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Swapping of the N-terminus of VDAC1 with VDAC3 restores full activity
of the channel and confers anti-aging features to the cell
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a b s t r a c t

Voltage-dependent anion-selective channels (VDACs) are pore-forming proteins allowing the per-
meability of the mitochondrial outer membrane. The VDAC3 isoform is the least abundant and least
active in a complementation assay performed in a yeast strain devoid of porin-1. We swapped the
VDAC3 N-terminal 20 amino acids with homologous sequences from the other isoforms. The substi-
tution of the VDAC3 N-terminus with the VDAC1 N-terminus caused the chimaera to become more
active than VDAC1. The VDAC2 N-terminus improved VDAC3 activity, though to a lesser extent. The
VDAC3 carrying the VDAC1 N-terminus was able to complement the lack of the yeast porin in mito-
chondrial respiration and in modulation of reactive oxygen species (ROS). This chimaera increased
life span, indicating a more efficient bioenergetic metabolism and/or a better protection from ROS.
� 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
1. Introduction spite the substantial sequence conservation, do not show the same
The mitochondrial porin voltage-dependent anion-selective
channel (VDAC) forms the proteinaceous aqueous passage between
the cytosol and the inner of mitochondria [1,2]. Its privileged posi-
tion and special function makes it a preferred site for the regula-
tion of the whole mitochondrial metabolism. An increasing body
of evidence indicates that VDAC plays a major role in the metabo-
lite flow in and out of mitochondria, resulting in the regulation of
mitochondrial functions [3]. This means that VDAC, as a conse-
quence of closing and opening, may act as a ‘‘governor” of mito-
chondrial bioenergetics [4]. VDACs have also been described in
association with apoptotic processes [5] and as interacting with
cytoskeletal proteins [6,7].

In higher eukaryotes three different VDAC genes encode three
proteins whose sequences are homologous [8]. VDAC isoforms, de-
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activity [9,10]. Functional experiments demonstrated that recom-
binant VDAC1 and VDAC2 isoforms are able to form pores in lipid
bilayers [11], different from VDAC3 that shows a reduced pore-
forming ability [12]. Human and mouse recombinant VDAC1 and
VDAC2 isoforms can complement the yeast VDAC1 deficiency,
while VDAC3 was unable to completely rescue the VDAC-deficient
yeast phenotype [12,13]. VDAC K.O. mice were generated. VDAC1
deficient mice are viable and show that mitochondrial functions
are slightly affected; VDAC2 gene deletion is lethal [14]; the sper-
matozoa are rich in VDAC3 [15]: mice lacking VDAC3 are healthy,
but males are infertile [16].

The structure of VDAC1 has been recently solved by NMR and
crystallization experiments [17–19]. It shows a rather compact
transmembrane channel, formed by 19 amphipathic beta strands
connected by short turns and loops, with the striking addition of
the N-terminal moiety structured with a-helix segments. The N-
terminal sequence is located inside the channel, forming a partial
obstruction of the wide pore, possibly exerting a structural rein-
forcement to the channel walls. In agreement with this finding,
CD and NMR spectroscopy of the isolated N-terminal peptide
showed that there is the need of a special environment to force
the peptide in an ordered a-helix secondary structure [20]. In
water, for example, it is usually disordered. The conditions
for the peptide to assume in vitro the structured a-helix were
the presence of negative charges together with a hydrophobic
lsevier B.V. All rights reserved.
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environment [20]. These data thus suggest that the structural con-
straints observed in the crystal might be a necessary prerequisite
for the peptide to assume the a-helix conformation.

The VDAC1 N-terminal sequence has always been the subject of
considerable interest. In previous papers it was reported that dur-
ing voltage-gating or interaction specifically with other molecules
like cytochrome c, some motion of the protein occurred [21]. Its
deletion did not affect the correct targeting of the protein to mito-
chondria [20] but had serious effects on the pore-forming activity
and the voltage-dependence of the protein [22,23]. More recently,
the N-terminal domain of VDAC1 was indicated to be a main effec-
tor in the apoptotic events depending on VDAC1. Its deletion de-
creases the pro-apoptotic effect of VDAC1 over-expression [24]. It
is considered one of the docking sites where HK1 binds VDAC1
[25]. It has been proposed that the mechanism responsible of the
gating of the pore was due to conformational changes or move-
ments of the N-terminal sequence [26].

In this work we studied the effect of the substitution of the N-
terminal sequence of the human VDAC3 by the homologous se-
quences of VDAC1 and VDAC2. The activity of these chimaeras
was monitored in a Saccharomyces cerevisiae strain in which the
endogenous gene por1 was deleted. Our experiments clearly show
that this substitution is sufficient to complement the lack of the
endogenous porin and to give to the strain a clear advantage in sev-
eral living features of the cell. This result underlines the decisive
role of the VDAC1 N-terminus in the protein activity.

2. Materials and methods

2.1. Yeast strains and growth conditions

Wild type S. cerevisiae strain BY4742 [MAT a, his3D1, leu2D0,
lys2D0, ura3D0) and porin-depleted mutant (Dpor1) derived from
the above parent (MATa, his3D1, leu2D0, lys2D0, ura3D0,
por1::kanMX4) were obtained from EUROSCARF (Frankfurt, Ger-
many). Yeast strains were grown on rich medium YP (1% yeast ex-
tract, 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 lg/ml of the appropriate nutritional requirements according
to the genotype of the strains. Agar (2%) was added for solid plates.
Dpor1 strain was used for heterologous expression of native or
mutant VDACs; BY4742 was used for reference.

2.2. PCR amplifications and construction of the chimaeras

Each isoform was designed by PCR amplification. The details of
the amplification conditions (including the primers’ sequences)
and the construction of chimaeras is described in the Supplemen-
tary data.

2.3. Expression of HVDACs in yeast

Native- or mutant-VDACs coding sequences were restriction di-
gested with CpoI and cloned into the 2l multi-copy shuttle vector
pYX212 (Novagen) carrying the URA3 gene under the control of the
constitutive promoter TPI1. Each construct was introduced into
Dpor1 strain by the lithium-acetate transformation. Transformants
were selected on agar plates containing 2% glucose in yeast nitro-
gen base supplemented with essential nutrients except uracil. The
transformation of the human VDACs was verified by Western blot
of yeast extracts assayed with antibodies anti-VDAC 3 isoform
(provided by K.D. Hinsch, Giessen, Germany) or anti-VDAC1 N-ter-
minus (provided by F. Thinnes, Göttingen, Germany) (Supplemen-
tary data and Supplementary Fig. S1).
2.4. Chronogical aging in yeast

Cell suspensions (5 ll) 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).

2.5. 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. Follow-
ing 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. Sur-
vival was determined by their ability to form microcolonies (%
CFU).

2.6. Fluorescence microscopy

Dihydro-rhodamine 123 (Sigma) was added at a concentration
of 5 lg/ml of cell culture from a 2.5 mg/ml stock solution in etha-
nol and cells were viewed without further processing through a
rhodamine optical filter after 3 h incubation [27].

Active mitochondrial membranes in vivo were detected by
mitochondrial staining with dimethyl-aminostyryl-methylpyridi-
nium iodine (DASPMI, Sigma). Cells were resuspended in 10 ll of
DASPMI 1 lg/ll.

An Axioskop2 fluorescence microscope (Carl Zeiss, Jena, Ger-
many) equipped with a digital camera (micro-CCD) was used for
image acquisition.

3. Results

3.1. Swapping of the N-terminal domain of VDAC3 with the same
domain from the other isoforms confers an increased life span to the
host cell

To study the influence of the N-terminal moieties upon the bar-
rel activity, we designed a set of VDAC3 mutants whose first 20
amino acids were swapped with the VDAC1 corresponding se-
quence and with the amino acids 1–31 or 12–31 of VDAC2. VDAC2
has indeed an 11 amino acids extension at the N-end with a second
methionine in frame. This corresponds to the typical starting posi-
tion of the other isoforms. We were interested to determine
whether the two N-terminal extensions of VDAC2 are both active.
Fig. 1A shows the alignment of the three human VDAC isoforms N-
terminal sequences and the yeast porin-1, showing the conserved
residues. A scheme of the swapped proteins used in this work is
shown in Fig. 1B.

The microtiter assay exploits the growth deficiency of a yeast
devoid of the endogenous porin-1 (Dpor1) upon a non-fermentable
carbon source at 37 �C. The yeast growth could be recovered after
transformation with vectors expressing VDAC1 and VDAC2 [13].
VDAC3 typically showed a growth defective phenotype [12]. In this
work we compared the yeast growth phenotype after transforma-
tion of the defective yeast with the chimaeras described above.

Microtiter assay indicates that the growth efficiency of Dpor1
yeast cells containing the VDAC3 chimaeras at 37 �C becomes com-
parable, but much lower, than with the same strain containing
whole, native VDAC1 or 2 (data not shown and [28]).

To get quantitative information about the changes in the yeast
phenotype, we determined the chronological life span (CLS) either
upon fermentable or non-fermentable carbon sources. The growth
of cells on non-fermentable carbon sources, such as glycerol and
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Fig. 1. (A) Alignment of the N-terminal sequences of S. cerevisiae porin-1 with human isoforms VDAC1, VDAC2 and VDAC3. In red are the residues identical among the four
sequences. In yellow are outlined the residues identical among the three human isoforms. Blue boxes indicate the location of cysteines in VDAC2 and VDAC3. (B) Scheme of
the swapped proteins used in this work.
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ethanol, provides a direct way to study the effect of respiratory
condition on CLS. Caloric restriction in yeast cells provokes a met-
abolic shift from fermentation to aerobic respiration and, in turn,
this causes a longer life span [29]. In Fig. 2, we show yeast ageing
curves in both media at 28 �C. We have already shown that the
Dpor1 yeast transformed with VDAC1 and VDAC2 live longer than
the w.t. [28]. Even upon transformation with VDAC3 the cell
growth is similar to the yeast wild type, at least on glucose. The
same curves were determined in the presence of the VDAC3 chima-
eras (Fig. 2A and B). The VDAC3 mutant containing the VDAC1 N-
terminal is the most active in complementing the absence of the
wild type porin-1 protein. The addition of the VDAC1 N-terminal
to the VDAC3 barrel structure extends the cellular life span of
50%. The VDAC3 modified by the amino acids 1–31 of the VDAC2
N-terminus lived longer than the homologous mutant containing
the amino acids 12–31 of the VDAC2 N-terminus in glycerol but
not in glucose, suggesting a specific influence of the fermentative
metabolism upon these chimaeras.

These results support the notion that the N-terminal moiety of
VDAC is a major determinant in the activity modulation of the
channel.

3.2. Swapping of the N-terminal domain of VDAC3 with the same
domain from the other isoforms confers resistance to the yeast against
incubation with reactive oxygen species (ROS) producing chemicals

It has been reported that the inactivation of porin in yeast in-
duces susceptibility to apoptosis and high sensitivity to ROS-pro-
ducing agents [30]. In yeast also [31], new lines of evidence
connect VDAC with the ROS metabolism. To investigate this func-
tional feature, we exposed the Dpor1 yeast cells transformed with
the VDAC3 chimaeras to pro-apoptotic agents. Their survival was
quantified. In Fig. 3A, the yeast strains were exposed to growing
concentrations of H2O2 for 4 h. The yeast cell deleted of the endog-
enous porin-1 was found to be highly sensitive to the exposure to
this ROS generating chemical. In this strain, in general, the comple-
mentation with various VDAC isoforms and chimaeras produces an
increase of the viability depending on the particular isoform or
chimaeras used for the complementation assay. VDAC3 is able to
support cell viability but a lesser extent than the other isoforms
and the chimaeras. The swapping mutant human VDAC3 swapped
with the N-terminal of human VDAC1 (N1-VDAC3) showed the
best results and conferred to the cells a resistance comparable to
that of the wild type (Fig. 3A). Similar results were obtained upon
exposure of yeast strains to 50 mM acetic acid, another known
apoptosis inducing agent in yeast [32]: VDAC3 transformed cells
showed the same poor viability comparable to that of Dpor1 yeast.
The cells expressing the chimaeric proteins exposed to acetic acid
showed a cell viability similar to that of the wild type or to the
VDAC1 expressing cells (Fig. 3B).

The action of ROS species on the various VDAC chimaeras was
quantified by DHR123 fluorescence. Wild type yeast cultures as-
sayed in the exponential growth phase showed very low levels of
DHR123 fluorescence. In Dpor1 the ROS level went out of control,
a condition very dangerous for the cell (Fig. 4A). The complemen-
tation of Dpor1 with VDAC1 and VDAC2 re-established a low level
of ROS in the cell [28], while VDAC3 could not (Fig. 4). The substi-
tution in VDAC3 of the natural N-terminal sequence with either the
VDAC1 or VDAC2 N-terminal sequences (in particular the N2(1–
31) sequence), either in exponential (Fig. 4A) or in the early sta-
tionary phase (Fig. 4B), conferred to the yeast features very similar
to those of the wild type strain. There is no special difference in the
ROS amount experimentally determined in these assays in com-
parison with the whole VDAC1 or 2 or the wild type, different from
the striking results found with the native VDAC3 [28].

The same strains were subjected to the quantification of the
cells with mitochondria carrying the canonical membrane poten-
tial by DASPMI staining. Yeast cells in exponential phase showed
a high level of active mitochondria, with the exception of the
Dpor1 mutant strain (Fig. 5A). Interestingly, the VDAC3 strain also
showed high levels of mitochondrial potential. Actually, similar to
mammalian cells, yeast apoptosis is sometimes accompanied by a
sharp transient increase of mitochondrial membrane potential that
can directly cause accumulation of ROS [33]. A decrease of mito-
chondrial potential is considered a general marker for in vivo age-
ing both in mammals and yeast cells [34]. In fact, DASPMI staining



Fig. 2. The substitution of the VDAC3 N-end sequence with the homologous sequences from VDAC1 and 2 restores the growth phenotype of Dpor1 yeast. (A) Chronological
ageing of yeast strains in glucose. Wild type (BY4742) and Dpor1 strains transformed with the empty plasmid pYX212 or with the same plasmid carrying coding sequences
for the following proteins: human VDAC1, VDAC2 and VDAC3, N1-VDAC3, N2(1–31)-VDAC3, N2(12–31)-VDAC3 were grown in glucose medium at 28 �C and their viability,
expressed as the percentage of the micro-colony forming units (CFU), was determined. The average and standard deviation of three independent experiments is shown. (B)
Chronological ageing of yeast strains in glycerol at 28 �C of the same strains as in (A).

2840 S. Reina et al. / FEBS Letters 584 (2010) 2837–2844
performed upon human VDAC-expressing strains in cells aged
3 days showed a dramatic decrease of mitochondrial potential,
with an especially negative decrease for VDAC3 carrying cells
(Fig. 5B). Once again, the simple substitution of the N-terminal
changed the properties of VDAC3, transforming it in a replica pro-
tein of the other VDACs (Fig. 5).

4. Discussion

4.1. Role of the VDAC N-terminus

The N-terminal end of VDAC contains amphipathic a-helix ele-
ments [19]. This structure represents an addition to the b-barrel
pore structure and was proposed to have functionally relevant
properties [20–26,35]. It has been recently proposed that the final
N-terminal sequence (i.e. amino acids 1–20 in VDAC1) might swing
from side to side of the wall realizing a structural gate. Such swing-
ing would be dependent on the short sequence 21–25 that is a gly-
containing motif [26].
We produced a set of VDAC3 mutants where the 1–20 N-termi-
nal of the protein was swapped with the homologous sequences
derived from VDAC1 and VDAC2. The results obtained are very
clear: the change of the N-terminus of VDAC3 with the same from
VDAC1 transforms the apparently inactive isoform into a very ac-
tive protein. This property confirms that this moiety of the protein
is really decisive for the functional features of the channel.

We also designed two VDAC3 mutants whose first 20 amino
acids were swapped with the amino acids 1–31 or 12–31 of
VDAC2. We wanted to know whether the two N-terminal exten-
sions of VDAC2 are both active. Our experiments showed that a dif-
ference exists between these chimaeras. The VDAC3 modified by
the longer VDAC2 N-terminus usually performs better than the
shorter, either in terms of activity recover, life span upon glycerol
and after ROS treatment, indicating that the shorter N-terminus
confers functional properties half way between VDAC1 and VDAC3.
This observation could be interpreted on the basis of protein struc-
tural predictions (see below) and of the cysteine content of these
sequences.



Fig. 3. Swapping of the VDAC3 N-terminal with the homologous sequences from
VDAC1 and 2 confers resistance to the yeast against incubation with ROS producing
drugs. (A) Wild type (BY4742) and Dpor1 strains were transformed with the empty
plasmid pYX212 or with the same plasmid carrying coding sequences for the
following proteins: VDAC3, N1-VDAC3, N2(1–31)-VDAC3, N2(12–31)-VDAC3. These
transformed yeast were incubated with the indicated concentrations of H2O2. After
4 h the percentage of viability was determined as described in Section 2. (B) Serial
dilutions of the yeast cells described were spotted on YPD medium containing
50 mM acetic acid. Plates were recorded after 5 days of incubation at 28 �C.
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The VDAC 1–20 N-terminal sequence with its typical a-helix
content is one of the most conserved structure in the protein and
the only part where an a-helix is present (76 upon 80 animal
VDACs show the same motif [8]). Its primary sequence shows mod-
erate difference between the isoforms. There are seven out of 20
different amino acids in the N-end terminal between VDAC3 and
VDAC1. In the N-end exchange VDAC3 loses alanine 13 against a
serine. In VDAC1 serine 13 has been found to be a phosphorylation
site in proteomic analysis [36], thus its presence may condition the
function of this segment. In addition VDAC1 and 2 N-termini have,
respectively, 1 or 2 additional proline and 1 or 2 additional arginine
residues: these residues are the target of carbonylation reactions,
while VDAC3 does not have them. This could be one explanation
for the lack of any effect in VDAC3 against ROS. VDAC1 and the
yeast porin-1 do not show any cysteine in the N-terminal se-
quence. VDAC3 has two cysteines in the 20 aa sequence under
study in position 2 and 8. VDAC2 has also two Cys, but only one
of them corresponding to the VDAC3 Cys2, while the other is in
the disorganized extension. Leucine 10, considered a crucial pivot
for the hydrophobic interaction with the barrel walls [26], is
conserved in the mammalian isoforms, and it is conservatively
replaced by a Ile in the yeast Por1. The counterpart of the N-
terminus, i.e. the barrel structure facing the N-terminus, is indeed
important because it is considered to interact with the N-terminus
[19,26]. The residues considered critical for this interaction, i.e. Val
153 and Leu 150, are conserved in the mammalian isoforms and
also in the yeast sequence.

3D models of VDAC2 and VDAC3 have been proposed [28].
These models are useful because they allow us to speculate about
the amino acid localization in the structure. In particular the cys-
teine disposition in these models is interesting, since one of the
most relevant difference among the human isoforms are cysteines
(for example human VDAC1 has 2 Cys, VDAC2 9 Cys and VDAC3 6
Cys). From the reconstruction shown in Supplementary Fig. S2 it is
clearly visible that cysteines in VDAC2 and VDAC3 are apparently
clustered on the same side of the membrane, standing either in
the N-terminal sequence and in the tight junctions connecting b-
strands. This is a main difference with VDAC1. This isoform con-
tains only two cysteines and they are located far from one another,
protruding into the water-exposed interior (Cys232) or into the
phospholipid hydrophobic moiety (Cys127) [37,38]. Cysteines are
residues usually involved in the disulfide bridge formation or in re-
dox modifications. Thus it is tempting to speculate that the differ-
ent functionalities of the VDAC isoforms might depend upon this
sequence composition and structural asymmetry. VDAC2 also has
two cysteines in the N-terminus but they are placed differently
than in VDAC3 N-terminus. In addition VDAC2 has a longer,
unstructured 11 amino acid long extension containing one N-
terminal cysteine. The presence of this moiety could hinder the
protein to reach the same conformation as VDAC3. The experimen-
tal behavior of N2(12–31)-VDAC3 and N2(1–31)-VDAC3 might be
explained by this difference.

The scenario appearing from these considerations is that the
few amino acid exchanges in the 1–20 N-terminus VDAC se-
quences could represent a sufficient reason for the presence of
alternative isoforms with different functional activities.

4.2. VDACs and ROS

One of the discriminating features among the VDAC isoforms is
their behavior or susceptibility towards ROS [28]. This point has al-
ready been dealt with but the multiplicity of VDAC isoforms has not
yet been taken into consideration. It is generally accepted that VDAC
is a way mitochondria escape of an aliquot of the O��2 produced by the
complex III [39]. Han et al. demonstrated that the closure of VDAC
with the specific inhibitor dextran sulfate decreases the amount of
ROS available in the cytosol [40]. They suggested that the opening
and closing of VDAC modulates the flux of mitochondrially gener-
ated O��2 into cytosol. Unfortunately these authors did not consider
that in the outer mitochondrial membrane there are three different
VDACs. Since dextran sulfate acts as a kind of clog upon the pore and
since the VDAC isoforms are structurally very similar, it is very prob-
able that the overall effect measured for example in [41] was not spe-
cific of VDAC1 but possibly the sum of the effect of the isoforms. In
the literature there are systemic surveys of ROS-dependent chemical
modifications of the yeast proteome and it was shown that VDAC
was usually involved. In yeast mutants lacking MnSOD (SOD2) or
CuZnSOD (SOD1) superoxide dismutase, it was found that few, spe-
cific mitochondrial proteins are modified (carbonylated) to a greater
extent than in the wild type after exposure to paraquat, an oxidant-
generating molecule [42]. CuZnSOD has been found in the cytosol
and in the mitochondrial intermembrane space. A relatively small
number of proteins are affected by the absence of either MnSOD or
CuZnSOD, as demonstrated by their carbonylation upon generation



Fig. 4. ROS detection by DHR123 shows that the VDAC3 N-terminal chimaeras are able to lower the ROS level in opposition to Dpor1 yeast and the same transformed with
VDAC3. Wild type (BY4742) and Dpor1 strains were transformed with the empty plasmid pYX212 or with the same plasmid carrying coding sequences as in Fig. 3. These
transformed yeast were incubated with DHR123 and after 3 h observed at the fluorescence microscope. The ROS positive cells were counted with respect to the negative cells.
Panels (A) and (B) show the percentage of ROS positive cells of the wild type (BY4742) and Dpor1 strains transformed with the VDACs and chimaeras in exponential and
stationary phase, respectively. Average and standard deviations, obtained from three independent experiments, are also indicated. (C) Phase contrast and fluorescent
microscopy of ROS positive cells.

Fig. 5. Evaluation of the membrane potential of Dpor1 yeast transformed with VDAC3 N-terminal chimaeras by DASPMI. Wild type (BY4742) and Dpor1 strains were
transformed with the empty plasmid pYX212 or with the same plasmid carrying coding sequences as in Fig. 3. These transformed yeast were incubated with DASPMI and
observed at the fluorescence microscope. The DASPMI positive cells were counted with respect to the negative cells. Panels (A) and (B) show the percentage of DASPMI
positive cells of BY4742 (wild type) and Dpor1 strains transformed with VDAC3 and its chimaeras during exponential and stationary phase, respectively. Average and
standard deviations, obtained from three independent experiments, are indicated. (C) Phase contrast and fluorescent microscopy of DASPMI positive cells.
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of oxidants by paraquat [42]. This suggests that these superoxide
dismutases protect specific proteins. One of the proteins specifically
carbonylated either in the sod1- or in sod2-mutant was the endoge-
nous yeast porin-1 [42]. Also in mammalian synaptosomes the expo-
sure to acrolein, a chemical suspected to cause Alzheimer’s disease,
enhances the ratio of carbonylation of VDAC1 13-fold; this is a very
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specific effect [43]. We showed that in the absence of porin-1 (yeast
strain Dpor1) the ROS-derived fluorescence of DHR123 is enhanced.
The same result was found in VDAC3 transformed yeast: this strain
was not able to replace the function of the other VDAC isoforms
and this was also confirmed by the reduced mitochondrial mem-
brane potential in aged VDAC3-expressing cells [28].

In another systematic study focused onto the oxidation of pro-
tein thiols in yeast, the oxidized proteome of unstressed cells was
identified [44]. In this survey, among 200 mostly cytoplasmatic
proteins, cysteines were reported to be oxidized at a various ex-
tent. It was also found that porin-1 is predominantly present with
its cysteine oxidized. The in vivo redox state of cysteine residues is
another indication of the susceptibility of VDAC to be modified by
ROS. Lefièvre et al. [45] demonstrated the S-nitrosylation of VDAC3
in spermatozoa. Saaed et al. [46] downregulated Glutaredoxin1
(Grx1) in cell and found that it was associated with the oxidation
of thiol groups of VDAC leading finally to mitochondrial dysfunc-
tion. They did not distinguish among the different VDAC isoforms,
that have a strikingly different cysteine content.

It is thus tempting to speculate that porin-1 in yeast and VDAC1
and VDAC2 in higher eukaryotes might bear modification by ROS
species and these modifications could be important for the protein
activity. Oxidation of specific residues might change the conforma-
tion of the pore, possibly switching to the closed pro-apoptotic
state. Reduction of the same residues by enzymatic activities could
re-open the pore.

4.3. VDACs and cell ageing

The CLS experiments clearly show that the presence of porin-1
is essential for the yeast’s life. Little is known about the role of the
VDAC isoforms during ageing. Proteomic analysis of the human
normal colon epithelial tissue, revealed that VDAC1 and VDAC2
protein levels increase about 5- to 6-fold during ageing, indicating
a protecting role for these proteins [47]. In the absence of porin,
yeast cell loose viability in stationary phase, suggesting that this
protein is required for the maintenance of cell viability during age-
ing. Most important, the substitution of the endogenous porin-1
with higher eukaryotic VDAC1, VDAC2 and VDAC3 restores this
feature [28]. The chronological aging assay gave surprising results
when the Dpor1 strain was transformed with the VDAC3 chima-
eras and, in particular, the N1-VDAC3. The transformation of the
yeast with N1-VDAC3 was able to almost double the yeast’s life
span. Our results are thus a direct indication that VDAC, at a meet-
ing point between energy metabolism and the ROS pathways, is
also implicated in the mechanisms determining the life span of
the cell.
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