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Voltage-dependent anion selective channel isoform1 maintains the permeability of the outer mitochondrial
membrane. Its voltage-gating properties are relevant in bioenergetic metabolism and apoptosis. The
N-terminal domain is suspected to be involved in voltage-gating, due to its peculiar localization. However
this issue is still controversial. In this work we exchanged or deleted the β-strands that take contact with
the N-terminal domain. The exchange of the whole hVDAC1 β-barrel with the homologous hVDAC3 β-barrel
produces a chimeric protein that, in reconstituted systems, loses completely voltage-dependence. hVDAC3
β-barrel has most residues in common with hVDAC1, including V143 and L150 considered anchor points
for the N-terminus. hVDAC1 mutants completely lacking either the β-strand 9 or both β-strands 9 and 10
were expressed, refolded and reconstituted in artificial bilayers. The mutants formed smaller pores. Molecular
dynamics simulations of the mutant structure supported its ability to form smaller pores. The mutant lacking
both β-strands 9 and 10 showed a new voltage-dependence feature resulting in a fully asymmetric behavior.
These data indicate that a network of β-strands in the pore-walls, and not single residues, are required for
voltage-gating in addition to the N-terminus.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The voltage-dependent anion channel (VDAC) is themost abundant
integral membrane protein of the mitochondrial outer membrane and
forms hydrophilic pore structures [1–3]. It is considered a key regulator
of metabolite flow as the preferred exchange route of adenosine nucle-
otides fromand to themitochondrion [4]. VDAC is also co-responsible in
various cell processes including apoptosis [5–8] and calcium homeosta-
sis [9,10] and it has been recently indicated as a target for anti-cancer
therapies [11–14]. Its responsibility in apoptosis is well recognized,
even though there is a debate about the mechanism of action [15].
Deficiency of VDAChas been associatedwith a lethal encephalomyopathy
[16]. Any eukaryotic genome contains a little collection of VDAC genes
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Catania, Italy. Tel.: +39 095

rights reserved.
that, despite a high level of conservation and an evident common evolu-
tionary origin [17,18], shows a composite set of slightly different func-
tional features. In vertebrates three functional genes encode different
VDAC isoforms (named VDAC1, 2 and 3) [19]. Functional experiments
demonstrated that recombinant VDAC1 and VDAC2 are able to form
pores in lipid bilayers, different from VDAC3 that shows a reduced
pore-forming ability [20,21].

The most important regulatory feature of VDAC is voltage-
dependence. Voltage-dependence has been discovered in vitro, in
reconstitution experiments in artificial bilayer: VDAC channel exists
in a high conductive state when the applied voltage is close to
0 mV. Upon higher voltages (>20 mV) VDAC switches to lower con-
ductance states [22]. These states are associated with changes in the
structural organization [22–24] and hitherto in the permeability fea-
tures of the pore: since ion and metabolite permeation is affected
by the voltage-dependence, open and closed states of the VDAC
pore have been consequently defined [25]. The closed state is still
permeable to small ions but not to larger molecules like ATP and
ADP [4]. A structural detail of this relevant feature is still missing
nowadays, despite that structural models of human [26,27] and

http://dx.doi.org/10.1016/j.bbabio.2013.03.007
mailto:mess@unict.it
http://dx.doi.org/10.1016/j.bbabio.2013.03.007
http://www.sciencedirect.com/science/journal/00052728
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbabio.2013.03.007&domain=pdf


794 S. Reina et al. / Biochimica et Biophysica Acta 1827 (2013) 793–805
mouse VDAC1 [28] have been reported. In these structures VDACs are
formed by an almost completely antiparallel β-barrel containing 19
amphipathic β-strands joined to an N-terminal sequence of variable
lengths, mainly formed by amphipathic α-helix segments [26–28].
These 3D structures agree on the location of the N-terminal inside
the pore, even with some differences. Another report questioned
this structure and proposed a different 3D arrangement of the protein
on the basis of electrophysiological experiments [29]. It has to be
clarified which one of the twomodels corresponds to the cellular struc-
ture or whether they can both exist as different states of the pore
[29,30].

These structural–functional debates prompted several studies. In
particular a general interest is focused on the very peculiar location
of the N-terminal domain that suggests a putative gating function.
In a very first work on the synthetic peptide of N-terminal hVDAC1
sequence [31] it was showed that the organized secondary structure
of the N-terminal is only possible when it is constrained by charges
and/or a hydrophobic environment. A recent solid-state NMR
analysis [32] of hVDAC1 sustained that the N-terminus adopts a
well-defined α-helical conformation remarkably similar to the
mVDAC1 crystal. The contacts of this helix with the wall-pore
β-strands are considered important to maintain the stability of the
pore structure [32]. In contrast, another work reported that the
strands opposed to the α-helix (β2, β5, β18 and β19) are less dy-
namic than others (β8 and β15) [33] and that the overall channel
structure is stabilized by the interactions between the walls and the
apposed α-helix. The role of other residues, like a network of Lysines,
in close proximity to the Thr6 residue, has recently been highlighted.
Stabilizing contacts between the α-helix and the β-strands have been
also attributed to hydrophobic interactions among the residues L10,
V143 and V150 [32,33]. The identification and the possibility to inter-
fere with the interactions between N-terminal and the pore walls are
considered a crucial feature to understand how voltage-gating works
[32–34].

In this work we studied the influence of the contacts between the
N-terminal sequence and β-strands facing it. This influence was mon-
itored by looking for difference in voltage-dependence and ion selec-
tivity features of the protein. For this purpose we did not restrict our
work to site-directed mutagenesis of single residues but instead we
changed large sections of the inner wall of the pore. In a former mutant
we changed the whole β-barrel in front of the hVDAC1 N-terminal
α-helix substituting the hVDAC1 barrel with the homologous but not
identical hVDAC3 barrel. In other mutants we deleted in hVDAC1 the
whole β-strand 9 or the hairpin of β-strands 9 and 10, thus removing
the strands responsible of these contacts. Mutants were expressed,
purified and reconstituted in artificial planar bilayers. Strikingly the
deletion of these strands is responsible of an asymmetrical change in
the voltage-dependence of the pore.

2. Materials and methods

2.1. Yeast strains, growth conditions and hVDAC expression

Wild type Saccharomyces cerevisiae strain BY4742 [MAT a, his3Δ1,
leu2Δ0, lys2Δ0, ura3Δ0] and isogenic porin-depleted mutant Δpor1
[MATa, his3Δ1, leu2Δ0, lys2Δ0, ura3Δ0, por1::kanMX4] were obtained
from EUROSCARF (Frankfurt, Germany). Rich media for yeast growth
contained 1% yeast extract, 2% peptone and 2% glucose. Synthetic
media (containing the appropriate nutritional supplements for auxo-
trophs) were as described [35,36].

2.2. hVDAC expression and purification from yeast

N1-VDAC3 (chimeric hVDAC3 containing the N-terminus of
hVDAC1), hVDAC1 and hVDAC3 were cloned in the yeast—Escherichia
coli shuttle vector pYX212 (Novagen) and expressed in Δpor1 cells as
previously reported [21].

Isolation of mitochondria was performed as described by Gregg et
al. [37]. Briefly, cells (1 l culture) were harvested by centrifugation
(5 min, 3000 ×g) and washed twice with water. The cell pellet was
resuspended in DTT buffer (100 mM Tris/H2SO4 pH 9.4, 10 mM
DTT) and the cell suspension was rotated for 20 min at 30 °C. After
centrifugation (5 min, 3000 ×g) the pelleted cells were resuspended
in Zymoliase buffer (20 mM potassium phosphate pH 7.4, 1.2 M sor-
bitol, zymoliase 100 T) and rotated for 30 min at 30 °C. Spheroplasts
were centrifuged (8 min, 2200 ×g) and resuspended in homogeniza-
tion buffer (10 mM TrisHCl pH 7.4, 0.6 M sorbitol, 1 mM EDTA, 0.2%
BSA). The suspension was disrupted with a pestle and the obtained
supernatant containing mitochondrial fraction was centrifuged
(12,000 ×g, 15 min). Mutant and native hVDACs were released from
the mitochondrial fraction by LDAO-extraction as described in [38],
and were subsequently purified by HTP/celite 2:1. Protein concentra-
tion was determined using Bradford method.

2.3. Construction of mutants hVDAC1Δβ9 and hVDAC1Δβ9-β10

Mutagenesis was performed onto the hVDAC1 coding sequence
cloned in pYX212. E. coli strain XL10Gold was utilized in gene construc-
tion. Removal of β9 and β10 from human VDAC1 sequence was
achieved by PCR-based gene deletion strategy as described in [39,40].
Two primers flanking the codons for amino acids 136 and 147 were
used to delete β9: forward 5′-GACATTGCTGGGGGCTGGCTGGCCGGCT
AC-3′ and reverse 5′-GGCCAGCCAGCCCCCAGCAATGTCGAAATC-3′.
Two primers flanking the codons for amino acids 136 and 160 were
used to delete both β9 and β10: forward 5′-GACATTGCTGGGAAATCCC
GAGTGACCCAG-3′ and reverse 5′-CACTCGGGATTTCCCAGCAATGTCG
AAATC-3′. PCR fragments were cut with the restriction enzymes NdeI
and XhoI and cloned, together with hVDAC1 wild type, into the
pET21a vector (Novagen). The sequences of the mutant proteins were
confirmed by DNA sequencing.

2.4. Heterologous hVDAC expression and purification

Recombinant His-tagged proteins were expressed in E. coli BL21
(DE3). Bacteria were grown at 37 °C to an A600 of 0.6 and protein
expression was induced with isopropyl β-D-1-thiogalactopyranoside
for 3 h at 37 °C. Following centrifugation, pellet was resuspended in
buffer B (8 M Urea, phosphate buffer, pH 8.0) and overnight shaken
at 4 °C. After pelleting cell debris by centrifugation, the clear lysate
was purified by chromatography using nickel-nitrilotriacetic acid
resin (Ni-NTA, Qiagen). The purified proteins were eluted with buffer
B (pH 3.5).

2.5. VDAC refolding

To obtain hVDAC proteins with full biological activity, on-column
refolding affinity chromatography was used [41]. One milliliter of
Talon resin (Clontech) pre-equilibrated with buffer B (0.1 M NaH2PO4,
0.01 M TrisHCl, 8 M urea pH 8.0) was loaded with 2 ml denatured pro-
tein supernatant (containing ~3 mg purified hVDAC) previously led to
pH 8. The column was washed once with buffer B mixed with buffer C
(25 mMNaPi pH 7.0, 100 mMNaCl, 2% LDAO, [3]) plus 10 mM imidaz-
ole (B:C 1:3) and two times with buffer Bmixedwith buffer C1 (25 mM
NaPi pH 7.0, 100 mM NaCl, 1% LDAO) plus 10 mM imidazole (B:C1 1:7
and 1:15 respectively). An additional wash was performed with
20 volumes of buffer C2 (25 mM NaPi pH 7.0, 100 mM NaCl, 0.1%
LDAO) plus 10 mM imidazole. The His-tagged proteins were eluted
with 5 bed volumes of buffer C2 plus 200 mM imidazole. All the
procedures were performed under gravity at 4 °C. To remove imid-
azole that could create problems in lipid bilayer experiments, the
samples were dialyzed against a 100× buffer without imidazole



795S. Reina et al. / Biochimica et Biophysica Acta 1827 (2013) 793–805
overnight at 4 °C. Thermo Scientific Slide-A-Lyzer Dialysis Cassettes
(3.5 K MWCO) were used to avoid any sample loss. The protein
purity was verified by 12% SDS-PAGE. The purified proteins were
A

B

C

Fig. 1. Features of the mutants used in this work. (A) Alignment of N1-VDAC3 with hVDAC1.
according to the crystallographic structure of mVDAC1 [28]. β-strands 9–10 are highlighted
(corresponding to β9–β10 in 1B) are highlighted by a box.
diluted 1:10 in 1% Genapol X-80 (Fluka, Buchs, Switzerland) to
prevent aggregation and immediately used for reconstitution
experiments.
Colored boxes indicate the sequences deleted in our experiments. (B) Structure of VDAC
by a box. (C) Structure of VDAC according to the model for NcVDAC [29]. β-strands 7–8
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2.6. Lipid bilayer experiments

The methods used for black lipid bilayer experiments have been
described previously [42]. The experiments were performed at
25 °C. The membranes were formed from a 1% (w/v) solution of
diphytanoyl phosphatidylcholine (DiphPC) (Avanti Polar Lipids,
Alabaster, Alabama, USA) in n-decane. Bilayer formation was indicated
when the membrane turned optically black to reflected light. Mutant
and native hVDACs were added from the protein stock solution of
1 mg/ml after themembrane had turned black. The single channel con-
ductance of the pores was measured after application of a fixed mem-
brane potential with a pair of Ag/AgCl electrodes with salt bridges
inserted into the aqueous solutions on both sides of the membrane.
The stepwise increase in membrane conductance and the voltage-
dependency were determined as described [43].
2.7. Modeling of VDAC1Δβ9–β10 mutant

We used all-atom molecular dynamics simulations to build the
model of VDAC1 mutant with both β-strands 9 and 10 deleted. We
employed the program NAMD-2.8 with the amber 99SB-ildn force
field for the protein and the TIP3P model for water [44] and the gen-
eral amber force field for POPC [45]. We started from the mouse
VDAC1 model, for which a high resolution crystal structure is avail-
able (PDB ID: 3EMN, 2.3 Å). We eliminated the two β-strands 9 and
10 (from residues 137 to 160) and using Modeller [46] we obtained
the starting coordinates. We minimized the structure in the gas
phase to allow the closure of the gap between Pro 136 and Lys 161
A
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Fig. 2. Electrophysiological characterization of chimeric N1-VDAC3 purified from S. cerevisia
Markers; 2: yeast mitochondrial extract; 3: purified hVDAC1. B. Single channel recording of a
of S. cerevisiae. The aqueous phase contained 1 M KCl and 25 ng/ml protein. The applied me
sured after reconstitution of hVDAC1 into black lipid bilayer membranes. Conditions as in B
phoretic analysis of purified N1-VDAC3 in 12% SDS-PAGE. M: Mr Markers; 2: yeast mitocho
membrane after the addition of N1-VDAC3 purified from mitochondria of S. cerevisiae. Con
N1-VDAC3 into black lipid bilayer membranes. Conditions as in B. The most frequent single
for 1000 steps, 1 fs timestep and cutoff at 10 Å. At this stage the
CO–NH distances between the two strands are in the order of 14 Å.

We imposed such restraints between residues 142–130, 144–128,
146–126, 148–124, and 150–122 with a force constant equal to
10 kcal/(mol* Å2) and we performed MD simulations in the gas
phase at 10 K letting all atoms free to move. Every 10 ps we de-
creased the restraint distance equilibrium of 1 Å. After a few steps
we were obliged to eliminate part of the loop (from 161 to 164)
connecting strands 8 and 11 because it was placed in the middle of
the two strands. We continued the MD simulations with restraints
arriving at a distance of 2 Å, exactly as hydrogen bonds between the
two β-strands. Then we used Modeller to add the residues 161–164,
previously cut, and we performed other 50 ps MD simulations at
50 K. We removed the restraints and we verified that the β-barrel
structure of strands 8 and 11 was kept.

To have a model more closely related to the real system and then
more predictive, we embedded the protein in a POPC phospholipid
bilayer and we solvated with water, obtaining a system of approxi-
mately 51,000 atoms. We performed state-of-the-art MD simulations
in the NPT ensemble with periodic boundary conditions and long
range electrostatic interactions evaluated with the PME algorithm
employing the program ACEMD [47]. We slowly increased the tem-
perature up to 300 K relaxing, at the same time, the box for 10 ns,
and arriving, at the end, to an average box dimension of 77.81 ×
77.81 × 82.95 Å. We then performed 200 ns in the NVT ensemble
and this long trajectory was used for structural analysis saving a
structure every 50 ps, or 4000 structures. The same simulation proto-
col was used to prepare VDAC1 (PDB ID: 3EMN) employed as refer-
ence system.
B

6.0
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1  min

Voltage applied: + 10 mV

e mitochondria. A. Electrophoretic analysis of purified hVDAC1 in 12% SDS-PAGE. M: Mr
DiphPC/n-decane membrane after the addition of hVDAC1 purified frommitochondria
mbrane potential was 10 mV; T = 25 °C. C. Histogram of the conductance steps mea-
. The most frequent single channel conductance was 4 nS for 211 channels. D. Electro-
ndrial extract; 3: purified N1-VDAC3. E. Single channel recording of a DiphPC/n-decane
ditions as in B. F. Histogram of the conductance steps measured after reconstitution of
channel conductance was 4 nS for 85 channels.
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Fig. 3. Voltage-dependence analysis of hVDAC1 and N1-VDAC3. A. hVDAC1 was added to the cis side of a DiphPC/n-decane membrane and the incorporation of several channels
with a transmembrane potential of 10 mV was followed until the current remained stable. Next, raising positive and negative voltages were applied to the membrane, and the
current was measured as a function of time. The aqueous phase contained 1 M KCl, T = 25 °C. B. Voltage-dependence of N1-VDAC3. Experimental procedure and conditions as
in A. C. Analysis of hVDAC1 and N1-VDAC3 voltage-dependence. Ratio of the conductance G at a given membrane potential (Vm) divided by the conductance Go at 10 mV was
plotted as a function of the membrane potential Vm. The curves show that hVDAC1 is voltage-dependent (full squares) while the chimera N1-VDAC3 is not. The data shown are
the average of three independent experiments.
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Fig. 4. Top view of the two secondary structures referring to the snapshots extracted
after 200 ns simulations and superimposed. In blue the mutant VDAC1Δβ9–β10 and
in red the wild type VDAC1 (PDB ID: 3EMN). For clarity, both the bilayer and the
water are not shown.

Table 1
Fitting parameters of the SASA probability distribution function in Fig. 5 for the wild
type and mutated VDAC1, as extracted from the 200 ns molecular dynamics trajectory.

Fitting parameters PDB ID: 3EMN VDAC1Δβ9–β10

Gaussian height a0 = 0.0220577 a0 = 0.0248542
Gaussian center a1 = 191.808 a1 = 69.7379
Gaussian width a2 = 18.2811 a2 = 16.1835
Chi-square 7.26922e−05 9.34648e−05
Correlation coefficient 0.990637 0.990371
Theil U coefficient 0.095591 0.102173

See Materials and methods section for a discussion of the data.
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To evaluate the effective size of the pore available for the passage
of molecules, we used our own program [48] to calculate all along the
axe Z the cross-sectional solvent-accessible surface area (SASA). A
3-dimensional grid of space 0.5 Å, centered on the pore was built.
We used a spherical probe of 1.4 Å (modeling a water molecule)
rolling on the grid points and the SASA was calculated as the area
available to the whole probe. The protein was modeled with van
der Waals radii.

3. Results

3.1. The electrophysiological properties of chimeric N1-VDAC3 purified
from S. cerevisiae mitochondria

To assess the influence of the β-barrel in its relationship with the
N-terminal α-helix we used three constructs. The N1-VDAC3 chimera
Fig. 5. Minimum value of the SASA for both wt and mutant VDAC1Δβ9–β10 reported as fu
SASA (solvent-accessible surface area) has been evaluated using a spherical probe of 1.4 Å
probe.
was produced by insertion of the inactive isoform hVDAC3 β-barrel in
place of the hVDAC1 homologous structure [20]. This chimera has
been characterized upon yeast cell transformation [21] showing that
the simple swapping of the N-terminus is sufficient to re-activate
isoform hVDAC3 [21]. Nevertheless its electrophysiological character-
ization was not accomplished in [21]. Fig. 1A shows the alignment of
hVDAC1 with N1-VDAC3. hVDAC1 and hVDAC3 sequences are very
similar; in particular, differences in charged residues are very slight:
hVDAC1 has 29 acidic residues while both hVDAC3 and N1-VDAC3
have 25 and they both have 35 positive amino acids.

The chimera was purified from mitochondria obtained from the
transformed yeast, as in [21]. The expression of the human construct
was verified by rt-PCR (not shown). The protocol produced a chimeric
protein refolded in a eukaryotic environment.
3.1.1. Single channel analysis
Chimeric N1-VDAC3, and hVDAC1 and hVDAC3 as control, were

purified from yeast mitochondria, added to planar phospholipid
membranes and studied by electrophysiological methods. hVDAC1
and N1-VDAC3 easily formed channels in a phospholipid membrane.
The conductance steps were quite uniform in size and the most fre-
quent single channel conductance event was 4 nS for both N1-VDAC3
and hVDAC1 (Fig. 2). In contrast to hVDAC1 and N1-VDAC3, human
VDAC3 formed rarely pores and only very few channels were inserted
(data not shown).
nction of time (top) and as normalized probability distribution function (bottom). The
radius rolling on a grid of 0.5 Å space and considering the space available to the whole

image of Fig.�5
pdb:3EMN


Fig. 6. Accumulated SASA profile as a function of Z in the range [−20:+20] Å.
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3.1.2. Voltage-dependence
The voltage-dependence of hVDAC proteins purified from yeast mi-

tochondria was also analyzed. The gating process of hVDAC1 channels
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refolded by a Talon column. M: Mr Markers; 1–6: fractions collected from a Talon column s
brane after the addition of his-tagged purified and refolded hVDAC1. The aqueous phase c
T = 25 °C. C. Histogram of the conductance steps measured after reconstitution of hVDAC1 i
conductance was 4 nS for 123 channels. D. 12% SDS-PAGE of his-tagged hVDAC1Δβ9 expre
from the Talon column showing the purity of hVDAC1Δβ9. E. Single channel recording of
hVDAC1Δβ9. The aqueous phase contained 1 M KCl and 25 ng/ml protein. The applied memb
after reconstitution of hVDAC1Δβ9 into black lipid bilayer membranes; conditions as in
SDS-PAGE of his-tagged hVDAC1Δβ9–β10 expressed in E. coli and refolded by a Talon colum
of hVDAC1Δβ9–β10. H. Single channel recording of a DiphPC/n-decane membrane after th
contained 1 M KCl and 25 ng/ml protein. The applied membrane potential was 10 mV;
hVDAC1Δβ9 into black lipid bilayer membranes; conditions as in B. The most frequent sing
and of N1-VDAC3 in response to symmetrical voltage steps of linearly
increasing amplitude is reported in Fig. 3. Thewild type protein showed
the normal voltage-dependent gating activity with the usual symmetri-
cal response to voltage of opposite signs. Channel closure is evident at
both positive and negative potentials > ±30 mV. On the contrary
N1-VDAC3 did not show the typical VDAC voltage-dependency. Three
independent experiments showed that until±90 mV the chimeric pro-
tein stays in an open state. Only higher voltages of opposite sign closed
the channels (data not shown). Fig. 3C shows the plot of the relative
conductance G/G0 as a function of the applied voltage. The comparison
clearly demonstrates the profound differences between the two pro-
teins in terms of gating.
3.2. The chimeric hVDAC1Δβ9 and hVDAC1Δβ9–β10

Deletion of β-strands 9 and 10 was designed on the basis of the
crystallographic structure reported in [26–28] (Fig. 1B). These se-
quences were defined trans-membrane β-strands (numbered 7 and 8
in Fig. 1C) also in the model by Colombini et al. [23,29].

VDAC segments were deleted also in previous works [8,49–52].
Since the sequences deleted in this work are large, and it is possible
that such modifications can perturbate the structure, we performed
molecular dynamics experiments to probe the stability of the pore.
B
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Voltage applied: + 10 mV 
.5 6.0
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purified from E. coli. A. 12% SDS-PAGE of his-tagged hVDAC1 expressed in E. coli and
howing the purity of hVDAC1. B. Single channel recording of a DiphPC/n-decane mem-
ontained 1 M KCl and 25 ng/ml protein. The applied membrane potential was 10 mV;
nto black lipid bilayer membranes; conditions as in B. The most frequent single channel
ssed in E. coli and refolded by a Talon column. M: Mr Markers; 1–6: fractions collected
a DiphPC/n-decane membrane after the addition of his-tagged purified and refolded
rane potential was 10 mV; T = 25 °C. F. Histogram of the conductance steps measured
B. The most frequent single channel conductance was 2 nS for 134 channels. G. 12%
n. M: Mr Markers; 1–6: fractions collected from the Talon column showing the purity
e addition of his-tagged purified and refolded hVDAC1Δβ9–β10. The aqueous phase
T = 25 °C. I. Histogram of the conductance steps measured after reconstitution of
le channel conductance was 1.5 nS for 58 channels.
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The structure of hVDAC1Δβ9–β10 was built based upon changes
in the (PDB ID: 3EMN) pdb file [28]. Then, this model was submitted
to an MD 200 ns trajectory of the protein embedded in a POPC bilayer
and solvated. In Fig. 4 we reported the last snapshot of each system
eliminating both the bilayer and the water, for clarity. In Fig. 5 we
reported the minimum SASA as a function of time, for the wt
hVDAC1 and the mutant, and the respective histograms fitted by
Gaussians (see Table 1). As shown, the minimum SASA is constant
along the time, suggesting that both structures are stable. The highest
probability values point out that the mutant has an area available to
ion flows reduced of 1/3 with respect to the VDAC1 (70 (sigma =
16) Å2 vs 192 (sigma = 18) Å2). This indicates that the deletion
might reduce the pore diameter (Fig. 4). From the plot of the SASA
profile as a function of Z (Fig. 6), it is evident that the deletion de-
creases the pore uniformly all along the axe Z with the same scale fac-
tor. Further, the position of the SASA minimum value is reached for
both systems at 7 Å from the center of the pore, corresponding to
the region where N-terminal helix folds inside, suggesting a high ri-
gidity of this region that is unperturbed upon mutation.

3.3. The electrophysiological properties of hVDAC1Δβ9 and hVDAC1
Δβ9–β10

3.3.1. Single channel analysis
After dilution in 1% Genapol X-80, the recombinant His-tagged

proteins hVDAC1, hVDAC1Δβ9 and hVDAC1Δβ9–β10 were added to
the aqueous phase bathing a lipid bilayer membrane. Most of the con-
ductance steps of hVDAC1 had a single channel conductance of 4 nS
in 1 M KCl (Fig. 7). Experiments with 0.1 M KCl (not shown) con-
firmed that single channel conductance was a linear function of the
aqueous salt concentration. The single channel properties of hVDAC1
Δβ9 and hVDAC1Δβ9–β10 were different from those of wild type pro-
tein (Fig. 7E, H).While the increase in hVDAC1 conductance occurred in
distinct steps, the deletion mutants showed “noisy” single channel
behaviorwith fastfluctuations of the channels. Themost frequent single
channel conductance was 2 nS for hVDAC1Δβ9 and 1.5 nS for hVDAC1
Δβ9–β10 (Fig. 7F, I). These results indicate that the deletion of
β-strands leads to proteins forming smaller pores, which are more in-
stable than the wild-type ones. This result was supported by MD
simulations.

3.3.2. Voltage-dependence
Fig. 8 shows the analysis of the voltage-dependence of hVDAC1,

hVDAC1Δβ9 and hVDAC1Δβ9–β10. The voltage-dependence of
recombinant His-tagged hVDAC1 was identical to that measured pre-
viously with the protein extracted from yeast mitochondria. Starting
with application of about 20–30 mV, the membrane current de-
creased for both positive and negative potentials, indicating a sym-
metrical response of the channels to the applied voltage. These
results confirm that recombinant hVDAC1was successfully renatured.
hVDAC1Δβ9 showed voltage-dependence similar to that of wild-type
protein, although the membrane current decreased more at negative
potentials. This asymmetry was even more pronounced in the mutant
deleted of both β-strands. Most surprising hVDAC1Δβ9–β10 did not
display any voltage-dependence at positive voltages as clearly shown
in Fig. 8D. The new functional feature is thus due to the absence of the
β-hairpins 9–10.

3.4. Zero-current membrane potential measurements

Zero-current membrane potential experiments with hVDAC1
showed preferential movement of anions through the channel
(Table 2), as reported [1–3,53]. In the presence of the chimera
N1-VDAC3 the pore became selective for cations over anions. This re-
sult cannot be simply explained with change in the protein composi-
tion, (ratio positive/negative residues switches from 39 to 35). More
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interestingly, in the presence of a bulky anion, the cationic selectivity
is further enhanced with respect to the controls. This indicated that
the screening properties of the pore changed as a consequence of
the modifications of the residues exposed to the water-phase. The
influence of electrostatic field of the charged residues was shifted by
molecular modifications [see 53].

The deletion of one β-strand or one β-hairpin in hVDAC1 produces
similar consequences, with a preferential movement of cations in the
presence of bulk anions. Also in this mutant the screening features of
hVDAC1 have been dramatically altered and the N-terminus defines a
narrower section to be flowed by ions. The deletion causes positive
residues to approach and this might become a kind of trap for the
bulkier anion acetate, thus slowing its movement, as it has been dem-
onstrated bymolecular dynamics simulation of the ion flow inside the
pore [53].

4. Discussion

The importance of the N-terminal sequence of VDAC1 is witnessed
by many reports in the literature devoted to unravel its structure and
function (for a detailed list see [54]). The reason for this interest is
due to its strategic location and its possible flexibility.

Stemming from the model proposing that hVDAC1 response to
voltage is modulated by interaction of the N-terminal region with
amino acid residues in the β-strands 9 and 10 [28,32,33], several ex-
periments impacted on the presence and mobility of the N-terminus.

The breakage of the hydrophobic interactions by application of
higher voltages has been indicated as responsible for the removal of
the N-terminus from inside the pore, causing its lateral “squeezing”
and reducing the pore diameter available for ion flux [34]. This
model infers that the N-terminal folded inside the pore has a structural
function, contributing to the rigidity of the structure (26–28, 32–34).
The deletion of the whole N-terminus was reported [8,32,49,54,55].
Thesemutant pore-protein formed channels, with an evident flickering.
Voltage-gating was strongly affected. These data imply that the
N-terminal fragment is involved not only in the maintenance of the
overall integrity of the incorporated channel, but also in its regulation
[55]. It is thus possible to state that also other structural components
of the pore, interacting with the N-terminal sequence, might contribute
to the regulation of the electrophysiological features of the pore.

In further experimental approaches the immobilization of the
N-terminus inside the channel was obtained by introducingmutagenized
disulfide bonds [55,56] or by chemical cross-linkers [54].

Following the proposal that Leu10 binds Val143 (β-strand 9, [32])
and Leu150 (β-strand 10, [32]) by hydrophobic interactions, as
shown by NMR analyses [32–34], the following couples of disulfide
bonds were introduced by mutagenesis of the amino acids: V3-K119
(β-strand 7, [55]), A14-S193 (β-strand 13, [55]), L10-A170 (β-strand
11, [56]); the interactions T6-K197 (β-strand 13, [54]) and T6-K124
were analyzed by cross-linkers (β-strand 8, [54]).

The phenotype of the mutants was different in dependence of the
specific change. Cross-linking V3-K119 gave an open channel with
similar features than the w.t. but the voltage-dependence had an
asymmetric behavior, showing partial closure only when negative
voltage was applied to the cis side [55]. In the same work, the disul-
fide cross-linking between A14 and S193 caused the pore to remain
constitutively open [55]. On the opposite, L10-A170 cross-linking
mutant displayed native-like channel activity under oxidative condi-
tions: this led the authors to the conclusion that voltage-gating did
not involve rearrangements of the N-terminal sequence [56]. The rea-
son for these contradictory data has been discussed in [55]. It is, thus,
evident that the interaction between the N-terminus and the pore
walls is important in determining the functional phenotype of the
pore.

Other examples of site-directed mutagenesis strategy have been
used to investigate the influence of specific residues in the electro-
physiological features of the pore [57]. In such kind of work not always
it is possible to reach definitive conclusions. For example residues K46,
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K61, K65 and K84, shown to affect the voltage-sensing mechanism of S.
cerevisiae VDAC [57], are not conserved in other species. This “graded”
mutagenesis is unable to give a clear answer to the basic question of
VDAC: what is the mechanism of voltage-gating? We thus imagined
introducingmore extensivemodifications, to profoundly change the in-
teraction pattern of the N-terminus with extensive portions of the pore
wall and verify whether these regions are essential for channel forma-
tion and voltage-gating.

The first mutant used in this work was a swapping mutant carrying
the N-terminus of hVDAC1 inserted on the hVDAC3 barrel [21]. The
mutant was purified from yeast mitochondria, after its expression,
thus it sustained the maturation process in a eukaryotic contest. It has
to be noted that hVDAC3 maintains both V143 and L150 and the
N-terminal of hVDAC1 still has in place L10. hVDAC3 also shows con-
served Lysines potentially important for the interaction with the
N-terminus (K20, K96, K119, K174, K197 or K224) [54]. The swapping
mutant has similar pore conductance but lost the voltage-dependence
typical of hVDAC1. This can be interpreted as if more residues involved
in the interactions between N-terminus and pore walls were changed
and this fact de-sensitizes the moiety to move in/out of the pore. The
whole electrostatic field due to the network of residues exposed to
the hydrophilic inner side of the pore was changed. The voltage sensor
has thus been modified so efficiently that it cannot exert its role any-
more: this is confirmed by the finding that hVDAC3 appears only poorly
or not voltage-dependent [19,20,58].
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Fig. 8. Voltage-dependence analysis of mutants hVDAC1Δβ9 and hVDAC1Δβ9–β10. Purified
ration of several channels with a transmembrane potential of 10 mV was followed until the
age steps of linearly increasing amplitude were applied to the membrane, and the membra
T = 25 °C. B. Voltage-dependence of purified hVDAC1Δβ9; conditions as in A. C. Voltage-
hVDAC1Δβ9 and hVDAC1Δβ9–β10 voltage-dependence. Ratio of the conductance G at a gi
of the membrane potential Vm. The curves show that hVDAC1 is voltage-dependent (full sq
sitive to positive voltages applied to the cis side of the membrane cell. hVDAC1Δβ9 shows an
of three independent experiments.
4.1. Large deletion mutants

Furthermore we designed and generated two hVDAC1 mutants
lacking respectively one or two β-strands (Δβ9 and Δβ9–β10). In
particular, the deletion of β-strands 9 and 10 can be seen as the dele-
tion of a whole β-hairpin and this does not change the topology of the
protein.

It is important to take into account that in hVDAC1Δβ9 the residue
V143 has been removed, and in hVDAC1Δβ9–β10 both V143 and
L150 were removed: thus their interactions with L10 were made
impossible.

To verify that these large deletions were not so harmful to destroy
the whole pore structure, we performed a MD simulation of the
mutant missing the whole β-hairpin, i.e. hVDAC1Δβ9–β10. The pre-
dicted structure was found as stable as the wild type mVDAC1 (PDB
ID: 3EMN), but showed a reduced diameter. The deletion of the
β-hairpin 9–10 decreased the pore diameter uniformly all along the
axe Z with the same scale factor. The region where the N-terminal
sequence folds inside is the position where the SASA minimum
value was reached for both systems. This indicates a high rigidity of
this region that is unperturbed uponmutation and confers to themutant
an elliptical shape.

The electrophysiological data of hVDAC1Δβ9 and hVDAC1
Δβ9–β10 showed that the removal of β9 and β10 in hVDAC1 leads
to recombinant proteins forming smaller pores, and MD simulation
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proteins were added to the cis side of a DiphPC/n-decane membrane and the incorpo-
current remained stable. A. Voltage-dependence of purified hVDAC1. Symmetrical volt-
ne current was measured as a function of time. The aqueous phase contained 1 M KCl,
dependence of purified hVDAC1Δβ9–β10; conditions as in A. D. Analysis of hVDAC1,
ven membrane potential (Vm) divided by the conductance Go at 10 mV as a function
uares). hVDAC1Δβ9–β10 is asymmetrically voltage-dependent, showing to be not sen-
intermediate behavior at positive voltages applied to the cis side. Data are the average



Table 2
Ion selectivity of hVDAC proteins in different salt solutions.

Protein Pc/Pa

KCl LiCl CH3COOK pH 7.0

hVDAC1 0.30 ± 0.02 0.35 ± 0.03 0.94 ± 0.016
N1-VDAC3 1.16 ± 0.05 0.57 ± 0.03 1.88 ± 0.17
hVDAC1 Δβ9 0.34 ± 0.04 0.42 ± 0.01 1.58 ± 0.01
hVDAC1 Δβ9–β10 0.51 ± 0.05 0.43 ± 0.02 1.65 ± 0.01

Zero-current membrane potentials, Vm, of diphytanoyl phosphatidylcholine/n-decane
membranes in the presence of hVDAC1, N1-VDAC3, hVDAC1Δβ9 and hVDAC1Δβ9–β10
measured for a 10-fold gradient of different salts. Vm is defined as the difference between
the potential at the dilute side (10 mM) and the potential at the concentrated side
(100 mM). The pH of the aqueous salt solutions was 6 unless otherwise indicated; T =
25 °C. The permeability ratio Pcation/Panion was calculated with the Goldman–Hodgkin–
Katz equation from of at least 3 individual experiments. The application of the GHK equa-
tion is an approximation that does not take into account electrostatic effects that might
occur in large pores [53]. However the aim of this experiment is to compare this feature
under the same conditions and among a limited group of pores.

D
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supports this conclusion. The most interesting result however is the
asymmetric decay of the voltage-dependence of these mutants. In
particular, the mutant missing the whole β-hairpin 9–10 has a fully
asymmetric behavior, remaining insensitive to positive applied voltages.

4.2. Asymmetric voltage-dependence

In the literature such an asymmetric behavior of voltage-
dependence has been rarely observed. One example is upon incuba-
tion of hVDAC1 with a synthetic polyanion. The Koenig polyanion (a
co-polymer of methacrylate, maleate and styrene) interacts with
positive charges on the open mouth of the pore [59,60] and it is
able to inhibit the single channel conductance of reconstituted
pores [59–61]. Furthermore, the addition of this polyanion on the
cis side, upon application of positive, but not negative, potential,
resulted in the stabilization of the open state of the pore, i.e. the
channel did not close, even when higher voltages were applied to
the membrane [59–61]. This result was interpreted as stabilization
of the channel in the open state.

The sensitivity to voltage is due to a structure called voltage sen-
sor, containing positive charges or strong dipoles able to move in an
electrical field [22–24]. Titration (i.e. by pH changes [62,63]) or lysine
residue modification by succinic anhydride [64] can inhibit voltage-
gating. The synthetic polyanion has been supposed to produce an
asymmetric voltage-dependence because of its interaction with ex-
posed positive residues. This means that Lysines and other basic res-
idues play a decisive role in voltage-dependence.

Mutation of L10 to asparagine slightly affected the voltage-
dependence of the pore [34] but in a symmetric fashion. Deletion of
the whole N-terminus can fully abolish voltage-dependence, as dem-
onstrated in different reports [49–52,34,65]. The recent finding that
cross-linking V3-K119 gives an asymmetrical answer to higher volt-
age applied [55] agrees with our concept that both N-terminus and
sections of the pore walls are essential for the physiological function-
ing of the pore.

4.3. Voltage-gating: models of mechanism

Presently the two models of the VDAC pore structure are able to
justify the physical size and electrophysiological data obtained for
the pore in its open conformation [26–29]. VDAC shifts to the
so-called closed state (which is indeed not a single state but a series
of states all showing a diminished conductance [61,55]), when higher
voltages are applied to the membrane. Voltage-gating is nowadays
explained with two families of alternative mechanistic hypotheses.
In the context of the pore model consisting of 13 β-strands and one
transmembrane α-helix [29], the voltage sensor is located at the
N-terminal regions 1–80 (one α-helix and 4 β-strands) and it is con-
sidered able to move from inside the membrane to out of it, thus re-
ducing the size of the pore diameter [22–24]. If this was true, the
asymmetrical voltage-dependence, consequence of the β9–10 hairpin
deletion, could be due to hindrance of the re-localization of the volt-
age sensor outside the pore, but only from one side of it.

More recent evidences, based on the crystal model, have instead
mainly focused on the movement of the N-terminal sequence (aa 1–
20) [32–34,52,54–56]. In one of these proposals, the N-terminus,
folded inside the pore and in contact with the barrel walls, gives
structural stability to the open-state, counteracting the lateral pres-
sure exerted on the pore by phospholipids [32–34]. The breakage of
hydrophobic interactions by an applied high voltage causes ejection
of the N-terminus from within the pore, forcing the channel to par-
tially close because of a lateral membrane stress [34]. Similar conclu-
sions have been drawn by other groups that adopted cross-linking
strategies to block the N-terminal mobility (see above).

In our hands, the deletion of the β9–10 hairpin strongly reduces
the space available for N-terminus and probably hinders its move-
ment toward outside the pore. This is in agreement with simulations,
where the obtained elliptical pore supports a shape controlled by the
N-terminal. In addition, the prevalent positive charge of the N-terminus
is unfavorable towards movements to one of the two openings of the
channel, which shows a prevalence of positive charges delimiting the
rim of the pore.
5. Conclusions

The results obtained from our experiments showed that, according
to its crystallographic structure [26–28,32–34] the hVDAC1 pore is
stabilized by a network of interactions between the N-terminal and
the pore-wall and confirms that interrupting them destroys the
voltage-dependence property of this channel. The deletion of β-strand
9 and 10 is consistent with a smaller size of the pore. This was found
in our experiments and is supported by structural reconstruction.
These two β-strands are candidate to play themost relevant interaction
with those regions of the protein involved in the voltage driven
re-arrangement and might not move away in the gating of the protein.
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