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ABSTRACT 

As it forms water-filled channel in the mitochondria outer membrane and diffuses essential 

metabolites such as NADH and ATP, the VDAC (voltage-dependent anion channel) protein 

family plays a central role in all eukaryotic cells. In comparison with their mammalian 

homologues, little is known about the structural and functional properties of plant VDACs.  In 

the present contribution, one of the two VDACs isoforms of Solanum tuberosum, stVDAC36, 

has been successfully overexpressed and refolded by an in-house method, as demonstrated by 

the information on its secondary and tertiary structure gathered from circular dichroism and 

intrinsic fluorescence. Cross-linking and molecular modelling studies have evidenced the 

presence of dimers and tetramers, and they suggest the formation of an intermolecular 

disulphide bond between two stVDAC36 monomers. The pore-forming activity was also 

assessed by liposome swelling assays, indicating a typical pore diameter between 2.0 and 2.7 

nm. Finally, insights about the ATP binding inside the pore are given by docking studies and 

electrostatic calculations.  
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1. Introduction 
Voltage Dependent Anion Channels (VDACs) are pore-forming proteins found in the outer 

mitochondrial membrane of all eukaryotic cells. The function of those proteins is associated 

with the permeability of mitochondria. Indeed, they regulate the diffusion of ions and 

metabolites such as nicotinamide adenine dinucleotide (NAD) or adenosine triphosphate 

(ATP). In addition, VDAC proteins are involved in apoptosis, as well as in DNA and tRNA 

transport.1–4 Their structural properties are highly conserved and they adopt a β-barrel 

structure generally composed of 19 antiparallel β-strands. This conformation leads to the 

formation of an inner channel restricted by a N-terminal α-helix that folds into the pore.5 

VDAC proteins usually show poor selectivity and are consequently described as general 

diffusion pore. Diffusion is mainly controlled by the size of the pore, which may change with 

the conformation of the locking α-helix.6 In addition, the chemical nature of the inner cavity 

can also affect the selectivity as preferential diffusion of anions over cations was observed.7 

Up to now, only ten VDAC 3D-structures have been described experimentally. The Protein 

Data Bank (PDB) contains seven VDAC1 from human, two VDAC1 from mouse, and one 

VDAC2 from fish. In contrast to VDAC1, the structural and functional characterizations of 

the other VDAC isoforms (2 and 3) are rather limited. Moreover, no consensus has been 

reached regarding the oligomeric state of VDAC proteins, and their actual role in nucleotides 

transport and apoptosis also remains unclear. Indeed, VDACs being integral membrane 

proteins, their overexpression and characterization are still challenging. Particularly, the 

structure and properties of plant VDACs are less described than their mammalian 

homologues.3-8–13 In this context, we have studied POM36 (here termed stVDAC36), a VDAC 

isoform of the Solanum tuberosum outer mitochondrial membrane, which shows voltage-

dependent and channel properties similar to mammalian isoforms.14 This protein has recently 

been reported to be associated with the tRNA mitochondrial transport system.8  
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To gain insights into stVDAC36 structure and function, it was first expressed and refolded by 

following a protocol based on bacterial expression into inclusion bodies completed by an in-

house SDS-MPD refolding method. The latter procedure has already been proven efficient for 

membrane proteins, including bacterial porins.15–17 The stVDAC36 was then reconstituted 

into liposomes, allowing to assess its inner channel size by swelling assay. The oligomeric 

states of stVDAC36 were investigated by cross-linking experiments. A molecular model was 

also built to investigate the stVDAC36 structure at the atomic scale. Comparisons to 

experimental data were successfully carried out, whereas the residues forming the inner 

channel and potentially binding ATP were identified by docking studies and electrostatic 

calculations. 

2. Methods 

2.1 Expression and purification of stVDAC36. The cDNA encoding stVDAC36 was cloned 

into pQE60 vector by Salinas et al,9 while Escherichia coli BL21 (DE3) were transformed 

with the vector to overproduce 6-His-tagged stVDAC36 proteins in inclusion bodies. Bacteria 

were grown in 800 mL of lysogeny broth (LB) medium at 37°C under constant agitation. 

When the absorbance at 600 nm reached 0.7, isopropyl β-D-1-thiogalactopyranoside (IPTG) 

was added (final concentration of 2 mM) to stimulate the protein expression during 3h. 

Bacteria were then pelleted by centrifugation at 4000 g for 30 minutes at 4°C. The pellets 

were then suspended in the lysis buffer (50 mM Tris-HCl pH 8, 5 mM MgCl2, 17 mM NaCl, 

1% (w/v) Triton X-100, 1 mg/mL lysozyme, 1 mM PMSF). Sodium deoxycholate and DNAse 

I were added (final concentrations of 0.2% (w/v) and 0.125 mg/mL, respectively). The lysed 

solution was agitated at 37°C for two hours and then centrifuged at 9000 g for 30 minutes at 

4°C. The supernatant was discarded and the pellet was washed twice with the washing buffer 

(20 mM Tris-HCl pH 8, 500 mM NaCl, 2% (w/v) Triton X-100). The resulting solution was 
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centrifuged at 5000 g for 10 minutes at 10°C. The final pellet incorporating the inclusion 

bodies was solubilized in the solubilizing buffer (20 mM phosphate pH 8, 1% (w/v) SDS). 

The solubilized proteins were then loaded on a 5 mL HiTrap IMAC FF (GE Healthcare) 

previously prepared with Ni2+. The column was previously equilibrated with buffer A (20 mM 

phosphate pH 8, 100 mM NaCl, 0.1% (w/v) SDS), and stVDAC36 was then eluted with a 

gradient of buffer B (20 mM phosphate pH 8, 100 mM NaCl, 0.1% (w/v) SDS, 250 mM 

imidazole). The protein buffer was exchanged using a PD-10 desalting column (GE 

Healthcare), depending on the subsequent treatments. 

2.2 Circular Dichroism.  Measurements were performed with a Jasco J-810 

spectropolarimeter in the far-UV region (260 – 190 nm) at 20°C, using a 1 mm pathlength 

quartz Suprasil cell (Hellma), with protein concentrations of ca. 0.1 mg/ml. Four scans 

(50 nm/min, 1 nm bandwidth, 0.1 nm data pitch and 1 s DIT) were averaged, base lines were 

subtracted and no smoothing was applied. Data are presented as the molar residue ellipticity 

([Ɵ]MRW) calculated using the molar concentration of protein and number of residues. 

Secondary structure analyses using the CDSSTR 18-19 algorithm were performed on the CD 

data with the Dichroweb analysis server 20-21 using the SMP180 reference set.22 

2.3 Steady-state Fluorescence. Steady-state measurements were performed with a Varian 

Cary Eclipse spectrophotometer with a 2-mm path length cell. The excitation wavelength was 

280 nm and the emission spectra were recorded from 290 to 450 nm with a 1 nm-step.  

2.4 Reconstitution of stVDAC36 in liposome and swelling assay. Pure 1,2-dioleoyl-sn-

glycero-3-phosphocholine (DOPC) was dissolved in chloroform, and the latter was 

evaporated using a rotary evaporator to obtain a thin homogenous film. The flask was then 

left one hour in a desiccator, and the lipid film was suspended in a buffer (20 mM phosphate 
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pH 7.4, 1 mM PEG6000) to obtain a final concentration of 2 mg/mL. The turbid solution was 

subsequently loaded on a mini Extruder (AvantiLipids) with 100 nm filter and extruded 30 

times, resulting in a clear final solution. 

The stVDAC36 was transferred in a buffer containing 20 mM phosphate pH 7.4, 0.2% (w/v) 

Triton X-100 by using a desalting PD10 column and then added to the liposomes. The final 

concentrations of protein and DOPC were 0.27 mg/mL and 1.4 mg/mL, respectively. The 

mixture was agitated for one hour. After that, 0.2 g/mL of BioBeads SM-2 (Bio-Rad) were 

added and the mixture was agitated two more hours to adsorb the detergent. The solution was 

then filtered for the beads removal. 

Swelling assays were performed by adding 10 µL of proteoliposomes to 190 µL of test 

solution, i.e. 20 mM phosphate pH 7.4 and 1.05 mM of solute such as glycine, sugars or PEG. 

After addition of the proteoliposomes, the absorbance at 450 nm was recorded for five 

minutes. The absorbance values were normalized and the diffusion rate was calculated from 

the starting and final absorbance values. 

2.5 Cross-linking. Three cross-linkers were used: dimethyl suberimidate (DMS, 11.0 Å), 

dimethyl adipimidate (DMA, 8.6 Å), and 1,5-difluoro-2,4-dinitrobenzene (DFDNB, 3.0 Å), 

that were dissolved in 20 mM phosphate buffer pH 8.5. Equal volumes of cross-linker 

solution and protein (~0.8 mg/mL) were mixed and incubated for 1.5 hours at 20°C under 

gentle agitation. The reaction was stopped by adding SDS-PAGE loading buffer (10% (w/v) 

SDS, 20% (w/v) glycerol, 0.2 M Tris-HCl pH 6.8, 0.05% (w/v) bromophenol blue). A 12% 

acrylamide SDS-PAGE was run for 50 minutes at 200V, and the gels were stained by 

Coomassie Blue. 
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2.6 Transmission electron microscopy. Transmission electron microscopy (TEM) pictures 

were obtained with a Philips TECNAI 10 microscope operating at 100 kV. Carbon-coated 

grids were hydrophilized by glow discharge. A 5 µL drop was deposited on the grid for 60 

seconds. The grid was then rinced with water and 0.5% (w/v) of uranyl acetate was added for 

120 seconds for a negative staining.  

2.7 Model prediction and analysis. The RaptorX webserver (http://raptorx.uchicago.edu) 

was used to predict the 3D-model of stVDAC36 by using zebrafish VDAC2 (PDB ID: 

4BUM) as main template.23 The secondary structure content was evaluated by the DSSP 

algorithm.24 The software Visual Molecular Dynamics (VMD) was used for visualizing the 

models and creating images,25 while the electrostatic potential was calculated using the APBS 

software,26 and docking studies of ATP inside the channel of stVDAC36 were performed 

using the GOLD program.27 The binding region was defined as a 30 Å radius sphere centred 

on Arg-16, one of the residues in the α-helical N-terminal. For each of the 10 runs, a total of 

100,000 genetic operations were carried out on five islands, each containing 100 individuals. 

The solutions were ranked by GOLD score.    
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3. Results and discussion 

3.1 stVDAC36 refolding 

Since the extraction and the purification of endogenous proteins from their native membranes 

may be both time and resources-consuming, a recombinant C-terminal His-tag version of 

stVDAC36 was first used to easily obtain pure protein with a high yield.  After its production 

as inclusion bodies in E. coli and its further purification under denaturing conditions, the 

protein was refolded by dilution in a buffer containing sodium dodecylsulfate (SDS) and 2-

methyl-2,4-pentanediol (MPD). We demonstrated that this peculiar detergent-alcohol 

association is able to successfully refold β-barrel proteins.16-17 Indeed, MPD partially prevents 

SDS and water to interact with the protein, hence providing the suitable amphiphilic 

environment favoring its refolding. To determine the optimal operating conditions, a large 

panel of buffers has been considered, made of 20 mM phosphate pH 8, 66 mM NaCl and 

several concentrations of SDS and MPD. The protein was characterized by both circular 

dichroism (CD) and intrinsic fluorescence, as VDAC proteins have a high β-strand content 

with typical spectral features.28 In the presence of SDS only (10-60 mM), a strong negative 

band near 205 nm, as well as weaker bands between 220 and 230 nm are observed (Figure 

1A), which are typical of mainly unordered proteins, though α-helix structure may also be 

detected (Table 1).29–32 

By adding an increasing amount of MPD, the CD spectra change to finally reach a signal 

corresponding to β-sheets and more particularly to a β-barrel structure (Figure 1B).33–35 With 

a MPD concentration of 0.5 M, the minimum at ~205 nm is still present and it is concluded 

that this concentration is not sufficient to fully achieve the protein refolding. The CD 

spectrum corresponding to 30 mM SDS and 1 M MPD misses the minimum at ~205 nm and 

represents the transition between the unfolded state and the β-barrel structure. A suitable 

environment for the refolding is reached for the ratio 60 mM SDS and 1.5 M MPD, and the 
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CD spectrum in Figure 1B suggests that a β-barrel is indeed obtained. Interestingly, a similar 

ratio detergent:cosolvent is also required to obtain the highest refolding yield for Omp2a, a 

bacterial porin also forming β-barrel.17 This is a new evidence of the effectiveness of the 

SDS-MPD refolding method. 

The tryptophan (Trp) fluorescence is commonly used to study the protein refolding as it 

complements the CD analysis. The fluorescence of aromatic residues, mainly Trp and also 

Tyrosine (Tyr), is strongly affected by the polarity of the surroundings, thereby giving 

insights into the local environment of the residues (e.g. pointing towards the hydrophilic inner 

channel, or towards the lipid membrane). As stVDAC36 has only 1 Trp but 10 Tyr in its 

sequence, a 280-nm (for both Trp and Tyr) excitation wavelength was used to increase the 

sensitivity. In SDS-containing buffers, the stVDAC36 λmax is 309 nm with a decreasing 

intensity when SDS concentration increases (Figure 2). This trend has also been observed for 

peptides denatured in SDS.36 When adding MPD, a bathochromic shift towards a λmax of 320 

nm was observed, which corresponds to a more polar environment. This supports the recovery 

of the β-barrel conformation by addition of the MPD, as demonstrated by the CD analysis. 

Note that the red-shift between the SDS-unfolded and the native state was also pointed out for 

peptides.37 The increasing of the fluorescence intensity also indicates that the Trp residue is 

less quenched after refolding. To sum up, the fluorescence results are in accordance with the 

information obtained from the CD analysis and support the evidences of the successful 

stVDAC36 refolding, which further expands the refolding-efficiency domain of the 

SDS/MPD method.  
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3.2 Structural studies of stVDAC36: secondary and tertiary structure 

The CD data were analyzed in order to extract the percentage of each secondary structure 

pattern and thus improve our understanding of the conformational changes underwent by the 

protein during refolding (Table 1). 

As illustrated by the high α-helix content for MPD-free conditions, SDS favors the formation 

of helix-like structures, as it was already observed for another plant porin.38 When MPD is 

added, the micelles organization (CMC=2.6mM) is perturbed and the protein accessible 

surface for detergents is reduced,39 and as a consequence, the α-helix content significantly 

drops. The turn content remains almost unchanged, independently of the SDS/MPD ratio. 

With 0.5 M and 1 M of MPD concentrations, the unordered structure contents are similar to 

what was observed for the denatured protein, whereas the β-strands formation is largely 

intensified by MPD. Finally, concentrations of 60 mM SDS and 1.5 M MPD give the highest 

amount of β-structures and the smallest of unordered structures, which perfectly matches the 

structural data found in the Protein Data Bank (PDB) for other VDAC proteins. 

Membrane proteins remain a challenge for crystallographic studies and no plant VDAC 

structure has been resolved yet, leaving stVDAC36 exact structure still undescribed. To meet 

the need in structural information, molecular modelling is a cost and time effective 

alternative. As no VDAC homologue structure of stVDAC36 (sequence identity >25%) is 

available in the PDB to allow performing homology modelling, a 3D model of the protein was 

built by threading. The zebrafish VDAC2 structure (PDB: 4BUM) was the only template 

proposed by Raptor X, having the minimum required similarity of sequence with VDAC36.40 

As observed for experimental VDAC structures,41 the resulting stVDAC36 model is 

composed of 19 β-strands separated by (i) short loops on the cellular side and (ii) turns in the 

intermembrane space.  The β-strands contribute the most to the secondary content with a 
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percentage of 64% (Table 1), accordingly to the previously described CD spectra. Similarly to 

other β-barrels like porins, our stVDAC36 model presents two girdles of aromatic residues.42 

The N-terminal chain folds inside the barrel into an α-helix that forms a bottleneck restricting 

the size of the channel (Figure 3A). The resulting pore diameter (Dpore) is 1.56 nm, while the 

diameter of the channel, where the N-terminal extremity folds outside the barrel, is 2.16 nm 

(Figure 3B). The Dpore calculated from the model are in good accordance with other published 

results.43–45 

3.3 Structural studies of stVDAC36: oligomerization studies by cross-linking 

Structural and functional studies of some VDAC proteins have already been reported but their 

oligomeric state is still a matter of discussion. Indeed, previous works mention that 

monomers, dimers, trimers, tetramers and even hexamers have been hypothesized for this 

protein family,46–48 ant it turns out that VDAC proteins retain their activity whatever its 

aggregation state, which makes difficult to establish any solid structure-property correlation. 

Nevertheless, evidencing the nature of the stVDAC36 oligomeric states would certainly help 

understanding the structural organization of the mitochondria outer membrane and its 

components, as well as the role of oligomerization in biological processes.48–50 Indeed, a 

correlation between VDAC oligomerization and apoptosis has previously been reported 4. In 

that context, cross-linking is a method of choice to characterize the quaternary structure of 

proteins. Three homobifunctional and irreversible cross-linkers were selected with several 

spacer lengths: DMS (11.0 Å), DMA (8.6 Å) and DFDNB (3.0 Å). DMS and DMA have an 

amine-reactive imidoester groups, and at pH 7-10, they all react with both N-terminal α-

amines and lysine ε-amines. Though such cross-linkers leave unchanged the charge and native 

structure of the proteins and do not overreact with other nucleophilic groups, they have to be 

carefully handled as can lead to wide range of poorly defined oligomers, as well as large 
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aggregates of polymerized proteins. DFDNB contains active fluorine atoms reacting with 

amines, but it is less selective than DMS or DMA. This drawback can be partially circumvent 

by using a very low concentration of cross-linker combined to a short incubation time. 

The tests were carried out with/without the β-mercaptoethanol reducing agent and the optimal 

refolding buffer (i.e. giving the highest β-sheets content) was selected for these experiments 

(60 mM SDS, 1.5 M MPD, 20 mM phosphate pH 8, 66 mM NaCl). Without β-

mercaptoethanol, both DMA and DMS give strong bands at ~120 kDa, suggesting the 

presence of tetramers (Figure 4A). Interestingly, the intensity of this band is stronger than the 

one corresponding to the monomer. Note that even larger oligomers (> 250 kDa) could also 

be observed at the top of the gels. With DFDNB, weaker bands appear at ~30 and ~90 kDa, 

which corresponds to monomer and trimers, respectively, and the large majority of the protein 

has been aggregated.  

When the reducing agent is added, stVDAC36 monomers still appear at the same apparent 

molecular weight of 30 kDa whereas the band at ~120 kDa disappears (Figure 4B). This result 

suggests that β-mercaptoethanol can prevent the formation of stable tetramers even though it 

does not lower the abundance of larger aggregates. Interestingly, a weak band shows up at 

~60 kDa, indicating the possible degradation of the tetramers into dimers. The cross-linking 

experiments suggest that stVDAC36 can form dimers, trimers and tetramers, the latter being 

predominant but sensible to chemical conditions. Trimeric structures are associated to the 

weakest band which suggests a less probable state; they have therefore been discarded in the 

following discussion.   

β-mercaptoethanol is known to reduce disulphide bonds, and we may therefore expect the 

tetramers are linked through such a bond. The single cysteine residue of stVDAC36 being 
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located on the external part of the β-barrel, it is indeed available for intermolecular disulphide 

bridge. On the basis of our stVDAC36 model, a dimer with a disulphide bond formed between 

the Cys158 residues of each monomer was therefore constructed (Figure 5). Its geometrical 

parameters were successfully optimized, which support its structural reliability and the model 

credibility. Interestingly, the zebrafish VDAC2 used as a template for the stVDAC36 model 

has also been proved to form dimers, though its single Cys residue does not participate in 

oligomerization.40 This can be explained by the relative position of Cys, which is located at 

middle height of the barrel in zebrafish VDAC2, in comparison to stVDAC36 where it is 

found at the top of the β-barrel on the cytoplasmic side. 

Previous reports on mammalian VDAC indicate the involvement of cysteine in the 

oligomerization but this has only been demonstrated for proteins with high content (up to 

nine) in cysteine residues.51 On the other hand, it was proved that for human VDAC2 

cysteines mainly exist in the reduced form, and that they are more likely to stabilize the β -

barrel in an apolar environment 52. Actually, the number of cysteines is variable across the 

mammalian isoforms and their role still need to be elucidated. In the case of plants, no study 

on the role of cysteines was performed yet, before our joint cross-linking and modelling 

study, which draw new hypotheses on the relation between cysteines and oligomerization. 
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3.4 Functional studies: pore-forming activity 

As long as the electrophysiology of the VDAC channel is not concerned by the present study, 

it was not necessary to consider removing the C-terminal 6his-tag. Moreover, several studies 

on C-terminal 6His-tagged version of VDACs have shown pore properties similar to their 

native counterparts, and our results can therefore be confidently interpreted53-54  

The purified stVDAC36 has consequently been reconstituted into large unilamellar vesicles 

(LUV) of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) prepared by extrusion. 

Phosphatidylcholine lipids are the main constituent of the mitochondria outer membrane 

where VDAC proteins are located.55 DLS measurements were carried out and a hydrodynamic 

diameter of 148.4 ± 15.8 nm was recorded, whereas TEM images delivered an average 

diameter of 202.84 ± 31.35 nm (Figure S1). Micrographs were similar to those reported in 

literature.56 The apparent bigger size of the liposomes by TEM is usually explained by the 

flattening of the vesicles after deposition onto the surface. The equation  gives the 

maximum diameter that a spherical object with diameter d can have after flattening.57 

Considering the latter equation, both DLS and TEM provided consistent sizes for DOPC 

liposomes. 

Prior to functional assays, structural studies of stVDAC36 were conducted by CD to check the 

protein’s conformational state after reconstitution. The spectrum of the proteoliposome is very 

similar to the one of the refolded protein (60 mM SDS-1.5 M MPD) (Figure 1B), and the 

calculated β-sheet content of 59% consistently confirms a correct folding of the protein 

inserted in DOPC liposomes. When compared to the spectrum of the SDS-MPD refolded 

protein, the slight changes observed in the CD signal can be attributed to the modifications of 
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the physical properties of the amphiphilic environment generated either by the SDS-MPD 

association or the DOPC liposomes themselves.58 

Using liposome swelling assays, we evaluated the rate of penetration through the VDAC pore 

of several sugars as well as polyethylene glycol (PEG) chains of varying sizes (Figure 6). By 

following the evolution over time of the absorbance at 450 nm, which reflects the swelling of 

the liposome, we were able to evaluate the pore radius of stVDAC36. Such technique has 

demonstrated its full relevance to deal with very similar systems.59–62 The selected solutes 

were classified according to their diameter (Table 2) considering that they adopt a spherical 

shape in water,59-61–67 of course this approximation becomes less accurate as PEG length 

increases.  

Protein-free liposomes were added to the solutions as negative controls, and no change in 

absorbance was observed. Consistently with previously reported results for reconstituted pore-

forming proteins,68 we noticed a more important swelling for smaller solutes (Figure 6), while 

no swelling was observed for PEG with a molecular weight equal or above 3500 Da. 

Consequently, we can conclude that the reconstituted stVDAC36 forms a channel where 

solutes with a molecular weight below 3500 Da are able to diffuse. The results also reveal a 

pore diameter of at least 2.0 nm, but smaller than 2.7 nm (Table 2). 

The swelling assay results are fully consistent with our 3D model, as well as with other 

VDAC structures originating from other organisms.44-45-69 The residual discrepancies may be 

explained by the elliptical shape of the VDAC pore, and by the spherical approximation used 

for the long tail PEG molecules as they could orientate along the main axis of the pore. In 

addition, the N-terminal locking α-helix, responsible of the channel gating, may have different 

conformations.70-71 Due to equal concentrations of ions in the internal and external media, the 
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swelling data correspond to an open state.10 However, the presence of high molecular weight 

PEG can induce ions partitioning in the vicinity of the proteins, hence resulting in local 

changes of the electrical potential.72 This phenomenon can play a sensible role in the gating of 

the reconstituted stVDAC36, consequently altering the diffusion of the solutes. 

3.5 Functional studies: ATP binding to plant VDAC 

A closer look into the channel topology provides essential information about the mechanism 

of selectivity of transport proteins. Whilst ATP permeation through plant VDAC is still 

unknown, some new insights can be gained from our model. 

VDACs were shown to have a high-conductance open-state, and lower-conductance partially 

closed-states, in which the flux of ATP molecules drops to zero.53-73-74 Based on previous 

modelling results as well as the crystal structure of mVDAC1 bound to ATP, our model is 

supposed to be in the open state, with the N-terminal α-helix inside the pore and still allowing 

the permeation of ATP.73 As for mammalian VDAC1, the electrostatic potential analysis 

shows that the stVDAC36 pore inner-face has a higher positive charged density, which is 

partly due to the N-terminal α-helix, and explains the preference for transporting anions, (such 

as ATP), over cations in the open conformation (Figure 7).75 

A low-affinity binding site for ATP was identified in mVDAC1 in the N-terminal α-helical 

segment containing 3 positive (Lys-12, Lys-20, and Arg-15) and 2 negative (Asp-9 and Asp-

16) charges facing the pore inner face.75-76 Interestingly these residues are conserved in 

stVDAC36 (Lys-13, Arg-16, Asp-10, Asp-17), except for Lys-20 which is replaced by an 

arginine (Arg-21). Furthermore, an additional lysine (a serine in mVDAC) is present in the α-

helix of stVDAC36, reinforcing the positive charge of the helix. Based on a docking study, 

several binding modes of ATP were identified inside the pore and interacting with the positive 
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residues of the N-terminal, supporting the hypothesis of a low-binding affinity. One of these 

binding modes involves the specific Arg-21 found in stVDAC36 and Lys-28 from the β1 

sheet, both interacting with the ATP phosphate group (Figure 8). 

4. Conclusion 

In this work, one of the two VDACs isoforms of Solanum tuberosum, stVDAC36, has been 

successfully overexpressed and subsequently refolded in one step by the SDS/MPD method. 

The highest β-sheet content was reached with SDS and MPD refolding concentrations of 60 

mM and 1.5 M, respectively. Supported by circular dichroism data, a stVDAC36 model was 

built and gave information on the structural properties of the channel protein, including the 

diameter of its pore. VDACs being known to adopt various oligomeric states in many 

different environments, the formation of oligomers was then considered by cross-linking 

experiments. Coupled with molecular modelling studies, they evidence the presence of dimers 

and tetramers, and they also suggest the involvement of cysteine residues to form an 

intermolecular disulphide bond between two stVDAC36 monomers.  

Once the protein reconstituted into lipid vesicles, the pore-forming activity of stVDAC36 was 

also assessed by liposome swelling assays. It was deduced the protein could not diffuse 

solutes bigger than 3500 Da, resulting from a pore diameter of at least 2.0 nm but smaller than 

2.7 nm. This is in agreement with the size of the pore calculated from our model and other 

known similar channels.  

Finally, docking studies and electrostatic calculations have highlighted the higher positive 

charged density of the pore inner-face, partly due to the N-terminal α-helix. We were also 

able to identify low-affinity binding sites of ATP in stVDAC36.  

All these data give new insights about the structure and function of plant VDACs, which are 

less described than their mammalian homologues. Further investigations on the endogenous 
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VDAC36 extracted from the native solanum tuberosum mitochondrial membrane will 

confirm the present results. 
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Table 1: Calculated secondary structure content of stVDAC36 in different refolding conditions, 
obtained from far-UV CD data. 

 
 
Table 2: Diameter and diffusion rate of the solutes used for the liposome swelling assay. The 
diffusion rate was calculated from the initial and last absorbance values (after 300 seconds). 
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Figure 1: Far UV circular dichroism spectra of stVDAC36. Following purification, the protein was 
incubated in different refolding buffers composed of 20 mM phosphate, pH 8 and 66 mM NaCl, and 
containing various concentrations of sodium dodecylsulfate (SDS) and 2-methyl-2,4-pentanediol 
(MPD). A) The protein is unfolded regardless the concentration of detergent. B) Spectra show a 
distinct β-barrel signature in the presence of MPD. 

Figure 2: Steady-state intrinsic fluorescence spectra of stVDAC36 in buffers composed of 20 mM 
phosphate pH 8 and 66 mM NaCl, and with different concentrations of SDS and MPD. The λmax is 
shifted from 309 to 320 nm upon addition of MPD. 

Figure 3: stVDAC36 model built by threading. Secondary structure is displayed with the following 
colors: β-strands (yellow), α-helix (red), turns (cyan) and loops (white). A) Side views with the 
maximum diameter of the channel in blue. B) Side view without the N-terminal α-helix. 

Figure 4: SDS-PAGE of stVDAC36 after incubation with three cross-linkers of several space lengths: 
dimethyl suberimidate (DMS, 11.0 Å), dimethyl adipimidate (DMA, 8.6 Å) and 1,5-difluoro-2,4-
dinitrobenzene (DFDNB, 3.0 Å). The buffer is composed of phosphate pH 8, 66 mM NaCl, 60 mM 
SDS and 1.5 M MPD. The tests were carried out without (A)/with (B) the β-mercaptoethanol reducing 
agent  

Figure 5: A) Side view and B) top view representation of the modelled stVDAC36 dimer with the 
intermolecular disulphide bond formed by the Cys158 residues of each monomer. Secondary structure 
is displayed with the following colors: β-strands (yellow), α-helix (red), turns (cyan) and loops 
(white).  

Figure 6: Liposome swelling assay of stVDAC36 reconstituted in DOPC liposomes. The absorbance 
was recorded at 450 nm after dilution of the proteo-liposomes into the test solutions containing 
glycine, saccharides or poly(ethyleneglycol) (PEG) of various sizes. 

Figure 7: Electrostatic potential (units: kbT/e) displayed on the stVDAC36 accessible surface. 

Figure 8: Proposed ATP (carbon atoms are in orange) binding mode inside stVDAC36.   

 
 
 
 
 


