recording solution (Kinnally et al., 1991).

This suggests that the mechanism of PTP activation and/or its
molecular organization is very different from the currently
envisioned simple calcium-binding mechanism. Within cur-
rently existing models, we can see several possibilities, which
we describe next.

One of the current models of the PTP posits that its activation
involves two conformational changes within ATP synthase:
dissociation of the F; subunit from Fg subunit and activation of
the “c-ring” channel (PTP; Alavian et al., 2014; Mnatsakanyan
et al., 2019). We hypothesize that under this scenario, most of
the c-rings of the subunit Fo are expected to be in noncon-
ducting states, probably due to the presence of lipids inside the
c-ring, whereas the small subpopulation of these c-rings can be
transformed into large pores.

Another model suggests that PTP is formed with the direct
participation of the dimers of ATP synthase (Carraro et al., 2014;
Giorgio et al., 2013; Urbani et al., 2019). This work demonstrated
that highly purified dimers form channels with properties re-
sembling PTP. However, it shows that only a small fraction of
purified dimers are actual calcium-activated channels when
reconstituted into the planar lipid bilayers. This suggests that
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not every native enzyme can be converted into the PTP. It is
tantalizing to hypothesize that in order to form PTP, ATP syn-
thase dimer needs to be in the specific conformational state. One
of the possibilities involves the participation of dimers con-
taining misfolded proteins (He and Lemasters, 2002). Similar
mechanisms might take place in PT found in cells lacking
components of the ATP synthase, which would likely involve not
all but only a subpopulation of misfolded species of the ANT (He
et al,, 2017a, 2017b; Karch et al., 2019; Neginskaya et al., 2019).
According to this model, we can anticipate that high levels of
ROS increase the number of misfolded proteins, including ATP
synthases and ANT, which would increase the probability of
forming PTPs. In this scenario, even low calcium loads could
lead to the activation of PTP. It will be interesting to probe the
rates of swelling in the presence of increased ROS in order to
investigate potential differences between calcium- and ROS-
induced PT.

Notably, it has been reported recently that the c-subunit of
the ATP synthase is an amyloidogenic peptide, which, similarly
to other amyloids, is capable of forming fibrils and oligomers
(Amodeo et al., 2020). When reconstituted into the lipid bilayer,
c-subunit B-sheet oligomers can form large ion pores. It is in-
triguing to propose that these toxic forms of the c-subunit might
play a critical role in PTP formation.

In summary, we report that during calcium-activated PT, the
membrane conductance in the whole mitoplast varies with cal-
cium concentration and can be estimated at the levels of 5.9 +
0.9 nS for 2 mM Ca?* and 2.6 + 0.4 nS for 200 uM Ca?*, with the
total number of pores estimated to be in the range from 1 to 10
per single mitochondrion. This number is unusually low, taking
into account the large number of copies of putative PTP-forming
proteins present in each organelle.
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