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The single residue K12 governs the exceptional voltage sensitivity of
mitochondrial voltage-dependent anion channel gating
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ABSTRACT: The voltage-dependent anion channel (VDAC) is a B-barrel channel of the mitochondrial outer membrane
(MOM) that passively transports ions, metabolites, polypeptides, and single-stranded DNA. VDAC responds to a
transmembrane potential by “gating,” i.e. transitioning to one of a variety of low-conducting states of unknown structure.
The gated state results in nearly complete suppression of multivalent mitochondrial metabolite (such as ATP and ADP)
transport, while enhancing calcium transport. Voltage gating is a universal property of B-barrel channels; however,
compared to other [B-barrel channels, such as bacterial porins and toxins, VDAC gating is extremely sensitive to
transmembrane potential. Here, we show that a single residue in the pore interior, K12, is responsible for most of VDAC’s
voltage sensitivity. Using the analysis of over 40 ps of atomistic molecular dynamics (MD) simulations, we explore
correlations between motions of charged residues inside the VDAC pore and geometric deformations of the (3-barrel. Ki2
is bistable; its motions between two widely separated positions along the pore axis enhance the fluctuations of the -
barrel and augment the likelihood of gating. These results are confirmed by single channel electrophysiology of various
K12 mutants, which show dramatic reduction of the voltage-induced gating transitions. To reveal any structural basis of
the altered gating, we resolved the crystal structure of the Ki2E mutant at a resolution of 2.6 A. The architecture of the
Ki2E mutant is similar to the wild type; however, MD simulations using the Ki2E mutant structure show restricted motion
of the mutated residue 12, due to enhanced connectivity with neighboring residues, and diminished amplitude of barrel
motions. We conclude that p-barrel fluctuations, governed particularly by residue Ki2, drive VDAC gating transitions.

Introduction

The voltage-dependent anion channel (VDAC) is the
most abundant protein in the mitochondrial outer
membrane (MOM) " and is the primary conduit for ions
and water-soluble metabolites such as ATP and ADP to
cross the MOM. As such, VDAC plays a central role in

regulation of MOM permeability and mitochondrial
metabolism, and in  communication between
mitochondria and the rest of the cell. VDAC is a large-
conductance (4 nS at 21 °C in 1 M KCl), weakly anion-
selective transmembrane pore allowing the passive
transport of charged and neutral species up to ~ 2-5 kDa >
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*. The VDAC channel comprises a 19-stranded [-barrel
with a segmented N-terminal a-helix, which is located
halfway through the pore of the barrel and is parallel to
the membrane surface °7. The two parts of the a-helical
domain are referred to as o1 (residues 6 to 10) and o2
(residues 12 to 20). The involvement of specific N-
terminal residues in VDAC’s gating and selectivity has
been previously observed *'°, but the mechanism of the
effect of the o-helical N-terminal domains on VDAC’s
function remains controversial.

The characteristic and conserved property of VDAC
channels reconstituted into lipid membranes and
subjected to a transmembrane potential is their ability to
“gate”, or to transition between a unique high-
conductance (“open”) state and several low-conductance
(“closed”) states. The relative conductance change in
solutions of monovalent ions upon transitioning to the
closed state is typically about a factor of 2, with a
reduction in the selectivity of VDAC for anions in its
closed state. The effect on multivalent ions and
metabolites is more pronounced; VDAC’s closed states are
virtually impermeable to negatively charged metabolites
such as ATP and ADP due to steric and electrostatic
barriers "™, but are more permeable to calcium ions ™.
Thus, voltage-induced closures of VDAC have been
proposed to play an important role in regulation of
metabolite and calcium fluxes across the MOM.

Voltage gating is a common property of [-barrel
channels, and has been observed in bacterial outer
membrane porins ** as well as in the anthrax '°, aerolysin
7, and a-hemolysin ™ toxins. In contrast to these
channels, where gating is observed at transmembrane
potentials of 70 mV or higher, the sensitivity of VDAC
gating to voltage is extraordinarily sensitive, occurring at
30 mV or lower. In the absence of a general mechanistic
understanding of B-barrel gating, the molecular origin of
VDAC gating, and particularly its exquisite voltage
sensitivity, remains elusive. Structural data on VDAC have
not revealed significant variations that are readily
identified as open or closed conformations >7 **. The
general consensus is that the 3D structures represent the
open conformation **, while a closed state has not yet
been structurally characterized, and how VDAC
transitions between closed and open states remains
unknown.

The search for a mechanism of voltage-induced VDAC
gating has focused on identifying a voltage-sensing
domain (VSD), analogous to the lipid-encased mobile
voltage sensors of ion-selective channels . Movement of
the VSD has been proposed to either block the VDAC
channel ® ***°, thus reducing its conductance, or trigger a
reduction in the cross-section of the channel ** *3°. The
a-helical domain, being the only domain of VDAC that is
not part of the barrel, is a clear candidate for the VSD;
however, when o1 is cross-linked to residues in the
channel wall, voltage-induced closures are still observed,
demonstrating that the N-terminal region is either not a
mobile voltage sensor * or moves in tandem with the
linked residues. Indeed, the existence and molecular

identity of a putative voltage sensor in VDAC gating has
not been identified by either simulation or experiment **
334 Conversely, all 61 charged residues that often affect
voltage gating °™° are spread throughout the entire
structure of VDAC ** (Figure S1).

In this work, we demonstrate that the voltage
sensitivity of VDAC1 (hereafter “VDAC”) gating arises
from the high-amplitude bistability of a single residue,
Ki12. Atomistic molecular dynamics simulations of VDAC
in its open state identify a correlation between the
deformation of the VDAC barrel and collective motions of
charged residues, especially the bistable residue Kiz,
along the pore axis. Simulations further show that, if
residue 12 is mutated to glutamic acid, the bistability
disappears, and its range of motion, as well as the
correlated barrel fluctuations in the open state, are
significantly reduced or restricted. Electrophysiological
experiments on VDAC reconstituted into planar lipid
membranes confirm that mutation of Ki2 to neutral or
anionic residues dramatically reduces VDAC’s voltage
response and nullifies or reverses the channel’s selectivity.
X-ray crystallography reveals no major structural changes
or movement of the helix in the pore in the Ki2E mutant.
We conclude that the presence of a lysine at position 12
creates high-amplitude bistable motion of this residue
along the pore axis, and due to the mechanical coupling
between the channel pore and charged residues, allows
for large fluctuations in barrel geometry. It naturally
follows that barrel fluctuations are critical for exploring
the intermediate structures that lead to VDAC gated
states, such that mutation of Kiz reduces the barrel
fluctuations and hence the rate of VDAC closure. In sum,
Ki2 destabilizes the barrel and sensitizes VDAC for
voltage-induced gating transitions.

Results

Molecular dynamics identify Kiz as a key residue for
VDAC dynamics

Voltage-induced closures of VDAC are relatively rare
events. The rate of onset is on the order of seconds to
minutes at absolute transmembrane potentials of 50 mV
in common lipids > 33°, The duration of each closure is
likewise on the order of seconds. The voltage-dependent
kinetics of the closure process are complex and deviate
significantly from the hallmarks of a two-state system,
suggesting that, in its open state, the channel explores
multiple substates without observable changes in the
channel conductance *. Thus, while atomistic MD
simulations are unlikely to directly yield a closed state
structure at experimentally relevant potentials, they can
interrogate the fast equilibrium dynamics of the VDAC
channel in its open substates and identify the key
residue(s) whose role in voltage-induced closure can be
explored experimentally.

We performed multiple ps-long MD simulations of
wild-type (WT) murine VDACi1 (PDB ID: 3EMN) 7
embedded in a voltage-biased dioleoyl-
phosphatidylcholine (DOPC) membrane (Figure 1). The
transmembrane potential was chosen to be 160 mV
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Figure 1. Summary of all-atom MD simulations of WT VDAC1. (A) Time records of ionic current for a VDAC1 channel
embedded in a DOPC membrane and subjected to +160 mV transmembrane potential for 4 independent simulations.
Instantaneous current is filtered with an 8-pole digital Bessel filter (cutoff frequency 6.9 MHz). Histograms are compatible with
the existence of conductance substates (horizontal dashed lines); colors correspond to individual traces, while gray is the sum.
(B) Free energy landscape of VDAC motions as determined by time-lagged independent correlation analysis. Axes are the mean-
subtracted dominant principal components for the set of barrel diameters (Dp¢) and the set of axial positions of charged residues
(Zcnargea)- (C) Molecular representation of conformational dynamics in the B-barrel and N-terminal domains of VDAC1 channel,
with selected residues exhibiting large conformational plasticity labeled. Three representative frames for representative
structures from states S1, S2 and S4 of VDAC1 identified in B are shown in gold, magenta, and blue ribbon representations,
respectively. (D) Root-mean-square fluctuations by residue for each state identified in (B).

relative to the cytosolic side of the channel. Because the
rate of VDAC closure increases with transmembrane
potential, this value was chosen to be higher than typical
experimental values to improve substate sampling but
below the threshold at which electroporation of the
membrane or deleterious effects on the VDAC structure
are experimentally observed . Parallel simulations
comprised four independent runs ranging from 5 to 12 ps
in length using ANTON2. The time evolution of the
current (see Methods) of each simulation at 160 mV is
shown in Figure 1A. In each independent simulation, the
conductance converged to various values between 5.3 nS
and 5.9 nS for T=315 K; both the current histograms
(Figure 1A) and the time-averaged currents (Figure S2)
suggest the presence of multiple substates differing by
about 10 % in conductance. Transitions between these
substates occur at ps time scales at 160 mV. The average
conductance is in good agreement with single-channel
electrophysiological data obtained at 37 °C ** and with
previously reported MD studies ** ***. Analysis of MD

simulations showed significant flexibility of the barrel but
indicated no B-barrel collapse *, nor did the N-terminal
domain leave the barrel pore in response to the voltage at
either polarity > *. In total, none of the simulated ion
currents showed large, persistent excursions from the
average value that could be specifically identified as a
gating transition such as those observed in
electrophysiology experiments * %23

To identify the structural basis for the channel
substates, we analyzed the principal fluctuation modes of
the channel by performing Markov state analysis over the
entire conformational space sampled by the = 40 ps of
independent all-atom MD simulations collected for
mVDAC1 at 160 mV. Time-lagged independent
component analysis (TICA) was used to analyze the
slowest principal components involved in transitions
between structural states. TICA was performed
independently on two sets of variables corresponding to
barrel diameters (the distances between all pairs of
residues within an axial distance of 5 A from the



membrane center, as described in the Methods), and the
axial (z) coordinates of all 61 VDAC charged residues. The
dominant principal components for each variable set are
labeled Dpc and zgygeq, Tespectively. The projection of
the 2D free energy surfaces onto these components is
shown in Figure 1B. The free-energy surface indicates the
presence of at least 4 stable conformational states, labeled
S1 to S4. Molecular illustrations of representative
structures for Si, S2 and S4 are shown in Figure 1C. As
best as can be estimated from the sampling level achieved
in the simulations, the free energy barriers between the
states are relatively small, on the order of 3 to 5 kgT, in
good accord with recent estimates based on
measurements of the temperature-dependence of VDAC
conductance *.

Analysis of the per-residue fluctuations (Figure 1D)
suggests that residues located inside the barrel and in the
loops exhibit significant, state-dependent structural
flexibility. Per-residue correlation analysis reveals that, of
the charged residues in the VDAC lumen, the axial
position of Ki2 correlates most strongly with Zcharged (Table
S1, Figure S3) and is thus a robust marker for the states
shown in Figure 1B. (Residue E73 is outside the pore
lumen and has previously been shown to have no effect
on VDAC gating .)The transition from state S1 to state
S4, for example, can be clearly marked by the vertical
displacement of K12, as illustrated in Figure 1C.

Thermal noise accounts for most of the fluctuations in
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Figure 2. Summary of BD simulations of WT VDAC1. Brownian dynamics simulations
of 600 randomly selected structures, 150 from each state. (A) Conductance distributions.
Horizontal lines show mean values with the 68% confidence interval of the mean value. (B)
Selectivity distributions. (C-D) Color maps of the residue motions that are most strongly

the simulated currents. To reduce the effects of thermal
noise, we performed independent calculations on
structures chosen from each of the four states identified
in the free-energy landscape shown in Figure 1C.
Following the protocol developed by Im and colleagues *,
we extracted 600 structures from the MD simulations
with positive voltage, 150 from each of the four states, and
performed Brownian dynamics (BD) simulations on each
structure using the BROMOC protocol with effective
interaction potentials . During the BD simulations, these
structures are fixed, allowing examinations of fixed
electrostatic fields caused by the channel pore to ionic
flows. The BD-computed currents showed conductance
spanning a large range, from 4.2 to 6.6 nS; the average
state-dependent conductance varied by about 10 % from
state S1 (5.2 nS) to state S4 (5.7 nS) (Figure 2A). Each state
was, on average, weakly anion selective (Figure 2B), with
higher-conducting states also having higher anion
selectivity. This suggests that higher-conducting states
may have electrostatic fields more suitable to the flows of
anions than cations.

Additionally, to better understand the correlation
between the VDAC structure and formation of a low-
conductance state, we calculated correlation coefficients
between the BD-estimated conductance and the distance
of the center of mass position of each residue in VDAC
from the pore axis. The correlation coefficients are
expressed by the color scales in Figure 2C. A magenta

(cyan) color indicates a

residue that strongly increases

\ (decreases) the conductance

as it moves radially away from

the pore axis. While Figure 2C
, should not be interpreted as
Z R depicting molecular motions,
it suggests that a compression
of the distance between the
¢ N-terminal helix and the
/ opposite wall is correlated to

a decrease in conductance.

Similarly, the correlation
between the axial position of
each residue and the BD-
estimated conductance s
shown in Figure 2D. Here, a
magenta (cyan) color denotes
a residue that strongly
decreases  (increases) the
conductance when moving in
the negative z direction. The
axial positions of Kiz and
some of the channel loops
dominate the effect on
channel conductance. The
conductance modulation thus
results from collective
motions, involving changes in
the positions of both charged
residues in the N-terminus

correlated to the conductance, as determined by the correlation coefficient between the
residue radial (C) or axial (D) distance from the center of mass. The magenta (cyan) color
denotes a positive (negative) correlation, i.e. the conductance increases (decreases) with an
increase in the corresponding coordinate. Ki2 is clearly identified as the residue whose
motions are most strongly correlated with the channel conductance.



and those located in the barrel or
loops.
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determined by partial least squares
regression (see the Supplemental
Methods) are shown in Figure Sg4.
This method compares the entire
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conductance and confirms the
more intuitive results shown in
Figure 2C-D, especially the role of
Ki2.

In total, the simulations reveal a
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deformation, thus  potentially
driving  changes in  channel
conductance.  Restricting  the
motion of these charged residues is
thus expected to significantly alter
the channel gating. We further
precisely demonstrate this effect
experimentally by  performing
mutations on Kiz.

Figure 3. Gating

Mutations of Ki2 lead to reduced
VDAC voltage gating

To interrogate the role of Ki2 in
ion transport through VDAC in
reconstitution  experiments, we
engineered three mVDAC1 mutants
in which the positive lysine was replaced with a negatively
charged glutamic acid (Ki2E), a hydrophobic alanine
(Ki2A) or a polar neutral serine (Ki2S) residue and
explored the effect of the mutations on the single-channel
conductance, ionic selectivity, and voltage-gating
properties of VDACs in planar lipid membranes.

clarity.

Representative single channel current traces obtained
with four mVDAC: constructs—WT, Ki2E, Ki2A, and
K12S— are shown in Figure 3A. All constructs exhibit the
open state conductance of 4.0 + 0.2 nS in 1M KCl at room
temperature as is typical for wild type VDAC **. However,
at increased applied voltages (50, 60 mV), where the
WT gating characterized by random transitions between
high and low conducting states is pronounced, the gating
of mutants is visibly diminished, with Ki2E exhibiting
virtually no gating, even at + 60 mV (Figure 3A).

Given the stochastic nature of VDAC voltage gating *”

447 3 consistent statistical analysis of multiple channels
is required for the accurate quantification of gating

behavior of VDAC constructs with various mutations at

residue 12. (A) Current recordings from single VDAC channels show that gating is
significantly suppressed in mutants relative to the wild type, with the strongest
suppression occurring with the charge-reversed mutant Ki2E. Dashed lines indicate
zero current level. Recordings were digitally filtered at 500 Hz using a low pass Bessel
(8-pole) filter. (B) Quantification of gating on a multichannel system by the normalized
average conductance as function of the applied voltage, showing the reduction in
gating with the charge-reversed residue 12 mutant (left) and the constructs with a
neutralized residue 12 (right). Data are means of 14 (WT), 6 (Ki2E), 5 (K12A) and 4
(K12S) independent experiments +

S.D. Error bars are shown every five points for

8- .
parameters *°. The normalized conductance plots versus

applied voltages obtained in multichannel experiments
with mVDAC1 WT and Ki2 mutants are shown in Figure
3B. While the WT displays the characteristic bell-shaped
voltage dependence of the normalized conductance
(black symbols) for the given experimental conditions
(lipid composition and salt concentration), the Ki2E
mutant essentially does not gate, i.e., its conductance is
nearly independent of voltage (green symbols). Under
this experimental protocol, gating is manifested by a
decrease of minimum conductance Gpin at V > |50l mV. A
slight but significant asymmetry of Gmin observed at
different polarities is another characteristic of VDAC
gating > **4% 55 The most pronounced difference among
Gmin (aka gating) for the four VDACs is observed at
negative polarities, where the Ki2A and Ki2S mutants gate
less than WT but more than Ki2E (Figure 3B).

Notably, at high voltages of V > |70| mV, the Ki2E
mutant gating resumes (Figure Ss), suggesting that the
other charged residues in VDAC assume the role of Kiz,



Figure 4. Crystallographic structure of Ki2E VDAC. (A) Superposed WT VDAC (in blue) and Ki2E VDAC (in orange)
structures (top view). (B) Close up of the superposition of N-terminal « helix from WT VDAC: (in blue) and Ki2E VDAC1 (in
orange). The dotted lines denote H-bonding with water while the dashes denote intra-protein interactions. The dashes/dots and
water molecules, depicted as spheres, are colored the same as the associated protein. The PDB of the Ki2E mutant is 7TCV.

albeit less efficiently. Ki2 mutations also affect VDAC ion
selectivity: the selectivity of Ki2E is reversed to cationic,
while the Ki2A and Ki2S mutants are essentially
nonselective (Figure S6A); this effect is also observed in
the MD simulations (Figure S6B), which identify K12 as a
critical residue for VDAC voltage regulation, but not to
the exclusion of other charged residues.

X-Ray Structure of Ki2E

The Ki2E mutant was crystalized in lipid bicelles in an
effort to identify the structural changes resulting in the
suppressed gating. Initial crystals were small and
exhibited poor diffraction, but were readily optimized to
achieve a resolution of 2.6 A. The structure was resolved
by molecular replacement using the wild type VDAC
structure (PDB ID: 3EMN) as a search model. The TFZ
and LLG values of the solution were 34 and 3476,
respectively. After a few rounds of model building and
structural refinement, the Ryok and Rgee converged to
values of 22 and 27%, respectively (Table S2). The overall
structure for the Ki2E mutant is very similar to the wild
type structure, where the two structures superpose with
an RMSD of 0.34 A between the 283 aligned Ca pairs. The
diameter, shape, and integrity of the Ki2E mutant’s barrel
is virtually identical to that of the WT VDAC (Figure 4A).

The N-terminal a-helix of VDAC can be subdivided into
2 portions, o1 (from residue 6 to 10) and «2 (from residue
12 to 20) with a distinctive break in alpha helical hydrogen
bonding introduced by Ri5 sidechain. The helix has
substantial interactions with water molecules and is
tightly affixed to the barrel wall through multiple
hydrogen bonds and hydrophobic interactions.

In the wild type structure, Ki2 has a lone interaction
with D16 (Figure 4B), but upon mutating to Glu, the Ei2
sidechain forms a continuous network with the other
charged residues on the helix (K20, D16, and Dg). Thus,
the Ki2E mutation appears to stabilize residue 12 via

interactions with its neighboring charged residues but
does not otherwise significantly alter the structure. This
evidence demonstrates that the charge reversal mutation
preserves the structure of VDAC while clearly suppressing
the channel gating as shown in the electrophysiology
data. This suggests that the structural dynamics, and not
just the VDAC structure, play a critical role in
determining VDAC’s propensity to undergo gating
transitions.
Molecular dynamics reveal a stiffer Ki2zE mutant

To further explore how mutation of Ki2 affects voltage-
dependent transitions in mVDAC1 without strong effects
on the overall structure, all-atom simulations were
performed on the VDAC-Ki2E mutant. Two simulations
were performed, one with a starting structure from an in
silico mutation of the WT crystallographic structure, the
other from the Ki2E crystal structure. Both simulations
were performed with the same applied electrical potential
of 160 mV. The resulting current time traces are shown in
Figure 5A. Both simulations which were performed for a
total of ~20 ps, reached a steady conductance of ~5.6-6.5
nS, which is slightly greater than or comparable to the
conductance calculated for the WT.

Figure 5B shows the results of Markov state analysis
using ~20 ps of MD simulations for Ki2E-mVDAC1 and
can be directly compared to Figure 1B. Like WT VDAC,
the 2D free energy surface of the Ki2E mutant also
indicates the presence of distinct structural states, labeled
M1 to M3, but it is evident that the Ki2E mutation
changes both the location of the states and the barriers
between them. This is strikingly illustrated by the
effective 1D potential of mean force (PMF) for the vertical
displacement of K12 or E12 in the two constructs (Figure
5C). In WT, K12 has two stable axial positions at z = —7.5 A
and z = 5.0 A (Figure 5C, inset), which indicate a high-
amplitude bistability for Ki2. These stable minima for Kiz



are separated by a free-energy barrier of about 2.2 * 0.5
ksT (Figure 5C). The charge reversing mutation (Ki2E)
also leads to two stable axial positions at z~ -9 A and z =
-3 A, the latter of which is between the two stable
positions for Kiz in WT-mVDAC:1.

Similarly, in more than 40 ps of simulation comprising
10 independent trajectories at a lower temperature (300K)
using the in silico mutated structure of Ki2E (Figure S8),
the same states at z ~ -3 A and -9 A are observed, with
the z ~ -3 A state now being more stable. Additionally,
these independent simulations show improved sampling
of the PMF compared to the single long simulation (~ 17
ps in Figure 5A), in that rare excursions of residue 12 to
axial positions z > 0 are observed. Importantly, no stable
state is identified in that region. Convergence properties
of the axial position distributions are explored in Figure
SoA.

The two stable states in the Ki2E mutant are spatially
closer together than those in the WT. Therefore, the free-
energy profiles suggest that E12 is restricted to a narrower
range of motion, at an average axial position that is
between the most occupied axial positions for Ki2 in the
WT. This restriction of Ei2 to an intermediate position

may explain why the crystal structure of Ki2E is observed
to be identical to the structure of WT.

The analysis of WT VDAC fluctuations suggested a
mechanical coupling between residue 12 and the rest of
the protein. Thus, it is expected that the reduced mobility
of Ei2 would stiffen the mutant, reducing fluctuations
throughout the molecule. This effect is shown in Figure
6A, where the root-mean-square fluctuations (RMSF) of
WT and Ki2E constructs are directly compared. Figure 6B
shows the residue-by-residue differences, demonstrating
that the overall effect of the Ki2E mutant is to reduce the
molecular fluctuations without changing the overall
structure. The robustness of these results are confirmed
by the independent simulations with the improved
sampling (Figure S9B and Figure S10).

Further insight into the origin of the molecular
stiffening can be gleaned from analysis of residue
interaction networks. Networks formed among the
sidechain oxygen and nitrogen atoms of the residues on
the N-terminal domain and its neighboring residues were
computed as described in the Methods. These were then
grouped into local network communities based on time-
averaged connectivity: the larger the network community
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Figure 5. Atomistic MD simulations of VDAC-K12E mutant. (A) Current record of 20 ps of simulation. Instantaneous
current is filtered with an 8-pole digital Bessel filter (cutoff frequency 6.9 MHz). Histograms and traces are color coded; the gray
histogram is the sum of all groups. The MD simulation seeded from new X-ray structures of Ki2E is denoted with * and shows a
similar current level to the simulation seeded from an in silico mutation of the WT crystallographic structure. (B) Free energy
landscape of VDAC-Ki12E motions showing significant alterations from the WT (Fig. 1B). (C) 1D Free Energy Profile of residue 12
in the WT (Ki2) or mutant (Ki2E) along the Z-axis of the channel. The coordinate z;, denotes the z-coordinates of the nitrogen
atom of Ki2 or the carbon atom of the carboxylate group of E12 , which are used to compute free-energy profiles, F = -log(o(z..)),
where p(z,,) is the probability density. Unlike the two stable positions (inset graphic) in the WT, which occur over a broad range

of z,,, the potential minima in the mutant are restricted to z,, < o.



is, the more connectivity the local network has. Figure 7
shows that the entire interaction network of the WT can
be grouped into 6 small interaction network
communities. Community 2 is formed by S234 and the
residues around Ki2 on the N-terminal domain. Within
community 2, there is a strong correlation between Kiz2
and S13, as indicated by the thickness of the edge
connecting the sidechain oxygen atom of S13 and
sidechain nitrogen atom of Ki2; this interaction stabilizes
Ki2 around z = -7.5 A. By contrast, the interaction
network of K12E (Figure 7) is expanded, comprising only 4
communities. Most notably, a single large community
(labeled “3”) forms from the merger of WT communities 2
and 6. The E12-S13 correlation is much weaker than that
of the Ki2-S13 pair; regardless, the expanded interaction
network around Ei2 results in more constrained motion.

Thus, a comparison of the simulations of WT VDAC to
those of the Ki2E mutant reveals significant alterations to
the landscape of conductance substates, any of which may
be a transition state in the gating pathway. State S4
(Figure 1B), which is not observed in the simulations of

uncomplicated structure. The gating process has clear
signatures of electrostatic involvement: voltage-
dependent kinetics, selectivity reversal, observed gating
charge *°, pH dependence, lipid headgroup charge,
electrolyte concentration dependence * 4 5 335 The
sensitivity of VDAC gating to its lipid environment + 4>
and to mutation of uncharged residues °, however, also
suggests a significant mechanical role of barrel dynamics
and deformation in the gating process.

In the highly advanced field of potassium- and sodium-
channels ***® the connection between transmembrane
potential and mechanical motions of the channel is
provided by a well-defined VSD. The VSD moves in
response to applied voltages, switching the conformation
of the channel between structurally distinct open and
closed states that have been captured by crystallographic
techniques °*%. By analogy, the only non-B-strand
structural feature of VDAC, its a-helical N-terminal
domain, was conjectured to move similarly to the VSDs of
the cation channels. However, the persistence of VDAC
gating after cross-linking ou *' or o2 (Figure Su) to the

channel walls rules out motion of the
N-terminal domain independent

from the rest of the channel.

Similarly, previous attempts to
characterize potential mechanisms of
VDAC  gating with  molecular
modelling have focused on motions
of the N-terminal domain >52% 3% 4
. One of the earliest molecular
models explaining gating charge
displacement, as well as the
reduction in channel conductance
and reversal of the channel selectivity
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Figure 6. Simulated molecular fluctuations. (A) Root mean square fluctuations
calculated for each residue in the WT and Ki2E mutants. The average RMSFs are
shown in the inset. (B) Difference in RMSF of each residue between Ki2E and WT.
Residue fluctuations are significantly reduced across most of the entire protein upon

mutation to Ki2E: (ARMSF) = —0.10 + 0.02 A.

the Ki2E mutant (Figures sB and S8A), is a candidate for
such an intermediate. A definitive identification as a
transition state, however, cannot be supported by the
limited sampling of the simulations, which do not directly
probe gating transitions and may also miss rare transition
sub-states. Regardless, on the microsecond time scales
accessible to simulation, we found that the Ki2E mutation
stiffens VDAC, restraining the fluctuations of residue 12
and most other residues in the protein; we propose that
this hinders exploration of conformation space and the
initiation of gating transitions.

Discussion

The corpus of experimental studies on VDAC gating
highlights the striking disconnect between the complexity
of VDAC gating behavior—particularly its sensitivity to
mutations throughout the protein *—and its relatively

50 100 150 200 250

upon gating, employed continuum
electrostatic calculations (Poisson-
Boltzmann and  Poisson-Nernst-
Planck) *. The authors critically
evaluated various gating scenarios
such as exit of the N-terminal domain
from the channel or N-terminal
rotations and translations in the
trans-membrane space, concluding
that none of the mechanisms proposed can be readily
reconciled with the state captured in the crystal structure
7. Zachariae and colleagues pointed out that N-terminus
may be serving an important structural role, as a support
beam providing sufficient mechanical rigidity to prevent
the collapse of the B-barrel in response to the applied
electrical field ' 3°. Several studies used molecular
simulations ranging from 100 to 1000+ ns as well as
enhanced sampling techniques to show that the B-barrel
is indeed very flexible, but the N-terminal domain does
not leave the channel lumen, even under strong electrical
fields >*>% %

In the absence of a clear VSD for VDAC, an alternative
connection between transmembrane potential and the
channel conductance is required. The modelling results
presented in our study suggest that the electrical

Resid



transport properties of the channel are encoded not just
by the N-terminal domain, but by the entire protein.
Collective dynamics, which are largely governed by Kiz,
lead to formation of distinct conductance substates, each
with characteristic displacements of charged residues
from the N-terminal domain in the electrical field as well
as mechanically coupled changes in the pore cross-section
and loop arrangements. The ~ 10 % differences in the
conductance calculated for the substates is not as large as
the ~ 50 % reduction in current from experimentally
observed gating transitions. This suggests that the
simulations probe substates of the open state
conductance.

Markov State Model analysis of MD simulations,
combined with the correlation analysis discussed above,
have demonstrated the central role of Kiz residue in
VDAC transitions between sub-conductance states
sampled in all-atom simulations. Kiz undergoes large
motions between two well-separated free energy minima,
which involve modest changes in the B-barrel diameter.
These observations suggest that Ki2 and its associated
charged residues, such as K2o (Figure Si12) °, apply
leverage to the barrel conformation, thus providing a link
between the motion of the charged residues under the
applied electric field and the barrel dynamics. The Ki2E
mutation alters the landscape of conductance substates
explored by the channel. In the mutant, residue 12 is
stabilized by neighboring charged residues, resulting in
restricted motion. Because of the mechanical coupling
between the charged residues and the barrel
conformation, restriction of residue 12 via mutation
stiffens the barrel and reduces its fluctuations (Figure 6).
Thus, the presence of a lysine residue at position 12 leads
to a large conformational range of motion of the entire
protein, enhancing VDAC’s ability to explore
conformational space and, presumably, to transition into
gated conformations. Experimental results confirm that
mutation of Kiz to alanine, serine, or glutamic acid,
reduces the ability of VDAC to gate (Figure 3).
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Figure 7. Interaction networks computed for WT and
Ki2E VDAC. Networks were grouped into interaction
communities labeled with numbers. Each community is
identified based on time-averaged connectivity among
local nodes. Edges were weighted using correlation
functions computed between nodes. Graphic produced
using VMD .

The dynamics of the VDAC barrel are thus the unifying
theme. The larger the barrel fluctuations, the more
readily VDAC explores the space of available
conformations and finds transition states along the gating
pathway. The susceptibility of the VDAC barrel to
mechanical deformation determines the magnitude of its
fluctuations. The susceptibility is in turn expected to be
determined by two factors: the deformability of the lipid
membrane, and the freedom of motion of any other
protein motifs that are mechanically coupled to the
barrel. This view accounts for two important
experimental observations. First, residue 12 is strongly
correlated to motions of the barrel; confining this residue
to a smaller range of motion via the Ki2E mutation
reduces the barrel dynamics which in turn reduces VDAC
gating. Second, this mechanism accounts for the strong
effect of the lipid membrane composition, which affects
the membrane mechanical properties, on VDAC gating ¥
4% 5 Future simulation and experimental studies will
prove invaluable in disentangling the roles of membrane
mechanics from direct chemical interactions between the
highly mobile VDAC loops and the lipid headgroups.

The insight that VDACs dynamics are collective
motions of the entire protein, rather than independent
motions of subdomains, illuminates two additional
experimental facts. First, the multiplicity of sub-states
observed in the simulation is central to understanding the
departure of voltage-induced VDAC opening and closure



from two-state models. “Hidden” structural states with
experimentally indistinguishable conductances provide
pathways through the energy landscape that can be very
different for the opening and closing processes. The
existence of these was postulated based on the complex
voltage-dependent VDAC gating kinetics ¥ and is
confirmed by the present study.

Second, we expect that the “gating charge” arises from
the collective motions of all the charged residues in the
channel under the applied electric field, rather than from
the unidirectional motion of a single molecular domain.
Colombini and coauthors, using an extensive mutagenetic
analysis, identified eight charged residues that affect
VDAC gating °. Notably, D16 and K20 are two charged
residues located on the N-terminus next to Ki2. The
crystal structure shows D16 and K20 side chains
coordinating with each other (Figure 4B). The K20E
mutant also reverses the selectivity to slightly cationic ®.
These mutagenetic observations support our model: the
full ensemble of charged residues on the barrel wall
participates in the gating process, and the contribution of
some residues, especially Kiz, is more pronounced than
others. Either of these residues can act as an independent
or correlated switch to control the gating of VDAC.

The centrality of barrel dynamics in the VDAC gating
process has significant implications for VDAC
pharmacology. Despite an impressive list of anti-cancer
drugs that were reported to target VDAC ®*, no small-
molecule compounds that meaningfully affect VDAC
gating have been reported. The lack of a structurally well-
defined VSD that might bind a small molecule drug
accounts for this paradox and suggests that the
mechanical properties of the lipid membrane and
particular lipid domains in the immediate VDAC
surrounding may play a more important role than specific
domains of VDAC.

We note that a wide variety of structurally dissimilar (-
barrel channels are observed to gate at sufficiently high
potentials '> %, Many of these occur as trimers, or have
small barrel diameters, both of which provide additional
mechanical stability relative to VDAC. It is thus
suggestive that VDAC is both the most voltage-sensitive
of these channels and has the most p-barrel flexibility. It
seems likely that gating-like processes in other B-barrel
channels are affected by a similar coupling between barrel
compression modes and small displacements of voltage-
sensitive charged residue sidechains.

Conclusion

Efforts to determine the gating mechanism of VDAC
have long been plagued by the combination of the
channel’s deceptive simplicity and the complexity of its
gating, including sensitivity to both lipid environment
and electrolytic milieu. A unified view of these various
experimental and computational observations follows
naturally from our results. Fluctuations in the channel
structure reveal the mechanical interdependence of the
barrel—which is sensitive to lipidic pressure—and the
motion of the charged residues, particularly Ki2, which

are sensitive to voltage and the electrostatic environment.
The structure of VDAC Ki2E is very similar to the WT
VDAC, with no structural rearrangement of the N-
terminal a-helix in the Ki2E mutant. The predicted
impact of a Ki2 mutation on gating is borne out
experimentally, showing that indeed it severely impairs
the ability of VDAC to gate. Conversely, the presence of a
lysine residue at position 12 allows relatively large-
amplitude barrel fluctuations and thus enhances VDAC’s
ability to gate. These observations unify the results of a
wealth of previous experimental and computational
results regarding the gating mechanism of VDAC. They
provide previously elusive avenues toward experimental
control of VDAC gating and have general implications for
understanding gating-like behaviors in the entire family
of B-barrel channels.

Materials and Methods

Molecular dynamics (MD) simulations

The X-ray structure of mVDAC1 [PDB ID: 3EMN] 7 and
Ki2E mutant solved in this paper were embedded in a
solvated DOPC lipid bilayer using the CHARMM-GUI
membrane builder ®. The solvated protein-membrane
system dimensions are 85.3 A x 85.3 A x 70.5 A. The total
charge of VDAC at pH7 was +3 elementary charges based
on PROPKA3 calculations’; the ion bath contained 148 K*
and 151 CI". Excluding the volume of the bilayer, the
approximate concentration was 11 M KCl. The
CHARMM36m 7 force-field was used for protein,
CHARMMS36 lipid parameters for lipids 773, the TIP3P
model for water, and CHARMM36 parameters containing
NBFIX corrections for K+ and ClI° 7. The protein-
membrane system was equilibrated for 2.4 ps on
ANTON?2 platform without any applied voltage; then, the
biasing voltage of 160 mV relative to the cytosolic side of
the channel was applied and production simulations were
run for five independent replicas extracted from the
equilibrium simulations as illustrated in Figure 1A. The
ANTON2 MD simulations were performed with a semi-
isotropic (NPaT) ensemble at temperature 315 K both for
WT and Ki2E systems. The multigrator scheme was used
for temperature and semi-isotropic pressure coupling 7°.
The time step for the production runs was set to 2 fs and
trajectories were saved every 240 ps. Non-bonded and
long-range electrostatic interactions were evaluated every
2 fs and 6 fs, respectively. Long-range electrostatics was
calculated using the k-Gaussian Ewald method.”*”” Seed
structures of Ki2E mutants were derived from 10
randomly selected structures of mVDAC1 from the WT
simulations; Ki2 was mutated to Ei2 using SCWRLg4 7
library as implemented in VMD * or states resolved with
X-ray crystallography. For Ki2E system, a total of five
starting structures were considered for 10 independent
simulations using NAMD [cite: 10.1063/5.0014475] on GPU
machines. The Ki2E seed structures were equilibrated for
2 us without biasing voltage; the equilibrated systems
were then subjected to 4-5 pus MD runs with a biasing
electrical field corresponding to V=160 mV using the same
protocols as for the WT simulations.



Current calculations

The instantaneous current is calculated as

1
Athzall ions Lqi[Zi(t (1)
+ 4t) — z(8)]

I1(t) =

where At is the time step between saved simulation
frames.

Time-lagged Independent Component Analysis (TICA)

Time-lagged Independent Component Analysis (TICA)
computes autocorrelations in the dynamical data and
then decomposes them in terms of their correlation
strengths and eigenstates. TICA solves for eigenvalues A;
and eigenvectors v; of the following equation:

C(t)v; = 1,C(0)v; (2

where C(1;) = (x,,(t + 7,)x;(t)) is the covariance matrix
computed from the time average between any two time-
series variables x,, (t) with zero means. The lagtime 7, was
set to 100 steps (or approximately 20 ns) to avoid residual
memories in each time-series.

Two sets of time-series variables were chosen to
highlight radial motions of barrel residues and axial
motions of charged residues, and TICA was performed
independently on each set of the time-series data. First,
Tca—ca Was defined as the set of distances projected on the
xy-plane between carbon Co atoms of the beta barrel
residues (i,j) (for all residues i,j > 22, i.e., excluding the N-
terminal, and i - j > 5, i.e, excluding neighboring
residues) having |zcs| <= 5 A with respect to the center of
mass of the VDAC beta barrel. The second set, zygep,
comprised the axial (z) positions of all 61 charged
residues.

The first component of the TICA space is a principal
component with zero mean, which possesses the largest
value of 4; (corresponding to the slowest time scale). Only
the first component was used for subsequent analysis.
Note that the sign of the first components can be
arbitrary from the TICA analysis because TICA was
performed on zero-mean data. The sign of the first
component (denoted as Dpc) obtained from ry,_c, was
taken to produce a positive correlation with the change in
distance between two residues, 23 and 99, that are located
at opposite sides of the barrel. The sign of the first
component (denoted as Zcharged) Obtained from zgrep was
determined by requiring a positive correlation with the
axial motion of Ki2.

Root mean square fluctuation

To quantify a structural flexibility, we computed the
root mean square fluctuation (RMSF) as follows,

RMSF = (M) ) [t = () + 01(5) = 00 + (a6) — (a)? 3)
j=1

where i is an index of a Carbon-alpha atom, N;is a
number of frames, x;(t;), y;(t;) and z(t;) are coordinates
at time t; after a structure alignment with the average
structure defined by (x;),(y;) and (z;), which are averages
ofx(t]-), Z(tj), and z(t;), respectively.

Interaction Network Analysis

To differentiate the dynamical networks of interactions
in VDAC-WT and Ki2E, we used the NetworkView
method 7 implemented in VMD *. We selected the
oxygen and nitrogen atoms of residues 1-21 and 166 to 246
as nodes. Edges between nodes on different residues were
computed within a cutoff distance (4.5 A) for at least 75%
of a time-accumulated MD trajectory. Pairs of atoms on
the same residues were excluded. The edge thickness dj
between two nodes i and j was computed from pairwise
correlation function Cj, namely, d;; = —log (|Cij|), where

RO )
ij —
\/(Aﬁ(t)zxAﬁ(t)%

C
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where A7 (t) = 7 (t) — (;(t)), 7;(¢t) is the position of the
i-th node, and bracketsindicate time averaging. The
networks were then grouped based on the time averaged
connectivity of the nodes using the Girvan-Newman
algorithm *.

Brownian Dynamics Simulations

To evaluate per-state conductance, we performed
ensemble of the Grand-Canonical Monte-Carlo/Brownian
Dynamics simulations on 600 structures, 150 from each of
the four states derived from the TICA analysis. The
GCMC/BD runs were carried out with the BROMOC
program suite* with the set of effective pairwise ion-ion
interactions potentials developed previously. Each
structure was re-oriented relative to the state resolved in
X-ray structure. The nanopore and dielectric boundaries
were represented by a combination of a static field,
membrane potential (obtained from the solution of the
Poisson-Boltzmann equation), and repulsive potential
and reaction field terms. The rigid protein with a
dielectric constant of &, = 2 was solvated in implicit water
(ew = 80). A cylinder with R=15 A, dielectric constant of e,
= 80, and length of 32 A was added to represent the
permeation pathway inside the VDAC pore*. The radius
of the cylinder is slightly greater that the radius of the
largest cross-section in VDAC to encompass the entire
accessible permeation volume. The protein was
embedded into an explicit lipid bilayer (e, = 2) with a
thickness of T, = 32 A at the position z = 0.0.** All atomic
charges in the bilayer were set to zero and the default
CHARMM36 van-der-Waals radii were used to create a
repulsive, low-dielectric environment and to ensure lack
of permeation outside of the VDAC pore. A rectangular
periodic box of size 68.5 A x 68.5 A x 62.5 A was used for
all BD simulations. The salt (KCI) concentration was kept
at 1.0 M with two symmetric 3.0 A buffers from 31.25 A to
28.25 A and from -31.25 A to -28.25 A. The applied
external electric potential was set to +160 mV to match



the polarity used in the MD simulations used for
clustering. Five GCMC-BD runs were performed for each
structure, using different seed numbers to generate the
initial ion distribution, with a production time of 2 micro-
seconds.

Protein production and purification

Recombinant murine VDAC1 wild-type and mutants
were expressed and purified as described previously for
wild-type 7. Refolded proteins were injected on a size
exclusion chromatography column (Superdex 200, GE
healthcare) in 150 mM NaCl, 20 mM Tris-HCl pH 8.0,
0.1% LDAO and the refolded peak was used for functional
studies.

VDAC reconstitution and conductance measurements

Planar lipid membranes were formed by apposition of
two monolayers of soybean Polar Lipid Extract (PLE) in
pentane (Avanti Polar Lipids, Alabaster, AL) across an
~70-pum aperture in the 15-pm-thick Teflon partition that
separates two ~1.5-ml compartments filed with 1 M KCl
solutions buffered by 5 mM HEPES at pH 7.4, as
previously described ®.Channel insertion was achieved by
adding o.1-2 pl of VDAC diluted to a final concentration
of 20-50 ng/pL in buffer containing 100 mM Tris, 50 mM
KCl, 1 mM EDTA, 15% (v/v) DMSO, 2.5% (v/v) Triton X-
100, pH 7.35 to the membrane bathing solution while
stirring. Potential was defined as positive when it was
greater at the side of VDAC addition (cis side). Current
recordings were performed as described previously *
using an Axopatch 200B amplifier (Molecular Devices,
LLC) in the voltage-clamp mode. Single-channel data
were filtered by a low pass 8-pole Butterworth filter
(Model goo Frequency Active Filter, Frequency Devices,
Inc.) at 15 kHz and saved with a sampling frequency of 50
kHz and analyzed using pClamp 10.7 software (Molecular
Devices, LLC).

VDAC voltage gating was measured following a
protocol previously devised ** ***°. Gating properties were
inferred from the channels response to a slow
symmetrical 5 mHz triangular voltage wave of +60 mV
amplitude from an Arbitrary Waveform Generator 33220A
(Agilent Technologies). Data were acquired at a sampling
frequency of 2 Hz and analyzed as described previously +*
* using pClamp 10.7 software and an algorithm developed
in-house 7.

Selectivity experiments were carried out in 1 M (cis)
versus 0.2 M KCI (trans) gradient, buffered with 5 mM
HEPES at pH 7.4, as described previously *°. VDAC ion
selectivity was inferred by measuring the reversal
potential, which is the applied voltage needed to cancel
the current observed when one or several selective ion
channels insert under a concentration gradient. The
measured reversal potential was corrected by the liquid
junction potential calculated from Henderson’s equation
% to obtain the final reversal potential, which was used to
calculate permeability ratios between K and CI', P~ /Px+,
according to the Goldman-Hodgkin-Katz equation *.

Crystallization and structure solution of VDAC1 Ki2E

For crystallization, Ki2E-mVDAC:1 was purified in a
buffer containing 20 mM Tris HCI, pH 8.5, 50 mM NaCl
and 0.1% LDAO. The crystallization was carried out in
bicelles using the hanging-drop vapor diffusion method.
15 mg/mL of purified protein was mixed with a 35% 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 3-
([3-Cholamidopropyl]dimethylammonio)-2-hydroxy-1-
propanesulfonate (CHAPSO) bicelle solution in a 4:1 ratio.
The final concentration of VDAC used for crystallization
was 12 mg/ml in a 7% bicelle solution. This protein-bicelle
mixture was set up for crystallization at 20° C in
conditions with 0.1 M Tris-HCI, pH 8.5, 10% (Polyethylene
glycol) PEG 400 and 15% to 20% concentration gradient of
2-Methyl-2,4-pentanediol (MPD). The crystals were
harvested after 14 days and used for data collection at the
beamline 5.0.1 at the Advanced Light Source (Berkeley,
CA). The data was integrated using XDS **® and scaled
using Aimless **®. The structure solution was obtained by
molecular replacement carried out by Phaser * using WT
mVDAC1 as a template (PDB ID: 3EMN). Model building
and refinement was carried out using Coot * and Refmac
909 respectively. The structure illustrations were
generated using Chimera **.
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