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Four different isoforms of the Voltage-Dependent Anion Channel (VDAC) have been identified in Ara-
bidopsis plant cells. The electrophysiological characteristics of several VDAC channels from animal as well
as plant cells are well documented, but those of this model plant are unknown. One isoform, AtVDAC-3
was obtained either directly by cell-free synthesis or produced in Escherichia coli, as inclusion bodies, and
re-natured. An electrophysiological study of the purified proteins in planar lipid bilayers showed that
both methods yielded proteins with similar channel activity. The characteristics of AtVDAC-3 are that of a
bona fide VDAC-like channel.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

VDAC (Voltage-Dependent Anion Channel) or mitochondrial
porins are membrane proteins mostly localized on the outer
membrane of mitochondria where they mediate the exchange of
metabolites. VDAC has also been implicated in mitochondrial
apoptosis. In particular, it has been suggested to play a critical role
in the release of apoptotic factors from animal mitochondria. The
structure of humanVDAC-1 [1,2] and of mouse VDAC-1 [3] was
obtained a few years ago. The protein folds into a 19-stranded
B-barrel with an N-terminal o-helix located midway inside the
pore.

Electrophysiological studies of VDAC proteins from different
species, purified and inserted in artificial lipid bilayers, have
generally revealed the following pattern: these proteins form high
conductance, weakly anion-selective channels which are open at
low membrane potentials. Above a certain value (20—30 mV),
positive or negative, of the membrane potential, the channels tend
to switch to low conductance states that are cation-selective [4,5].
However exceptions have been reported. For instance, De Pinto and
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colleagues have described an isoform of VDAC from Drosophila
melanogaster insensitive to membrane potential [6].

Extra-mitochondrial localization of VDAC has been well
documented [7]. The presence of VDAC in the plasma membrane of
animal cells was suggested by Thinnes and coworkers. In particular
large anionic conductance channels with VDAC-like properties,
which were detected in patch-clamp experiments were shown to
be sensitive to an antibody directed against HVDAC1 [8]. Using a
combination of biochemical and electrophysiological techniques,
Zoratti and co-workers showed the presence of VDAC in caveolae
[9]. It was also shown that usage of alternative exons in the gene of
mouse VDAC1 leads to two proteins differing by their N-termini,
one targeted to the mitochondria and the other to the plasma
membrane [10].

In the model plant Arabidopsis thaliana, four nucleus-encoded
VDACs (AtVDAC1-4) were identified by Tateda et al. [11] and by
Robert et al. [12]. In both studies study, all four AtVDAC isoforms
were detected, as expected, in the mitochondria fraction.
Additionally extra-mitochondrial localizations were found by these
two authors with different targeting according to the considered
study. Indeed, Robert et al. [12] developing two complementary
approaches of immunology shown also a localization of AtVDAC-1,
-2 and -3 in the plasma membrane, a result consistent with
previous proteomic studies of the plant plasma membrane [13,14],
while Tateda et al. [11] mentioned an extra-mitochondrial locali-
zation of AtVDAC-2 and -4 without specifying the compartment. In
any case, these two studies [11,12] revealed a function of AtVDACs
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linked with their mitochondrial localization. For AtVDAC3 that we
electrophysiologicaly characterized in this study, mitochondrial
functions were identified: (i) in AtVDAC-3 protein production in
response to the bacterial pathogen Pseudomonas syringae [15], (ii)
in respiration during seed germination in response to cold [16].
These results, in agreement with the decreased in atvdac3 mutants
mitochondrial membrane potential [11] suggest a mitochondrial
function of AtVDAC-3 during abiotic or biotic stress.

It is also worth noting that so far, no VDAC-like activity has been
detected by patch-clamp at the level of Arabidopsis plasma
membrane. Finally, the role of these extra-mitochondria targeted
isoforms is still unclear.

Although the electrical characteristics of various VDAC chan-
nels isolated from different plant organisms have been docu-
mented (reviewed in Homble [17]), so far no AtVDAC protein has
been characterized at the electrophysiological level. Starting with
AtVDAC-3, we set to examine two methods to produce directly
from their DNA sequence, proteins amenable to electrophysio-
logical recordings. In one case the protein was produced by
cell-free synthesis in the presence of detergent, in the other case
it was produced in Escherichia coli, as inclusion bodies, and re-
natured. In both cases, the purified protein was studied in
planar lipid bilayers.

2. Materials and methods
2.1. Plasmids, strains, and growth conditions

Expression plasmids were constructed by amplifying the coding
region of AtVDAC-3 (At5g15090) gene with Platinium ® Pfx DNA
polymerase (Invitrogen), fused to a T7 promoter, and cloned into
pCRkan plasmid as previously described [18]. The resulting
construct was used for cell-free expression as well as for cellular
expression in E. coli.

E coli DH5a (Invitrogen) and BL21 (ADE3) (Novagen) strains
were used as the host and expression strains, respectively, for the
pCRkan-Atvdac3 plasmids. Cultures were grown under aerobic
conditions at 37 °C in LB medium. When appropriate, Kanamycin
(30 pg/ml) and chloramphenicol (25 pg/ml, Appligene) were added
to the medium. The expression of the recombinant VDAC-3 in BL21
cells was induced for 3 h with 1 mM of IPTG (Sigma).

2.2. In vitro expression and purification of the recombinant
AtVDAC-3 protein

Cell free expression was carried out with the RTS system 500 HY
(Roche). 15 pg of recombinant plasmid DNA were incubated in a
final volume of 1 ml at 30 °C for 20—24 h with 0.2% Triton X-100,
18 ug E. coli lipids and 0.5% of cholesterol. The synthesis mixture
was diluted in 5 ml of buffer A (50 mM NaH;PO4, 300 mM Nadl,
0.2% Triton X-100, pH 8) containing 10 mM imidazole. After
dilution, the suspension was incubated for 1 h at room temperature
with 1.2 ml of Ni-NTA matrix (Quiagen) equilibrated in the previous
buffer. The matrix was packed in a 2.5 ml shell, extensively washed
five times with 2 ml of buffer A supplemented with 20 mM imid-
azole. The bound proteins were eluted in six steps with 500 pl of
buffer A containing 250 mM imidazole. After purification, eluted
fractions were pooled and dialyzed twice for 1 h against 2 1 of
100 mM Nacl, 0.2% Triton X-100, 10 mM Hepes KOH, pH 7 with slide
A Lyzer (Pierce). Purified protein samples were analyzed by 15%
SDS-PAGE and concentrations were determined using the
bicinchoninic acid method (Pierce chemical).

2.3. In vivo expression, purification and refolding of the
recombinant AtVDAC-3 protein

After induction, transformed BL21 (AD3) cells (0.5 g wet weight)
were harvested by centrifugation and resuspended in 20 ml lysis
buffer (50 mM NaH;PO4, 2 mM MgSQy, 5% sucrose, 10 mM Nadl,
10 pg/ml DNase, pH 7.5). Cells were broken through a French press
and centrifuged (10,000 g for 10 min). The resulting pellet, was
suspended in 20 ml buffer B (100 mM NaH,PO4, 8 M urea, 10 mM
Tris NaOH, pH 8). The suspension was incubated for 1 h at room
temperature with 1.2 ml of Ni-NTA matrix (Qiagen) equilibrated in
the previous buffer and the matrix was packed in a 2.5 ml shell. The
column was washed successively with 4 ml buffer C (buffer B except
that the pH is 6.3, adjusted using HCI), 2 ml buffer D (buffer B except
the pH is 5.9) and 2 ml E (buffer B except the pH is 4.5) to elute the
polyhistidine tagged recombinant protein. The last two fractions
which contained the protein, as assessed by SDS-PAGE analysis,
were pooled and diluted five-fold in buffer B devoid of urea and
supplemented with 0.1% LDAO. After extensive dialysis against
buffer B devoid of urea, and in order to concentrate it, the protein
solution was incubated with 1.2 ml of Ni-NTA matrix equilibrated
with buffer A containing 0.1% LDAO instead of Triton X-100. The
protein was then purified as described above. Synthetized VDAC-3
proteins were pre-treated with 16% sterol as indicated by Popp et al.
[19].

2.4. Reconstitution of the recombinant AtVDAC-3 protein in lipid
bilayer and electrophysiological recording

Channel activity was assayed by adding to the bilayer chamber
either the pure protein in detergent or proteoliposomes recon-
stituted with the pure protein according to [20]. Bilayers were
formed from a solution of asolectin lipids dissolved in n-decane
(30 mg ml~!) across a 250 pm diameter hole. The protein in
detergent (250 ng/ml, final concentration) or proteoliposomes
(166 ng of the in vivo produced protein per ml, or 500 ng of the
in vitro produced protein per ml, final concentration) were added to
the cis compartment. Fusion was induced by imposing a salt
gradient between the two chambers as follows: 300 mM KCI,
10 mM Hepes-KOH, pH 7.4, in the cis compartment versus 100 mM
KCl, 10 mM Hepes-KOH, pH 7.4, in the trans compartment. The
bilayer set up was connected to the external circuit through salt
bridges (1 M KCl) with Ag/AgCl electrodes. Unitary currents were
recorded using an Axon 200B patch clamp amplifier. Recordings
were filtered at 1 kHz, digitized at 3 kHz and analyzed with pClamp
8.1 and ORIGIN 8.0 software. The membrane potential refers to the
potential of the cis side minus the potential of the trans side.

3. Results
3.1. AtVDAC-3 production

The AtVDAC-3 gene was inserted into plasmids which allow
synthesis of the gene product under the control of a T7 promoter
and are optimized for in vitro synthesis. They are designed to
produce a protein with a His6 tag on its C-terminus or its N-ter-
minus, respectively. Cell-free expression of the AtVDAC-3 gene was
carried out in the presence of Triton X-100, a detergent previously
shown to be compatible with membrane protein cell-free produc-
tion [21]. The C-terminus construct yielded a sizable protein pro-
duction. Using the exchange system, 300 pg of pure protein per ml
of lysate could be recovered (Fig. 1A, B, C). By contrast, the N-tagged
protein was very poorly produced. It was nevertheless purified.
A total amount of 1-2 pg of pure protein per ml of lysate was
estimated from immunoblot experiments. This amount was
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Fig. 1. In vitro (A,B,C) and in vivo (D) synthesis and purification of AtVDAC-3. A 10%
SDS-PAGE gel after Coomassie blue staining shows cell lysate before (A) and after
(B) synthesis of the protein. Purified AtVDAC-3 protein synthesized in the a-cellular
system after purification on Ni-NTA column (C). AtVDAC-3 produced as inclusion
bodies, denatured, purified on Ni-NTA column, and renatured (D).

however sufficient for a set of electrophysiological experiments.
Since, we concluded that the tag has no influence on the protein
activity.

The protein was also produced in vivo, by transforming BL21
cells with the above plasmids. Only the C-terminus construct
yielded a detectable production. Cell fractionation showed that the
protein was entirely produced as inclusion bodies. The C-terminus
tagged protein was denatured in 8 M urea, purified on affinity
column, and renatured by urea dialysis in the presence of detergent
(Fig. 1D). This procedure yielded 1 mg of pure protein for 20 ml of
cell suspension.

3.2. Electrophysiological characteristics of AtVDAC-3

The electrophysiological activity of AtVDAC-3 was assayed using
the planar bilayer technique. No meaningful difference in electro-
physiological activity was observed between the C-tagged and
N-tagged protein produced in vitro. Also no difference could be
found between the protein directly produced in vitro in the
presence of detergent and the protein re-natured from inclusion
bodies. Below we present electrophysiological data obtained with
the C-tagged protein obtained indifferently by cell-free synthesis or
cellular synthesis.

AtVDAC-3 inserted in the lipid bilayer as an open channel and
could be closed by positive as well as negative voltage. As shown in
Fig. 2 when the voltage was stepped from O to + 120 mV, the
channels which were open at low voltage, closed following a slow
kinetics. Most steps had the same conductance (440 pS in
100/300 mM KCl asymmetrical media) but substates with con-
ductances ranging from 200 to 650 pS were occasionally observed.
In symmetrical 300 mM KCl media, the main conductance was
500 pS. Closures were usually reversible: upon return to O mV, the
channels re-opened, as observed from a following pulse. However,
from time to time, some channels did not re-open, getting trapped
in a long-lived closed state.

120 mV

10mV- 120 mv
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Fig. 2. Dissymmetrical closure of AtVDAC-3 channels in response to voltage. After
insertion of AtVDAC-3 proteins in the lipid bilayer, the potential was stepped
to —120 mV or +120 mV as indicated. Ionic conditions are: KCl 300 mM cis versus
100 mM trans (details in Materials and Methods section). The protein was produced by
cell-free synthesis.

The response of AtVDAC-3 to voltage was clearly dissym-
metrical. Generally, channels closed faster at positive potentials
than at negative potentials (Fig. 2). The opposite behaviour (faster
closure at negative voltage) was rarely observed, suggesting that
most of the channels were inserted with the same orientation in
the bilayer. This dissymmetrical sensitivity is also illustrated in
Fig. 3A. The voltage was stepped to different values and the ratio of
the conductance of the bilayer at the onset of the pulse to its value
after 30 s was plotted as a function of the applied potential. Typical
traces are shown in Fig. 3B, the dissymmetrical response is
especially visible at high potentials. All the channels were almost
closed at positive potentials above 160 mV while applying —180 mV
does not close all the inserted channels. Below 50—60 mV, positive
or negative, no closure could be observed.

As shown in Figs. 2 and 3, AtVDAC-3 closure followed a typical
slow kinetics (in the range of several seconds). However, in some
cases the channels entered a fast gating mode superimposed on the
slow kinetics (Fig. 4A). This rapid flickering was generally obtained
when high voltages were applied to the membrane. VDAC channels
are usually described as channels which do not close completely. As
shown in Fig. 2, AtVDAC-3 could be completely closed by voltage.
Fig 4B describes a more complex picture. The channels were
initially subjected to a voltage step to +120 mV, before returning to
0 mV. Since the recordings were performed in asymmetrical media
(300 mM/100 mM KCl), cationic and anionic states could be easily
distinguished. After return to 0 mV, the channel oscillated between
a cationic state and a fully closed state before reaching an anionic
open state. The reversal potentials of these cationic and anionic
open states were independently determined to be respectively
6.2 + 0.3 mV (n = 4) and +9.1 + 0.4 mV (n = 4). Upon direct
insertion in the bilayer, and in the absence of applied potential, we
observed that AtVDAC-3 channels were most of the time in the
anionic state. Insertion in the cationic state was more rarely
observed.

4. Discussion

The electrophysiological characteristics of AtVDAC-3 can be
summarized as follows: 1) the channel that has a large conductance
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Fig. 3. AtVDAC-3 presents a dissymmetrical voltage dependence. (A) Bell-shaped
curve for G/Go measured as a function of the membrane potential. Between each
pulse the membrane potential was maintained at 0 mV; G/Go was measured 30 s after
applying pulse. Each point is the average of six experiments. (B) Representative
recording showing AtVDAC-3 closure at high potentials and weak voltage dependency
for voltages below 100 mV. Same ionic conditions as in Fig. 2. The protein was
re-natured from inclusion bodies.

is open at or around 0 mV and closes at positive or negative voltages
2) voltage dependence is asymmetric 3) the channel exhibit both
fast and slow kinetics, and 4) the channel exhibit several conduc-
tance states. This type of behaviour is characteristic of f—barelled
channels such as bacterial or mitochondrial porins [22—25].

A symmetrical dependence on voltage of VDAC has generally
been emphasized [9,26]. We show here that AtVDAC-3 is charac-
terized by a dissymmetry in the voltage response which is less
common but has also been clearly documented for animal VDACs

A 1sec
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Fig. 4. Gating characteristics of AtVDAC-3 channels. (A) Fast gating kinetics of AtVDAC-
3. When high potentials are applied, AtVDAC-3 can exhibits flickerings superimposed
on normal slow kinetic. Same ionic conditions as described in Fig. 2. The protein was
re-natured from inclusion bodies. (B) Cationic and anionic open states of AtVDAC-3.
Recording at 0 mV, after a pulse from 120 mV to 0 mV. under asymmetric condi-
tions (300 m M KCl cis versus 100 mM KCl trans), reveals three different states, two
open states with cationic or anionic selectivity, and a fully closed state. The protein was
produced by cell-free synthesis.

[26—28] and for TAVDAC-2 and TAVDAC-3 from wheat [29]. One
specificity of this channel is to enter a fast gating mode super-
imposed on the slow kinetics. A few studies report this feature for
mitochondrial VDACs from rat heart, liver and brain [27,28,30]. This
fast kinetic mode was also observed in response to the
pro-apoptotic oligonucleotide, G3139 [31]. Interestingly, if this fast
gating mode occurs briefly for AtVDAC-3, a wheat VDAC (TAVDAC2)
seems to have only this gating mode [29]. It is generally assumed
that the VDAC pore does not close completely. However, a fully
closed state has been reported for animal VDAC by Zoratti and
coworkers [28]. We report here that AtVDAC-3 can also enter such a
fully closed state which is clearly a requirement if the channel is
located in the plasma membrane. However, one characteristic of
AtVDAC-3 is relatively unusual: it is closed at potentials higher than
50—60 mV, while other VDAC channels are usually reported to close
at potentials as low as 20 mV [4,24]. This peculiar property was not
reported in plant (reviewed in Ref. [17])

Channels such as mitochondrial porins have to be produced,
purified and reconstituted for an electrophysiological study. In the
case of B-barrelled membrane proteins, it could be shown that,
when expressed in E. coli, these proteins accumulate as inclusion
bodies in the cytoplasm. After denaturation of these inclusion
bodies, the protein can be purified and re-natured for functional or
structural studies [32]. Cell-free synthesis in the presence of
detergent or preformed liposomes is another interesting technique
for the production of membrane proteins, in particular ion chan-
nels. It can be used for a-helices ion channels [21,33], but it has also
been shown to be effective for B-barrelled structures [34]. In our
case, both techniques led to the production of an active protein.
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Clearly, the yield is higher with the first technique for this type of
protein. However, given the availability of commercial kits, cell-free
synthesis is a simpler and faster procedure. Moreover, it is now
possible to improve the yield of synthesis by using synthetic DNA
specifically designed for improved synthesis of protein [35].
Therefore it can be a useful approach for the rapid functional
characterization of a family of proteins such as plant VDACs.
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