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ABSTRACT

In plants, the voltage-dependent anion-selective
channel (VDAC) is a major component of a path-
way involved in transfer RNA (tRNA) translocation
through the mitochondrial outer membrane. How-
ever, the way in which VDAC proteins interact with
tRNAs is still unknown. Potato mitochondria con-
tain two major mitochondrial VDAC proteins, VDAC34
and VDAC36. These two proteins, composed of a N-
terminal «-helix and of 19 B-strands forming a B-
barrel structure, share 75% sequence identity. Here,
using both northwestern and gel shift experiments,
we report that these two proteins interact differen-
tially with nucleic acids. VDAC34 binds more ef-
ficiently with tRNAs or other nucleic acids than
VDAC36. To further identify specific features and
critical amino acids required for tRNA binding, 21
VDAC34 mutants were constructed and analyzed by
northwestern. This allowed us to show that the -
barrel structure of VDAC34 and the first 50 amino
acids that contain the a-helix are essential for RNA
binding. Altogether the work shows that during evo-
lution, plant mitochondrial VDAC proteins have di-
verged so as to interact differentially with nucleic
acids, and this may reflect their involvement in vari-
ous specialized biological functions.

INTRODUCTION

Voltage-dependent anion-selective channels (VDACs) are
the most abundant proteins in the outer mitochondrial
membrane (OMM) of all eukaryotic cells. These proteins
adopt B-barrel structures that form pores integrated in the
membrane similar to their bacterial porin counterparts. In
contrast to bacterial porins that are only formed by a suc-
cession of B-barrel strands, eukaryotic VDACs found in

mitochondrial membrane contain an a-helical structure at
the N-terminal extremity. Recently, Nuclear Magnetic Res-
onance (NMR) and crystal structures of the human and
mouse VDACI confirmed the presence of this segment
folded inside the B-barrel composed of 19 B-strands (1-3).

VDACs present evolutionary conserved properties of
voltage gating and ion selectivity. Subsequently, the ma-
jor biological function of VDAC: is to mediate and regu-
late the transport of ions and metabolites such as adeno-
sine triphosphate (ATP) or Nicotinamide Adenine Dinu-
cleotide Hydrogen (NADH) between the cytosol and the
mitochondria across the OMM. Furthermore, there is in-
creasing evidence that VDACs represent critical factors in
initiating apoptosis (for reviews see for instance (4,5)). An-
other major role of VDACS is their involvement in the trans-
port of both DNA and tRNA molecules into mitochon-
dria. Indeed, in various organisms, such as yeast, plants and
animals, isolated mitochondria have been shown to import
double stranded DNA and VDACSs were recruited for the
translocation through the OMM (6-8). In addition, tRNA
import into mitochondria is largely proved in most of the
eukaryotic lineages (9-11). The import mechanism is still
not well understood and seems to be different according
to the studied organism. In higher plants, we previously
demonstrated that tRNAs can enter into potato isolated
mitochondria through VDAC:S in the absence of any added
protein (12).

Plant VDAC:s belong to a small multigene family larger
than that found in fungi (two genes) or in mammals (three
genes) and containing up to ten genes in the Populus tri-
chocarpa (poplar) genome (4). Solanum tuberosum (potato),
a model organism to study the plant tRNA mitochondrial
import machinery, contains four VDAC genes and two ma-
jor isoforms, VDAC34 and VDAC36, are present in the
OMM (13). Here we show that these two VDACs differen-
tially interact with nucleic acids. VDAC34 binds more ef-
ficiently both RNA and DNA than VDAC36. In the ab-
sence of any recognizable RNA binding motif, we wondered
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which regions of VDAC proteins were involved in the inter-
action with tRNAs. In this context, potato VDAC34 and
VDAC36 provide us an ideal system to decipher the molec-
ular basis of this interaction. We thus focused our work on
the identification of such domain(s) in VDAC34. To do so,
21 VDAC34 mutants were designed and analyzed by north-
western. While no strict RNA recognition motif could be
defined, it appears that the whole structure and a limited set
of amino acids scattered at the N-terminal extremity are es-
sential for the interaction. Altogether, our data suggest that,
during evolution, VDAC34 has acquired a more specialized
function in nucleic acids translocation through the OMM.

MATERIALS AND METHODS

Isolation of plant mitochondria and preparation of outer mi-
tochondrial membranes

Mitochondria were isolated from potato tubers (14). Outer
membranes were purified according to (12). Mitochondria
(50 mg of mitochondrial proteins) were resuspended in 10
ml of swelling buffer (5 mM potassium phosphate pH 7.2)
and kept on ice for 10 min. The same volume of swelling
buffer was added and mitochondria were ruptured in a pot-
ter homogenizer. Outer membranes were separated from
mitoplasts (i.e. mitochondria without outer membrane) by
centrifugation through a sucrose step gradient (60-32-15%
sucrose in 1 mM EDTA, 1 mM PMSF and 10 mM potas-
sium phosphate pH 7.2) at 4°C for 10 min at 125000 g. They
were collected from the 15-30% interphase, diluted 5x in
washing buffer (0.3 M Mannitol, 1 mM EDTA, 0.1% BSA
and 10 mM potassium phosphate pH 7.2) and then pelleted
for 10 min at 170 000 g.

PCR amplification, cloning, mutagenesis and E. coli overex-
pression of VDAC proteins

The cDNAs encoding potato VDAC34 and VDAC36 (13)
were amplified by RT-PCR and cloned into pQE60 vec-
tor. Constructs corresponding to mutant VDAC proteins
were obtained using classical oligonucleotide-directed mu-
tagenesis (15) or the quickchange site directed mutagene-
sis kit (Stratagen, La Jolla, CA, USA). The list of mutant
sequences is provided as supplemental information (Sup-
plemental Figure S1). All constructs were overexpressed
in Escherichia coli with a His-tag at the C-terminal ex-
tremity of the proteins. They were purified on column un-
der denaturing conditions in the presence of 8 M urea ac-
cording to manufacturer’s recommendation (Qiagen, Va-
lencia, CA, USA) as described in (12). When necessary,
refolding of the protein was done on column before fi-
nal elution. It consisted of a three-step urea gradient (8,
4 and 0 M) in buffer solution containing 5 mM MgCl,,
50 mM Tris-Maleate pH 8.5 and 1 or 2% (w/v) of octyl-
B-D-glucopyranoside. Proteins were eluted using 250 mM
imidazole buffer and concentrated by ultrafiltration using
Amicon® Ultra (Amicon® Ultra-4 10K) to about 340 wM.
Proteins were stored in buffer solution at 4°C until use. Sam-
ple homogeneity was verified by dynamic light scattering
(Malvern Zetasizer) at 20°C and corresponding molecular
sizes were estimated from the diffusion coefficient using the
Stockes—Einstein equation.
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In vitro synthesis of radiolabeled RNA transcripts

The construct containing Arabidopsis thaliana cytosolic
tRNAA gene sequence was obtained previously (16). The
tRNA gene sequence was directly fused to a T7 RNA poly-
merase promoter at the 5’ terminus and included a BstNI
site at the 3’ terminus. This construct was used as sub-
strate to synthesize in vitro radiolabeled transcript with
T7 polymerase using Ribomax™ large scale transcription
kit (Promega, Madison WI) as described in (15). BamHI-
linearized pBluescript SK* plasmid (Stratagene) was used
as a template to generate a 75 nt long RNA transcript using
T7 RNA polymerase as described above.

DNA labeling

To generate a radiolabeled single-stranded DNA substrate,
a 76 nt long oligonucleotide corresponding to the sequence
of the full-length A. thaliana cytosolic tRNAAR (16) was
32P-labeled with T4 polynucleotide kinase according to
classical procedure (17). To obtain a radiolabeled double-
stranded DNA substrate, the construct containing the A.
thaliana cytosolic tRNAAR gene sequence was used as a
template for classical polymerase chain reaction (PCR) am-
plification in the presence of 25 wCi (3000 Ci/mmole) of
Z2P-dCTP.

Northwestern, southwestern and gel-shift experiments

Northwestern experiments were performed essentially as
described in (12). Briefly, overexpressed proteins were elec-
trophoresed on a sodium dodecylsulphate-polyacrylamide
gel electrophoresis (SDS-PAGE) and electroblotted on
Immobilon-P membrane. Membrane was washed 4x with
0.1 M Tris-HCI pH 7.5, 0.1% NP40, each for 30 min at 4°C
with gentle agitation, then saturated with binding buffer
containing 5% BSA and 0.01% Triton X-100 for 5 min. The
membrane was incubated in presence of 0.1 to 0.2 nM of
radiolabeled RNA transcripts. Southwestern experiments
were carried out in similar conditions but in the presence
of radiolabeled DNA. Gel-shift assays were conducted as
described in the Promega (Madison, WI) gel-shift assay
system. Briefly, binding reactions contained 50 mM NacCl,
10 mM Tris-HCI pH 7.5, 0.5 mM DTT, 0.5 mM EDTA,
1 mM MgCl,, 2% glycerol, radiolabeled tRNA in excess
(1-5 nM) and protein concentrations as indicated. Reac-
tions were incubated for 20 min at 25°C and resolved on
4% native-PAGE gels. For competition assays, 0-30 nM of
unlabeled tRNA transcript or ATP was included in the reac-
tion. For each experiment, signals were detected with FLA-
7000 phosphor imager (Fujifilm) and quantified using the
software ImageGauge (Fujifilm). For quantitative analysis,
gel-shift assays were carried out according to (18) in the
same conditions as described above but with limiting con-
centration of radiolabeled tRNA (0.1 nM). Binding curves
were graphed and the apparent constant dissociation (Kg)
values were calculated with KaleidaGraph 4.0 software as
described in (19).

Western blot analysis and antibodies

Western blot analysis was conducted according to standard
procedures as described in (17). Antibodies against potato



mitochondrial VDAC were kindly provided by H. P. Braun
(Hannover University, Hannover, Germany).

Structural analysis

VDAC sequences were aligned with T-coffee (20) and
JalView (21) and secondary structure prediction was
performed with its JNET plugin (22). Transmembrane
segment prediction was done with the online software
ProtScale (http://www.expasy.ch/tools/protscale.html) with
a window size of 9 amino acids (23). The RNA-protein
interaction predictions were performed with BindN soft-
ware (24). The software Modeler was used for homology
modeling of VDAC structures (25) based on the high-
resolution crystal structure of mouse VDAC1 (PDB ID:
3EMN). The 3D structures were prepared with PyMOL
(Schrédinger—www.pymol.org).

RESULTS

The two major Solanum tuberosum mitochondrial VDAC iso-
forms differentially interact with tRINA molecules

We previously showed that a 34 kDa potato VDAC can in-
teract with tRNA molecules (12). However, in S. tubero-
sum two major VDACs are present in the OMM, namely
VDAC34 and VDAC36 (13). Indeed, while northwestern
experiments performed on total OMM proteins in the pres-
ence of radiolabeled plant cytosolic tRNAAR gave only
one signal corresponding in size to VDAC34 (Figure 1A),
a western blot experiment performed with antibodies rec-
ognizing the two VDAC isoforms showed that both pro-
teins were present in equal amount in the OMM (Fig-
ure 1A). This suggested that the two VDAC isoforms dif-
ferentially interact with tRNA. In order to confirm this
observation, the two VDACs were overexpressed and His-
Tag purified. Northwestern experiments with the purified
recombinant proteins confirmed that VDAC34 interacts
about 7.5x fold more with labeled tRNAAR transcript
than VDAC36 (Figure 1B). This differential interaction,
although of less magnitude, was further supported by gel
shift assay with labeled tRNAA® transcript and increasing
amounts of overexpressed VDAC proteins (Figure 1C), as
2x more tRNA-VDAC complex on an average was formed
with VDAC34 than with VDAC36. In order to rule out a
defect of refolding and/or of stability of VDAC36, we an-
alyzed VDAC hydrodynamic properties by dynamic light
scattering and confirmed that both VDACs are stable and
behave as monomers in solution (Supplemental Figure S2).
Gel-shift quantitative analyses allowed calculating the ap-
parent constant dissociation (K4) values for both VDAC
proteins (Figure 1D and Supplemental Figure S3). These
analyses showed that the Ky values were in the 0.1 uM
range and that VDAC36 Ky value was on average 1.4x
higher than that of VDAC34. It is worth to note that the
K4 for VDAC34 yielded highly reproducible values whereas
the VDAC36 K4 was more variable (Figure 1D). Further-
more, the interaction between radiolabeled tRNAAR tran-
script and VDAC34 remained unchanged when increasing
amounts of ATP, one of the major metabolites transported
through VDAC, were added to gel shift assays. By con-
trast, this interaction was almost completely competed out
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in the presence of an excess of unlabeled tRNA transcript
(Figure 1E). This indicates that the binding site(s) of ATP
molecules on VDAC34 is likely different to those required
for tRNA interaction.

The differential interaction is also observed with other nucleic
acid substrates

Plant tRNA mitochondrial import is highly specific, but we
previously demonstrated that plant VDACs are not respon-
sible for this selectivity (12). Furthermore, VDACS are in-
volved not only in tRNA import but also in DNA uptake
into mitochondria (6). We thus wondered whether the dif-
ferential interaction observed with tRINA is transposable to
other substrates. To answer this question, three radiolabeled
substrates including a random RNA transcript, a single and
a double stranded DNA fragment were used for northwest-
ern or southwestern experiments. As shown in Figure 2, for
each of these nucleic acid substrates, the interaction with
VDAC34 increases continuously as a function of protein
amounts. By contrast, although an increased signal was ob-
served with VDAC36, it was about 6x weaker on average
than with VDAC34 (Figure 2). As a whole, the data indi-
cate that potato VDAC34 and VDAC36 differentially inter-
act with all types of nucleic acids.

The whole VDAC34 sequence is essential to promote tRNA
interaction

In order to determine which regions are important for
the interaction with tRNA, different mutant versions of
VDAC34 were constructed. To do so, VDAC proteins were
arbitrarily divided into three segments: I (position 1-90), IT
(position 91-171) and III (position 172-276) (Figure 3A).
In total, seven deletion mutants (D1-D7) and nine chimeric
(C1-C9) were designed (Figure 4). Northwestern analysis
on deletion mutants showed that none of the VDAC34 seg-
ments with the exception of the D3 mutant are able to
interact efficiently with tRNAs (Figure 4A). In addition,
analysis on chimeric mutants indicated that the gradual
replacement of VDAC34 sequence by VDAC36 sequence
from the C-terminal side (C1-C2-C3-C4) or from the N-
terminal side (C5-C6-C7-C8-C9) leads to decreased inter-
action with tRNA (Figure 4B). These two observations are
in agreement with the fact that the VDAC34-tRNA inter-
action does not involve a specific RNA binding domain but
rather a set of amino acids distributed all along the sequence
(Figure 3B). Furthermore, analyzing deletion mutants high-
lighted the importance of preserving a complete VDAC34
sequence since short deletions of 25 amino acids at the N-
terminus (D2) or 30 amino acids at the C-terminus (D4) in-
duced an important decrease of interaction up to 70%. Even
the deletion of 10 amino acids (D3) decreased the interac-
tion level by 10%. Indeed, the comparison of deleted and
corresponding chimeric structures such as D5 with C2, D6
with C1 and D2 with C6, showed that deleted proteins could
not interact as efficiently as full-length proteins.

As a whole, these data support the idea that the full
sequence is required for proper and efficient interaction.
Moreover, the strong RNA binding property observed for
VDAC34 must be linked to part of the 67 amino acids over
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Figure 1. Mitochondrial VDAC proteins from Solanum tuberosum differentially interact with tRNA. (A) VDAC34 interacts with labeled tRNAs. (St) corre-
sponds to the Coomassie blue staining of total mitochondrial outer membrane proteins fractionated on SDS/PAGE and electroblotted onto Immobilon-P
membrane. (W) corresponds to the western blot analysis with antibodies raised against S. tuberosum VDAC proteins. The position of the two major
VDACs, VDAC34 and VDAC36, is indicated. (NW) corresponds to the northwestern blot analysis. The proteins fixed on the membrane were renatured
and incubated with radiolabeled cytosolic Arabidopsis thaliana tRNAA® transcript. (B) Differential interaction was confirmed with the His-tagged puri-
fied proteins. (St) corresponds to the Coomassie blue staining of the purified VDAC34 (34) and VDAC36 (36) proteins fractionated by SDS/PAGE and
transferred onto nylon membrane. (NW) corresponds to the Northwestern blot analysis with labeled tRNAA!, The histogram shows the percentage of
interaction between VDAC36 and tRNA as compared to VDAC34 interaction (100%). It is the average of 11 independent experiments and standard error
is indicated for VDAC36. (C) Gel shift assay with 20 to 200 nM of purified VDAC34 or VDAC36 proteins in presence of an excess of labeled tRNAAR
(1 nM). Unbound tRNA probe and tRNA probe bound to the VDAC protein are indicated by the letters U and B respectively. The histogram shows the
tRNA-VDAC complex signal intensities. The signal intensity observed in presence of 200 nM of VDAC34 was arbitrary taken as 100%. (D) Constant
dissociation (Kg) values for VDAC34 and VDAC36. The values are the average of seven and five independent experiments for VDAC34 and VDAC36
respectively and standard errors are indicated. Examples of gel-shift assays and binding curve graphics are shown in supplemental information (Supple-
mental Figure $3). (E) Gel shift competition assay with 200 nM of VDAC34 and an excess of labeled tRNAA! (1 nM) in presence of increasing amounts
of unlabeled tRNAA or increasing amounts of ATP.
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Figure 2. Solanum tuberosum mitochondrial VDAC:s differentially interact with RNA and DNA in vitro. Coomassie blue-stained profile (St), Northwestern
(NW) and Southwestern analyses (SW) of His-tagged purified VDAC34 (34) and VDAC36 (36) proteins. For NW, a radiolabeled random 75 nt long
RNA transcript was used. For SW, membranes were incubated with either a radiolabeled double-stranded DNA (dsDNA) substrate corresponding to the
Arabidopsis thaliana cytosolic tRNAA2 PCR product or with a radiolabeled single-stranded DNA substrate (ssDNA) corresponding to the 4. thaliana
cytosolic tRNAAR oligonucleotide sequence. NW and SW experiments were performed with increasing amounts of VDAC34 or VDAC36 and in presence
of 0.2 nM of radiolabeled nucleic acids. The histograms show the percentages of interaction observed for each VDAC amount. For each nucleic acid
substrate the interaction with the highest amount of VDAC34 was arbitrary taken as a reference (100%).

the 276 that are different between the two VDACSs and scat-
tered all along the sequence.

The N-terminal region plays a major role on tRNA interac-
tion

Comparing interaction of VDAC34 with mutants C1 and
C2, we noticed that segment I corresponding to the first 90
amino acids of VDAC34 was enough to maintain 50% of in-
teraction with tRNA (Figure 4B). Furthermore, when seg-
ment I of VDAC34 was replaced by VDAC36 homologous
region (mutant C8), the interaction was decreased by 60%.
This suggested that the N-terminal part of VDAC34 played
a major role for tRNA interaction. Analysis with mutants
C3 to C7 confirmed this result and allowed to propose that
the first 50 amino acids of VDAC34 were crucial. For in-
stance, in mutant C3, the first 50 amino acids of VDAC34 in
a VDAC36 context was sufficient to restore the interaction
to a level of 40%, as compared to 14% for VDAC36. Finally,
the comparison of mutants C5, C6 and C7 permitted us to
delimit two main regions for interaction within the first 50
amino acids corresponding to the regions from positions 1
to 21 and from position 37 to 50 (Figure 4B).

Three amino acids at the N-terminal region are particularly
critical for tRINA interaction

Between positions 1 to 21, four amino acids differ between
the two VDACs (Figure 3). Comparison of the physico-
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chemical properties showed that one out of the four amino
acids was not equivalent: at position 2 there is a Glycine
residue (G;) in VDAC34 whereas in VDAC36 there is a Va-
line residue (Figure 3B). Consequently, two mutants were
designed: mutant M1 corresponding to VDAC34 with a Va-
line instead of a Glycine at position 2 and mutant M2 intro-
ducing a Glycine at position 2 in VDAC36. Northwestern
analysis showed that in mutant M1, the interaction was re-
duced 2-folds whereas reciprocally in mutant M2, the inter-
action was increased 2-folds compared to VDAC36 (Fig-
ure 5). This is in accordance with what was observed for
mutants C4 and C5 (Figure 4B) and demonstrates the im-
portance of the Glycine residue at position 2 for the inter-
action with tRNAs.

Between positions 37 to 50, there are also four amino
acids differing between the two VDAC sequences. The
physicochemical properties change for only two of them,
those at positions 43 and 46. Moreover, the analysis with
BindN software that calculates the potentiality of a pro-
tein to interact with RNA pointed out three amino acids
on VDAC34, namely SsK47Ky4g, which might interact
with RNAs whereas the amino acids at equivalent posi-
tions on VDAC36 might not (Figure 3B and Supplemen-
tal Figure S5). Therefore, we further analyzed the sequence
S43SGSKKyg present in VDAC34 and five more mutants,
M3-M7, were constructed (Figure 5). When the six amino
acids were mutated into Alanine (mutant M3), a strong
decrease (67%) of interaction was observed, thus confirm-
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Figure 3. VDAC34 and VDAC36 sequences. (A) Schematic representation of VDAC34 (dark gray) and of VDAC36 (light gray). The three segments set
up for the design of the different mutants are indicated. Subsequently, for segment I, two more divisions were done. The number of amino acids that differ
between the two VDAC is indicated for each segment. (B) Sequence alignment of VDAC34 and VDAC36. Amino acids that differ between the two VDAC
sequences are depicted on a gray background. Positions delimiting the different segments used for design of the different VDAC34 mutants are indicated.
Amino acids of the first 50 residues predicted to potentially interact with RNA by BindN software are indicated in italics bold.

ing that this region was indeed important for interaction.
However, if only the first four amino acids between posi-
tions 43 and 46 were changed into Alanine (mutant M4),
the interaction remained almost unchanged as compared
to wild-type VDAC34. On the contrary, if only the four
residues S43SGSy6 out of the six were kept (mutant M5 ver-
sus mutant M3) on VDAC34 or if they were in the VDAC36
environment (mutant M6 where the A43SGLy4s sequence
of VDAC36 was replaced by the S;3SGS4¢ sequence from
VDAC34), there was no improvement of the interaction
with tRNAs. This demonstrates that the S43SGS4 sequence
do not participate in the interaction with tRNAs. Further-
more, when only the K47 and Kyg of VDAC34 were mu-
tated into Alanine residues (mutant MS5), we observed a
strong reduction of interaction similar to the one obtained
with mutant M3. By contrast, a strong interaction (85%)
remained in mutant M4 where K47 and Kyg were not re-
placed. As a whole, this shows that among the six residues
only the two Lysines appear essential. Finally, when both
a Glycine at position 2 and the S;3SGSKKyg sequence are
introduced in VDAC36 (mutant M7), only a 2-fold increase
of the interaction similar to what was observed for mutant

M2 was obtained. This indicates that the G, alone can im-
prove the interaction and that the two Lysines residues need
the VDAC34 context to efficiently interact with tRNA. Al-
together, these analyses show the importance of the G,, K47
and Kyg residues at the N-terminal region of VDAC34 but
also suggest that the G; and the 2 Lysines act independently.

Solanum tuberosum VDAC architecture and tRNA binding

In order to gain an insight into the organization of tRNA
binding sites in VDACs we built 3D models of S. tubero-
sum VDACSs and of their mutants (Supplemental Figure S6)
based on the crystal structure of the mouse VDACI (3).
Sequence alignment with mammal proteins unambiguously
showed that VDAC34 and VDAC36 adopt a B-barrel struc-
ture composed of 19 antiparallel B-strands (Figure 6A),
in agreement with ProtScale prediction of 19 hydropho-
bic segments separated by hydrophilic loops (not shown).
The N-terminal extremity contains a short a-helix that is
positioned inside the B-barrel close to strands 10-15 (Fig-
ure 6B). The amphiphilic nature of the a-helix (Supplemen-
tal Figure S6) allows its anchoring to the B-barrel wall via
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Figure 4. The N-terminal part of VDAC34 is essential for an efficient interaction with tRNA. Two kinds of mutants were designed: (A) deleted versions of
VDAC34 (D1-D7) and (B) chimeric proteins (C1-C9) in which segments of VDAC34 were replaced by segments of VDAC36. Numbers indicate position
within VDAC sequences. The variants overexpressed in Escherichia coli were purified and used to perform NW experiments in the presence of Arabidopsis
thaliana cytosolic tRNAA® in order to quantify percentage of interaction between mutant proteins and tRNA. Obtained values are represented on a
diagram and are given in a summary table. They are the average of 2-9 independent experiments and correspond to the percentage of interaction of the
mutant protein with tRNA compared to the wild-type VDAC34 interaction. Standard error is indicated for each value. Examples of NW experiments
allowing the quantification of interactions are given as supplemental information (Supplemental Figure S4).
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Figure 5. Two Lysines and one Glycine present in the N-terminal region of VDAC34 are essential for the interaction with tRNA. Mutants with point
mutations (M 1-M7) are schematically represented. Amino acids are indicated by the one letter code. Quantification of interaction between mutant proteins
and tRNA were done by NW experiments in presence of Arabidopsis thaliana cytosolic tRNAA®  Obtained values are represented on a diagram and are
given in a summary table. They are the average of 2-10 independent experiments and correspond to the percentage of interaction of the mutant protein with
tRNA compared to the wild-type VDAC34 interaction. Standard error is indicated for each value. Examples of NW experiments allowing the quantification
of interactions are given as supplemental information (Supplemental Figure S4).

hydrophobic contacts and exposes polar and charged side
chains inside the pore. As observed in mammal VDACI,
this N-terminal helix is positioned at the midpoint of the

pore and restricts its inner diameter to about 15 A, whereas

both entries of the barrel have a diameter of at least 25 A
(Figure 6B). Hydrophilic residues are mainly found in the
loops connecting the B-strands or inside the pore alternat-
ing with hydrophobic residues that point towards the mem-
brane. This organization provides pores with an inner chan-
nel that is mainly positively charged to guide anions through
the OMM (Supplemental Figure S6).

Comparative binding assays with a series of chimers and
deletion mutants (Figure 4, Supplemental Figure S7) indi-
cated that nucleic acid binding sites in VDAC34, although
they may be discretely present all along the sequence, are
mainly located in the N-terminal part of the protein includ-
ing the helix and the first two strands (Figure 6A). Deletions
in this region are detrimental to the binding (mutants D1-
D2) and, conversely, its partial transplantation in VDAC36
can increase the efficiency of binding (mutants C1-C4). The
B-barrel structure is also required since the binding prop-
erty is lost as soon as more than 10 residues are deleted (mu-
tants D3-D4), probably hampering the closure and, with
larger deletions, the formation of a pore. The N-terminal
region alone shows no binding activity (mutants D5-D7).

Key residues revealed by point mutagenesis, G,, K47 and
Kys, are located at both entries of the pore and probably do
not act synergistically (Figures 5 and 6B). From the behav-
ior of chimeric and point mutants it is obvious that the role
of these residues is influenced by the local structural con-
text. The protein orientation is not elucidated yet in plants,
but the position of the three amino acids in the protein let
us suppose that they may provide entry or sorting contact
points with tRNA. They may be involved in primary recog-

nition events assisted by the overall electropositive environ-
ment of the pore, which is favorable for interactions with
polyanions. Alternatively, they could also maintain an op-
timal structure allowing critical contact points to be acces-
sible.

DISCUSSION

The VDAC proteins of the OMM assume a crucial role in
mitochondrial function and in cell life and death. Primarily
known as responsible for the exchange of metabolites be-
tween the cytosol and mitochondria, they are also essen-
tial key players in aging, diseases or apoptosis. In addition,
more recent studies have demonstrated that in higher plants,
VDAC proteins are recruited for translocation of tRNA
through the OMM. Understanding how VDAC proteins
can perform such a variety of functions requires a better
knowledge on structure-function relations.

Here, by two different methods, i.e. northwestern hy-
bridizations and gel shift assays, we provide strong evidence
that the two major S. tuberosum VDACs, VDAC34 and
VDAC36, do not behave the same regarding their interac-
tion with tRNA molecules: VDAC34 interacts more effi-
ciently with tRNAs than VDAC36. The differential bind-
ing capacity of the two proteins are not restricted to tRNAs
and was also seen with all types of nucleic acids i.e. single-
stranded or double-stranded molecules DNA or RNA. This
is likely linked to the fact that, as reported previously, both
RNA and DNA can enter mitochondria isolated from plant
cells and in an unspecific manner (11,26).

The analysis by northwestern of a collection of mutant
proteins overexpressed in E. coli allowed us to show that the
efficient interaction between VDAC34 and tRNA does not
rely on a precise RNA-binding motif but rather on amino
acids distributed all along the VDAC structure. The shape
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Figure 6. Plant VDAC architecture and tRNA binding regions. When performing modeling, VDAC 34 and 36 architecture models show no significant
differences due to their high sequence identity (75%). Thus, this figure focuses on VDAC 34 features. (A) Topological arrangement of VDAC34. The
N-terminal a-helix is indicated by an orange dashed box and the 19 B-strands of the B-barrel are depicted by open boxes (green frames). Amino acid
residues different in VDAC36 are under gray background. G,, K47 and Kyug residues are under pink background. (B) 3D model of VDAC34 generated
using Modeler (25) and the mouse mitochondrial VDACI crystal structure as a template (PDB ID: 3EMN). It displays a characteristic VDAC architecture
with the N-terminal helix in orange docked along the inner channel wall at the midpoint with the B-strands in green. Key residues for tRNA binding, G;
at one entry and K47Kyug at the opposite entry, are highlighted by dotted volumes and are indicated by pink arrows. The N-terminus including the helix
partially closes the pore and leaves a channel of about 25 x 15 A (top right). The pore diameter is 25 A large at the extremities and could be open more
widely by moving the N-terminal region out of the channel (bottom right).
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of the protein is likely to be crucial as well. Compared to the
K4 value of human VDACI for nucleotides which is in the
1 mM range (27), the K4 value of about 0.1 uM obtained
for both VDAC34 and 36 shows that these proteins present
a relatively strong interaction with tRNAs. This appears in
disagreement with the fact that the affinity between tRNA
and VDAC is expected to be tenuous since it represents
a transitory event where tRNA needs to rapidly cross the
OMM via the pore of VDAC. However, we should take into
account that the VDAC-tRNA interaction also depends on
competition or synergy between various factors present in
vivo. Indeed, different studies indicate that associated pro-
teins can modulate VDAC permeability (28). Furthermore,
tRNAs are usually not naked within the cell but rather
strongly associated with proteins such as aminoacyl-tRNA
synthetases (29). If tRNAs enter alone into mitochondria
through VDAC, the interaction between tRNA and VDAC
must be strong enough to allow the dissociation between
tRNA and the cognate aminoacyl-tRNA synthetase with a
Ky value in the range of 0.1-0.5 uM (30). Moreover, plant
membranes contain a large variety of sterol types, and the
type of sterol and its abundance in the mitochondrial mem-
brane modulate VDAC properties (31). Thus, it is possible
that the tRNA-VDAC interaction and/or tRNA transloca-
tion is also modulated by the lipid membrane content.

Our studies showed that the N-terminal region and few
residues on this region, namely G;, Kyg and K49, seem to
be essential for the functional interaction. The importance
of the N-terminal region of VDAC34 for tRNA interaction
is reminiscent to what was observed in other VDAC bio-
logical functions. For instance, in human VDACI, this re-
gion is a key element in regulating apoptosis and the tar-
get of anti-apoptotic proteins such as members of the Bcl-
2 protein family (32). Furthermore, a study on rat VDACI1
demonstrates the presence of nucleotide-binding sites in the
protein including one localized in the N-terminal part (33).
This site corresponds to a sequence similar to the highly
conserved ATP-binding motif A, G(X/G)XGXGKT (X de-
note any amino acid) described by Walker et al. (34). It is
important to point out that this ATP-binding motif A is
evocative to the G, KGPGLY Ty sequence in the N-terminal
extremity of VDAC34 and that, interestingly, the VDAC34
G; was shown to be an important residue for tRNA interac-
tion. Moreover, a GLK triplet was also identified as a puta-
tive nucleotide-binding site in a porin from the pathogenic
Neisseria species (35). The two other important identified
residues are K43 and K49 These residues are present on both
VDAC34 and VDAC36 proteins. Thus, they cannot con-
fer by their own, the capacity to fix efficiently nucleic acids
and they rather represent key elements of an overall envi-
ronment of the pore favorable for tRNA interaction. It is
worth to note that these three residues, G,, K4g and Ky9, are
not present in VDAC proteins from other eukaryotic lin-
eages. However, yeast and mammals VDAC proteins have
also the capacity to interact with nucleic acids (7,8). In the
light of these results, it is clear that analysis of VDAC se-
quences does not allow predicting their capacity to interact
efficiently with tRNAs.

The mechanism of tRNA translocation is not clear yet.
Our previous work demonstrated that the primary anchor-
ing site of the tRNA to the OMM is not achieved by the
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VDAC protein itself but rather by a membrane receptor
(12). Furthermore, as mentioned before, we do not exclude
the recruitment of other proteins to promote the transport

through VDAC. The diameter of the pore (25 A) could
be compatible with the docking of a DNA/RNA molecule
and even with the passage of a nucleic acid hairpin if the
N-terminal helix is displaced out of the B-barrel. Recent
data however suggest that such movements are not required
for VDAC transport activity since mVDACI with the he-
lix covalently linked to the B-barrel displays unaltered an-
ion transport properties (36). Other contributions advocate
for a rather flexible structure of the B-barrel pore (37). This
idea is supported by crystal structure of the B-barrel pro-
tein FimD from E. coli, where large conformational changes
involving pore shape and size modifications were observed
(38).

Phylogenetic analysis (4,39) shows that gene duplica-
tion is at the origin of potato VDAC34 and VDAC36. We
can therefore hypothesize that upon gene duplication, the
two major S. tuberosum VDAC isoforms acquired special-
ized function, and VDAC34 (or other plant homologues)
has evolved to develop a dedicated gate for tRNA import
in plants from the time where the loss of mitochondrial
genetic material also led to the disappearance of tRNA
genes from plant mitochondrial genomes. Multiple puta-
tive roles of plant VDACSs have been proposed, e.g. example
in pathogen response, apoptosis and abiotic stress (40-44).
It has also been shown that plant VDACs are differentially
dual targeted to both mitochondria and plasma membrane
(45). Here, the comparison between potato VDAC34 and
VDACS36 brings additional arguments in favor of the acqui-
sition, within this small protein family, of specific functions
besides their primary role in the exchange of metabolites.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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