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The human VDAC channel exists in three isoforms characterized by high sequence homology and structural sim-
ilarity. Yet the function and mode of action of hVDAC3 are still elusive. The presence of six surface cysteines ex-
posed to the oxidizing environment of the mitochondrial inter-membrane space suggests the possible
establishment of intramolecular disulfide bonds. Two natural candidates for disulfide bridge formation are
Cys2 and Cys8 that, located on the flexible N-terminal domain, can easily come in contact. A third potentially im-
portant residue is Cys122 that is close to Cys2 in the homology model of VDAC3. Here we analyzed the impact of
SS bonds through molecular dynamics simulations of derivatives of hVDAC3 (dubbed SS-2-8, SS-2-122, SS-8-
122) including a single disulfide bond. Simulations showed that in SS-8-122, the fragment 1-7 crosses the top
part of the barrel partially occluding the pore and causing a 20% drop of conductance. In order to identify other
potential channel-occluding disulfide bonds, we used a set of neural networks and structural bioinformatics al-
gorithms, after filtering with the steric constraints imposed by the 3D-structure. We identified other three spe-
cies, namely SS-8-65, SS-2-36 and SS-8-36. While the conductance of SS-8-65 and SS-2-36 is about 30% lower
than that of the species without disulfide bonds, the conductance of SS-8-36 was 40-50% lower. The results
show how VDAC3 is able to modulate its pore size and current by exploiting the mobility of the N-terminal
and forming, upon external stimuli, disulfide bridges with cysteine residues located on the barrel and exposed
to the inter-membrane space.
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1. Introduction

The Voltage-Dependent Anion Channel (VDAC) is the most abun-
dant integral membrane protein of the mitochondrial outer membrane
and it is responsible for the exchange of adenosine nucleotides, sugars
and inorganic ions between the mitochondrial and cytoplasmic com-
partments [1-3]. Three different VDAC isoforms have been character-
ized in higher eukaryotes, encoded by three separate genes [4]. These
genes feature a remarkably similar organization comprising the same
number of exons sharing exactly the same size. The genetic similarity
is suggestive of a common evolutionary origin [5]. It is widely accepted
that VDACS3 is the oldest protein of the family. The divergence between
VDAC3 and VDAC1/2 has been estimated to occur about 365 millions
years ago, while the divergence between VDAC1 and VDAC2 occurred
more recently, about 289 millions of years ago. The phylogenetic tree,
therefore, suggests a high degree of structural and functional similarity
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between VDAC1 and VDAC?2, and a weaker correlation between the fea-
tures of these proteins and those of VDAC3.

Three experimental three-dimensional structures of mouse and
human VDACT isoform have been recently determined by X-ray crystal-
lography and NMR [6-8]. These analyses revealed a beta-barrel motif
with 19 amphipathic beta strands. Each strand features a regular alter-
nation of hydrophilic and hydrophobic residues, the former pointing
to the water-accessible lumen of the channel and the latter interacting
with the apolar membrane environment. The barrel is made by a regular
antiparallel organization of the beta-strands, but the pattern is
interrupted by the parallel pairing of strands 1 and 19. This organization
is peculiar of the VDAC family and contrasts with the rule of the even
number of strands pertaining to bacterial porins [9]. The VDAC structure
is completed by an N-terminal tail located inside the pore. However, the
exact position and local structure of this segment are still elusive since
these features are different in the available X-ray and NMR structures.
For the sake of completeness, it must be reported that this structural
model of the VDAC protein has been recently questioned by Colombini
[10]. One of the main reasons inspiring the criticism for the 19-stranded
model is the consideration that the artificial folding procedure used to
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prepare enough material for the crystallization might produce two or
more populations of stable VDAC structures and the proposed crystal-
lized structure might be just one of these alternatives.

The amino acid sequence of VDAC is highly conserved. The sequence
identity/similarity between the human VDAC1, VDAC2 and VDAC3 is
75%/91% and 67%/85% respectively [11]. The high sequence similarity
allowed the structural prediction of VDAC2 and VDAC3 by means of ho-
mology modeling [4,12]. More recently, the structure of zebrafish
VDAC2 was solved at high resolution confirming the same [3-barrel ar-
rangement as VDAC1 [11]. The barrel core is basically identical in the
three VDAC isoforms that differ only in the N-terminal fragment. In par-
ticular, while the N-terminal tail of VDAC1 and VDAC3 only comprises
the first 25 residues, the N-terminal fragment of VDAC2 is 11 residues
longer and comprises the first 36 residues. The fact that the N-
terminal fragment carries a net positive charge suggests its involvement
in the channel gating mechanism.

Despite the high sequence homology and the high structural similar-
ity, the three VDAC isoforms appear to be functionally different and, in
particular, the behavior of VDAC3 appears to be significantly different
from the other two isoforms. For instance, functional experiments dem-
onstrated that recombinant VDAC1 and VDAC2 are able to form pores in
lipid bilayers, while recombinant VDAC3 turned out to be poorly active
as pore-forming protein either after reconstitution in artificial bilayers
or incorporation in liposomes [13]. The functional difference of the
VDAC isoforms was also tested through yeast complementation assay,
a general method to assess the ability of an externally supplemented
protein to recover the physiological growth phenotype in a mutated
strain. In particular Aporinl yeast strains were transformed with plas-
mids expressing the mammalian VDAC isoforms to assess their ability
to restore the normal growth phenotype [14]. The experiments showed
that VDAC1 and VDAC2 were able to restore the growth phenotype
while VDAC3 was not, or it was at a very low level [15]. Interestingly,
De Pinto and coworkers showed that replacing the N-terminal domain
of VDAC3 with the same domain from VDACT fully restored the ability
to complement the growth defect in Aporinl yeast [16]. Since the N-
terminal tail of VDAC3 and VDACT carries the same net charge, this ef-
fect is probably not due to a difference in the gating mechanism and
may be related to the different number of cysteine residues in the tail in-
stead, two in VDAC3 and none in VDACT.

The VDAC3 channel is indeed characterized by a peculiar spatial dis-
tribution of cysteine residues. When a cysteine residue is exposed on
the surface of a protein, it can interact with H-bonding partners (e.g.
water molecules). These interactions, polarizing the SH bond, induce a
significant decrease of pKa. As a consequence, exposed cysteine residues
are the amino acids with the pKa closest to the physiological pH and
they can easily shift from the reduced to the oxidized form in response
to small fluctuations of the pH. The high reactivity of exposed Cys resi-
dues explains why they are found much less frequently than expected
on molecular surfaces [17]. It is thus remarkable that in hVDAC3, four
out of six cysteine residues (Cys36, Cys65, Cys122, Cys229) are located
in loops among the 3-strands and are thus exposed to the environment
between the inner and outer mitochondrial membranes [ 18]. Moreover,
even if the N-terminal tail is expected to be highly mobile, in the homol-
ogy model built using the mouse VDACT as template, Cys2 also points to
the intermembrane space. The exposure of the hVDAC3 cysteines sug-
gests that they should be highly reactive and might play some specific
physiological role. For instance, human VDAC2 and VDAC3 with 9 and
6 cysteines, respectively, are more subject to SH oxidation than VDACT.

In this study we analyzed the impact of potential intramolecular di-
sulfide bonds through Molecular Dynamics (MD) simulations of
hVDAC3 derivatives incorporating single disulfide bridges in open chan-
nels. As already mentioned, complementation experiments with a
VDAC3 chimera where the N-terminal tail was replaced by the
corresponding fragment of VDAC1 [16], showed the functional rele-
vance of this region, suggesting a key role for the two cysteine residues
located in this flexible domain (Cys2 and Cys8). The high flexibility of

the N-tail makes it easy for these two residues to come to a bonding dis-
tance. A third potential disulfide bonding partner is represented by
Cys122 that (in the homology model) is located very close to Cys2.
Very recently, this disulfide bond was proposed to have a critical func-
tional role in VDAC3 [19]. Independently from this reference, we ran
MD simulations of derivatives of hVDAC3 incorporating a single disul-
fide bond in positions 2-8, 2-122 and 8-122 (hereafter referred to as
SS-2-8, SS-2-122 and SS-8-122).

In order to study the effect of other possible disulfide bonds, we
employed an array of bioinformatics tools to evaluate cysteine oxidation
probability and determine the most likely disulfide bond network in
hVDAC3. On the basis of the results, we performed the MD simulations
of other three derivatives with disulfide bonds in positions 8-65, 2-36
and 8-36 (referred to as SS-8-65, SS-2-36 and SS-8-36). The simulations
revealed a drop in conductance from 10% in the case of SS-2-8 up to 50%
in SS-8-36. The simulations therefore suggest that, upon external stim-
uli, the two cysteines of the mobile N-terminal domain can potentially
link to different cysteine residues located in the barrel, modulating
both the pore size and the electrostatic properties of hVDAC3.

2. Methods
2.1. Molecular dynamics simulations

We have simulated six different variants of the human VDAC3 pro-
tein with disulfide bonds in positions 2-8, 2-122, 8-122, 2-36, 8-65
and 8-36. The simulations made use of a homology model of hVDAC3
built using the mouse VDAC1 as template, as detailed in Ref. [12]. Our
simulations started from the open configuration of VDAC3 pre-
equilibrated for 16 ns in Ref. [12]. The VDAC3 channel was embedded
in a bilayer composed by 166 POPE molecules and hydrated with
10,179 water molecules. The system also included 99 chloride and 93
potassium ions so as to enforce electroneutrality and reach a final con-
centration [KCl] = 0.5 M. After 200 steps of conjugate gradient minimi-
zation, the system was gradually heated in the NVT ensemble across the
temperature progression 10, 100, 200, 300 K for 50 ps, 1 ns, 5 ns and
10 ns respectively. In all of these equilibration stages a time-step 6t =
2 fs was used to avoid possible steric clashes. In order to enable a
speed-up of the calculation, the hydrogen mass was then rescaled by a
factor 4.0 which allowed to set a time-step of 4.0 fs.

Using this set-up the system was further equilibrated for 400 ns in
the NVT ensemble at 300 °K. Using as input the coordinates of the last
frame of this trajectory, but assigning different velocities sampled
from the Maxwell-Boltzmann distribution, we then performed 5 inde-
pendent production runs of 100 ns each in the NVT ensemble. The last
frame of three of these runs (randomly chosen) was used as input for
simulations in the presence of a membrane potential. Specifically, we
ran 3 simulations with a potential of +50 mV and 3 simulations with
a potential of —50 mV, not far from the values used in experiments.
All simulations were performed with the Amber ff99SBildn [20] force
field using the ACEMD [21] molecular dynamics engine.

Since the pioneering studies of Aksimentiev and Schulten [22] the
constant electric field approach has become the most widely used
method to simulate currents in ion channels. In fact, in order to reduce
finite-size effects and avoid modeling interactions with an interface
[23], MD simulations are normally run under periodic boundary condi-
tions which imply that the two baths on the two sides of the mem-
branes are actually the same liquid phase which rapidly destroys the
concentration gradient initially imposed to drive the ion flow. The
most direct strategy to address this problem is to use two parallel bilay-
ers so that the first and third bath constituting a single liquid phase, are
effectively separated from the second bath. The downside of this ap-
proach is that it dramatically increases the size of the system and thus
the computational cost. The constant electric field approach, reviewed
in Ref. [24,25] has been shown to be a simple and valid approach for ac-
counting for the membrane potential in MD studies of channel systems.
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The versatility of the method was testified by its wide range of applica-
tions ranging from the study of ion conduction [26-28] to electropora-
tion [29] and the translocation of DNA and large biomolecules through
nanopores [30].

Technically we thus applied a constant external electric field using
the in-built plug-in in AceMD, A V =E « L,, where L, is the dimension
of the cell along the z-direction [26]. The contribution to the current
provided by an individual ion is computed through the expression:

i = 02
= 26tl;

In this expression 6z is the displacement of the ion along the channel
axis over a period 26t corresponding to two trajectory sampling inter-
vals, while L, is the length of the simulations box in the direction of
the channel axis. Using this approach, 6z/L, represents the fraction of
an electron charge crossing the channel in a time interval 26t. Finally,
o= 1.6 = 1077 is simply a conversion factor to express the current in
Ampeére. Currents were determined following the time-course of the
charge transported across the channel and performing a linear regres-
sion of this curve. The error was then estimated as the standard devia-
tion of current and conductance over a number of independent
simulations. Indeed, as suggested in Ref. [31], if individual ion crossings
are regarded as independent events, the permeation events follow a
Poisson distribution and the error on the current in a single trajectory
can be computed as + I/VN- where N¢ represents the number of cross-
ing events. This error analysis, leading to errors of the same order of
magnitude or smaller of the ones yielded by the approach based on
the standard deviation, is illustrated in detail in the Supporting
Information.

2.2. Bioinformatics analysis

The cysteine oxidation state and the propensity to form disulfide
bridges were evaluated using a set of neural networks. The CYSPRED
program [32] operates as a standard feed-forward neural network and
makes use of evolutionary information through multiple alignments of
the sequences where the cysteines are located. CYSPRED can predict
cysteine oxidation state but not the disulfide bond partner. The DIANNA
(DiAminoacid Neural Network Application) web server [33] uses a
three-step procedure. A first neural network is trained to discriminate
cysteines in the oxidized and reduced states. This is achieved through
the use of both evolutionary and secondary structure information. The
user-submitted sequence in fact, is aligned to SWISS-PROT sequences
using the PSI-BLAST algorithm and its secondary structure is predicted
by the PSIPRED program. After this stage, a second neural network com-
putes a score for each potential disulfide bridge. In the third step of the
procedure, the algorithm builds a graph whose nodes are the half-
cysteines and whose edges are weighted by the scores computed during
the second stage. This complete graph is then pruned through the Ed-
monds-Gabow maximum weight matching algorithm [34] to identify
the sub-graph containing the most probable disulfide bonds.

We used also a third neural network based tool, which is imple-
mented in the DISULFIND web server [35]. Similarly to DIANNA, also
DISULFIND identifies, at first, oxidized and reduced cysteines exploiting
the secondary structure preference of cysteines and half-cystines and
the influence of their flanking sequences. Next, in order to determine
the correct disulfide connectivity pattern, the neural network screens
the ensemble of graphs G(V,E), where V is the set of half-cystines iden-
tified in the previous stage and E is a possible set of edges connecting
them. Finally, the predicted connectivity pattern is the one that maxi-
mizes a scoring function representing the fraction of correct disulfide
bonds in the candidate solution [36]. It is clear that, since the correct
set of edges E is not known a priori, the algorithm could not compute
the scoring function, in principle. The neural network learns to compute
the scoring function during the training phase, when it is presented

with all the possible connectivity patterns of the proteins of a training
dataset, along with the corresponding scores. All of the algorithms
discussed so far make prevalent use of sequence information but disre-
gard the structural features of the protein. The possibility to use struc-
tural properties to predict the oxidation state of cysteines is exploited
by the COPA (Cysteine Oxidation Prediction Algorithm) algorithm
[37]. Physicochemical parameters of oxidation susceptible protein thiols
were organized into a database, the Balanced Oxidation Susceptible Cys-
teine Thiol Database (BALOSCTdb). The analysis of this database with a
decision tree classifier led to the identification of three parameters
which are critical for prediction of thiol oxidation susceptibility: (1) dis-
tance to nearest cysteine sulfur atom, (2) solvent accessibility and
(3) the pKa. The structure of the decision tree based on these parame-
ters is illustrated in Fig. 1.

3. Results

3.1. MD simulations of VDAC3 with disulfide bonds involving cysteines 2, 8,
and 122

The structural features of the disulfide-bond variants of the VDAC3
channel are illustrated in Fig. 2 where we show the last frame of the
fifth 100 ns production run. A feature of the wild-type VDAC1 channel
is that both the N-terminal and C-terminal tails point towards the mito-
chondrial intermembrane space [18]. This structural arrangement is
conserved when building the VDAC3 by homology modeling using the
VDAC1 as template, as showed in Fig. 2, where both the N- and C-
terminus point towards the positive z-axis. This feature is clearly
retained by the SS-2-122 variant where the 2-122 disulfide bridge
moves the N-terminal tail closer to the wall of the barrel. This shift is
quantified by the change in the distance between the C, of residues 2
and 122 from 8.24 A in the wild-type to 5.0 A in SS-2-122.

In SS-8-122 the N-terminal tail is also covalently constrained to be in
contact with strands 7-8 of the barrel. However, the segment compris-
ing the amino acids 1-7 was free to move and adopted an orientation
roughly orthogonal to that of amino acids 8-25, thus crossing the apical
part of the channel. The migration of fragment 1-7 appears to be driven
by the establishment of a network of hydrogen bonds with a set of polar
residues of the barrel: Thr70, Glu88, Asn89, Lys119, and Ser124.

The SS-2-8 variant exhibits a completely different structural motif
since the 2-8 disulfide bridge bends the N-tail over itself so that frag-
ment 1-12 now runs downwards and roughly parallel to amino acids
13-25, which are still directed upwards. Despite this marked bend in-
duced by the covalent disulfide bond, the whole N-terminal tail remains
closely packed to the wall of the barrel and in particular to the strands 3
to 9.

Is the distance between the target thiol and
a second thiol < 6.2 Ang ?

yes no

IOxidatinn susceptihlel

Does the target thiol have > 1.3 Ang”
of its surface exposed to solvent ?

yes no

Not oxidation|
susceptible

Is target thiol
pKa<9.05?

yes no

Oxidation susceptible Not oxidation|

susceptible

Fig. 1. The optimal decision tree of the COPA algorithm. The tree was identified by the C4.5
classifier run on the BALOSCT database (adapted from Ref. [37]).



816 C. Guardiani et al. / Biochimica et Biophysica Acta 1858 (2016) 813-823

Fig. 2. Typical structures of the Wild-Type VDAC3 channel and of the disulfide-linked variants SS-2-8, SS-2-122, SS-8-122. The N-terminal tail corresponding to fragment 1-25 is shown in
red. The C-terminal residue Ala283 is highlighted in green van der Waals representation. The three cysteines involved in the disulfide bonds are shown in a ball-and-stick representation.

The different position of the N-tail results in a different level of ob-
struction of the channel. This can be better appreciated from Fig. 3
where a top view is shown for the same configurations illustrated in
Fig. 2. From Fig. 3 it can be seen that while in the wild-type and in SS-
2-8 and SS-2-122 the N-tail is close to one side of the barrel (strands
3-11), in SS-8-122 the N-tail also flanks the strands 12-16 correspond-
ing to 11/19 of the channel profile.

The steric hindrance of the VDAC3 channel determined by the differ-
ent position of the N-tail in the wild-type and in the disulfide bonded
species was quantified through a calculation of the solvent accessible
surface area (SASA). The computation was performed using the
Shrake-Rupley algorithm [38] as implemented in our in-house program
HOPE [39], which compares well with the widely used HOLE program
[40].

The profiles of the solvent accessible area are reported in Fig. 4. From
this figure, it is clear that in the SS-8-122 species the SASA in the top re-
gion of the channel (5 A <z <15 A) is significantly decreased with re-
spect to the wild-type and both SS-2-8 and SS-2-122 forms. A
decrease in the SASA also occurs in the lower region of the channel
(—12 A<z<3 A) in the case of species SS-2-8 as a result of the down-
ward bend of fragment 1-12 of the N-terminal tail. Assuming the profile
of the WT as a reference, it can be noted that the drop in the accessible
surface in SS-2-8 is much smaller than that occurring in SS-8-122 (12%
vs 46%). This result leads to the expectation that the ion current in SS-8-
122 should be significantly lower with respect to the other forms.

The influence on the ionic currents of the different obstruction of the
channel in the disulfide-bridged species was estimated by means of
simulations in the presence of an electric field. We performed three in-
dependent simulations with a transmembrane potential of +50 mV and
three simulations with a potential of —50 mV. The currents and

conductivity results are summarized in Table 1 and Fig. 5. First of all, it
can be noted that in the absence of a transmembrane potential there
cannot be a preferential direction of ion flow so that the average cur-
rents are close to zero even if they change significantly from run to
run as can be deduced from the large values of the standard deviations.
Since the channel is anion selective, the chloride current is dominant
with respect to the potassium one and the total current Iror = Ix — I
is positive. The sign of the current is obviously reversed in the presence
of a negative potential. Independently of the sign of the potential the
ranking of the absolute values of the current in the different species is
always Iyt > Io.g > I>.122 > Ig_122. These results confirm the impact of
the obstruction of the top part of the channel in SS-8-122 and SS-2-
122 while the obstruction of the lower part of the channel in SS-2-8 ap-
pears to have a minor role. The reduction of the channel cross section
also has an impact on the conductance. In particular, the total conduc-
tance of SS-8-122 resulted to be decreased by 20% irrespective of the
sign of the applied potential. It is also interesting to observe that the
drop of the conductance is more pronounced in the case of potassium
(decrease of 40%) than chloride (decrease of 20%). Since the van der
Waals radius of potassium (rx = 1.70 A) is smaller than that of chloride
(rq = 2.51 A) this effect is presumably not related to steric hindrance
but rather to a redistribution/shielding of the charges along the channel
walls. This is also confirmed by the steric obstruction of the pore, 40% for
SS-8-122, compared to a decrease of 20% of the currents.

The comparison of potassium and chloride conductance provides an
estimate of channel selectivity. Although all disulfide-bonded species
are more anion selective than the wild-type, the anion selectivity of
SS-2-122 and SS-8-122 are comparable and smaller than that of SS-2-
8. Finally, in agreement with the observations of Rui et al. [41] on the
VDACT channel, it can be noted that the potassium conductance of all
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SS 8-122

Fig. 3. Top view of the same structures of the wild-type VDAC3 channel and of the disulfide-linked variants SS-2-8, SS-2-122, SS-8-122 also reported in Fig. 2. The N-terminal tail
corresponding to fragment 1-25 is shown in red with a surface filling representation that highlights the different degree of obstruction of the channel. The C-terminal residue Ala203 is
highlighted in green van der Waals representation. The three cysteines involved in the disulfide bonds are shown in a ball-and-stick representation.

species is larger at negative transmembrane potentials, while chloride
conductance is larger at positive potentials. This suggests that also in
VDACS3, the potassium ions flow more easily towards the negative direc-
tion of the z-axis while the situation is reversed in the case of chloride.

2000

L | L | L | L
-20 -10 0 10 20
z-coordinate (A)

Solv Access Area (Az)
>
b=
I

. \ . | L . |
-20 -10 0 10 20

z-coordinate (A)

Fig. 4. Profiles of solvent accessible surface area along the axis of the VDAC3 channel. The
inset is a zoom of the main graph in the region of the minima of the plots.

3.2. Prediction of hVDAC3 cysteine redox state by bioinformatics analysis

We have analyzed the human VDAC3 protein using different ap-
proaches to discriminate the cysteine residues more susceptible to oxi-
dation. When VDAC3 sequence is fed into the DIANNA server [33], only
Cys36 is predicted to be potentially prone to an oxidized state. As a con-
sequence, no intra-molecular disulfide bond in VDAC3 is predictable by
this procedure. Nevertheless, the DIANNA program assigns a score to all
the 15 theoretical disulfide bonds (human VDAC3 contains 6 cysteines).
A clear gap can be noted between the score assigned to bond Cys122-
Cys229 (~1.0) and the scores of all the other bonds, showing values
ranging from 0.01 and 0.02. The second and third largest scores are
assigned to Cys8-Cys65 (0.01683) and to Cys65-Cys229 (0.01584) re-
spectively. These scores are used to weight the edges of a complete
graph whereby each cysteine is connected with all the others. The
most likely disulfide bridges are identified by applying the Edmonds-
Gabow maximum weight matching algorithm [34]. After this procedure
was applied, the two bonds with the highest score, Cys122-Cys229 and
Cys8-Cys65, were still retained. The third most likely disulfide bond is
predicted to be Cys2-Cys36.

The DiANNA predictions are in partial agreement with the results of
the analysis performed with CYSPRED [32]; DISULFIND [35] predicted all
of the cysteines of hVDAC3 to be in the reduced form, so that no intra-
molecular disulfide bridges should form. Conversely, CYSPRED suggested
the existence of a single cysteine residue capable of forming disulfide
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Table 1

Currents and conductances in the hVDAC3 channel and its disulfide bonded derivatives. The data in the absence of the electric fields are averages on five independent runs and are reported
to show a current equal to zero, within the experimental error. The data at — 50 and + 50 are averages on three independent runs. The numbers in brackets indicate the error computed as

the standard deviation of individual data.

Species V (mV) Itot (pA) IK (pA) ICl (pA) Gtot/Gwr GK (nS) GCl (nS)
WT 0.0 —11.4 (19.4) 1.4 (8.0) 129 (12.7)

2-8 0.0 —11 (18.9) —10.8 (6.9) —9.7 (13.1)

2-122 0.0 4 (20.6) —26(11.2) —51 (26.8)

8-122 0.0 706( 2) 5.5(7.3) 1(11.3)

WT —50 —215.3(18.8) —65.1 (13.0) 1502(139) 1.0 1.3(0.3) —3.0(0.3)
2-8 —50 —198.6 (11.9) —39.2(2.8) 159.5(9.7) 0.9 0.8 (0.1) —3.2(0.2)
2-122 —50 —173.7 (11.5) —44.8 (7.9) 1289 (6.2) 0.8 0.9(0.2) —26(0.1)
8-122 —50 —170.6 (10.6) —41.3 (5.3) 129.2 (15.8) 0.8 0.8 (0.1) —26(0.3)
WT +50 208.8 (16.2) 58.6 (13.2) —150.1 (20.2) 1.0 1.2(0.3) —3.0(0.4)
2-8 +50 220.8 (26.9) 36.2 (104) —184.5(16.8) 1.0 0.7 (0.6) —3.7(0.3)
2-122 +50 188.5 (47.2) 446 (15.4) —143.9 (34.6) 0.9 0.9 (0.3) —29(0.7)
8-122 +50 163.2 (9.9) 31.2(16.9) —131.9 (6.9) 0.8 0.6 (0.3) —26(0.1)

bonds, namely Cys2. Overall, the bioinformatics analysis revealed a very
low tendency of hVDAC3 to form intra-molecular disulfide bonds.

All of the bioinformatics analyses discussed so far required only the
primary sequence of the hVDAC3 protein as input, basically disregarding
any structural feature. In order to evaluate the influence of VDAC3 archi-
tecture on the oxidation state of the cysteines, we used the final frame of
the MD trajectory. Following the COPA algorithm [37], the prediction of
thiol oxidation susceptibility was performed considering the distance
between the two potentially interacting thiol groups, the solvent acces-
sible area and the pKa of the target thiol group. The results of the analysis
are reported in Table 2. First of all, it can be noticed that for all cysteines
pairs in hVDAC3, the mutual distance is largely exceeding the 6.2 A cut-
off so that no disulfide bond in principle could be formed as an effect of
the distance rule. Then, the formation of disulfide bonds in hVDAC3 re-
quires the target thiol to have a solvent accessible area larger than
1.3 A and a pKa lower than 9.05. These criteria are only met by the di-
sulfide bonds including Cys36 as the target thiol. This is because, with
the exception of Cys2, all cysteines of hVDAC3 feature a solvent accessi-
ble area of the thiol group significantly larger than the 1.3 AZ cutoff. The
discriminating criterion remains the pKa. Cys36 shows the lowest pKa
among the cysteines of hVDAC3 and, in particular, it is the only one
whose pKa is below the 9.05 cutoff. The special role predicted by the
COPA algorithm for Cys36 thus appears to be consistent with the
DiANNA prediction according to which Cys36 was the only cysteine ca-
pable of forming disulfide bonds. The role of pKa also explains the oxi-
dized state that CYSPRED predicts for Cys2 since this residue features
the third lowest pKa among all the hVDAC3 cysteines.

Another feature known to lower the pKa of cysteine residues is the
presence of basic amino acids in close proximity. The influence of
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Fig. 5. Current-voltage relationship for the VDAC3 channel: comparison of wild-type and
disulfide bridged derivatives.

basic residues on hVDAC3 cysteines was assessed by computing the
fraction of frames in the 1 ps NVT trajectory in which each cysteine
was in contact with a basic residue. The calculation was repeated
using 5.0 A and 3.0 A distance cutoff. The probability of interaction
with basic residues is rather small (for a few cysteines) with the largest
cutoff and drops to zero for all cysteines when considering the more re-
alistic lowest cutoff. This suggests that the reactivity of hVDAC3 cyste-
ines depends more on their surface exposure than on the presence of
basic residues in their neighborhood.

3.3. MD simulations of VDAC3 containing disulfide bonds 2-36, 8-36, and
8-65

In order to select a second set of likely disulfide bonds, the prediction
by bioinformatics tools must be filtered using the constraints posed by
the 3D-structure of the protein. According to the DiANNA neural

Table 2

Cysteine oxidation prediction using the COPA algorithm. Columns 1 and 2 report respec-
tively the target cysteine and the potential partner in a disulfide bond; column 3 shows
the distance between the S, atoms of the two cysteins; column 4 lists the solvent accessi-
ble area; column 5 reports the pKa of the target thiol; and column 6 contains the predic-
tion of the oxidation state of the target thiol.

Target Cys 2nd-Cys Dist A SASAtarg A? pKatarg OXYtarg
2 8 16.67 0.806 9.26 RED
2 36 30.63 0.806 9.26 RED
2 65 16.93 0.806 9.26 RED
2 122 11.25 0.806 9.26 RED
2 229 32.56 0.806 9.26 RED
8 2 16.67 55.906 9.52 RED
8 36 34.63 55.906 9.52 RED
8 65 25.57 55.906 9.52 RED
8 122 19.27 55.906 9.52 RED
8 229 32.56 55.906 9.52 RED
36 2 30.63 71.650 8.09 OXY
36 8 34.63 71.650 8.09 OXY
36 65 15.89 71.650 8.09 OoXY
36 122 39.74 71.650 8.09 OXY
36 229 28.59 71.650 8.09 OXY
65 2 16.93 47.901 9.15 RED
65 8 25.57 47.901 9.15 RED
65 36 15.89 47.901 9.15 RED
65 122 27.61 47.901 9.15 RED
65 229 32.21 47.901 9.15 RED
122 2 11.25 51.280 9.40 RED
122 8 19.27 51.280 9.40 RED
122 36 39.74 51.280 9.40 RED
122 65 27.61 51.280 9.40 RED
122 229 33.50 51.280 9.40 RED
229 2 32.56 40.851 9.33 RED
229 8 32.56 40.851 9.33 RED
229 36 28.59 40.851 9.33 RED
229 65 32.21 40.851 9.33 RED
229 122 33.50 40.851 9.33 RED
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network, the most probable disulfide links are Cys2-Cys36, Cys8-Cys65
and Cys122-Cys229. The first two bonds could be established exploiting
the high mobility of the N-terminal tail of hVDAC3. The third bond,
however, should connect two cysteines located at the tips of two [3-
hairpins of the barrel, which are very distant from each other (hairpins
7-8 and 15-16).

It must be stressed, however, that even if some cysteine residues are
unlikely to form intramolecular disulfide bonds, they may be involved
in intermolecular SS-bridges. In this way they may stabilize dimers
such as those recently discovered in zebrafish VDAC2 [11]. Other poten-
tial intramolecular disulfide bonds are those involving Cys36 due to its
very low pKa as highlighted above. Of these bonds, however, Cys36-
Cys122 and Cys36-Cys229 present the same problem as Cys122-
Cys229, requiring the connection of very distant cysteines. Conversely,
bond Cys36-Cys65 could link two cysteines on the tip of two neighbor-
ing hairpins (1-2 and 3-4). However, such a bond is unlikely to signifi-
cantly occlude the channel and able to reduce the conductance. Thus,
it was not of interest and was excluded from the present study. Finally,
the only remaining disulfide bond involving Cys36 is the one exploiting
the mobility of the N-terminal tail, Cys8-Cys36. As a consequence, in
theory, disulfide bonds potentially capable of reducing the permeability
of the pore are Cys2-Cys36, Cys8-Cys65 and Cys8-Cys36.

The derivatives of hVDAC3 including these bridges were simulated
using the same protocol employed above. The comparison of the pro-
files of the solvent accessible area (Fig. 6) shows that the ability of SS-
8-65 to obstruct the channel is roughly the same as that of SS-8-122
for z>11 A, but in the central part of the channel the solvent accessible
area of SS-8-65 is higher than that of SS-8-122. This behavior can be un-
derstood by analyzing the final structures (Figs. 7 and 8) of the simula-
tions in the absence of electric field. As already discussed, in SS-8-122
the N-terminal tail is constrained to be in contact with the B-strands
7-8, leaving enough space for the fragment 1-7 to adopt a conformation
orthogonal to that of fragment 8-25 and thus crossing the apical part of
the channel and obstructing it. Conversely, in SS-8-65 the N-tail is cova-
lently linked to strands 3-4 so that there is not enough space for amino
acids 1-7 to cross the channel: rather the fragment 1-7 can move along
the axial direction towards the upper opening.

An interesting structural behavior is also exhibited by SS-2-36 and
SS-8-36. The disulfide bond involves Cys36 with different partners.
Cys2 is located at the very beginning of the N-terminal tail. As a result,
in SS-2-36, the fragment 1-11 is roughly orthogonal to helix 12-20
and is stretched along the profile of the barrel wall in correspondence
of strands 3 to 11. On the other hand, in the species SS-8-36, the location
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Fig. 6. Profiles of solvent accessible surface area along the axis of the VDAC3 channel. The
figure compares the SASA profiles of species SS-8-65, SS-2-36 and SS-8-36 to that of
compound SS-8-122 that was characterized by the greatest channel occlusion in the first
group of simulations. The inset is a zoom of the main graph in the region of the minima
of the plots.

of Cys8 determines the stretching of fragment 8-14, which occupies the
central part of the barrel cavity, while fragment 1-7 folds back and
flanks the barrel wall in correspondence of strands 3 to 8. As can be bet-
ter appreciated from the top view (Fig. 8), the N-terminal tail adopts a
sort of twisted S-like shape that leads to a larger obstruction of the top
part of the channel. This is confirmed by the profiles of the accessible
area showing that for z > 7.5 A the SASA of SS-8-36 is smaller than
that of SS-8-122, which on turn is smaller than that of SS-2-36. Con-
versely, for z < 7.5 A, the SASA profile of SS-8-36 is practically identical
to that of SS-8-122, while the SASA of SS-2-36 is significantly smaller
than that of the other two species. This is presumably due to the fact
that in SS-8-122 and SS-8-36, the involvement of an internal residue
of segment 1-25 in the disulfide bond, lifts the whole N-tail upwards, re-
ducing the level of occlusion of the central region of the channel and in-
creasing the occlusion of the upper part. The different level of
obstruction of the channel in the different disulfide-bonded derivatives
was reflected in the values of current and conductance. As reported in
Table 3 and Fig. 9, both at —50 and + 50 mV the absolute values of
the current and of the conductance of SS-8-36 are much smaller than
the corresponding values in SS-2-36 and SS-8-65. The relationship be-
tween currents and conductances of SS-2-36 and SS-8-65 depends on
the sign of the applied voltage and on the charge of the permeant
ions. At —50 mV current and conductance of both potassium and chlo-
ride ions in SS-2-36 are lower than their counterparts in SS-8-65. How-
ever, at + 50 mV current and conductance of potassium ions in SS-2-36
are lower than the corresponding values in SS-8-65 while the opposite
holds for chloride ions. Similar to what was observed in the first set of
simulations, potassium conductance drop (by 60%-70% at negative po-
tentials and by 45%-70% at positive potentials) is much more pro-
nounced than the decrease of chloride conductance (by 10%-30% at
—50 mV and by 20%-40% at 4+ 50 mV). Also in this case, this is likely
to be the effect of a change of the charge distribution inside the channel.

The total current and conductance in these three species are smaller
than the corresponding values in SS-8-122 (the most occluded species
identified in the first set of simulations). In particular, it can be noted
that the total conductance of SS-8-36 drops by 45% (at —50 mV) and
40% (at +50 mV) with respect to the conductance of the species
without disulfide bonds. The conductance drop of species SS-2-36 and
SS-8-65 is more contained but still significant. The total conductance
of SS-2-36 decreases by 30% at both potentials, while the conductance
of SS-8-65 exhibits a decrease by 25% and 30% at — 50 and + 50 mV,
respectively.

4. Discussion and conclusions

Despite the high sequence homology and structural similarity of the
human VDAC isoforms, the mode of action and physiological role of
VDACS3 is still highly elusive. An intriguing feature of VDAC3 that
might explain the differences with the best known VDACT is the higher
number of cysteines located on the protein surface protruding towards
the mitochondrial inter-membrane space.

In this study we tested the impact of disulfide bridges by means of
MD simulations of different hVDAC3 derivatives. We obtained a modu-
lation of the current up to 50% of the total current in the absence of any
disulfide bridge. The first set of investigated disulfide bonds was identi-
fied through direct inspection of the hVDAC3 channel structure and
considering yeast complementation experiments on a VDAC3 chimera
[16], namely SS-2-8, SS-2-122 and SS-8-122. In SS-2-8 the N-terminal
tail folds back upon itself partially occluding the lower part of the chan-
nel. A more significant obstruction of the channel, leading to a conduc-
tance drop of 20%, was attained by SS-8-122 where amino acid
sequence 1-7 of the N-tail crosses the top part of the channel.

In order to realize a more systematic exploration of the potential di-
sulfide bonds, we identified the most likely SS-bonds using neural net-
works and structural bioinformatics approaches. Considering the
results of the bioinformatics analysis and accounting for the constraints
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SS 2-36

Fig. 7. Typical structures of the disulfide-linked variants SS-8-65, SS-2-36, SS-8-36 and SS-8-122. The N-terminal tail corresponding to fragment 1-25 is shown in red. The C-terminal
residue Ala283 is highlighted in green van der Waals representation. The cysteines involved in the disulfide bond are shown in a ball-and-stick representation.

imposed by the tertiary structure of the channel, we identified the most
probable disulfide bonds as Cys2-Cys36, Cys8-Cys36 and Cys8-Cys65.
The placement of the disulfide bond in position 2-36 or 8-65 turned
out to determine a conductance decrease of about 30%. A more
efficient closure of the channel was observed in SS-8-36, where the frag-
ment 8-14 blocks the central part of the cavity while amino acids 1-7
fold back running anti-parallel to 8-14 and flank the barrel wall in cor-
respondence of strands 3-8. In this arrangement the sequence 8-14
blocks the central part of the lumen while segment 1-7 occludes the pe-
ripheral region. This leads to a conductance decrease of more than 40%,
depending on the sign of the applied voltage.

An interesting benchmark for our study is represented by a recent
work by Okazaki et al. [19] where it was shown that the recombinant
human VDAC3, refolded into planar lipid bilayers, has a weak gating
that, upon addition of reducing dithiothreitol or S-nitrosoglutathione,
resulted in a normalized conductance profile g(V)/gmnqx comparable to
that exhibited by VDAC1. Moreover, site directed mutagenesis experi-
ments showed that the VDAC1-like conductance state could be restored
through the C122A and C2A/C8A mutations. These results would sug-
gest that the voltage-dependent gating of VDAC3 can be blocked by di-
sulfide bonds established by Cys122 with either Cys2 or Cys8. This result
is in agreement with our simulations showing that the Cys8-Cys122
bond can significantly occlude the upper part of the channel causing a
20% decrease of the conductance and with a lower extent also Cys2-
Cys122.

It is remarkable that the disulfide bond proposed as responsible for
the pore partial closure is not included among the most likely ones pre-
dicted by the DIANNA neural network and the COPA algorithm. These
discrepancies suggest the opportunity to reconsider the features that a
disulfide bond should have to be an effective channel blocker. These

key features are: (i) the likelihood of the disulfide bond; (ii) the ability
of the disulfide bond to occlude the channel when it is in the open con-
formation; and (iii) the ability of the disulfide bond to stabilize the
closed conformation. As already discussed, the likelihood of a disulfide
bond can be assessed through neural networks or structural bioinfor-
matics tools, while the ability of the disulfide bond to occlude the
open state of a channel can be evaluated through MD simulations.
Even if caution must be exercised in evaluating the results obtained
with a homology modeling, our simulations show that disulfide bonds
can significantly occlude the open state of the VDAC3 channel, reducing
the current of both ionic species. This feature sets VDAC3 apart from the
other members of the VDAC family. VDACT, in fact, contains two cyste-
ines, one exposed to the lipid bilayer (Cys127) and one facing the pore
cavity (Cys232). The two cysteines are located on strands 8 and 16 re-
spectively, occupying diametrally opposite positions in the barrel, so
that a disulfide bond between them is extremely unlikely. Not surpris-
ingly then, the bilayer-reconstituted channel activity of C127A/C232A-
r'VDAC1 was found to be similar to that of native rVDAC1, with respect
to conductance and voltage-dependence, suggesting that VDACT cyste-
ines have no influence on the transport of ions, nucleotides and other
metabolites [42]. The same study showed that VDAC1 cysteines are not
involved in ROS-induced apoptosis that could be induced by hydroxyl
radicals generating compounds like H,0, even in cysteine-less r'VDACT.
Human VDAC2 contains 9 cysteines two of which, Cys8 and Cys13,
located on the N-terminal tail and other five sitting on the loops of the
barrel, in positions similar to the cysteines of hVDAC3. When the
VDAC2 wild type was compared with the cysteine-less mutant, it was
observed that cysteine residues are involved in anchoring the barrel to
its lipid environment [43,44]. The cysteine-less mutant appears to be
more structured with respect to the wild type, but this structural
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Fig. 8. Top view of the same structures of the disulfide-linked variants SS-8-65, SS-2-36, SS-8-36 and SS-8-122 also reported in Fig. 7. The N-terminal tail corresponding to fragment 1-25 is
shown in red with a surface filling representation that highlights the different degree of obstruction of the channel. The C-terminal residue Ala283 is highlighted in green van der Waals
representation. The cysteines involved in the disulfide bond are shown in a ball-and-stick representation.

stabilization comes at the expense of the loss of strong protein-lipid
interactions.

The human VDAC3 was shown to have channel activity with a very
small conductance with respect to hVDAC1 [15]. Disulfide bonds were
traditionally believed to play essentially a structural role, reducing the
entropy of the unfolded state and stabilizing the native state, which is
particularly useful in the case of proteins functioning in a fluctuating
cellular environment. However, it now appears [45], that reversible di-
sulfide bond cleavage and formation might have a regulatory role.

Table 3

Many redox regulated proteins function in the first line of oxidative
stress defense, acting as transcriptional regulators (e.g. OXxyR, Yap1p),
which rapidly induce the expression of antioxidant genes to detoxify
ROS and repair the damage; chaperones (e.g. Hsp33), which prevent ox-
idative stress-induced protein aggregation; or metabolic enzymes (e.g.
glyceraldehyde-3-phosphate dehydrogenase) that re-route metabolism
to increase the production of reducing power increasing the cell's capac-
ity to defend against oxidative stress. The redox modification of disul-
fide bonds can also affect the structure and function of ion regulatory

Currents and conductances in the wild-type and in the disulfide bonded derivatives SS-2-36, SS-8-65 and SS-8-36 of the VDAC3 channel. The data in the absence of the electric fields are
averages on five independent runs and are reported to show a current equal to zero, within the experimental error. The data at —50 and + 50 mV are averages on three independent runs.
The numbers in brackets indicate the errors computed as the standard deviation of individual data.

Species V (mV) Itot (pA) IK (pA) ICI (pA) Gror/Gwr GK (nS) GCl (nS)
WT 0.0 —11.4 (194) 1.4 (8.0) 12.9 (12.7) -

2-36 0.0 6.8 (11.2) —3.2(11.1) —5.4(9.7) -

8-65 0.0 3.9(2:6) —6.4(7.3) —9.0(9.4) -

8-36 0.0 10.3 (13.4) —4.2(7.3) —14.4 (13.5) -

WT —50 —215.3 (18.8) —65.1(13.0) 150.2 (13.9) 1.0 1.3 (0.3) —3.0(0.3)
2-36 —50 —145.9 (16.2) —25.6(8.3) 1203 (22.3) 0.7 0.5 (0.1) —24(04)
8-65 —50 —159.4 (16.8) —25.7(8.2) 133.7 (10.0) 0.75 0.5 (0.4) —2.7(0.2)
8-36 —50 —124.8 (26.5) —20.0(12.7) 104.8 (14.6) 0.6 0.4 (0.2) —2.1(0.3)
WT +50 208.8 (16.2) 58.6 (13.2) —150.1 (20.2) 1.0 1.2(0.3) —3.0(04)
2-36 +50 146.4 (37.0) 25.1(2.6) —121.3 (37.1) 0.7 0.5 (0.1) —24(0.7)
8-65 +50 144.7 (16.3) 32.3(9.6) —1124(21.2) 0.7 0.6 (0.2) —2.2(04)
8-36 +50 115.0 (26.8) 22.5(5.5) —92.5(31.3) 0.55 0.4 (0.1) —1.8(0.6)
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Fig. 9. Current-voltage relationship for the VDAC3 channel: comparison of the disulfide
bridged derivatives of hVDAC3 SS-2-36, SS-8-65 and SS-8-36.

proteins including ion channels, pumps and transporters [46]. The elec-
trophysiological activity of VDAC3 might also be regulated by redox sig-
nals that induce disulfide bond formation, activating an apoptotic
pathway. This hypothesis appears to be consistent with Aporinl yeast
complementation experiments [16]. The yeast depleted of the endoge-
nous porin appeared to be very sensitive to ROS. When the yeast was
transformed with human VDA s, it was observed that the VDAC3-
transformed yeast was constantly the least resistant, while VDAC2 the
most. The role of VDAC3 as a sensor of the redox state is also suggested
by the particular location of the cysteine residues. VDAC3 interacts with
several proteins and this can also be an important issue about the role of
its cysteines [47]. The particular placement of the cysteine residues in
VDAC3 therefore makes this molecule particularly suitable to waylay
the diffusing ROS.

Overall, our results show that the establishment of disulfide bonds in
VDACS3 can occlude the channel modulating pore size and current/con-
ductance. This may be the signature of a protein whose activity is de-
pendent on the redox state of its cysteine residues. By analogy to the
behavior of other proteins liable to the reversible formation/dissolution
of disulfide bonds [48,49], it may be speculated that this mechanism is
part of a defense strategy against oxidative stress. Further research ef-
forts will be required to confirm or disprove this scenario, clarifying
the role of the VDAC3 channel.
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