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A lower affinity to cytosolic proteins reveals
VDAC3 isoform-specific role in mitochondrial biology

Marfa Queralt-Martin'*@®, Lucie Bergdoll?*, Oscar Teijido?, Nabill Munshi?, Daniel Jacobs!, Adam ). Kuszak*®, Olga Protchenko*, Simona Reina,
Andrea Magr®®, Vito De Pinto®, Sergey M. Bezrukov?, Jeff Abramson?, and Tatiana K. Rostovtseva'@®

Voltage-dependent anion channel (VDAC) is the major pathway for the transport of ions and metabolites across the
mitochondrial outer membrane. Among the three known mammalian VDAC isoforms, VDAC3 is the least characterized, but
unique functional roles have been proposed in cellular and animal models. Yet, a high-sequence similarity between VDAC1
and VDAGQ3 is indicative of a similar pore-forming structure. Here, we conclusively show that VDAC3 forms stable, highly
conductive voltage-gated channels that, much like VDAC1, are weakly anion selective and facilitate metabolite exchange, but
exhibit unique properties when interacting with the cytosolic proteins a-synuclein and tubulin. These two proteins are
known to be potent regulators of VDAC1 and induce similar characteristic blockages (on the millisecond time scale) of VDAC3,
but with 10- to 100-fold reduced on-rates and altered a-synuclein blocking times, indicative of an isoform-specific function.
Through cysteine scanning mutagenesis, we found that VDAC3'’s cysteine residues regulate its interaction with a-synuclein,
demonstrating VDAC3-unique functional properties and further highlighting a general molecular mechanism for VDAC

isoform-specific regulation of mitochondrial bioenergetics.

Introduction

Permeability of mitochondrial membranes is crucial for normal
metabolite exchange between mitochondria and the surround-
ing cytoplasm, where errors in this process result in a number of
organelle pathologies (Camara et al, 2017). The voltage-
dependent anion channel (VDAC), the major channel of the
mitochondrial outer membrane (MOM), facilitates and controls
the exchange of small ions and water-soluble respiratory sub-
strates between these compartments (Colombini, 2004;
Lemasters and Holmuhamedov, 2006; Rostovtseva and
Bezrukov, 2008). There are three mammalian VDAC isoforms
(VDAC1, VDAC2, and VDAC3) encoded by individual genes
producing an ~32-kD protein (Young et al., 2007) with a varied
in vivo isoform distribution. In general, VDAC1 and VDAC2 show
higher levels of expression (~90%; Homblé et al., 2012; Messina
etal., 2012) than VDAC3, which is far less abundant (~10%), with
an exception being the testis (Rahmani et al., 1998; Messina
et al., 2012).

The mouse and human VDACI structures were resolved in
2008 (Bayrhuber et al., 2008; Hiller et al., 2008; Ujwal et al.,
2008), revealing a transmembrane pore composed of a 19-
stranded B-barrel with an N-terminal a-helix lining the pore
(Fig. S1). In 2014, the high-resolution structure of zebrafish
VDAC2 (Schredelseker et al., 2014) showed a very similar
structure, with a root mean square deviation of 0.98 A for all C-a
atoms. Although there are no current structures of VDAC3, the
high degree of sequence identity enables the construction of a
reliable homology model (Fig. S1) showing a conserved 3-D
structure (Arnodeo et al, 2014). However, speciﬁc sequence
deviations have postulated isoform-specific functional roles.
One such divergence is glutamate 73, found in VDAC 1 and 2 but
not in VDAC3, which is essential for pH-induced oligomerization
and a possible precursor for release of apoptotic signals (Bergdoll
et al., 2018). Another is the location and number of conserved
cysteine residues, where VDACI has two cysteines (one facing
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the membrane and another the pore interior), while VDAC3 has
six cysteines (five clustered near the intermembrane space and
one in the middle of the pore; De Pinto et al., 2016; Fig. S1). In
total, although structurally very similar, there are subtle se-
quence changes that may facilitate isoform-specific roles
through yet unknown mechanisms.

Yeast complementation assays (Blachly-Dyson et al., 1993;
Sampson et al., 1997; De Pinto et al., 2010; Checchetto et al., 2014)
support the notion that all three VDAC isoforms share a general
function of transporting ions and metabolites, but maintain
isoform specific traits (Reina et al., 2010). VDAC3-knockout
mice show a peculiar phenotype, male infertility, not observed
with VDACL (Sampson et al., 2001). VDACI- and VDAC3-
deficient mice have isoform-specific alterations in mitochon-
drial respiration and structural aberrations observed in their
isolated mitochondria that are also tissue specific (Anflous-
Pharayra et al., 2011). Furthermore, isoform-specific roles in
cell survival were reported, where VDACI selectively trans-
ferred apoptotic Ca** stimuli to mitochondria while VDAC3 had
no significant influence (De Stefani et al., 2012). Additionally,
VDAC3 knockdown experiments had the most pronounced ef-
fect in HepG2 cells, in particular in modulating mitochondrial
membrane potential and ATP cell levels in response to
microtubule-targeting drug treatment (Maldonado et al., 2013).
Thus, although a common transport function may be attributed
to all VDAC isoforms, there appear to be unique physiological
roles that are not well understood.

When reconstituted into planar lipid membranes (PLMs),
VDACI and 2 form highly conductive weakly anionic-selective
channels that facilitate the exchange of negatively charged res-
piratory substrates and adenine nucleotides (Hodge and
Colombini, 1997; Xu et al., 1999; Colombini, 2004; Maurya and
Mahalakshmi, 2015). The transition from a high-conducting
(4 nS in 1 M KCl) “open” state at low voltages to the low-
conducting “closed” states (varying between 1 and 3.5 nS, in
1 M KCl) under high applied voltages is a characteristic of re-
constituted VDACI and 2. In contrast, VDAC3 channel remains
poorly characterized, largely owing to the difficulties associ-
ated with protein isolation, and the limited published results
provide contradictory electrophysiological data (Xu et al.,
1999; Checchetto et al., 2014; Okazaki et al., 2015; Karachitos
et al., 2016; Reina et al., 2016a). While a few groups have
demonstrated VDAC3 ability to form typical VDACI-like pores
(Xu et al., 1999; Okazaki et al., 2015; Karachitos et al., 2016),
others reported nongating channels with small (~0.09 nS in
1 M KCl) and unstable conductance (Checchetto et al., 2014;
Reina et al., 2016a). Yet, VDAC3 is commonly considered to
be a regulatory protein rather than a transport channel
(Ponnalagu and Singh, 2017; Han et al., 2019), contrary to the
unambiguous role of VDACI in modulating MOM permeability
(Colombini, 2004).

To generate a better understanding of VDAC3, we have pu-
rified a homogeneous sample of recombinant human VDAC3 and
performed an extensive biophysical study of its channel prop-
erties. We further characterized channel properties of VDAC3
samples obtained with recombinant techniques and refolded
into detergent versus samples isolated directly from the

Queralt-Martin et al.
VDACS3 regulation by a-synuclein and tubulin

JGP

mitochondria (Colombini, 2009). In total, we compiled data
from recombinant human and mouse VDAC3 expressed in
Escherichia coli and refolded in lauryldimethylamine oxide
(LDAO) and recombinant human VDAC3 expressed in yeast and
isolated from mitochondria. All samples were studied under the
same conditions, which is imperative because electrophysio-
logical properties are known to be sensitive to the concentration
and type of salt (NaCl vs. KCl; Rostovtseva and Bezrukov, 1998,
2015), pH (Bowen et al., 1985; Colombini, 1989; Teijido et al.,
2014), and membrane lipid composition (Rostovtseva et al.,
2006; Mlayeh et al., 2017; Queralt-Martin et al., 2019). We
show that all VDAC3 samples used in our study exhibit basic
electrophysiological properties (open channel conductance, an-
ion selectivity, and voltage gating) similar to VDACI, indicating
that VDAC3 can concurrently facilitate metabolite exchange.
Furthermore, VDAC3 demonstrates unique properties when it
interacts with the cytosolic proteins a-synuclein (a-syn) and
tubulin, suggesting a molecular mechanism of isoform-specific
regulation of mitochondrial bioenergetics. Comparison of
VDACS3 cysteine-less mutant with WT shows that reduced cys-
teines do not affect VDAC3 basic channel properties but alter
a-syn binding kinetics. Therefore, our results provide the first
indication of a unique behavior of VDAC3 as it interacts with
regulatory proteins and establish VDAC3 as a potential player in
mitochondrial function in health and disease.

Materials and methods

Cloning, recombinant protein production, and purification
Recombinant VDAC1 and VDAC3 WT and cysteine-less mutants
expressed in Escherichia coli

Human VDAC3 and mouse VDACI recombinant proteins (des-
ignated as hVDAC3 and mVDACI, respectively) were produced
as described in Ujwal et al. (2008), with some differences (see
Supplemental methods for details at bottom of PDF). hVDAC3
has a lower refolding yield of ~5% compared with 20% obtained
for mVDACI. Recombinant mouse VDAC3 WT (designated as
mVDAC3 WT) was purified in a similar manner with modest
changes in the refolding procedures (see Supplemental methods
for details).

Recombinant human VDAC1 and VDAC3 WT expressed in
Saccharomyces cerevisiae

Recombinant human VDACI and human VDAC3 (hyVDACI and
hyVDAC3) WT samples were expressed in S. cerevisiae porlA
BY4742 strain (MATa his3AI leu2A0 lys2A0 ura3A0 PORL:kanMX;
ATCC) using pYX212-hVDACI and pYX212-hVDAC3 plasmids
(De Pinto et al., 2010). Transformants were selected and grown
as previously described on synthetic complete media (Sherman,
1991) containing 2% glucose as carbon sources and lacking uracil.
Mitochondria were isolated from yeast grown on synthetic
complete medium containing 1.5% glycerol and 1.5% ethanol as
carbon source without uracil (Lee et al., 1998). Human VDAC
isoforms were purified from yeast mitochondrial membranes on
a hydroxyapatite/celite (2:1) column as previously described
(Blachly-Dyson et al., 1990; Palmieri and De Pinto, 1989; see
Supplemental methods for details).
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«-Syn and tubulin

Recombinant a-syn WT was the generous gift of Dr. Jennifer Lee
(National Heart, Lung, and Blood Institute, National Institutes of
Health, Bethesda, MD). a-Syn was expressed, purified, and
characterized as described previously (Pfefferkorn and Lee,
2010) and stored at -80°C. Protein molecular weights were
confirmed by electrospray ionization mass spectrometry (Bio-
chemistry Core Facility, National Heart, Lung, and Blood Insti-
tute). Lyophilized porcine brain tubulin was purchased from
Cytoskeleton; dissolved at 1 mg/ml in 0.1 mM PIPES buffer, pH
7.0, with 0.5 mM MgCl,; aliquoted and snap frozen in liquid
nitrogen; and stored at -80°C.

Thermal fluorescent protein stability assay

The melting temperatures (Ty,) of both mVDACI and hVDAC3
were determined using the thiol-specific fluorochrome N-[4-(7-
diethylamino-4-methyl-3-coumarinyl)phenyl]maleimide (CPM)
as described previously (Alexandrov et al., 2008). In short, 40 pg
of mVDACI (containing one exposed and one buried cysteine) or
20 pg of hVDAC3 (containing five exposed and one buried cys-
teine) were mixed with 16 pg of CPM in a final volume of 1 ml of
buffer containing 40 mM HEPES, pH 7.0, 50 mM Nacl, and 0.1%
LDAO. The reaction was transferred to a quartz cuvette and al-
lowed to incubate on ice for 5 min. The mixture was heated in a
controlled manner from 10°C to 90°C using a temperature con-
troller. The fluorescence was recorded every 5°C on a Fluorolog
spectrofluorometer at an excitation wavelength of 387 nm and
an emission wavelength of 463 nm. The fluorescent signal is
reduced at higher temperature due to protein aggregation; thus,
the higher plateau of the unfolding profile was constrained and
made equal to the maximally attainable fluorescence. The Ty,
was determined by fitting the data with a Boltzmann sigmoidal
equation.

VDAC reconstitution and conductance measurements

PLMs were formed by apposition of two monolayers of lipid
across an ~70-pm aperture in the 15-um-thick Teflon partition
that separates two ~1.5-ml compartments, as previously de-
scribed (Rostovtseva et al., 2015). The aperture was pretreated
with a 3% solution of hexadecane in pentane. PLMs were formed
from lipid mixtures of dioleoyl-phosphatidylcholine (DOPC),
dioleoyl-phosphatidylethanolamine (DOPE), and dioleoyl-
phosphatidylglycerol (DOPG), in a ratio of 1:1:2 (wt/wt) or
from soybean polar lipid extract (PLE) with 5% cholesterol (wt/
wt). All lipids were purchased from Avanti Polar Lipids. Lipids
were dissolved in pentane at 5 mg/ml prior monolayers for-
mation. Typically, channel insertion was achieved 2-20 min
after addition of 0.2-0.5 ul of VDAC on the Teflon partition
facing the cis compartment. Short applications of large voltages
up to +200 mV helped channel insertion. For additional details
of VDAC sample preparation and protocol of VDAC reconstitu-
tion into PLM, see Supplemental methods.

The membrane potential was applied using Ag/AgCl elec-
trodes in 2 M KCl/1.5% agarose bridges assembled within stan-
dard 200-pl pipette tips. Potential is defined as positive when it
is greater at the side of VDAC addition (cis side). Current re-
cordings were performed as described previously (Rostovtseva
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et al., 2015) using an Axopatch 200B amplifier (Axon Instru-
ments) in the voltage-clamp mode. Unless otherwise noted, data
were filtered by a low-pass 8-pole Butterworth filter (Model 900
Frequency Active Filter, Frequency Devices) at 15 kHz, digitized
with a sampling frequency of 50 kHz, and analyzed using
pClamp 10.7 software (Axon Instruments).

VDAC ion selectivity was measured in 1 M (cis) versus 0.2 M
KCl (trans) gradient, buffered with 5 mM HEPES at pH 7.4, as
described previously (Teijido et al., 2014; see Supplemental
methods). VDAC voltage-gating was measured on multichannel
membranes using a previously described protocol (Colombini,
1989; Rostovtseva et al., 2006; Queralt-Martin et al., 2019; see
Supplemental methods).

VDAC interactions with a-syn or tubulin were evaluated by
reconstituting VDAC and monitoring a control channel current
recording. Subsequently, a-syn or tubulin was added to the
membrane-bathing solution to the cis or both compartments and
data were acquired at different applied voltages. Records for
analysis were obtained 220 (for a-syn) or 40 (for tubulin) min
after protein addition to ensure a steady state of VDAC blocking
kinetics. Data analysis was performed with Clampfit v.10.7 after
a 5-kHz 8-pole Bessel digital filtering was applied. Individual
events of current blockages were discriminated, and kinetic
parameters were acquired by fitting a logarithmic exponential to
logarithmically binned histograms (Sigworth and Sine, 1987). All
lifetime histograms used 10 bins per decade. At least 300 events
were collected for each analyzed current fragment. Four dif-
ferent logarithmic probability fits were generated using differ-
ent minimization methods within the Simplex Fitting
Algorithm, and the mean of the fitted time constants was used as
the lifetime for the corresponding fragment. Concentrations of
a-syn or tubulin in membrane bathing solutions were varied
from 5 to 200 nM to achieve the number of blockage events
sufficient for statistical analysis. Because normalized on-rates
and blockage times do not depend on the channel blocker con-
centration, lifetimes were averaged for the different protein
concentrations at the same applied voltage.

Electrostatic calculations using APBSmem

APBSmem (Callenberg et al., 2010) was used to carry out elec-
trostatic calculations and ion permeation profiles on the
mVDACI structure (3EMN) and the hVDAC3 model, obtained
using the SWISS-MODEL server (https://swissmodel.expasy.
org/; Bordoli et al., 2009). All calculations were performed as
previously described (Marcoline et al., 2015) using a 161 x 161 x
161 grid dual level focusing. The influence of the membrane was
included as a low-dielectric slab (¢ = 2) with headgroup and
water assigned a polar dielectric value (¢ = 80). The protein
dielectric constant was assigned values of € = 5. For the ion
permeation profiles, a suitable path for the ion through the
middle of the pore was selected based on the N- and C-termini
facing the lower bath. The ions were moved from z =30 A to z =
-30 A, with z = 0 in the center of the pore.

Online supplemental material
The Supplemental methods describe additional details of (a)
protein purification methods, (b) ion channel reconstitution
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methods, and (c) measurement of VDAC selectivity and gating.
Table S1 lists conductance and selectivity of hVDAC and mVDAC
samples. Figs. S1 and S2 show a comparison of structure and
electrostatic potential maps of hVDAC3 and mVDACI, respec-
tively. Fig. S3 shows single-channel current traces of human and
mouse VDAC3 and VDACI isolated from different sources. Fig.
S4 is the extension of Fig. 3 and shows the details of the protocol
of voltage application in VDAC gating experiments. Fig. S5
demonstrates uncharacteristic hVDAC3 noisy insertions. Fig.
S6 shows thermal denaturation curves supplemental to Fig. 4.
Figs. S7, S8, and S9 show single-channel current traces, average
conductance, and ion selectivity of the cysteine-less VDAC3 and
VDACI mutants. Fig. S10 shows free energy profiles for VDAC1
and VDAC3.

Results

VDAC3 forms stable VDAC1-like channels

Human VDAC3 (hVDAC3) was expressed in E. coli and refolded
in LDAO detergent in a similar manner as mouse VDACI
(mVDACI; Ujwal et al., 2008). Purified hVDAC3 sample was
reconstituted into PLM composed of a DOPC/DOPE/DOPG (1:1:2 wt/
wt; DOPC/DOPE/2DOPG) lipid mixture, which mimics the high
content of PC and PE lipids and preserves the negatively
charged DOPG anionic lipids of the MOM (de Kroon et al., 1997).
Representative single-channel current trace of hVDAC3 (Fig. 1
A) shows that the channel remains in a high-conducting or
open state for a prolonged period of time under low voltages
(10-30 mV). At high applied voltages (60 mV), hVDAC3 moves
to low-conducting or closed states (Fig. 1 A), which is a typical
behavior of reconstituted VDACs. As a comparison, a represen-
tative current trace of mVDACI, obtained in the same experi-
mental conditions, is shown (Fig. 1 B). Open-state conductance
for hVDACS3 (3.9 + 0.3 nS [n = 5] in 1 M KCl, pH 7.4) and mVDACI1
(4.0 £ 0.3 nS [n = 8]) shows near identical values as seen for
VDACs isolated from a variety of sources (Colombini, 1989;
Rostovtseva and Bezrukov, 2015).

VDAC'’s high conductance, or open state, features a mild
preference for anions over cations, likely due to the positively
charged interior of the pore (Fig. S2 A; Ujwal et al., 2008;
Choudhary et al., 2010). Open-channel selectivity for hVDAC3
was measured on single or multiple channels in 1.0 M (cis)/
0.2 M (trans) KCl salt gradient. Representative traces for both
hVDAC3 and mVDACI with their corresponding I/V (current-
voltage) plots are shown in Fig. 2 A. For hVDACS3, the reversal
potential (the voltage corresponding to zero current) is 4.4 =
1.4 mV (n = 5; ¥,,, indicated by green circles), which corre-
sponds to a permeability ratio Pc-/Pk, = 1.3 + 0.1. For mVDACI,
the reversal potential is 6.0 + 1.0 mV (n = 13), which corresponds
to a permeability ratio Pg-/Pk. = 1.4 0.1 (Fig. 2 B). Although
mVDACI has a slightly higher permeability ratio compared with
hVDACS3, there is minimal significance (P < 0.05).

To verify these findings are species and expression system
independent, the channel properties for mouse and human
isoforms isolated from both inclusion bodies and from yeast
mitochondria were attained. In addition to hVDAC3, mouse
VDAC3 was expressed in E. coli and isolated from inclusion
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A hVDAC3 +60 mV
_lao0pa

05s

+30 mV

mVDAC1 +60 mV

+30 mV

Closed
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-30 mV
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Figure 1. hVDAC3 forms high-conducting channels with a stable open
state and voltage-induced closures. (A and B) Representative single-
channel current traces obtained with reconstituted hVDAC3 (A) and
mVDAC1 (B) at different applied voltages. Here, and elsewhere, dashed lines
indicate zero current level and dotted lines, open and closed states of VDAC.
Current records were digitally filtered at 500 Hz using a low-pass Bessel (8-
pole) filter. Planar membranes were made of DOPC/DOPE/2DOPG.
Membrane-bathing solutions consisted of 1 M KCl buffered with 5 mM HEPES
at pH 7.4.

bodies (designated as mVDACS3), and human VDAC3 and VDACI
were expressed and isolated from mitochondria of the yeast
strain deficient of its endogenous VDACI (Aporl; designated as
hyVDAC3 and hyVDACI). The single-channel experiments (Fig.
S3 and Table S1) show that all four VDACs form ion channels
with virtually undistinguishable basic channel properties when
reconstituted and recorded under similar conditions.

Voltage gating (the voltage-triggered switching between
open and closed states) is a characteristic property of VDACs
(Colombini, 1989; Rostovtseva et al., 2006; Teijido et al., 2012).
Although single-channel recordings of VDAC3 (Figs. 1 and S3)
demonstrate a gating pattern similar to other VDACs, a quanti-
tative comparison of VDAC3 gating with VDACI requires a dif-
ferent experimental approach that incorporates PLM with
multiple VDAC channels (typically 20-100). This approach al-
lows a thorough quantification of gating properties (Schein
et al., 1976; Colombini, 1989; Rostovtseva et al., 2006;
Rappaport et al., 2015). Multichannel VDAC3 recordings were
successfully acquired for all samples. However, mVDAC3 had
the highest number of insertions and was selected for additional
gating studies. In these experiments, PLM were composed of
soybean PLE with 5% cholesterol, as this mixture promotes
gating at lower voltages than PLM composed of DOPC/DOPE/
2DOPG membranes (Queralt-Martin et al., 2019). Both mVDAC3
and mVDACI displayed similar current responses (Fig. S4, upper
panel) to slow triangular voltage waves (Fig. S4, lower panel),
showing steep slopes at low voltages (corresponding to open
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Figure 2. hVDAC3 forms anion selective channels. (A) Representative
hVDAC3 and mVDAC1 single-channel current traces (upper panel) obtained in
KCl gradient: 1 M KCl (cis) versus 0.2 M KCl (trans). The applied voltages are
shown at the bottom. Corresponding 1/V curves (lower panel) and linear
regressions (solid lines) allow calculation of the reversal potentials (e, in-
dicated by green circles and arrows). A positive W,,, corresponds to an anion
selectivity. (B) Permeability ratios, Pc-/Pk+, calculated from corresponding
reversal potentials using Eq. 1 in Supplemental methods for hVDAC3 and
mVDACL. Solid circles correspond to the individual data points. Data are
means of at least five independent experiments + SD; t test with equal
variance was used to check significance, *, P < 0.05. Planar membranes were
made of DOPC/DOPE/2DOPG. KCl solutions were buffered with 5 mM HEPES
at pH 7.4.

channels) and irregular shallow slopes at high voltages (corre-
sponding to closed channels). The normalized conductance plots
for mVDAC3 and mVDACI display the characteristic bell-shaped
voltage dependence (Fig. 3 A). Under the same experimental
conditions, the minimum conductance (the closed state con-
ductance, Gp,) is marginally higher for mVDAC3 compared
with mVDAC], indicating a lower gating for mVDACS3, yet the
open probability plots overlap for the two isoforms (Fig. 3 B).
The gating parameters (the effective gating charge, n, and the
voltage at which half of the channels are open, V;) are obtained
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® mVDAC1

-60 -40 -20 0 20 40 60
Voltage (mV)

-60 40 -20 0 20 40 60
Voltage (mV)

Figure 3. Voltage-gating properties of mVDAC3 are similar to those of
mVDACL. (A and B) Characteristic bell-shaped plots of normalized average
conductance (A) and open probability, Popen (B), as functions of the applied
voltage for mVDAC3 and mVDACL. G/Gyay is the normalized conductance
where Gy is the maximum conductance at voltages closest to 0 mV. Pypen is
defined as in Eq. 2 (Supplemental methods). Solid lines in B (dark red for
mVDAC3; black for mVDACI) are the fits of Popen plots with the Boltzmann
equation (Eq. 3 in Supplemental methods), with gating parameters n and V,
presented in Table 1. Membrane solutions were buffered with 5 mM HEPES at
pH 7.4. Membranes were made of PLE with 5% cholesterol (wt/wt). Data are
means of 7-11 independent experiments + SD.

from the fitting of P, versus V plot with the Boltzmann
equation (Eq. 3 in Supplemental methods; solid lines in Fig. 3 B).
Table 1 shows the n and V,, for mVDAC3 and mVDACL. The gating
charges are comparable for both isoforms, with a nonsignificant
difference of P > 0.6 (one-way ANOVA) for negative voltages
and a slightly significant difference of P < 0.05 (one-way AN-
OVA) at positive voltages. V,, values obtained for mVDAC3 are
consistently lower at both polarities, but this difference appears
insignificant, with P > 0.2 (one-way ANOVA). Altogether, these
data demonstrate that VDAC3 shares typical channel properties
with VDAC1 regardless of the species or protocol of their
isolation.

VDAC3 has lower protein stability than VDAC1

VDAC3 channels are more difficult to reconstitute into PLM than
VDACI (Xu et al., 1999). Specifically, VDAC3 often formed un-
stable channels characterized by noisy, flickering currents that
switched between different low-conducting states (G < 3 nS; Fig.
S5). Occasionally, these channels would reach the characteristic
conductance level of a fully open VDAC (Fig. S5, insets), but they
were voltage independent, which is in marked contrast with the
voltage-dependent closures typical for VDAC (compare Fig. S5
with Figs. 1 and S3). This same finding has been observed in
previous studies (Checchetto et al., 2014; Okazaki et al., 2015),
where the cysteine oxidation state was shown to contribute to
protein heterogeneity during the purification procedure (Reina
et al., 2016a). We relate these anomalies to the lower protein
stability of VDAC3 samples solubilized in LDAO, which more
easily formed aggregates during protein purification (see Ma-
terials and methods for details), requiring multiple size exclu-
sion columns to isolate homogeneous protein (Fig. 4 A).

To quantify VDAC3’s stability, a protein thermal stability
assay on mVDACI and hVDAC3 was performed using a highly
reactive thiol-specific fluorochrome (CPM; Alexandrov et al.,
2008). With increasing temperatures, the protein unfolds ex-
posing cysteine residues, which react with the CPM dye and
trigger an increase in intensity. The melting temperatures for
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Table 1. Voltage gating parameters, V, and n, of mVDAC3 and mVDAC1

Positive potential Negative potential

Vo(mV) n Vo(mV) n
VDACL WT (7) 28.6 + 1.4 3.9+05 287 +19 3.6+03
VDAC3 WT (11) 254 + 39 33+05 263+ 47 34+03

Vo, the voltage at which half of the channels are open, and n, the effective
gating charge, are the fitting parameters from Fig. 3 B. Data are means + SD,
with the number of experiments indicated in parentheses.

hVDAC3 (T, = 29°C) and mVDACI (T, = 56°C) were recorded
(Fig. 4 B), showing a dramatic shift in melting temperatures
between the two isoforms (AT, of 27°C). The lower T, value for
hVDAGC3 is indicative of a protein with low stability when sol-
ubilized with LDAO and may explain the formation of noisy
channels in the PLM due to the insertion of the unproperly
folded VDAC3. In our experiments, the best insertion yield was
achieved when hVDAC3 was reconstituted into PLM from
hVDAC3 lipid bicelles made from 2-dimyristoyl-sn-glycero-3-
phosphocholine (Ujwal and Abramson, 2012; Fig. S6).

a-Syn has a low affinity for VDAC3

Although we showed that both VDACI and VDAC3 can form ion
channels with similar biophysical properties, a number of
publications have demonstrated physiological differences be-
tween VDAC isoforms (Sampson et al., 1997, 2001; Xu et al., 1999;
De Pinto et al., 2010; Reina et al., 2010; Anflous-Pharayra et al.,
2011; De Stefani et al., 2012; Maldonado et al., 2013; Checchetto
etal., 2014). VDACI has been shown to interact with the cytosolic
protein a-syn, but data are lacking for other isoforms. a-Syn, a
neuronal intrinsically disordered protein implicated in Parkin-
son’s disease pathology, effectively blocks VDACL (Rostovtseva
et al., 2015; Hoogerheide et al., 2017; Jacobs et al., 2019), where
the negatively charged C-terminus of a-syn forms a functional
interaction with the positively charged pore of VDACL. We now
are able to test these interactions for VDAC3.

To maximize binding of a-syn and maintain the open state of
VDAC, a PLM lipid composition of DOPC/DOPE/2DOPG was
used, which virtually abolishes voltage gating at applied voltages
<60 mV (Queralt-Martin et al., 2019). Furthermore, the higher
content of anionic DOPG in the lipid mixture increases the on-
rate of a-syn with VDAC (Jacobs et al., 2019). Single-channel
recordings of hVDAC3 and mVDACI in the presence of 10 nM
of a-syn are shown in Fig. 5 A. Before a-syn addition (the initial
traces in Fig. 5 A) both hVDAC3 and mVDACI channels remain
open and maintain a stable conductance that essentially lacks
transitions to the low-conductance states. Nanomolar concen-
trations of a-syn, added to either side of the membrane, induce
rapid and well time-resolved transitions between VDAC's high-
conductance open state and low-conductance blocked state
(Fig. 5 A; insets at a finer time scale). For both isoforms, the
conductance of a-syn-blocked state is equivalent at ~0.4 of the
open-state conductance.

The striking difference between hVDAC3 and mVDACI is in
the frequency of a-syn-induced blockage events, where 10 nM
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Figure 4. VDAC3 is a less stable protein than VDACI. (A) Reinjection of
the refolded hVDAC3 on Superdex 200 column shows a defined refolded
peak separated from the first aggregate peak. Gray dashed lines indicate the
fraction pooled to perform the biophysical characterization. (B) Melting
curves of hVDAC3 (red, T,y = 29.0 + 0.7°C) and mVDAC1 (black, T, = 55.8 +
0.6°C). Data are means of four to five independent experiments + SD. For
fitting procedure and error bars, see Fig. S6. Norm. fluoresc., normalized
fluorescence.

of a-syn induces orders of magnitude fewer blockage events in
hVDAC3 compared with mVDACI (Fig. 5 A). To quantify the
blockage efficiency, we analyzed the distribution of the times
when the channel is open between consequent blockages, T,n,
which follows an exponential distribution (Fig. 5 B) for all ap-
plied potentials. The on-rate constant, k., (the inverse of <t,,>
normalized over the a-syn concentration) is highly voltage de-
pendent where it increases exponentially with the applied
voltage (Rostovtseva et al., 2015; Hoogerheide et al., 2017; Jacobs
et al., 2019). For hVDAC3, the k,, is 10- to 100-fold lower than
mVDACI for all voltages and at both polarities (Fig. 5 C). How-
ever, the voltage dependencies of k,,, have similar slopes for both
isoforms, indicating a similar effective “binding charge” of 2.6 +
0.3. There is a pronounced asymmetry in the on-rate values
with respect to the polarity of applied voltage, with the lowest
on-rates at the negative applied potentials for hVDAC3. The
measurable blockage of the VDAC pore occurs when a negative
potential is applied from the side of a-syn addition (Rostovtseva
et al,, 2015). Therefore, the negative potentials promote block-
ages of a-syn added to the cis side, due to the transmembrane
field driving a-syn into the VDAC pore, and positive potentials
promote blockages of a-syn added to the trans side (for the de-
tailed schematic of experimental setup, see Rostovtseva and
Bezrukov, 2015).

The mean time of the blockage event, Tog is also highly
voltage dependent and described by exponential distributions
(Fig. 5 D; Rostovtseva et al., 2015). At low applied voltages, Tof
increases with |V|, indicating a reversible capture/retraction of
a-syn C-terminus by the VDAC pore. According to the estab-
lished model, a-syn N-terminus is bound to the lipid membrane,
thus preventing the translocation of the entire a-syn molecule
through VDAC (Rostovtseva et al., 2015; Hoogerheide et al.,
2017). In this regime, T, overlaps for hVDAC3 and mVDACI
(Fig. 5 D). At higher applied voltages, T, decreases with |V]
(highlighted in yellow in Fig. 5 D), suggesting that o-syn
translocated across the VDAC pore (Rostovtseva et al., 2015;
Hoogerheide et al., 2017, 2018). V* is the “turnover potential”
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Figure 5. a-Syn blocks hVDAC3 less efficiently than mVDACL. (A) Representative hVDAC3 and mVDACL open single-channel current traces before and
after the addition of 10 nM a-syn (at +30 mV of applied voltage). Insets show fragments of current records at a finer time scale. Current records were digitally
filtered at 5 kHz using a low-pass Bessel (8-pole) filter. (B) Log-binned distributions of the open time t,,, obtained with 20 nM a-syn at +30 mV for hVDAC3 and
mVDACI and acquired from statistical analysis of the corresponding current records. Solid lines are logarithmic single-exponential fittings with characteristic
times <T,,> equal to 107.3 and 6.1 ms for hVDAC3 and mVDACL, respectively. Norm., normalized. (C) Voltage dependences of the on-rate constant k,, of a-syn
binding to hVDAC3 and mVDACL. The solid lines represent a fit to Boltzmann equation kon(V) = ko exp [nye|V|/(ksT)], where V is the applied voltage, ny is the
effective binding charge of 2.6 + 0.3, and e, ks, and T have their usual meaning of elementary charge, Boltzmann constant, and absolute temperature, re-
spectively. (D) Voltage dependences of the mean blockage time T, obtained for hVDAC3 and mVDACL The increase of 7,5 with voltage amplitude corresponds
to the a-syn blockage/retraction regime; the decrease of T, with voltage amplitude (highlighted in yellow) corresponds to the regime of a-syn translocation
through the pore. V* indicates the voltage separating the two regimes. Data are means of three to four experiments + SD. Membranes were formed from

mixtures of DOPC/DOPE/2DOPG, and membrane bathing solutions contained 1 M KCl buffered with 5 mM HEPES at pH 7.4.

that separates the two regimes (reversible capture/retraction vs.
translocation) and clearly differs between the two isoforms. The
difference in |V*| values between the two isoforms is especially
pronounced at negative potentials, where a-syn starts to
translocate through hVDAC3 at 10 mV lower potentials than
mVDACI (-35 mV vs. -45 mV, respectively, indicated by vertical
arrows in Fig. 5 D). The absolute values of V* are higher at
positive applied potentials than at negative for both isoforms.
Taken together, these data demonstrate that a-syn interacts
with VDAC3 in qualitatively similar manner to VDACI, but the
interacting kinetics differs between the two isoforms.

VDACS3 cysteines do not influence basic channel function but
modulate interaction with a-syn

VDACS3 has six conserved cysteines with a heterogeneous oxi-
dation pattern stemming from their accessibility to the oxidizing
environment of mitochondrial intermembrane space (Saletti
et al.,, 2017). These cysteine residues may be redox sensors im-
portant for channel function (De Pinto et al., 2016; Reina et al.,
2016b). To address their physiological role, a cysteine-less mu-
tant in which all six cysteine residues of hVDAC3 were replaced
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with alanines (hVDAC3-Ac) was generated. Additionally, a
mVDACI cysteine-less mutant (mVDACI-Ac) in which the two
mVDACI cysteines were replaced with alanines was generated.
For both hVDAC3-Ac and mVDACI-Ac, the average open channel
conductance had no measurable changes (Figs. S7 and S8 A), and
the channels maintained their mild anionic selectivity (Fig. S8
B). At high applied voltages, hVDAC3-Ac and mVDACI-Ac dis-
play the typical gating behavior observed in the WT sample (Fig.
S7). Furthermore, the lack of cysteines did not affect the rate of
proper channel insertion, with many attempts to reconstitute
hVDAC3-Ac, resulting in formation of low-conducting pores
with flickering current (Fig. S9), similarly to those found with
WT samples (Fig. S5). This suggests that cysteines are not re-
sponsible for the low stability of hVDAC3 in PLM reconstitution.
In total, hVDAC3-Ac forms typical VDAC channels.

It appears the cysteine residues do not have a significant
effect on hVDACS3 stability or functionality; however, they affect
hVDAC3 affinity for a-syn. a-Syn is still capable of blocking
hVDAC3-Ac from both sides of the channel, similarly to WT
protein (Fig. 6 A), but the on-rate of a-syn-hVDAC3-Ac inter-
action is ~10 times higher than the WT hVDAC3 solely at
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Figure 6. Cysteines affect hVDAC3 interaction with a-syn. (A) Representative hVDAC3 WT and hVDAC3-Ac single-channel current traces after the addition
of 20 nM a-syn. The traces were recorded at +42.5 mV of applied voltage. Current records were digitally filtered at 5 kHz using a low-pass Bessel (8-pole) filter.
(B and C) Voltage dependence of the k,, (B) and mean blockage time, .5 (C), of hVDAC3-Ac and hVDAC3 WT blockage by a-syn. The solid lines in B are the fits
to Boltzmann equation as in Fig. 5 C, with n, = 2.8 £ 0.4. V*in C has the same meaning as in Fig. 5 D. Data are means of four experiments + SD. Experimental

conditions are the same as presented in Fig. 5.

negative voltage polarities (Fig. 6 B). At positive voltages, the k.,
obtained for hVDAC3-Ac and WT are essentially the same. The
slope of the k,, voltage dependence does not change with cys-
teine removal at both polarities (Fig. 6 C), indicating that cys-
teines do not affect the effective “binding charge” of
a-syn-hVDAC3 interaction. These results suggest that the cys-
teines of hVDAC3 WT are responsible for the voltage asymmetry
in the on-rate of a-syn-hVDAC3 interaction.

The time a-syn spends inside the channel, t,g; is also affected
by cysteine removal in hVDAC3 (Fig. 6 C), but to a lower extent
than the time when channel is not blocked (t,,). At low applied
voltages, Toq is essentially the same for the WT and hVDAC3-Ac
at both polarities. The main difference between hVDAC3 WT
and Ac is in the turnover voltage |[V*|, which is 5-10 mV higher
for the hVDAC3-Ac than for the WT, indicating that cysteines in
hVDAC3 may facilitate a-syn translocation through the pore.
Taken together, these results demonstrate that hVDAC3-Ac has
no alterations in the channel’s basic properties compared with
WT but shows different kinetics of interaction with a-syn,
which might correlate with the distinct asymmetry of cysteine
distribution in VDAC3 (Fig. S1).

VDACS3 interacts with dimeric tubulin

In addition to a-syn, VDACI interacts with other cytosolic pro-
teins such as dimeric tubulin, which is implicated in mito-
chondrial metabolism (Rostovtseva et al, 2008). The
a-B-tubulin heterodimer is a 110-kD protein known as the
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building block of microtubules. Both tubulin and a-syn induce
qualitatively similar blockages of reconstituted VDAC with
nanomolar efficiency (Rostovtseva et al, 2008, 2018;
Rostovtseva and Bezrukov, 2012). Based on electrophysiological
measurements and molecular dynamics simulations, it was
proposed that these proteins interact with VDAC in a similar
multistep process. The initial association is a lipid-sensitive
binding to the membrane, followed by voltage-dependent
blockage of the VDAC pore, where the disordered acidic
C-terminal peptide of either a-syn or tubulin is required for
VDAC blockage (Rostovtseva et al., 2008, 2017; Gurnev et al.,
2011; Noskov et al., 2016). According to this model, the
C-terminal pore-blocking tail is tethered to an “anchor” that
prevents free translocation through the pore.

Tubulin induces characteristic blockage events for both
mVDAC3 and mVDACI (Fig. 7 A), with the residual conductance
of ~0.4 of the open state. In a similar manner as for a-syn, the
efficiency of the interaction of tubulin with mVDAC3 is signif-
icantly lower than with mVDACI. Representative current traces
of single-channel experiments show that when 85 nM of tubulin
is added to the cis side of the membrane, there are far fewer
blockage events in mVDAC3 compared with the number of
blockages induced by 45 nM in mVDACI (Fig. 7 A). The distri-
bution of times between tubulin-blockage events, T,,, follows a
single exponential distribution for mVDAC3 and mVDACI, as we
have shown previously for VDAC isolated from mitochondria
(Rostovtseva et al., 2008). The on-rate constant k,, of the
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Figure 7. Tubulin blocks mVDAC3 less efficiently than mVDACL. (A) Representative current traces for mVDAC3 and mVDACI showing time-resolved
blockage events recorded at -25 mV applied voltage before and after addition of tubulin at the cis side of the membrane. Current records were digitally filtered
at 500 Hz using a low-pass Bessel (8-pole) filter. (B) Voltage dependence of k,, of mVDAC3 and mVDAC1 blockage by tubulin. Data are means of 3-10
experiments + SD. Membrane solutions were buffered with 5 mM HEPES at pH 7.4. PLM were made of PLE with 5% cholesterol (wt/wt).

interaction between tubulin and mVDAC3 is highly voltage de-
pendent and is >10 times lower than k,, for mVDACI for all
tested voltages (Fig. 7 B). Thus, these data demonstrate that
similarly to a-syn, tubulin blocks VDAC3 less efficiently than
VDACL.

Discussion

VDAC is the primary transport channel in the MOM, controlling
mitochondria permeability and function. The vast majority of
studies involving VDAC in a wide variety of mitochondria-
associated pathologies focuses exclusively on VDACI or
VDAC2, while VDAC3 channels remain poorly characterized
(Shoshan-Barmatz and Ben-Hail, 2012; Reina et al., 2016b;
Camara et al., 2017; Maurya and Mahalakshmi, 2017; Shoshan-
Barmatz et al., 2017). The main reason for this discrepancy stems
from the difficulty in obtaining stable and homogeneous VDAC3
samples for insertions in PLM, and thus the lack of quantitative
in vitro characterization. We obtained properly folded and ho-
mogeneous recombinant VDAC3 sample and successfully re-
constituted into PLM, thus allowing a systematic biophysical
study of VDAC3 channel properties.

All studied VDAC3 samples, hVDAC3, mVDAC3, and h,.
VDACS3, independent of their method of isolation and purifica-
tion, were able to form stable channels with typical VDAC
single-channel conductance and displaying weak anion selec-
tivity. The anion selectivity of VDAC3 is similar to that of VDACI
when measured under the same conditions (Fig. 2 B and Table
S1), even though VDAC3 protein sequence has three additional
positive charged residues compared with VDAC1 (+6 and +3,
respectively; Fig. S2). However, it has previously been demon-
strated that ion selectivity cannot be determined by simply
counting net ion-channel protein charge; other factors such as
dielectric environment and exact distribution of charged resi-
dues must be considered (Aguilella et al., 2011). We calculated
ion transfer free energies for chloride and potassium ions in
both hVDAC3 and mVDACI (Fig. S10) and found their free en-
ergy profiles to be comparable, as shown previously (Amodeo
et al,, 2014). These findings are consistent with the two isoforms
being equally suitable conduits not only for ions but also for the
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negatively charged metabolites. This allows us to conclude that
VDACS3, like VDACI, most likely facilitates the passage of ATP,
ADP, and other respiratory metabolites.

Voltage gating is another property of VDACs that is re-
markably well conserved across different species and isoforms.
The molecular mechanism of VDAC voltage gating remains
poorly understood, and this is an active area of research
(Mertins et al., 2012; Teijido et al., 2012; Zachariae et al., 2012;
Rappaport et al., 2015; Queralt-Martin et al., 2019). Given the
likely similarities in structure between VDACl and VDAC3
(Messina et al., 2012; Amodeo et al., 2014), a comparable gating
behavior is expected for both channels. However, there have
only been a few studies characterizing VDAC3 channels with
little to no gating activity or with only a few successful channel
insertion attempts (Xu et al., 1999; Okazaki et al., 2015;
Karachitos et al., 2016). In particular, Okazaki et al. (2015) re-
quired reducing agents to observe proper VDAC3 gating. Simi-
larly, the oxidation state of cysteines was found to be important
for the insertion and activity of VDAC3 samples (Reina et al.,
2016b). It must be pointed out that in these previous works, any
reducing agent was avoided during purification and reconsti-
tution steps, with the purpose of not altering the naturally oc-
curring oxidation state of cysteines (Reina et al., 2016a; Saletti
et al.,, 2017). In the present study, all VDAC3 samples tested
showed transitions between an open state to a variety of closed
states, with very similar gating characteristics to VDACI (Fig. 3
and Table 1). In total, purified VDAC3 solubilized in LDAO is
considerably less stable than VDACI, as demonstrated by the
27°C lower Ty, than VDACI (Fig. 4 B) and the lower refolding
yield than VDACI. This coincides with the higher frequency of
insertions of low-conductance unstable channels, which was
reduced when VDAC3 was preincorporated into lipid bicelles
before reconstitution. Thus, under our purification and handling
conditions, VDAC3 isolated from different sources are able to
form stable VDACI-like channels.

The main difference between VDAC3 and VDACI isoforms
stems from their interactions with a-syn, which interacts with
VDACS3 10-100 times less efficiently than with VDAC1 (Fig. 5 C).
VDACS3 structure is not available and we can only speculate that
minor changes in channel architecture, probably subtle
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differences in VDAC3 loops, could result in alterations of the
lipid shell surrounding the B-barrel (Eddy et al., 2012). A mod-
ification of lipid-VDAC interface will change the energy barrier
for a-syn capture by and translocation through the pore, which
is reflected not only in the on-rate of the interaction, but also in
the voltages at which a-syn starts to translocate (Hoogerheide
et al,, 2017). In accord with these notions, it was recently shown
that a-syn interactions with VDACI are highly sensitive to the
membrane lipid content (Jacobs et al., 2019). Furthermore, the
structure of zebrafish VDAC2 reveals a similar structure to
VDACI, with only a subtle displacement in the loop between
strands 1 and 2 (Schredelseker et al., 2014). Interestingly, elec-
trostatic maps show significant differences in the electrostatics
of the membrane-facing environment of VDACI and VDACS3 (Fig.
S2 B), which could lead to a different lipid bilayer organization
in proximity of the B-barrels of the two isoforms. Indeed, it has
been shown previously that VDAC and other transmembrane
proteins can distort the lipid bilayer through mechanisms such
as lipid-protein interactions, hydrophobic mismatch, or lipid
perturbation and sorting (O’Keeffe et al., 2000; Ellena et al.,
2011; Eddy et al.,, 2012; Yin and Kindt, 2012; Duneau et al.,
2017; Srivastava et al., 2018). In addition, a specific interaction
between channel loops and PE headgroups has been proposed
for plant VDAC (Mlayeh et al., 2017).

Mammalian VDAC3 features six cysteines compared with
two in VDAC], four of which are predicted to protrude toward
the mitochondrial intermembrane space and have different
oxidized states under physiological conditions (Saletti et al.,
2017). Indeed, induction of ROS by complex III was shown to
lead to cysteine oxidation of VDAC3 (Bleier et al., 2015). We did
not explore here the influence of single cysteine residues on
hVDAC3 basic electrophysiological properties but studied a
cysteine-less hVDAC3 mutant, which shows the same basic
electrophysiological properties as the WT (Figs. S7 and S8).
However, the cysteine-less protein does exhibit different ki-
netics of a-syn-hVDAC3 interaction through an asymmetry in
the on-rates at opposite voltage polarities (Fig. 6 B). This could
be understood as an increase in the height of one of the entrance
barriers for the a-syn molecule (Hoogerheide et al., 2017) due to
the asymmetrical cysteines positioning in VDAC3 (Fig. S1). The
asymmetry disappears when cysteines are removed (Fig. 6 B).
Removal of cysteines also delays a-syn translocation across the
pore by increasing the voltage at which translocation begins (V*;
Fig. 6 D), making voltage dependence of Tof for hVDAC3-Ac
similar to that of VDACI (Figs. 5 D and 6 D). These results sug-
gest that cysteines modulate VDAC3 channel function in a spe-
cific way by differentially regulating its interaction with
cytosolic proteins. This lends to further speculation about a
possible role of the oxidation state of specific cysteine residues
on a-syn-VDAC3 binding.

a-Syn interacts with VDAC3 less efficiently than VDACI, es-
tablishing, for the first time, a clear difference between the two
isoforms at the channel level. We speculate that, on a cellular
level, the less efficient blockage of VDAC3 by a-syn results in
VDAC3 remaining open for respiratory substrates while VDAC1
is blocked by synuclein. This may have important implications
for mitochondrial bioenergetics, because VDAC blocked by
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a-syn is not permeable to negatively charged adenine nucleo-
tides (Hoogerheide et al., 2017, 2018), but becomes more favor-
able toward Ca?* transport due to the increased cationic
selectivity. The differential regulation by cytosolic proteins may
be a general mechanism defining the isoform specific roles of
VDAC3 and VDACI in vivo (Messina et al., 2012), as both iso-
forms share very similar basic ion channel properties.

Differential affinity of VDAC isoforms for cytosolic proteins
is not restricted to a-syn, but it is also seen for dimeric tubulin.
Our data show that VDAC3 is blocked by tubulin 10 times less
effectively than VDACI (Fig. 7). These results nicely support the
hypothesis that VDAC3 is primarily open, when VDAC1 is closed
via tubulin interaction. The results obtained with VDAC iso-
forms knockdown in HepG2 cells support this notion, where the
level of cytosolic free tubulin was manipulated with
microtubule-targeting drugs (Maldonado et al., 2013). As the
tubulin-blocked state of VDACI is essentially impermeable to
ATP (Gurnev et al., 2011), it was proposed that VDAC3, the least
abundant of the VDAC isoforms, is critical for maintaining mi-
tochondrial metabolism in these cancer cells. Future studies are
needed to answer the remaining questions.

To conclude, we have unambiguously shown that VDAC3 can
form typical VDACI-like channels that conduct ions and me-
tabolites to the same extent as VDACL. More importantly, the
dynamic interaction of VDAC3 with cytosolic proteins is a fea-
ture that distinguishes this isoform from VDACI. This unique
behavior provides, for the first time, a clue to understanding the
reported differences between the functional roles of VDAC3 and
VDACI in cell and animal models and establishes VDAC3 as
potential player in mitochondrial function in health and disease.
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Supplemental material

Cytosol

Figure S1. Schematic representation of mVDAC1 and a model of hVDAC3. Schematic representation of mVDAC1 (green, PDB accession no. 3EMN) and a
model of hVDAC3 (blue), from the membrane plane (left), and from the intermembrane space (IMS, right). The cysteine residues are presented as spheres.
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Figure S2. Side-by-side comparison of electrostatic potential maps of mVDAC1 (left) and hVDAC3 (right). (A) View of the pore interior. (B) View of the
membrane domain. Black rectangles correspond to the area of most changes. These maps were generated using the APBSmem program, which takes into
account the low dielectric constant of the hydrophobic membrane. Blue represents a positive potential, and red, a negative potential.
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Figure S3. Recombinant mouse VDAC3 and VDACI isolated from E. coli inclusion bodies (mVDAC3 and mVDAC1) and human VDAC3 and VDAC1
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isolated from yeast mitochondria (h,VDAC3 and h,VDACI1) form typical VDAC channels. (A and B) Representative single-channel current traces obtained
with reconstituted mVDAC3 and mVDAC1 expressed in E. coli and refolded from inclusion bodies (A), and h,VDAC3 and h,VDAC1 expressed in yeast and

isolated from mitochondria (B), at different applied voltages. Framed traces are displayed in fine time scale on the right. Dashed line indicates zero current level

and dotted lines indicate VDAC's open and closed states. Current records were digitally filtered at 100 Hz using a low-pass Bessel (8-pole) filter. Membrane-
bathing solutions consisted of 1 M KCl buffered with 5 mM HEPES at pH 7.4. Planar membranes were formed from soybean PLE with 5% cholesterol (wt/wt).
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Figure S4. Voltage-gating properties of mVDAC3 are similar to those of mVDACL. Representative ion current traces (upper panel), obtained on
membranes with multiple reconstituted mVDAC3 and mVDAC], in response to a triangular wave voltage (5 mHz, + 60 mV, lower panels). Steep slopes at low
potentials correspond to the open states (green dotted lines), whereas the lower slopes at higher potentials correspond to the closed states (red dotted lines).
Dashed lines indicate zero current. Membrane solutions were buffered with 5 mM HEPES at pH 7.4. Membranes were made of PLE with 5% cholesterol (wt/wt).
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Figure S5.  hVDAC3 frequently forms uncharacteristically low-conducting pores with flickering current. Representative current traces obtained with
hVDAC3 at -10 and -50 mV applied voltages (gray, lower panel). The ion current flickers between different low-conducting levels and occasionally reaches the
level corresponding to the VDAC fully open state of 4 nS. Current records were digitally filtered at 500 Hz using a low-pass Bessel (8-pole) filter. Membranes
were formed from DOPC/DOPE/2DOPG. Membrane-bathing solutions consisted of 1 M KCl buffered with 5 mM HEPES at pH 7.4.

Queralt-Martin et al. Journal of General Physiology
VDAC3 regulation by a-synuclein and tubulin https://doi.org/10.1085/jgp.201912501

S4


https://doi.org/10.1085/jgp.201912501

JGP

- 1.00 0
.00 ' X ) F1.
] % i ¢ L] ; L] i ]
o o
c § c
8 [2d | § § | 8 -
@ O 0.99 ® % 08 @ O
o< 0 <g
=) =)
s> . s>
= =
- O 0.98 - % r06 .©
g ° s
1 S
o L) o
z % ¢ ® hVDAC3 z
0.97 - i i e mvDAC1 | 0.4
0 20 40 60 80 100
Temperature (°C)
B
1.000 + 1.0
g g
£ 0.995 - e 0.9
2 g
@ 0.990 - g 999
S S 07
e :
= 0.985 - = 06
E 0.980 + g -
() O 0.5 1
=z hVDAC3 =z mVDACH1
0.975 + T,=29.0£0.7°C 04 le T, =55.8406°C
20 40 60 80 20 40 60 80
Temperature (°C) Temperature (°C)

Figure S6. VDACS3 solubilized in LDAO is a more unstable protein than VDACI. (A) Thermal denaturation curves of hVDAC3 (red) and mVDAC1 (black). The
data are the same as in Fig. 4 B but with error bars (SD) resulting from three replicates. Norm., normalized. (B) For fitting purposes, the top plateau of the
unfolding profile in A was constrained and made equal to the maximally attainable fluorescence. Solid lines represent the fitting for hVDAC3 (left) and mVDAC1
(right) denaturation curves using a Boltzmann sigmoidal equation.
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Figure S7.  Cysteine-less hVDAC3-Ac and mVDAC1-Ac form high-conducting channels with a stable open state and voltage-induced closures typical
for VDAC1 and VDAC3 WT channels. (A and B) Representative single-channel current traces obtained with reconstituted hVDAC3 WT, hVDAC3-Ac, and
mVDACL WT, mVDACL-Ac at low (10 mV, A) or high (+60 mV, B) applied voltages. Current records were digitally filtered at 500 Hz using a low-pass 8-pole
Bessel filter. Membranes were formed from DOPC/DOPE/2DOPG. Membrane-bathing solutions consisted of 1 M KCl buffered with 5 mM HEPES at pH 7.4.
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Figure S8. hVDAC3 and mVDAC1 cysteine-less (Ac) mutants have open channel conductance and ion selectivity similar to WT. (A and B) Bar graphs
showing the open channel conductance (A) and ion selectivity (B) of hVDAC3 and mVDACL, WT, and Ac. In A, salt solution was 1 M KCL. In B, the selectivity is
presented as the permeability ratio of anions over cations in 1 M/0.2 M KCl gradient. Solid circles correspond to the data points of individual experiments. Data
are means of at least five independent experiments + SD. Student’s t test with equal variance was used to check significance; NS, P > 0.5. The other ex-
perimental conditions are as in Fig. S7.
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Figure S9. VDAC3-Ac recurrently forms low-conducting pores with flickering current. Representative single-channel current trace obtained with re-
constituted VDAC3-Ac at =10 mV applied voltage. Dashed line indicates zero current level. Current records were digitally filtered at 500 Hz using a low-pass
Bessel (8-pole) filter. Membranes were formed from DOPC/DOPE/2DOPG. Membrane-bathing solutions consisted of 1 M KCl buffered with 5 mM HEPES at pH
7.4.
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Figure S10. VDACS3 has a free energy profile similar to that of VDACL. lon transfer free energies for a chloride anion (solid lines) and a potassium cation
(dashed lines) calculated for hVDAC3 (red) and mVDACI (black; see Materials and methods).

Provided online is one supplemental table. Table S1 shows that VDAC forms ion channels with similar open-channel conductance
and ion selectivity independent on isoform, species, and isolation protocol.

Supplemental methods
Mouse recombinant VDACI (mVDAC1) WT and cysteine-less proteins were cloned into pQE9 plasmid in M15 cells. Human re-
combinant VDAC3 (hVDAC3) WT and cysteine-less proteins were cloned in the pET21a vector and expressed in BL21 (DE3) com-
petent cells (New England BioLabs). Mouse recombinant VDAC3 (mVDAC3) was inserted in pET28a vector and expressed in T7
Express Competent E. coli (New England BioLabs). All cells were grown in Luria broth media with agitation at 37°C. Protein pro-
duction was induced with 0.5 mM isopropyl-1-thio-B-p-galactopyranoside at an OD of 0.6-0.8 for 4 h. Cells were harvested by
centrifugation and resuspended in 50 mM Tris HCI (pH 8.0), 2 mM EDTA, and 20% sucrose. The cell slurry was lysed by consecutive
incubation with 12.5 pug/ml lysozyme and 0.6% Triton X-100 followed by sonication. Inclusion bodies were isolated through cen-
trifugation at 12,000 g for 15 min, and solubilized in 20 mM Tris HCI (pH 8.0), 300 mM NaCl, and 6 M guanidinium hydrochloride.
Denatured proteins were purified in 6 M guanidinium using a Talon metal affinity column (Takarabio). mVDACI proteins were
refolded by three-step dialysis at 4°C: (1) 20 mM Tris HCl, pH 8.0, 300 mM NaCl, 1 mM DTT, and 3 M guanidinium hydrochloride; (2)
20 mM Tris HCl, pH 8.0, 150 mM NaCl, 1 mM DTT, and 0.1% LDAO; and (3) 20 mM Tris HCI, pH 8.0, 150 mM NaCl, 1 mM DTT, and
0.1% LDAO. The protein concentration for refolding was 5 mg/ml, and 2% LDAO was added to the protein solution before the second
dialysis step. The same protocol was applied to hVDAC3 proteins, except that refolding was performed at 1 mg/ml to reduce protein
aggregation during refolding. Refolded proteins were concentrated using Amicon 50 kDa. To remove precipitated protein, the
concentrated sample was ultracentrifuged (355,000 g, 30 min) and injected on a Superdex 200 size-exclusion chromatography
(SEC) column in 150 mM NaCl, 0.1% LDAO, 20 mM Tris HC, pH 8.0, and 1 mM DTT. The refolded hVDAC3 protein peak was then
reinjected on the SEC column to further separate aggregates and isolate homogeneous folded sample (Fig. 4 A).

mVDAC3 WT was purified in a similar manner with modest changes in the refolding procedures. Protein refolding was ac-
complished by dialyzing twice against a buffer containing 50 mM Tris, pH 7.2, 120 mM NaCl, 5 mM tris(2-carboxyethyl)phosphine
(TCEP), and 1.5% LDAO detergent with continuous stirring. Refolded protein was then subjected to two rounds of 10-fold dialysis
against 50 mM Tris-HCl, pH 7.2, 150 mM NacCl, 1 mM TCEP, and 0.1% LDAO. Refolded protein was run on a Ni-NTA column (GE
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Healthcare) in 30 mM Tris, pH 7.2, 200 mM NaCl, 0.5 mM TCEP, and 0.1% LDAO, and protein was eluted with 30 mM Tris, pH 7.2,
200 mM NaCl, 0.05 mM TCEP, 0.075% LDAO, and 300 mM imidazole and concentrated in Amicon Centriprep YM-30 kDa (Mil-
lipore) centrifugal filter concentrators for final volumes >5 ml and Amicon Ultra Centrifugal (Millipore) units for final volumes <5 ml
to a final concentration of 1 mg/ml. Protein aggregates were separated from the final pool of refolded protein by SEC with a HiPrep
16/60 Sephacryl S-300 HR preparative columns (GE Healthcare) run in 50 mM Tris, pH 7.4, 200 mM NaCl, 0.5 mM TCEP, and
0.1% LDAO.

hyVDAC3 and hyVDACI were purified from yeast mitochondrial membranes on a hydroxyapatite/celite (2:1) column as previously
described (Palmieri and De Pinto, 1989; Blachly-Dyson et al., 1990). Briefly, mitochondria were centrifuged at 14,000 g for 20 min at
4°C. Pellets were homogenized (1:1) with mitochondrial buffer containing 10 mM Tris HCl, pH 7.0, 50 mM KCl, 1 mM EDTA, 15%
DMSO, and 2.5% Triton X-100 and incubated at 4°C for 45 min. Homogenate was again centrifuged at 14,000 g for 20 min at 4°C, and
supernatants containing mitochondrial proteins were loaded to a hydroxyapatite/celite (2:1) column followed by elution with mi-
tochondrial buffer in 100-ul fractions.

Prior addition to the PLM chamber, mVDAC1 WT, mVDACI-Ac, and hVDAC3-AC were diluted 10-100x in buffer containing
100 mM Tris, 50 mM KCl, 1 mM EDTA, 15% (vol/vol) DMSO, and 2.5% (vol/vol) Triton X-100, pH 7.35, to a final concentration of
30-300 ng/pl. hVDAC3 WT was either diluted in the same buffer to a final concentration of 15-115 ng/pl or reconstituted in 6-30% 2-
dimyristoyl-sn-glycero-3-phosphocholine:CHAPSO bicelles following the protocol described in Ujwal and Abramson (2012) to a final
concentration of 200-360 ng/ul. mVDAC3 WT was reconstituted into -a-PC liposomes (Avanti Polar Lipids) as previously described
(Kuszak et al., 2015) with minor modifications. Briefly, .-a-PC was solubilized in chloroform at 10 mg/ml, lyophilized under N, gas,
and resuspended at 10 mg/ml in 50 mM Tris, pH 7.4, 50 mM NaCl, and 1 mM EDTA followed by vortexing and two cycles of bath
sonication. Next, LDAO (at a final concentration of 2.0%) and purified mVDACS3 (at a final weight ratio of 100:1 lipid/protein) were
added to the premade liposomes. Proteoliposomes were incubated in BioBeads SM-2, at a weight ratio of 1:30 lipid/BioBeads. Beads
were removed by low-speed centrifugation. Finally, supernatant containing mVDAC3 proteoliposomes was centrifuged at 45,000 g
for1h at 20°C, and the pellet containing mVDAC3 proteoliposomes was gently resuspended in 20 mM Tris, pH 7.4, 150 mM NaCl, and
1 mM EDTA at one-fifth the volume of the initial reconstitution.

VDAC channels were considered properly inserted into the planar membrane only when having a steady conductance of ~4 nS in
1 M KCl or 2.0 nS in 1.0/0.2 M KCl gradient, a characteristic value for open-state VDAC (Teijido et al., 2014). Noisy, unstable, low-
conducting or non-gated channels were recorded and analyzed but not used for further characterization of VDAC3 gating or VDAC3
interaction with a-syn and tubulin, due to the lack of stability of these insertions. The rate of successful channel insertions for all
detergent-solubilized VDAC3 samples was particularly low (<20% of 150 reconstitution attempts) and substantially increased when
reconstituted from lipid bicelles rather than detergent micelles (~40% of 40 reconstitution attempts). There was no noticeable
improvement of proper channel reconstitution rate when VDAC3 samples were preincubated with 10 mM DTT either by overnight
incubation of the refolded VDAC3 protein at -20°C before channel reconstitution into PLM or by direct addition of the protein into
the membrane bathing solution. The basic properties of VDAC3 channels, such as conductance, selectivity, and gating, did not
depend on the protocol of their reconstitution into PLM.

VDAC ion selectivity was inferred from the potential corresponding to the intersection of the I/V plot, which proved to be linear
in the range of +30 mV, with the zero-current level, the reversal potential. The reversal potential was measured on one or several
channels in 1 M (cis) versus 0.2 M KCl (trans) gradient, buffered with 5 mM HEPES at pH 7.4. The measured reversal potential was
corrected by the liquid junction potential calculated from Henderson’s equation (Alcaraz et al., 2009) to obtain the final reversal
potential W,,,, which was used to calculate permeability ratios between K* and Cl7, P¢-/Pk., according to the Goldman-
Hodgkin-Katz equation (Hille, 2001):

-1
P P
PCl./PK+=<1—kT rev B , (1)
- In “r- Intgn

where kg, T, and e have their usual meaning of Boltzmann constant, absolute temperature, and elementary charge, and a.s and a;ygns
are the KCl solution activities in the cis and trans compartments, respectively.

VDAC voltage gating was measured using a previously described protocol (Colombini, 1989; Rostovtseva et al., 2006). A sym-
metrical 5-mHz triangular voltage wave of +60 mV amplitude was applied with an Arbitrary Waveform Generator 33220A (Agilent).
VDAC multichannel recordings were filtered by a low-pass 8-pole Bessel filter a 1 kHz, digitized at a sampling frequency of 2 Hz, and
analyzed as described previously (Rostovtseva et al., 2006; Teijido et al., 2014) using pClamp v.10.7 software and an algorithm
developed in-house (Rappaport et al., 2015). In each experiment, current records were collected from membranes containing >10
channels in response to enough periods of voltage waves to ensure a minimum of 100 channels per experiment. Only the part of the
wave during which the channels were reopening was used for the subsequent analysis (Rappaport et al., 2015). Given the variable
number of channels during each experiment, the average conductance (G) was normalized to the maximum conductance (Gq)- The
probability of the channel to be open, Pyyen, was defined as
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G- Gmin
Gmax - Gmin’

(2)

P open =
where Gpax and Gpyy, are the maximum and minimum conductances, corresponding to the channels mostly open at small voltages

(<10 mV) and the channels mostly closed at high voltages (>50 mV), respectively. P, plots were fitted according to the Boltzmann
equation:

Pon = {1+ expf i nivi-vo L 0

where Vj, is the voltage at which half of the channels are open, n is the effective gating charge, and R, T, and F are the gas constant,
absolute temperature, and Faraday constant, respectively.
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