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VDACs are a family of pore-forming proteins mainly located in the mitochondrial outer membrane. In
mammals three isoforms exist. In this work we review the information available about them with the
addition of new results. We have compared the human VDACs transformed in a yeast strain lacking the
endogenous porin. VDAC1 and 2 are able to complement the lack of porin in mitochondrial respiration and
modulation of ROS. VDAC3 has a limited ability to support the mitochondrial respiration and has no influence
in the control of ROS production. The over-expression of VDAC isoforms in wild type yeast strain led to a
dramatic sensitivity to oxidative stress, especially for VDAC3, and a shorter lifespan in respiratory conditions.
Real-time PCR comparison of the isoforms indicated that in HeLa cells VDAC1 is 10 times more abundant
than VDAC2 and 100 times than VDAC3. The over-expression of any single isoform caused a 10 times
increase of the transcripts of VDAC2 and VDAC3, while VDAC1 is not changed by the over-expression of the
other isoforms. Models of VDAC2 and VDAC3 isoform structure showed that they could be made of a 19-
strand β-barrel and an N-terminal sequence with variable features. In this work we show for the first time a
functional characterization of VDAC3 in a cellular context.
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1. Introduction

VDACs (voltage dependent anion-selective channels), also known
as mitochondrial porins, are abundant proteins found in the outer
membrane. They form the pores that allow the diffusion of small
hydrophilic solutes through the membrane [1,2]. The outer mem-
brane permeability to nucleotides like ATP/ADPmay be modulated by
up- and down-regulation (closure/opening) of its conductance, a
typical feature of VDAC known as voltage-dependence. VDAC is thus
considered the master regulator of the mitochondrial function [3].

Gene duplication or other evolutionary events originated sets of
porin genes in almost any organism studied so far. In mammals three
different VDAC genes encode three proteins whose sequences are
homologous [4,5]. Transcriptional [6] and proteomic [7,8] studies
indicate that these three isoforms are expressed in most tissues.
VDAC1 has been purified and characterized starting from a variety of
tissues and organisms [9]. VDAC2 has been only recently obtained from
bovine spermatozoa [7]. VDAC2,with a longerN-terminus, has the same
electrophoretic mobility than VDAC1 [8] with the exception of the
spermatozoa where it is specifically present with two electrophoretic
mobilities [7]. Reconstitution of VDAC2 pores in planar lipid bilayers
showed features similar but not identical to VDAC1 [4,7,10–12]. The
specific expression of VDAC3 was observed in mammalian testes [4,13]
but its purification and functional reconstitution has not been achieved,
yet. In a previous work we reported the presence of VDAC2 and VDAC3
in the outer densefibers (ODF) of the bovine spermflagellum [13]. Their
involvement in the regulation of essential sperm functions was also
shown [14]. Further evidence for the presence and function of VDAC in
spermatozoa has been also shown elsewhere [4,15,16].

Recombinant VDAC isoforms, despite the substantial sequence
conservation, upon reconstitution in artificial membranes confirm the
functional features found in native proteins [4,7,10–12]. Functional
experiments demonstrated that recombinant VDAC1 and VDAC2
isoforms are able to form pores in lipid bilayers, at a variance with
VDAC3 that shows a reduced ability to insert into the membrane and
hence a minor activity [10]. Human and mouse recombinant VDAC1
and VDAC2 isoforms can complement the yeast VDAC1 deficiency,
while VDAC3 cannot complement this defect [15]. VDAC K.O. mice
have been obtained. VDAC1 deficient mice are viable and show that
mitochondrial functions are slightly affected; VDAC2 gene deletion is
lethal [17]; mice lacking VDAC3 are healthy, but males are infertile
[17]. Plant VDAC isoforms have been expressed in yeast and
successfully reconstituted in artificial membranes [18] but, since
they raised through different evolutionary pathways [5] they cannot
be compared to the mammal VDACs in term of isoform homology.
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VDAC1 has been recently crystallized and its structure has been
solved [19–21]. It has been predicted for long time that the large
transmembrane channel is formed by amphipathic β-strands [for a
review about predictions see [22]]. The structure has indeed been
determined to be made of 19 amphipathic β-strands, with the
addition of an N-terminal sequence that contains the only α-helical
structural segments found in the protein [19–23]. The N-terminal
sequence is located inside the channel, partially closing the wide pore,
and it is the part of the protein where published reports show the
highest divergence. However this structure has been doubted to
correspond to the native form of the protein [24].

In this work we compared the functional features of the human
VDAC isoforms in a cellular context. The yeast was used as a host
system due to its ease to be studied and to the large literature
available about the role of the endogenous porins and to the
utilization of the complementation assay. The transcriptional levels
of the isoforms were weighted in HeLa cells also in dependence of
their over-expression.
2. Materials and methods

2.1. Yeast strains and growth conditions

Wild type Saccharomyces cerevisiae strain BY4742 (MATα, his3Δ1,
leu2Δ0, lys2Δ0, ura3Δ0) and porin-depleted mutant (Δpor1) derived
from the above parent (MATα, his3Δ1, leu2Δ0, lys2Δ0, ura3Δ0, por1::
kanMX4) were obtained from EUROSCARF (Frankfurt, Germany).
Yeast strains were grown on rich medium YP (1% yeast extract, 2%
peptone) supplemented with 2% glucose (YPD) or 3% glycerol (YPY)
and minimal medium (0.67% yeast nitrogen base) containing glucose
(SD) or glycerol (SY) supplemented with 10 µg/ml of the appropriate
nutritional requirements according to the genotype of the strains. 2%
agar was added for solid plates. Δpor1 and BY4742 strains were used
for heterologous expression of HVDACs.
2.2. PCR amplifications

Each isoform sequence was designed for the next cloning step and
obtained by PCR amplification upon cDNA produced in our lab starting
from human mRNA. HVDAC1 was amplified with H1Fw and H1Rev.
HVDAC3 was amplified with H3Fw and H3Rev. HVDAC2 was
amplified with H2Fw and H2Rev. PCR conditions were: 1 denaturing
cycle at 94 °C for 3 min; 25 cycles 94 °C for 45 s, 58 °C for 45 s, 72 °C
for 1 min and 1 final extension cycle at 72 °C for 7 min. In each
construct the Kozak sequence was inserted three bases upstream of
the start codon. The sequences of primers used are reported in
Table 1A. The amplicons were controlled by sequencing.
Table 1
Primers used in this work.

Primer Sequence 5′–3′

A. Primers used for amplification of HVDAC isoforms
H1 Fw TTTCGGACCGTTATGCTTGAAATTCCAGTCC
H1 Rev TTTGTCGACTTATGCTTGAAATTCCAGTCCTAGAC
H2 Fw TTTCGGTCCGCAACCATGGCGACCCACGGACAGACTTG
H2 Rev TTTCGGACCGTTAAGCCTCCAACTCCAGGGCGAG
H3 Fw TTTGGATCCTTGTAACACACCAACGTACTGTG
H3 Rev TTTGTCGACTTAAGCTTCCAGTTCAAATCCCAAG

B. Primers used for the real-time PCR assay of HVDAC isoforms
RTForwH1 ATGGCTGTGCCACCCACGTATG
RTRevH1 ACCCTGTCTTGATTTTAGCA
RTForwH2 CCTTGGTTGTGATGTTGACTTTGA
RTRevH2 CTGATGTCCAAGCAAGGTTTACTG
RTForwH3 ACGGGATTGTTTTAGTGTTG
RTRevH3 CTCCAGTTCAAATCCCAAGC
2.3. Real-time PCR amplifications

HeLa cells were plated a day before transfection with 4 µg of
pCMS-EGFP-HVDAC1-HA, pCMS-EGFP-HVDAC2, pCMS-EGFP-
HVDAC3 constructs and 10 µl of Lipofectamine 2000 (Invitrogen).
The presence of the GFP, expressed together VDAC sequences as a
separatemessage allowed to control the transfection as shown in [25].
Cells were cultured in DMEM supplemented with 10% FBS at 37 °C in a
5% CO2 atmosphere and harvested following 24 h of transfection. Total
cellular RNA was isolated from 1×106 HeLa cells untransfected or
transfected with the vectors described above using Trizol (Invitro-
gen). RNA concentration was evaluated using Quant-iT RNA Assay Kit
with Qubit fluorometer (Invitrogen). The first strand of cDNA was
synthesized from 2 µg of total RNA using SuperScript II Reverse
Transcriptase (Invitrogen).

To quantify HVDAC1, HVDAC2, and HVDAC3 mRNA levels in
untransfected and transfected HeLa cells, real-time amplification was
performed in a Mastercycler EP Realplex (Eppendorf). The reaction
mixture contained 1 µl of total cDNA and 0.4 µM of gene specific pairs
of primers (see Table 1B). The Real Master Mix SYBR ROX-2.5 (5
PRIME)was used. PCR program included one denaturing cycle at 95 °C
for 2 min; 40 cycles 95 °C for 15 s, 53 °C for 15 s, 68 °C for 20 s. To
calculate the copy number of the target genes in the samples the
standard curve method was used with as template HVDAC1, HVDAC2
and HVDAC3 amplicons.

2.4. Expression of HVDACs in yeast

HVDACs amplicons obtained as above were restriction digested
with CpoI and cloned into the 2µ multi-copy shuttle vector pYX212
(Novagen) carrying the URA3 gene under the control of the
constitutive promoter TPI1. Each construct was introduced into
Δpor1 and BY4742 strains by the lithium-acetate transformation.
Transformants were selected on agar plates containing 2% glucose in
yeast nitrogen base supplemented with essential nutrients except
uracil.

2.5. Chronological ageing in yeast

Cell suspensions (5 μl) containing approximately 6×106 cells/ml
were poured onto a thin layer of YPD agar on a microscope slide. A
cover slip was placed over the samples and after 24 h viable and non-
viable cells were scored on the basis of their ability to form
microcolonies (% CFU).

2.6. H2O2 resistance

Hydrogen peroxide stress was performed by incubating yeast
cultures in the presence of 0.8, 1.2 and 3 mM H2O2 for 4 h. Following
hydrogen peroxide stress, cell survival and proliferation were
assessed by spotting in triplicate 0.15 OD600nm of cultures onto YPD
agar microscope slides and incubated at 28 °C for 48 h. Survival was
determined by their ability to form microcolonies (% CFU).

2.7. Fluorescence microscopy

Free intracellular radicals were detected with dihydro-rhodamine.
Dihydro-rhodamine 123 (Sigma Aldrich) was added at a concentra-
tion of 5 µg/ml of cell culture from a 2.5 mg/ml stock solution in
ethanol and cells were viewed without further processing through a
rhodamine optical filter after 3 h incubation [26]. The morphology of
the cells' nuclei was observed resuspending cells in 10 µg/ml 4′6-
diamidino-2-phenylindole (DAPI, Sigma). 10 µl of this suspensionwas
placed on a glasslide, covered with a coverslip and viewed at an
excitation wavelength of 350 nm.
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An Axioskop2 fluorescence microscope (Carl Zeiss, Jena, Germany)
equipped with a digital camera (micro-CCD) was used for image
acquisition.
2.8. Homology modelling and model validation

The mouse-VDAC1 X-ray structure (PDB: 3EMN) was used as
template to build VDAC2 and VDAC3models. MODELLER 9v5 (http://
salilab.org/modeller/) [27] was used for the homology modelling and
on a set of 50 models given as output by the algorithm the best one in
terms of free energy was taken into account. The final models
obtained were analyzed and validated by PROCHECK [28] to verify
the geometry of the dihedral bond angles and the structural
reliability. PyMOL [29] v1.0 was finally used for the rendering of the
images.
3. Results

3.1. Characterization of the three mammal VDAC isoforms in yeast

The lack of homogeneous information about the three mammalian
VDAC isoforms prompted us to establish a whole set of yeast cells
depleted of the endogenous porin1 gene but each one carrying an
alternative human VDAC isoform. S. cerevisiae indeed has two genes
for porins, despite that only the so-called porin1 is able to form
transmembrane pores with the typical channel activity [30]. It has
been reported in several laboratories that theΔpor1 strain can be used
in complementation assays that give information about the mito-
chondrial rescue activity of the transformed protein [4,12].

The yeast strains establishedwith each human VDAC isoformwere
thus characterized for their ability to complement the lack of
the endogenous porin. In Fig. 1A a microtiter assay where cells
transformed with various isoforms were grown in different temper-
ature conditions and in the presence of a fermentable (glucose) or a
non-fermentable (glycerol) carbon source is shown. This experiment
confirmed the minor capacity of VDAC3 to complement the growing
defect in conditions requiring an efficient aerobic metabolism at 37 °C
[4]. For comparison we repeated the over-expression experiments in
the wild type yeast containing its own porin1 gene (BY4742) to
investigate the effect of the over-expression of VDAC in addition to the
physiological levels of the protein. It has been indeed reported that
VDAC1 over-expression is pro-apoptotic in T-ReX-293 cells [31].
Interestingly the over-expression of these genes strongly reduced the
viability of the yeast both in glucose and especially in glycerol. This
result indicates that the dis-equilibrium of the VDAC levels is
detrimental for the cell also in yeast [32].

This information was refined in the chronological lifespan (CLS)
experiments. In Fig. 1B, D the Δpor1 yeast was transformed with the
mammalian VDAC isoforms. These colonies showed to be longer-
living (VDAC1 and 2) or at least bearing the same lifespan (VDAC3) of
the wild type. This outlines the importance of the presence of a pore-
forming protein in the cell. On the other hand, VDAC3 showed to be
less efficient than VDAC1 and 2 in restoring the energetic metabolism
but anyway able to act as a porin, even though at a lower extent. In the
over-expression experiments, VDAC1 resulted in a slight increase of
lifespan, while VDAC3 was similar to the wild type (Fig. 1C). Upon
non-fermentable carbon sources any yeast strain could live longer, in
agreement with the benefits caused by caloric restriction. As shown in
Fig. 1C, the presence of VDAC genes recovered the Δpor1 mutant
defects in this order: VDAC2NVDAC1NVDAC3. In Fig. 1E the CLS of the
over-expression of VDAC1 and VDAC3 in the w.t. yeast is shown. Their
presence, this time, affected negatively the viability of the cell. The
growth of VDAC3 transformed yeast in non-fermentable carbon
sources was very poor as in microtiter assay (Fig. 1E).
3.2. VDAC isoforms interact with the ROS metabolism

Δpor1 and wild type yeast were transformed with VDAC isoforms
and exposed to pro-apoptotic agents and their survival was
quantified. It has been reported that the inactivation of porin makes
yeast more susceptible to apoptosis and more sensible to ROS
inducing agent [32]. Table 2 reports the viabilities of such transformed
yeast upon exposure to growing concentrations of H2O2 for 4 h. Δpor1
showed to be highly sensitive to exposure to the ROS generating
chemical. Complementation with VDACs restored the surviving CFU.
VDAC3was constantly the least resistant, while VDAC2 themost.Wild
type BY4742 yeast was also transformed to study the effect of an over-
expression of VDACs. In this condition VDAC3 showed to be extremely
toxic for the cell, resulting in a complete growth inhibition at 1.2 mM
of H2O2.

Similar results were obtained upon exposure of yeast strains to
50 mM acetic acid, another known apoptosis inducing agent in yeast
[33]. In Δpor1 yeast, the addition of VDAC3 was not able to give any
advantage to the cell survival, at variance from the other isoforms. In
w.t. yeast the transformation with VDAC3 again performed extremely
badly: we observed a complete inhibition of growth in this condition,
as this isoform was toxic for the cell (Fig. 2).

The presence of ROS species in dependence of the various VDAC
isoforms was quantified by DHR123 fluorescence. Yeast cultures were
assayed in the exponential growth phase (Table 3), and in this
condition very low levels of DHR123 fluorescence were detected;
however, Δpor1 and VDAC3 strains showed a comparably higher
amount of ROS-derived fluorescence than the wild type and the
VDAC1 and 2 containing strains. This observation was strikingly
confirmed by DHR123 fluorescence in cells in stationary phase
(Table 3). In this situation the ROS-derived fluorescence was
enhanced at exceptionally high levels in the Δpor1 and in the
VDAC3-transformed strain. On the contrary, upon over-expression of
VDACs ROS species showed a high level in w.t. yeast. The over-
expression of VDAC1 led to about 20% of ROS-positive cells, while the
expression of VDAC3 led to about 8% of ROS-positive cells (Table 3).
Interestingly DHR123 fluorescence in VDAC1 over-expressing cells
was mainly concentrated in cellular structures, probably mitochon-
dria (Fig. 3). Upon VDAC3 over-expression the fluorescence was
diffused and this probably accounts for the toxicity of this isoform.
Microscopy suggests that VDAC1 in some way forces the ROS to
remain in the mitochondrion, while VDAC3 is not active in this
respect. This observation could explain the pro-apoptotic role also
proposed for VDAC1 over-expression in T-ReX-293 cells [31]. The
DAPI staining of yeast cells over-expressing both VDAC1 and VDAC3
indeed showed the presence of apoptotic nuclei (Fig. 3).

These overall data indicate that the VDACs genes, both the
endogenous yeast porin1 and the over-expressed genes, are involved
in the mitochondrial ROS control.

3.3. VDAC isoform abundance in human cells

The expression levels of human VDAC isoforms were determined
by real-time PCR upon RNA from HeLa cells. As shown in Fig. 4A
VDAC1 is the most abundant and overcomes VDAC2 of one order of
magnitude and VDAC3 of two orders of magnitude. We also over-
expressed each isoforms in HeLa and quantified the VDAC transcripts
in these conditions. Over-expression of single VDAC isoforms affected
the mRNA levels of the other two isoforms but, surprisingly, did not
reduce but instead enhanced them. This phenomenon was observed
in particular with VDAC2 and VDAC3. These two isoforms raised upon
the over-expression of any of the others. On the contrary, VDAC1 was
substantially not changed by the over-expression of the other
isoforms. This could mean that the ratios between VDAC isoforms
are subject to some reciprocal control that avoids an imbalance among
these proteins.

http://salilab.org/modeller/
http://salilab.org/modeller/
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3.4. Structural predictions of VDAC isoforms

Since the great identity value (∼80%) between murine VDAC1 and
the human VDAC protein sequences, the mouse-VDAC1 X-ray
structure (PDB: 3EMN) was used as template to build human
VDAC2 and VDAC3 tertiary structure models (Fig. 5). The models
obtained by the bioinformatic procedure were analyzed and validated
by PROCHECK [28] to verify the geometry of the dihedral bond angles
and their structural reliability. According to the PROCHECK analysis,
the models show on average an overall G-factor of−0.18, a hydrogen
bond energy of 0.7, and only 0.4% of residues are in disallowed regions
of the Ramachandran plot. These values indicate that they are of an
Fig. 1. The effect of transformation of wild type (BY4742) and Δpor1 yeast cells with huma
wild type (BY4742) and Δpor1 transformed with HVDAC1, HVDAC2 and HVDAC3, were spo
incubated 5 days at the indicated temperatures before recording. B–C) Chronological ageing o
in glucose or D–E) in glycerol. Viability is expressed as the percentage of the micro-colony f
are shown.
acceptable quality. The models obtained for the VDAC isoforms are
formed by the barrel of 19 amphipathic β-strands and the N-terminal
moiety structured with α-helix segments. VDAC2 has an extension at
the N-terminus and it was located outside the pore in the model.
These are of course structural predictions and not the true structures
but they outline the compatibility of VDAC isoform sequences with
the existing structure [19–21].

4. Discussion

Mammalian genomes have been shown to contain three active
genes encoding the corresponding VDAC isoforms. The presence of
n VDAC isoforms. A) Microtiter assay with HVDAC1, HVDAC2 and HVDAC3. Cells of the
tted on plates containing glucose (YPD) or glycerol (YPY) as carbon source. Plates were
f the wild type (BY4742), andΔpor1 expressing the three human VDAC isoforms grown
orming units (CFU). Average and standard deviation of three independent experiments



Fig. 1 (continued).
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VDAC transcripts in human HeLa cells has been assessed by real-time
PCR and the relative amounts of the three isoforms have been
calculated. We have shown that the most abundant isoform transcript
is VDAC1 and that the transcriptional levels of VDAC2 and VDAC3,
respectively, are one or two orders of magnitude lower than VDAC1.
This is the first quantification of the ratios among these isoforms in a
model cell system and it supports the notion that VDAC1 is the most
abundant isoform in the outer mitochondrial membrane. It is
interesting to notice that the VDAC1 mRNA level is unchanged by
the over-expression of the other two isoforms, that, instead, are
sensible to enhanced amounts of alternative isoform mRNA. This may
suggest that VDAC2 and 3 are subject to an adaptive control of the
Table 2
Viability of S. cerevisiae cells incubated for 4 h with H2O2.

Yeast strain/transformant Control H2O2

0.8 mM
H2O2

1.2 mM
H2O2

3 mM

BY4742/pYX212 85.4±2.3 58.2±2.7 37.5±2.3 10.6±1.4
Δpor1/pYX212 91.6±2.01 17.4±2.7 5.6±0.5 0.9±0.1
Δpor1/HVDAC1 83.3±2.12 44.7±1.9 23±0.63 5.9±0.1
Δpor1/HVDAC2 75.9±2.2 60.1±8.9 30.2±4.9 10.2±3.6
Δpor1/HVDAC3 88.2±3.2 34.7±4.6 13.6±4.5 3.8±0.23
BY4742/HVDAC1 76.7±1.2 46.43±4.5 23.5±2.8 1.94±0.55
BY4742/HVDAC3 87.3±1.6 14.33±1.6 0.9±0.06 0.1±0

Wild type (BY4742) and Δpor1 cells were transformed with the empty plasmid pYX212
or with HVDAC1, HVDAC2 and HVDAC3 and incubated with the indicated
concentrations of H2O2. After 4 h the percentage of viability was determined. Average
and standard deviations, obtained from three independent experiments, are indicated.
isoform content in the cell, while VDAC1 has a steady level of
expression, most likely because of its very important role in the fate of
cell [34].
Fig. 2. Viability of S. cerevisiae cells exposed to acetic acid. Serial dilutions of the same
yeast cells as in Fig. 1 were spotted on YPD medium containing 50 mM acetic acid.
Plates were recorded after 5 days of incubation at 28 °C.



Table 3
ROS levels upon transformation of Δpor1 and wild type yeast cells with human VDAC
isoforms.

Yeast strain/transformant DHR123 positive cells

BY4742/pYX212 0.1±0
Δpor1/pYX212 36.55±1.5
Δpor1/HVDAC1 1.4±0.7
Δpor1/HVDAC2 0.85±0.44
Δpor1/HVDAC3 28.75±0.5
BY4742/HVDAC1 20.16±4.1
BY4742/HVDAC3 7.93±2.8

Wild type (BY4742) and Δpor1 yeast cells were transformed with the empty plasmid
pYX212 or with HVDAC1, HVDAC2 and HVDAC3 and incubated with DHR123. The
percentage of ROS-positive cells is shown in exponential phase. Average and standard
deviations, obtained from three independent experiments, are also indicated.
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In this work we have also reviewed the function of the human
VDAC isoforms expressed both in w.t. yeast cells and in yeast lacking
the endogenous porin1 gene. The yeast complementation assay is a
quick and general method useful to assess the ability of an externally
supplemented protein to recover the physiological growth phenotype
of the mutated strain. In particular the Δpor1 strains, since they were
obtained [35,36], became an extensively used tool to probe the ability
of VDAC to restore the growth of cell in a situation where a functional
mitochondrion is essential. The yeast porin1 gene is important for the
viability of the cell growth in glycerol as a sole carbon source and at
37 °C [30] but it is also involved in the control of ROS metabolism. As
we have shown in this work, in the Δpor1 strain there is no control of
the ROS level, a property strictly associated to VDAC, since in the wild
type or in the Δpor1 strain transformed with VDAC1 or VDAC2 the
ROS are kept at minimal levels. VDAC3 is instead unable either to fully
complement the cell growth (see also [4]) or to exert any influence
upon the ROS, which level is left unmodified in this situation, likewise
Fig. 3. Phase-contrast, fluorescence pictures of the indicated strains in the presence of
DHR123 and fluorescence in the presence of DAPI. The microscopy was performed after
two days of growth at 28 °C. Arrows indicate the presence of apoptotic nuclei.
the transformation with the VDAC3 gene did not add any new VDAC-
like ROS protective activity to the deficient strain.

These experimental results should be interpreted at a mechanistic
level. We have shown that models of VDAC2 and VDAC3 can be
obtained by bioinformatic predictions based upon the crystal
structure recently published [21]. The VDAC isoform sequences are
sufficiently conserved to allow for the prediction of similar secondary
structure elements and their relative disposition, thus giving raise to
the images reported in this work. Unfortunately it is not possible to
differentiate, in particular, the VDAC1 and 2 structure/activity
relationship from the VDAC3 one, just on the basis of these predictive
models. Functional experiments demonstrated that recombinant
VDAC1 and VDAC2 isoforms are able to form pores in lipid bilayers
[4,7,10–12], but recombinant VDAC3 has not an evident pore-forming
ability [10]. VDAC2 gene deletion is lethal and cannot lead to K.O.
mice, but it was studied in ES cells that were viable [17]. It was found
that VDAC2 can exert a protective effect over the onset of
mitochondrial apoptosis [17]. Cheng et al. discovered that Bak in the
mitochondria of viable cells is present in complex with VDAC2 [17].
VDAC2 has been recently purified and characterized from bovine
sperm cells and it has functional features similar to VDAC1 with some
differences [7].

VDAC3 mRNA is highly enriched in the testis [14] but it is also
expressed in the many other tissues tested. Recombinant VDAC3
(the native protein has never been purified) was also shown to
be poorly active as pore-forming protein either after reconstitu-
tion in artificial bilayer or incorporation in liposomes loaded with
low molecular weight molecules [10]. Other indirect information
was obtained by the K.O. of the VDAC3 gene [15]. K.O. mice are
indeed healthy, but males are infertile. Although they have a
normal sperm number, spermatozoa exhibited markedly reduced
motility possibly causing male infertility. Recently VDAC3 has
been detected in the sperm outer dense fiber, a structure
surrounding the microtubular structure of the sperm tail [13].
These observations would suggest a function of VDAC3 other than
bioenergetics.

The results presented in this work for the first time quantify the
ability of VDAC3 to complement the growth of yeast Δpor1. They
indicate that VDAC3 has the ability to recover the growth of yeast
cells, but much less than the other isoforms. If the complementation is
due to a pore-forming activity of the protein, this means that also
VDAC3 is able to form pores in a cellular context.

What is thus the rationale of the presence of different VDAC
isoforms in mammals? A difference must exist since VDAC3 shows
surprising features when it is exposed to ROS producing, pro-
apoptotic effectors. The exposure to H2O2 or acetic acid shows that
the human VDAC1 and 2 transformed yeast cells are viable as much
as the wild type cell. VDAC3 is less active in this respect. When the
amount of ROS species was quantified in modified yeast by means of
the vital staining DHR123, VDAC1 and 2 transformed yeast showed
again the same capacity to control the amount of ROS, keeping them
at minimal level, while VDAC3 transformed cells had the same
behavior than the Δpor1 yeast. This effect is strongly enhanced
during chronological ageing [37]. The over-expression of VDAC1
induced the accumulation of ROS, probably in mitochondria. This
could lead to a damage of mitochondrial function that in yeast causes
the “petite” phenotype. Petite cells are unable to use respiratory
carbon source and it was found that a petite yeast strain had a
markedly extended lifespan, both replicative and chronological,
compared to its isogenic parent strain [38,39]. This could explain the
longer lifespan observed in VDAC1 over-expressing cells grown on
glucose. On the contrary, on glycerol, VDAC over-expression toxicity
is more evident.

We have recently discovered that VDAC1 is a selective mediator of
the response to oxidative stress, since silencing VDAC1 made cells
insensitive to selenite [25]. A direct interconnection between the



Fig. 4. Real-time amplification of HVDAC1, HVDAC2 and HVDAC3 isoforms from cDNA of HeLa cells. Amplified products were monitored directly by measuring the increase of dye
intensity of the SYBR Green included in the reaction. The copy number of the target genes in the samples was determined using a standard curve method. In panel A is reported the
mRNA level expression of the three isoforms obtained from cDNA prepared from untransfected HeLa cells. In panels B, C and D was reported the copy number of mRNA of the three
isoforms obtained following transfection of HeLa cells respectively with pCMS-EGFP-HVDAC1-HA, pCMS-EGFP-HVDAC2, and pCMS-EGFP-HVDAC3 constructs.
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protective CuZnSOD activity and porin1 activity in yeast has also been
shown [40]. The results presented in this work clearly indicate that
one of the discriminating features among the VDAC isoforms is their
behavior or susceptibility towards ROS and this topic will need a
careful investigation in the future.
Fig. 5. Structural predictions of human VDAC2 and VDAC3. In the figure are represented the
from the template X-ray structure of mouse VDAC1 (PDB: 3EMN). The models were built usi
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