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Voltage dependent anion channel (VDAC) was identified in 1976 and since that time has been extensively
studied. It is well known that VDAC transports metabolites across the outer mitochondrial membrane. The
simple transport function is indispensable for proper mitochondria functions and, consequently for cell
activity, and makes VDAC crucial for a range of cellular processes including ATP rationing, Ca>* homeostasis
and apoptosis execution. Here, we review recent data obtained for Saccharomyces cerevisiae cells used as a
Keywords: model system concerning the putative role of VDAC in communication between mitochondria and the
VDAC nucleus. The S. cerevisiae VDAC isoform known as VDAC1 (termed here YVDAC) mediates the cytosol
reduction/oxidation (redox) state that contributes to regulation of expression and activity of cellular
proteins including proteins that participate in protein import into mitochondria and antioxidant enzymes.
Simultaneously, copper-and-zinc-containing superoxide dismutase (CuZnSOD) plays an important role in
controlling YVDAC activity and expression levels. Thus, it is proposed that VDAC constitutes an important

Superoxide anion
Cytosol redox state
Expression of mitochondrial proteins

component of a regulatory mechanism based on the cytosol redox state.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Tight coordination between the nucleus and mitochondria is
required for proper mitochondrial functioning and includes both
anterograde (nucleus to mitochondria) and retrograde (mitochondria
to nucleus) signals [1-5]. The anterograde mechanisms coordinate
gene expression in mitochondria in response to endogenous and
environmental signals that are perceived by the nucleus, whereas
retrograde mechanisms transmit signals that originate in mitochon-
dria to regulate nuclear gene expression, which can then modify
anterograde control. Signals relevant to the retrograde mechanisms
can involve reactive oxygen species (ROS) generated and released by
mitochondria because the ROS release contributes to intracellular
reduction/oxidation (redox) homeostasis and to the regulation of
signaling cascades [6-10]. However, when the release evades or
overcomes cell defences, ROS can damage a wide range of macro-
molecules in the cell, including nucleic acids, proteins and lipids,
eventually leading to cell dysfunction and death [8,11-13].

The ROS generated and released by mitochondria are mainly by-
products of cellular energy transformation performed by the mito-
chondrial respiratory chain. The best known ROS originating from
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mitochondria are superoxide anion (0,°~) and hydrogen peroxide
(H,0,), a product of 0,*~ dismutation. A fundamental defence against
0,"" is superoxide dismutase (SOD) present in eukaryotic cells as a
manganese-containing enzyme (MnSOD or SOD2) located in the
mitochondrial matrix and as a copper-and-zinc-containing enzyme
(CuZnSOD or SOD1) located in different cell types in various
compartments including cytosol and the intermembrane space of
mitochondria [8,14-18]. Both MnSOD and CuZnSOD catalyze dis-
mutation of O,°~ to molecular oxygen and H,0, that can be converted
to water by other antioxidant enzymes or to the hydroxyl radical in
the presence of some transition metals [19]. However, it is also known
that CuZnSOD is able to catalyze nitration of protein tyrosines [20] and
has peroxidase [21] and thiol oxidase [22] activities. Thus, MnSOD and
CuZnSOD display both protective and pro-oxidant properties,
depending on existing conditions [23-25]. Consequently, excessive
or deficient activity of MnSOD and CuZnSOD may be involved in
etiology of some diseases.

It has been shown that H,0, diffuses rapidly through membranes
[26] and its release from mitochondria to the cytosol reflects the
balance between its production and consumption reactions [6].
However, 0,°~ is generally membrane-impermeable [27,28] and
exits mitochondria via channels of the outer mitochondrial mem-
brane, namely the channel of the TOM complex [29] and VDAC [6]. The
TOM complex (translocase of the outer mitochondrial membrane) is a
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part of the mitochondrial protein import machinery (for reviews see,
for example, [30-33]). VDAC (voltage dependent anion channel), the
main channel of the outer mitochondrial membrane, is also known
as mitochondrial porin (for reviews see, for example, [34-39]). Phys-
iologically, VDAC functions as a major channel allowing passage of
metabolites between the intermembrane space of mitochondria
and the cytosol. The channel may be present as isoforms encoded
by separated genes, displaying different channel-forming activities
and probably playing different roles. It has been shown that VDAC
plays a crucial role in ATP rationing, Ca>* homeostasis, and apoptosis
execution. This review will consider VDAC involvement in the deter-
mination of the intracellular redox states important for the redox
regulation of cellular protein expression and activity. The discussed
data refer to Saccharomyces cerevisiae cells used as a model system.
The involvement of VDAC in the regulatory process is consistent
with data pointing at VDAC as an important element of intracellular
signaling [3,40].

2. The yeast S. cerevisiae as a model system to study the
involvement of VDAC in redox mechanisms

The yeast S. cerevisiae is a convenient model to investigate the func-
tional relationship between VDAC, the redox states of cell compart-
ments (e.g., mitochondria and cytosol) and expression levels and/or
activity of cellular proteins. Firstly, S. cerevisiae mitochondria express
two VDAC isoforms, of which only one has been proved to form a
channel [41]. The VDAC isoform encoded by the POR1 gene is called
VDAC1 (or porin 1) and its properties are highly conserved in other
species. The second VDAC protein of still unknown function, encoded by
the POR2 gene, is called VDAC2 (or porin 2) and does not display a
channel-forming activity. To emphasize the difference between the
mammalian and yeast VDAC2 the term YVDAC2 is used here for the
yeast protein. Since only VDAC1 forms channels in S. cerevisiae mito-
chondria, the protein is termed here YVDAC. The presence of only one
channel-forming VDAC isoform in S. cerevisiae mitochondria simplifies
studies of the channel. Secondly, depletion of YVDAC or YVDAC2 (Apor1
and Apor2 mutants, respectively) distinctly affects the metabolite
passage across the outer membrane of S. cerevisiae mitochondria [42,43]
as well as expression levels of some of the membrane proteins and their
encoding mRNAs [44,45]. Thirdly, wild type and a given VDAC isoform
mutant of S. cerevisiae display differences in the cytosol and mito-
chondrial redox states. The redox states coincide with the level of O,°~
release from mitochondria and can be imitated by modification of
growth conditions of the cells by addition of an oxidant or antioxidant to
the growth medium, depending on the strain studied [10,29,46]. There-
fore S. cerevisiae is a convenient model to study the activity and/or
expression levels of cellular proteins under conditions of differentiated
redox states of the cytosol and mitochondria.

3. Proper function of VDAC requires the presence of CuZnSOD

As mentioned in the Introduction, superoxide dismutases (SOD)
are fundamental components of the defence system against O,*~
generated mainly by mitochondrial respiration. The defence, among
other effects, protects proteins against oxidation damage. Interest-
ingly, it has been reported for S. cerevisiae that one of the protected
proteins is YVDAC that is highly sensitive to oxidative damage [18,47].
Moreover, it is known that in S. cerevisiae cells CuZnSOD accounts for
90-95% of the total SOD activity and, consequently, a phenotype of
SOD1-deleted mutant (Asod1) is much more pronounced than that of
SOD2-deleted one (Asod2) [18,48]. Accordingly, it has been reported
that CuZnSOD plays an important role in controlling YVDAC channel
activity and expression levels [49]. As determined by a reconstituted
system, lack of proper CuZnSOD activity in S. cerevisiae cells promotes
YVDAC closing and decreases the voltage dependence of the channel.
The data points at an impairment of YVDAC gating mechanism. It

has similarly been shown for mouse VDAC2 isoform that mutation
neutralizing the voltage sensor results in a channel that lacks voltage
gating and displays lower conductance [50]. VDAC gating is currently
regarded as the major mechanism of the outer mitochondrial mem-
brane permeability control [51]. Thus, in the absence of a functional
CuZnSOD the control might be severely affected. This in turn, probably
imposes distinct effects on metabolite exchange between mitochon-
dria and the cytosol.

It is also known that CuZnSOD plays an important role in main-
taining a normal replicative life span of S. cerevisiae [48]. Therefore, it
could be hypothesized that the substantial shortening of the rep-
licative life span observed for Asod1 mutants may result from dis-
turbed functioning of mitochondria caused by improper permeability
of the outer membrane due to impairment of YVDAC function. Alter-
natively, the lower conductance states of YVDAC could protect the
mutant cells against O,°~ release from the intermembrane space of
mitochondria to the cytosol via VDAC. Thus, VDAC might serve as a
sensor for mitochondrial O,°~ levels. It can be speculated that the
sensing mechanism probably consists in a VDAC protein modification
by the 0,°~ not dismutated by CuZnSOD. The possibility of the modi-
fication would increase in the presence of higher 0,°~ release from
mitochondria, which in turn would increase the likelihood of VDAC
gating impairment resulting in lower conductance states of VDAC.
Consequently, smaller amounts of O,°~ would be released from the
intermembrane space of mitochondria to the cytosol via VDAC. This
effect could be protective in cases of excessive O,°~ release but could
also perturb mitochondria-dependent redox signaling [52]. On the
other hand the substantial shortening of the replicative life span
reported for S. cerevisiae cells depleted of CuZnSOD may result from
reduction in YVDAC levels in mitochondria [49]. A moderate decrease
in VDAC levels is also observed for mitochondria of mice deficient in
CuZnSOD [53]. VDAC deficiency has been reported to result in mito-
chondriopathy [54,55] that in turn makes cells susceptible to stress
and aging [56]. It cannot be excluded that the reduction in VDAC levels
in mitochondria may result from oxidative damage caused by the
absence of a functional CuZnSOD and subsequent degradation [53].
However, it is also possible that the reduction is caused by an im-
pairment of YVDAC import machinery because it has been shown for
S. cerevisiae that depletion of CuZnSOD also affects levels of the outer
mitochondrial membrane proteins crucial for VDAC import into mito-
chondria [49], namely the TOM complex and the TOB/SAM complex
(for reviews see, for example, [30-33]). Interestingly, the expression
levels of subunits of TOM and TOB/SAM complexes are influenced by
YVDAC [10,46]. Therefore the changed functioning of VDAC in the
absence of CuZnSOD may affect the expression levels of the
components of the VDAC import machinery that in turn influences
VDAC levels in mitochondria. Interestingly, it has been reported
recently that VDAC level is important for a mechanism playing a
causal role in oxidative stress-induced apoptosis [57].

4. VDAC mediates the redox state of the cytosol and mitochondria

The cytosol and mitochondria redox states in S. cerevisiae cells
change during their growth [10,46,58]. The latest data indicates that
the redox states are also distinctly influenced by the deletion of a
given VDAC isoform. It has been reported that exponentially and
stationary growing S. cerevisiae cells depleted of YVDAC or YVDAC2
(Apor1 and Apor2, respectively) display differences in values of the
cytosol and mitochondria redox states when compared to the isogenic
wild type and to each other [10,46]. Accordingly, the activities of the
cytosol (CuZnSOD, catalase) and mitochondrial (MnSOD, glutathione
peroxidase and glutathione reductase) antioxidant enzymes are also
influenced by the absence of either yeast VDAC isoform and coincide
with the observed changes of the redox states [46]. In general, the
redox state shift towards oxidation results in an increase in the
enzyme activities, whereas the redox state change towards reduction
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decreases these activities. Intriguingly, the expression levels of
MnSOD and CuZnSOD are also influenced by the deletion of a given
yeast VDAC isoform [10,46]. Since antioxidant enzymes protect cells
against dangerous changes of redox states contributing simultaneous-
ly to the existing redox states and the expression levels and activities
of the cytosol and mitochondrial antioxidant enzymes are influenced
by the absence of either yeast VDAC isoform, it could be concluded
that VDAC influences the redox states of the cytosol and mitochon-
dria. Moreover, at least partially, the effect of VDACin S. cerevisiae cells
does not depend on its channel activity.

Regarding differences concerning the cytosol and mitochondria
redox states observed for wild type, Aporl and Apor2 cells, it is sug-
gested that the redox state of the cytosol is mainly mediated by YVDAC,
although YVDAC2 has a quantitative effect as well, whereas the redox
state of mitochondria depends on the presence of both YVDAC and
YVDAC2 [46]. Interestingly, the direction of the redox state shift during
cell growth (ie., towards oxidation or reduction) is the same in
mitochondria and the cytosol only in the presence of YVDAC2. It is
therefore proposed that YVDAC2 is also necessary for the coordination
of the redox state levels between mitochondria and the cytosol. These
observations implicate two kinds of mechanisms of VDAC effects on the
redox state in S. cerevisiae cells: a non-channel and a channel-based one
[46]. Both are probably important for communication between mito-
chondria and the nucleus [3]. However, it should be remembered that
the cytosol redox state may be also influenced by other cell processes
and organelles. For example, it is well know that the endoplasmic
reticulum participates in intracellular redox homeostasis [59]. Consis-
tently, VDAC has been also detected in the endoplasmic reticulum
membranes [60], however, its role in the redox state controlling is not
known. It is also still unclear how YVDAC and YVDAC2 contribute to the
redox states of the cytosol and mitochondria. It can be speculated that
they transport metabolites that participate in the determination of the
redox states. Interestingly, the differences in the cytosol redox states
observed for wild type, Apor1 and Apor2 cells coincide with the dif-
ferences in the levels of O,°~ release from their mitochondria [10,29].
The levels of the release may be modified by the activity of CuZnSOD
located in the mitochondrial intermembrane space, as it has been shown
that activity of the enzyme depends on the presence of a given yeast
VDAC isoform [10].

5. The cytosol redox state is crucial for the expression levels of
mitochondrial proteins

The intracellular redox states denote redox states of cell compart-
ments, e.g., the cytosol and mitochondria. Interestingly, it has been
reported that S. cerevisiae cells depleted of YVDAC or YVDAC2 (Aporl
and Apor2, respectively) display differences in levels of 0,°~ release
from mitochondria that coincide with differences in the cytosol redox
state [10,29]. Simultaneously, the cells differ in the expression levels
of subunits of the TOM and TOB/SAM complexes, i.e., Tom70, Tom40
and Tob55/Sam50 [10,44-46]. Since the intracellular redox states are
known to affect expression, stability, localization, accessibility,
interactions and activity of proteins [3,4,7], it has been proposed
that the cytosol redox state modulates the expression levels of
subunits of the TOM and TOB/SAM complexes in S. cerevisiae mito-
chondria [46]. To verify this hypothesis, the relations between the
calculated cytosol and mitochondria redox states and the expression
levels of Tom70, Tom40 and Tob55/Sam50 were analyzed for wild
type, Apor1 and Apor2 mitochondria isolated from cells in the expo-
nential, stationary and modified exponential growth phases [46]. The
latter denotes an exponential growth phase modified toward the
stationary growth phase with regard to the cytosol and mitochondria
redox states. For the modification, an oxidant or an antioxidant were
added to a given cell culture at the early exponential growth phase
and cells were grown until standard exponential phase [46]. The
applied experimental strategy is summarized in Fig. 1. It has been

modification of growth conditions of S. cerevisiae cells
(wild type and mutants depleted of either VDAC isoform)

v

isolation of cytosol and mitochondria

4 Y

detection of
determination of cytosol and expression levels of
mitochondria redox states proteins of interest
[GSH/(GSH + GSSG)]

(Western blot)
correlation analysis

Fig. 1. Strategy applied in experiments concerning role of VDAC in reduction/oxidation
mechanism.

shown that modifications of the cytosol redox state, but not the
mitochondria one, towards a given status trigger the expected
changes of the expression levels of Tom70, Tom40 and Tob55/
Sam50. It means that the modification of the exponential growth
phase toward stationary growth phase with regard to the cytosol
redox state results in the expression levels of the studied proteins in
mitochondria typical for the stationary growth phase. The expression
of the studied proteins increases when the cytosol redox state
becomes more oxidized although the oxidation may occur in different
growth phases, depending on the S. cerevisiae strain studied. More-
over, in the case of Tom proteins and Tob55/Sam50, effects of inhi-
bitors of transcription and translation support the important role of
the cytosol redox state in the regulation of expression of these
proteins (unpublished results). Interestingly, MnSOD and CuZnSOD in
cytosol seem to share the mechanism of expression regulation with
Tom?70, Tom40 and Tob55 [46]. Thus, the mechanism is not confined
to subunits of the protein import machinery of the outer mitochon-
drial membrane. Therefore, it could be suggested that the cytosol
redox state may influence the activity of cytoplasmic regulatory
proteins and/or nuclear transcription factors responsible for the
expression levels of mitochondrial proteins encoded by nuclear genes.
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Fig. 2. Schematic diagram of VDAC mediated reduction/oxidation mechanism involved
in regulation of expression and activity of mitochondrial proteins.
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Thus, the cytosol redox state participates in communication between
mitochondria and the nucleus.

6. Implications for the redox mechanism mediated by VDAC

The changes of the expression levels of mitochondrial proteins
triggered by the redox mechanism mediated mainly by YVDAC are
crucial for mitochondrial functions. For example, changes of the
expression levels of the TOM complex subunits, i.e.,, Tom proteins,
may contribute to supplementary functions of the complex. Accord-
ingly, it has been reported that the expression level of Tom40, a crucial
subunit of the TOM complex, correlates with the complex involve-
ment in metabolite transport across the outer membrane as well as
with levels of 0,°~ release from S. cerevisiae mitochondria [29,44,61].
In the case of S. cerevisiae, the TOM complex may serve as a supple-
mentary pathway for metabolites across the outer membrane, even
in the presence of YVDAC, although the role of the TOM complex
increases when YVDAC is depleted. Similarly, the involvement of the
TOM complex in O,°~ release from S. cerevisiae mitochondria is
enhanced in the absence of YVDAC but also occurs in the presence of
the isoform, particularly under conditions that trigger high levels of
0,°~ release. On the other hand, the cytosol redox state mediated
mainly by YVDAC is important for the regulation of levels of mRNA
encoding not only Tom proteins but also other proteins that participate
in protein import into mitochondria, as well as proteins that are
involved in mitochondria distribution and morphology, the mito-
chondria/nucleus communication and antioxidant activity (unpub-
lished results). Simultaneously, CuZnSOD, a fundamental defence
against O,°~ contributes to YVDAC proper activity and expression
levels [49]. The putative role of VDAC in redox mechanism involved in
regulation of expression and activity of mitochondrial proteins is
summarized in Fig. 2. In conclusion, taking into account the data
obtained for the model system of S. cerevisiae cells, it is proposed that
VDAC is an important element of a protein network that control
functions of mitochondria by contributing to the cytosol redox state
and/or by sensing the redox state. This is in agreement with the
growing number of data showing that VDAC is a dynamic regulator, or
even governor, of mitochondrial functions [39,42,51]. Consistently, it
has been shown that VDAC can be regarded as a candidate for effective
pharmacological treatment, for example in anticancer therapy [62,63].
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