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Abstract

The voltage-dependent anion channels (VDACS) are the workforce of mitochondrial transport and
as such are required for cellular metabolism. The elaborate interplay between mitochondria and
the apoptotic pathway supports a role for VDACs as a major regulator of cell death. Although
VDAC-1 has an established role in apoptosis and cell homeostasis, the role of VDAC-2 has been
controversial. In humans, VDAC-2 is best known for its anti-apoptotic properties. In this
Viewpoint, we associate the various functional studies on VDAC-2 with structural reports, to
decode its unique behavior. The well-structured N-terminus, compact barrel form, differences in
the loop regions, specific transmembrane segments and the abundance of thiols in VDAC-2 enable
this isoform to perform a different subset of regulatory functions, establish anti-apoptotic features
and contribute to gametogenesis. VDAC-2 structural features that demarcate it from VDAC-1
suggest that this particular isoform is better suited for regulating reactive oxygen species,
steroidogenesis and mitochondria-associated endoplasmic reticulum membrane regulatory
pathways, with ion transport forming a secondary role. A better understanding of the unique
structural features of the VDAC family will aid in the design of inhibitors that could alleviate
irregularities in VDAC-controlled pathways.
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Introduction

Mitochondria, being the powerhouse of the cell, maintain a continuous bidirectional
transport of ATP, ADP, NADH, ions and general metabolite flux through the mitochondrial
outer membrane (MOM). The MOM is also responsible for maintaining mitochondrial
integrity, which may otherwise lead to cessation of ATP generation, dysregulation of Ca2*
homeostasis, release of cytochrome ¢, apoptosis and several other irregularities [1,2]. The
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voltage-dependent anion channel (VDAC), responsible for most of these functions, is also
the most abundant protein in the MOM and is hence often regarded as the ‘gatekeeper’ of
mitochondria [1,2]. The intricate involvement of mitochondria with the apoptotic pathway,
coupled with the presence of VDACSs in the MOM, gave rise to the early reports that linked
VDAC:s to apoptosis.

It has been hypothesized that the direct VDAC-mediated pore formation upon homo- or
hetero-oligomerization with the Bcl-2 family proteins (Bak/Bax) releases cytochrome ¢ from
the mitochondrial intermembrane space, causing apoptosis [2]. VDACs predominantly exist
in two channel states — open and closed [3]. Research over the last two decades has revealed
that interacting partners such as the Bcl-2 family proteins can influence the channel state:
Bcl-x|, for example, promotes the open state, while tBid causes channel closure [1].
Prolonged channel closure can lead to the disruption of metabolite transport, causing
mitochondrial swelling and rupture, MOM permeabilization and subsequent cytochrome ¢
release [1]. On this basis, an indirect role for VDACs in apoptosis has been proposed [2].
VDACs were also speculated to be a part of the mitochondrial permeability transition pore
(PTP) complex along with adenine nucleotide transporter (ANT) in the inner membrane and
cyclophilin D in the mitochondrial matrix [1,4]. The PTP components now include many
more proteins, with ANT and VDAC being regarded as modulators rather than active PTP
components [4].

There are three isoforms of VDACS in eutherian mammals. VDAC-1, the isoform with
highest expression levels in most cell types, has pro-apoptotic properties (reviewed
elsewhere [1,2]). The metabolite transport properties of VDAC-1 are also superior to those
of VDAC-2 and -3 [3]. Not surprisingly, VDAC-1 has been studied in greater detail [2].
VDAC-2 came into the limelight a few years ago when Cheng et a/. demonstrated that it
possessed unique characteristics of being embryonically lethal and anti-apoptotic [5].
Further, the large number of cysteines in VDAC-2 and -3 are believed to confer protection
from reactive oxygen species (ROS) build-up in the mitochondrial intermembrane space.
Cysteine oxidation can either act as a molecular buffer or activate signaling cascades that
eventually lead to the production of ROS scavenging enzymes [3].

The recent discovery of distinctive anti-apoptotic features of VDAC-2 piqued interest in this
isoform. Although all the three VDAC isoforms have high sequence similarity and some
functional redundancy, increasing mechanistic understanding gained for VDAC-2 has
identified peculiar features of this isoform. In healthy cells, VDAC-2 primarily acts as an
anti-apoptotic protein by preventing Bak oligomerization in the MOM [5]. In addition,
VDAC-2 also carries out the primary role of VDACs, namely the transport of metabolites
such as ATP/ADP, NAD/NADH, Ca2* and other small molecules across the MOM [3,6].
This role as a metabolite flux effector is fairly diminished in VDAC-2, as its channel
properties are weaker and less defined than VDAC-1 [3], although it still retains the voltage
gating property [7]. In addition, VDAC-2 shows diverse conductance states [3,7], weak
hexokinase binding [8], and is 10-fold less abundant in MOM than VDAC-1 [3].
Contrastingly, VDAC-2 is crucial for Bak recruitment [9] and apoptosis induction upon viral
infection [10] and plays a prominent role in spermatogenesis [1] and ocogenesis [11] -
features absent in VDAC-1. Additionally, it is expressed in the outer dense fiber of sperm
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flagellum for regulation of sperm motility (reviewed in [1]). When we consider these facts,
in the larger scheme of cellular homeostasis, can a compelling argument for a more
important (primary) function of VDAC-2, other than metabolite transport, emerge? Here, we
connect the recent VDAC-2 structural studies with functional characterization and attempt to
explain the unique facets of VDAC-2 that set it apart from VDAC-1 (Fig. 1).

The newly solved crystal structure of zebrafish VDAC-2 [12] places this protein in the
family of unique 19-stranded B-barrel MOM proteins similar to Tom40 [13] with the N-
terminal helix docked within the channel pore (Fig. 1). Despite considerable structural
similarities of VDAC-1 and -2, closer examination of alterations in electrostatic properties
[12], loop orientation, overall barrel scaffold [14] and barrel ellipticity, sequence diversity
[12,14] and N-helix [15] identify differences that may be responsible for the unique
characteristics of VDAC-2.

The single major difference that is strikingly evident when the isoform protein sequences are
compared is the unusual enrichment of cysteines in VDAC-2. In humans, for example,
VDAC-1 possesses only two cysteines, while VDAC-2 has nine. The abundance of thiols in
VDAC-2 makes it an attractive substrate for neutralizing ROS species through cysteine
oxidation (Fig. 1). Our physicochemical studies on recombinant human VDAC-2 suggest
that cysteines are retained in the reduced state in the /n vitro refolded samples and their
presence strengthens barrel-lipid interactions [16], at the expense of diminished channel
activity [7]. However, recent /n vivo studies also demonstrate that cysteines are dispensable
for apoptosis-related functions such as Bak recruitment and tBid-induced cytochrome ¢
release [14]. Nevertheless, the removal or modification of human VDAC-2 cysteines can
alter channel function. For example, latest studies show that cysteine succination of VDAC-2
decreases ATP synthesis in mitochondria [17]. This observation with VDAC-2 is also
strengthened by recent reports on VDAC-3 (the other cysteine-enriched isoform), which is
notorious for its inability to form proper voltage gated channels [3], despite high sequence
similarity to the other two isoforms. In VDAC-3 a fully functional voltage-dependent
channel could be obtained only when certain thiols (C2, C8 and C122) were retained in the
reduced state [18]. Conserved cysteines at corresponding regions in VDAC-2 and -3 allow us
to speculate that an analogous change in the thiol status upon oxidative stress can lead to
closure of VDAC-2 channels. This can ultimately disrupt metabolite transport, weaken Bak
binding, permeabilize the MOM and trigger apoptosis.

The second major difference between the primary protein structures of the two isoforms is
the additional 11-residue extension of the N-terminal helix. The extended N terminus adopts
a better helical structure in VDAC-2 [15]. This, in turn, is able to enhance the N-helix
interaction with the barrel wall and stabilize the overall structure [7]. However, this gain in
structure can lead to loss in flexibility of the N-helix and result in differential binding of
proteins that interact with the N terminus of VDAC, such as hexokinase and steroidogenic
acute respiratory (StAR) protein (Fig. 1). The pro-apoptotic activity of VDAC-1 is kept in
check through competitive (constitutive) binding with hexokinase over the Bcl-2 family
members [2]. In contrast, weak hexokinase binding shown by VDAC-2 [8] can be a
protective mechanism to prevent replacement of pro-apoptotic Bak from this isoform. StAR
protein, a mitochondria-associated endoplasmic reticulum membrane (MAM) protein, helps
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in cholesterol transport into the mitochondria for synthesis of steroid hormones, by
specifically interacting with MOM proteins such as VDAC-2, Tom22 and Tom40 [19,20].
StAR, a 37 kDa protein, binds cholesterol near the MOM and is imported into the
mitochondrial matrix as an ~ 30 kDa processed cholesterol-bound protein, through a
transduceosome complex formed by MOM and inner mitochondrial membrane proteins
[19,20]. The transduceosome is formed by Tom40 (translocase of MOM), the translocator
protein in complexation with VDAC and the adenine nucleotide transporter of the
mitochondrial inner membrane [19,20]. Recently, it was shown that it is the VDAC-2
isoform that specifically interacts with StAR, through residues 221-229, the N-terminal
residues 1-12 and C-terminal 20 amino acids [20]. Hence, VDAC-2 is indispensable for
StAR import, and thereby steroidogenesis. VDAC-2 facilitates StAR processing and stalls its
import into the mitochondrion, because of which StAR gains sufficient time to increase its
cholesterol binding [20].

Availability of the zebrafish VDAC-2 crystal structure [12] allowed the identification of
important loop-specific differences between the two isoforms. The loops between B-strands
1 and 2 (residues 34-37) differ in their electronegativity, with VDAC-1 possessing an
additional glutamate residue in this region. Furthermore, a recent study that used chimeric
constructs of VDAC-1 and -2 showed that residues 123-179 of VDAC-2, which comprise
strands 7-10, are important for Bak import and tBid-induced apoptosis [14]. Comparing the
crystal structures of mouse VDAC-1 and zfVDAC-2 in this region shows that the loops
between p-strands 8-9 and 10-11 are oriented differently in VDAC-1 and -2 [14]. This
altered orientation allows for the formation of a binding pocket for Bak only in VDAC-2,
lending it a Bak-binding anti-apoptotic property. Similar changes in the loop regions of
VDAC-2 can also give rise to binding pockets for proteins like glycogen synthase kinase 3
(GSK-3B) and BCL2L1 (a Bcl-2 family member) that bind specifically to VDAC-2. While
GSK-3p is a mitochondrial PTP inducer and uses VDAC-2 to translocate to mitochondria
under oxidative stress conditions [21], BCL2L1 inhibits autophagy during oogenesis to
increase female fecundity [11]. VDAC-2 is also enriched in sperm mitochondria and plays a
crucial role in sperm maturation and motility [1].

The N-helix of VDAC-1 barrel translocates into and out of the channel lumen to carry out
voltage gating [22], and mediates the apoptosis pathway by binding to cytosolic proteins
such as hexokinase, Bcl-2 and Bcl-x; [22,23]. Removal of the VDAC-1 N-helix alters the
cylindrical barrel to a collapsed elliptical structure [24] and makes it voltage-independent
[22], although conflicting studies exist for the conductance state of such a channel [22,24].
N-helix deleted VDAC-2 also shows voltage-independent behavior [25]; however, electro-
physiology measurements suggest that this helix-less isoform does sample the open state
more frequently than its Cys-less counterpart [7]. Simulation studies on VDAC isoforms
show that the VDAC-2 barrel samples the elliptical conformation less frequently and the
overall barrel topology is compact compared with other isoforms [15]. Solid-state NMR
studies also reveal that the VDAC-2 barrel carries a far higher degree of conformational
heterogeneity [25] than the other isoforms. Taken together, studies now show that the
compact yet conformationally flexible VDAC-2 barrel, with a better-structured N-terminal
domain, is able to sample diverse conductance states, with varying levels of anion selectivity.
Such structural malleability is not seen in VDAC-1 and can form the crux of differential
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binding of these two isoforms to interacting partners such as hexokinase, StAR, GSK-3,
Bak and other Bcl-2 proteins.

VDAC-3 is the oldest VDAC and the other two isoforms emerged ~ 300-350 million years
ago by gene duplication [3]. The abundance of VDAC-1 and -2 over isoform -3 and the
coordinated expression levels in a tissue-specific manner suggests that, in the course of
evolution, each VDAC isoform accumulated features unique to its function in the cell.
VDAC-1 evolved to be metabolically more active and underwent key mutations to enhance
its channel activity and maintenance of cellular homeostasis, including the absence of
cysteines and N-terminal extension. VDAC-2, on the other hand, gained unique
characteristics like Bak binding [5], suppression of ROS [3] and calcium transport in cardiac
myocytes [6]. Further, VDAC-2 became vital for gametogenesis [1,11] and preventing
embryonic lethality [5], and became an indispensable regulator of cholesterol transport [20]
and formation of the PTP complex [21]. Similarly, despite the further limited occurrence of
VDAC-3 in the MOM, this isoform also plays an important role in male fertility [1]. With
increasing evidence that VDAC-1, -2 and -3 can perform distinct functions, the term
‘paralogs’ might be more suited to describe these proteins, rather than ‘isoforms’.

VDAC-2 abundance levels in the cell, although lower than VDAC-1, are sufficient to power
vital cellular activities and dictate cell survival. It is therefore no surprise that VDAC-2
levels are upregulated in certain cancers [1]. Cumulative evidence highlights the importance
of VDAC-2 as a regulator of several cellular pathways intricately associated with the
mitochondrion and MAM, and possibly executing metabolite flux when VDAC-1 is
deficient. Further investigations on the differential nature of this intriguing VDAC isoform
point to the specialization that the VDAC-2 sequence underwent during evolution, to achieve
a regulatory role in the MOM. We anticipate that future meticulous investigations in this
family of MOM barrels will help us pinpoint their interrelated role in apoptosis in greater
detail. The uncovering of their unique roles in many other regulatory pathways will help us
understand the diverse multifaceted functioning of this channel in the cell.

Acknowledgements
S.R.M. thanks the Council of Scientific and Industrial Research, India, for a senior research fellowship. R.M. is a

recipient of the Wellcome/DBT Intermediate Fellowship. This work is supported by the Wellcome Trust/DBT India
Alliance award number 1A/1/14/1/501305 to R.M.

Abbreviations

ANT adenine nucleotide transporter

GSK-3B glycogen synthase kinase-3

MAM mitochondria associated endoplasmic reticulum membrane
MOM mitochondrial outer membrane

PTP permeability transition pore

ROS reactive oxygen species
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Fig. 1.

Cgmparison of various cellular functions carried out by VDAC-1 and -2. VDAC-1 and -2 are
19-stranded B-barrel mitochondrial outer membrane proteins with a dynamic N-terminal
helix that primarily stays docked in the pore. Both the barrel N (solid arrow, towards the
viewer) and C termini (dashed arrow, away from the viewer) face the IMS side of
mitochondria, although the flexibility of the N terminus may cause it to translocate to the
cytosolic side. Notwithstanding the high sequence similarity between the two isoforms,
subtle structural and sequencerelated differences such as cysteine content, barrel
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compactness, N-terminal extension and loop-specific differences endow them with the
ability to execute different functions. VDAC-1 (left) forms the major route for metabolite
transport and requires hexokinase binding to suppress its pro-apoptotic nature. In contrast,
VDAC-2 (right) displays anti-apoptotic properties/features by actively binding and inhibiting
Bcl-2 family members such as BCL2L1 and Bak. Cysteine residues are enriched in loop
regions of VDAC-2 that are specifically oriented towards the IMS and confer protection
from ROS build-up. Additionally, VDAC-2 also improves the cholesterol fostering ability of
StAR protein. By and large, the VDAC family of channels is involved in apoptosis either by
regulating the PTP complex or through oligomerization (lower panel). They are also
involved in maintaining Ca?* homeostasis within the cell, and are negatively regulated by
interaction with tubulin. N-ter, N terminus; C-ter, C terminus; IMS, intermembrane space;
MAM, mitochondria associated endoplasmic reticulum membrane; IMM, inner
mitochondrial membrane. The overall barrel geometry of VDAC-1 and -2 is retained in the
respective panels.
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