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Abstract The voltage-dependent anion channel (VDAC)

is the most abundant protein of the outer mitochondrial

membrane and constitutes the major pathway for the

transport of ADP, ATP, and other metabolites. In this

multidisciplinary study we combined solid-state NMR,

electrophysiology, and molecular dynamics simulations, to

study the structure of the human VDAC isoform 2 in a lipid

bilayer environment. We find that the structure of hVDAC2

is similar to the structure of hVDAC1, in line with recent

investigations on zfVDAC2. However, hVDAC2 appears

to exhibit an increased conformational heterogeneity

compared to hVDAC1 which is reflected in broader solid-

state NMR spectra and less defined electrophysiological

profiles.

Keywords Voltage-dependent anion channel �
Membrane proteins � Solid-state NMR � Molecular

dynamics simulations

Introduction

Voltage-dependent anion channels (VDACs) are

30–35 kDa pore-forming proteins located in the mito-

chondrial outer membrane (MOM) (Sorgato and Moran

1993). They are involved in regulation of metabolite flux of

ions and small metabolites like ATP/ADP (Benz 1994;

Rostovtseva and Colombini 1997) between mitochondria

and the cytosol, and they also have been implicated in the

mitochondrial pathway of apoptosis. From its first
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discovery in 1976 (Schein et al. 1976) to date, multiple

VDAC isoforms have been identified in a variety of

organisms, including yeast, plants, mouse, and humans

(Smack and Colombini 2014; Colombini 1980; Lindén and

Gellerfors 1983; Blachly-Dyson et al. 1993). In mammals,

three VDAC isoforms (VDAC1, VDAC2, and VDAC3)

have been identified, with variable expression in all tissues

(Sampson et al. 1996, 2001).

In 2008, the structures of murine and human VDAC1

were solved using NMR, combined X-ray and NMR, and

pure X-ray methods (Hiller et al. 2008; Bayrhuber et al.

2008; Ujwal et al. 2008). All structures unambiguously

revealed a novel barrel topology of 19 ß-strands with an

N-terminal a-helical region situated within the aqueous

pore. While the three structures slightly differ in location

and length of the N-terminal helix, we could show that in a

native-like lipid bilayer environment, the N-terminal

region of human VDAC1 assumes a well-defined confor-

mation containing a kinked a-helix, similar to that of the

murine VDAC1 structure (Schneider et al. 2010). The

structure of the N-terminal part of VDAC1 was also shown

to depend on the environment (De Pinto et al. 2007).

The fundamental properties of all VDACs in all

eukaryotic kingdoms are highly preserved, although some

studies revealed important differences in the regulatory

functions within the different cell types. These studies

strongly indicate functional specialization rather than

redundancy between the three VDAC isoforms (Blachly-

Dyson and Song 1997; Sampson et al. 2001). Biochemical

studies of the mammalian VDACs have revealed that all

three isoforms display similar channel-forming activity,

and each can compensate for deficiency of the others

(Sampson et al. 1997; Anflous et al. 2001). However,

genetic studies have shown that VDAC2 knockout mice are

embryonic lethal, whereas both VDAC1 and VDAC3

knockout mice are viable (Anflous et al. 2001; Sampson

et al. 2001; Cheng et al. 2003), suggesting that VDAC2

fulfils functions different from VDAC1 and VDAC3. In

contrast to VDAC1, VDAC2 and VDAC3 are found to play

a more prominent role in cell death. VDAC2 is known as a

specific inhibitor of BAK-dependent mitochondrial apop-

tosis (Cheng et al. 2003) and is required for the pro-

apoptotic activity of BAX in the absence of BAK (Ya-

magata et al. 2009). Furthermore, the nonapoptotic mech-

anism of cell death mediated by the anti-tumor agent

erastin involves VDAC2 and VDAC3, but not VDAC1

(Yagoda et al. 2007; Bauer et al. 2011).

VDAC1, the most abundant isoform among the three

mammalian VDACs, has continuously been investigated in

the past decade; see e.g. (Villinger et al. 2014) for a recent

study. In contrast, biological data for VDAC2 have become

available only in recent years which indicated that this

isoform retains a different functionality from VDAC1

(Sampson et al. 2001; Cheng et al. 2003). However, neither

extensive experimental nor computational investigations

had been performed that could provide structural and

functional information on the hVDAC2 isoform at the

atomic level. The first attempt to tackle the hVDAC2

structure with solution NMR was reported in 2012 by Yu

et al. (2012). In contrast to hVDAC1, hVDAC2 presented

itself to be of low stability when embedded in LDAO

detergent micelles, which was only slightly improved by

incorporation into DMPC nanodiscs, so that sequence-

specific assignments for only 50 % of backbone amide

resonances were feasible. The situation changed in 2014

with the work by Abramson and coworkers (Schredelseker

et al. 2014) who reported the successful X-ray structure

determination of zebra fish (zf) VDAC2. The overall

structure of zfVDAC2 was found in this study to be highly

similar to the structure of hVDAC1.

Although the N-terminal region of hVDAC2 is eleven

amino acids longer than the one of hVDAC1, the part

where the a-helix is expected in hVDAC2 has more than

90 % sequence similarity with hVDAC1. Thus it seems

likely that the N-terminal part of hVDAC2 adopts a similar

conformation as in the hVDAC1 structure (see Fig. 1). The

role of the first eleven residues of hVDAC2 remains

unclear. Some studies indicated that it is superfluous for its

function (Naghdi et al. 2012), while others suggested the

full-length version of VDAC2 to be more functional than a

shortened version (without residues 1–11) (Reina et al.

2010). Unfortunately, the structure reported by Schred-

elseker et al. (2014) cannot provide any evidence to this

matter as zfVDAC2 lacks the first eleven amino acids in

the N-terminal part.

Our main interest in this study was on structural simi-

larities and differences between hVDAC1 and hVDAC2 in

a lipid bilayer setting at the atomic level and on functional

differences that may arise from different structures. Of

particular interest were the N-terminal parts of hVDAC1

and hVDAC2.

In parallel to experimental studies on VDAC, several

molecular dynamics (MD) based studies have been per-

formed, but until now only with the VDAC1 isoform mostly

focusing on its ion permeability and selectivity (Krammer

et al. 2011; Rui et al. 2011; Zachariae et al. 2012; Teijido

et al. 2014; Choudhary et al. 2014). So far no computational

studies have been conducted on the VDAC2 isoform.

In this multidisciplinary study where we combined

solid-state NMR methods, electrophysiology studies and

molecular dynamics simulations, we show that the struc-

ture of hVDAC2 in a lipid bilayer environment is similar to

the structure of hVDAC1. However, hVDAC2 appears to

exhibit an increased conformational heterogeneity com-

pared to hVDAC1 which is reflected in broader solid-state

NMR spectra and less defined electrophysiological profiles.
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The N-terminal region of hVDAC2 is eleven amino

acids longer compared to hVDAC1 giving rise to a total

number of 31 amino acids before the expected turn prior to

b-strand 1 at Gly21. For the sake of simplicity we use in

this work the numbering for the hVDAC2 sequence such

that it matches the hVDAC1 sequence.

Materials and methods

Solid-state NMR

hVDAC2 was expressed, refolded, and purified according

to the protocol described in Engelhardt et al. (2007). For

solid-state NMR measurements, the protein was reconsti-

tuted into dimyristoyl phosphocholine (DMPC) liposomes

at a protein/lipid ratio of 1/50 (mol/mol). Solid-state NMR

experiments were conducted using a 4 mm triple-resonance

(1H, 13C, 15N) magic-angle spinning (MAS) probe head at a

static magnetic field of 20.0 T (Bruker Biospin, Karlsruhe,

Germany). The sample temperature was set to ?5 �C. An

initial 1H–13C cross-polarization (CP) contact time of

600 ls was used. Typical proton field strength for 90�
pulses and SPINAL-64 (Fung et al. 2000) decoupling was

*83 kHz. 13C–13C mixing was accomplished by proton-

driven spin diffusion (PDSD) for 20 ms, at an MAS

frequency of 11 kHz. Spectra were processed in Topspin

(Bruker Biospin, Karlsruhe, Germany) and analyzed using

Sparky (T. D. Goddard and D. G. Kneller, SPARKY 3,

University of California, San Francisco).

Electrophysiology

The artificial lipid bilayer method has been previously

described in detail (Benz et al. 1978). In brief, membranes

were formed from a solution of 1 % diphytanoylpho-

sphatidylcholine (DiPh-PC; Avanti Polar Lipids, Alabaster,

AL) in n-decane across a circular hole (surface area about

0.4 mm2) dividing two aqueous compartments of a Teflon

cell. Both compartments are filled with an unbuffered 1 M

KCl solution with a pH of about 6. Two Ag/AgCl elec-

trodes with salt bridges were inserted in both aqueous

compartments and switched in series with a voltage source

and a Keithley 427 current amplifier. The amplified signal

was filtered at 100 Hz, which allowed a reasonable signal

to noise ratio and an easy detection of single channels. The

output signal of the current amplifier was monitored with a

storage oscilloscope and recorded on a strip chart recorder

(Rikadenki Electronics, Germany). For single channel

conductance experiments a voltage of ±10 mV was

applied to the electrode connected to the voltage source.

The stepwise increase in membrane conductance following

Fig. 1 Sequence alignment between human VDAC1 and VDAC2.

The sequence alignment was performed with ClustalW (Thompson

et al. 1994). Highlighted with red boxes are the conserved residues

Ala8, Ala14, Pro4, Pro5, Pro105, and Pro253 that were sequentially

assigned for hVDAC1 in our previous study
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the addition of hVDAC2 and its mutant in a final con-

centration of about 100 nM were determined as described

previously (Benz et al. 1978). Histograms of current fluc-

tuations were derived from at least 100 upward directed

conductance steps. Zero current membrane potential mea-

surements were obtained by establishing a salt gradient

across membranes containing about 100 hVDAC2 or

D(1–31)-hVDAC2 channels as described elsewhere (Benz

et al. 1985).

Molecular dynamics simulations

MD simulations were performed using Gromacs 4.0 (Hess

et al. 2008) together with the OPLS (Jorgensen 1996) and

amber99sb force-fields (Wang et al. 2004), respectively,

for the protein, water, and ions. The initial structure of

human VDAC2 was modeled with MODELLER (Šali and

Blundell 1993) where the crystal structure of murine

VDAC1 (Ujwal et al. 2008) (pdb code 3EMN) was used as

a template structure. For equilibrium simulations of model

structures of WT-hVDAC2, the protein was inserted in

simulation boxes of DMPC and water. DMPC parameters

were derived from Berger et al. (Berger et al. 1997), and

the TIP4P model was used for water (Jorgensen and Ma-

dura 1983). Water bond distances and angles were con-

strained using SETTLE (Miyamoto and Kollman 1992).

Electrostatic interactions were calculated explicitly at a

distance smaller than 1.0 nm, long-range electrostatic

interactions were treated by particle-mesh Ewald summa-

tion at every step (Darden et al. 1993). Lennard–Jones

interactions were calculated using a cutoff of 1.0 nm. The

LINCS algorithm was employed to constrain all protein

and lipid bonds (Hess et al. 1997). The simulation tem-

perature was kept constant by weakly (t = 0.1 ps) coupling

the system to a temperature bath of 320 K using the

velocity rescale method (Bussi et al. 2007). The pressure

was kept constant by semi-isotropic Berendsen coupling of

the system to a pressure bath of 1 bar, separately for the

xy- and for the z-direction (Berendsen et al. 1984; Feenstra

et al. 1999). An integration time-step of 2 fs was used.

Atom-positional root-mean-square fluctuations (RMSF)

over a full period of simulation were calculated after

superposition of centers of mass and performing a rota-

tional atom-positional least-squares fit of the trajectory

structures on the reference model structure. The secondary

structure assignment was done by using the program DSSP,

based on the Kabsch–Sander rules (Kabsch and Sander

1983). A conformational clustering analysis was carried

out on 106 configurations using an atom-positional root-

mean-square difference (RMSD) similarity criterion of

0.1 nm for backbone atoms of all and of barrel residues

only (based on the homology model) using an algorithm as

described in (Daura et al. 1999).

Results and discussion

Similarities and differences between the hVDAC1

and hVDAC2 structures

A proton-driven spin diffusion (PDSD) experiment on

reconstituted hVDAC2 recorded with a short mixing time

of 20 ms resulted in a spectrum very similar to the one of

hVDAC1 (Fig. 2a). However, the hVDAC2 spectrum

appears to be broader with fewer sharp and isolated cross-

peaks. The obvious resemblance between the two spectra

points to structural similarities between the two hVDAC

isoforms. In particular, hVDAC2 shows the characteristic

pattern of the peaks belonging to the b-barrel which sug-

gests that the barrel fold is conserved between the two

isoforms. This result is not unexpected due to the sequence

similarity in the barrel part of the protein (Fig. 1).

Due to the observed spectral crowding and the sparse

number of isolated peaks in the spectrum of uniformly

labeled hVDAC2, we resorted to a forward-labeling

scheme with the intent to provide solid structural infor-

mation about the N-terminus of hVDAC2 from solid-state

NMR data. Based on the hVDAC2 sequence we decided to

study a Cys, Ile, Phe and Pro (CIFP) forward-labeled

sample. By choosing those amino acids we successfully

decreased spectral overlap while still being able to obtain

structural information about the N-terminal region (Fig. 3).

There are six Pro residues which are conserved between

hVDAC1 and hVDAC2 (P4, P5, P105, P136, P229 and

P253), and one additional Pro residue in the extra eleven

amino-acid sequence at the N-terminus of hVDAC2 (P0).

From the six Pro residues of hVDAC1 so far four (P4, P5,

P105 and P253) could be assigned by solid-state NMR

methods (Schneider et al. 2010). In the spectrum of the

CIFP forward-labeled sample in Fig. 3 and the Pro region

of the spectrum of the uniformly labeled sample in Fig. 2b,

c it is apparent that the Pro cross-peaks in the hVDAC1 and

hVDAC2 spectra appear at similar positions. We therefore

tentatively assigned the corresponding peaks in the

hVDAC2 spectra to P4, P5, P105 and P253. We note that

the cross-peaks for P4 are very weak in the spectrum of the

uniformly labeled sample but are strong in the spectrum of

the forward-labeled sample. Whereas in hVDAC1 no Ile

residues are present in the N-terminus, the hVDAC2

sequence contains two positions where Val residues are

exchanged to Ile (V3 and V17) (Fig. 1). Indeed, the cross-

peaks of V3 and V17 are not observed in the spectra of

hVDAC2. In Fig. 3 one can assign at least two cross-peaks

to a-helical Ile residues that may be from the N-terminal a-

helix. Additional support for an a-helical N-terminus

comes from the two conserved Ala residues in the N-ter-

minus (A8 and A14) whose cross peaks appear at similar

positions in the spectra of hVDAC1 and hVDAC2
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(Fig. 2c). In summary all available data indicate that the

N-terminus of hVDAC2, in the region homologous to

hVDAC1, adopts an a-helical conformation similar to the

one found in hVDAC1.

Electrophysiology measurements on hVDAC2

The addition of the low concentration (100 ng/ml) of the

refolded hVDAC2 protein to lipid bilayers made of

DiPhPC/n-decane allowed the resolution of stepwise con-

ductance increases. Figure 4a shows a single channel

recording of hVDAC2 at the low voltage of 10 mV 3 min

after the addition of the protein to one side (the cis-side) of

a lipid bilayer membrane. Each step indicated the recon-

stitution of one channel into the membrane. Most of the

steps were directed upwards, which demonstrated that the

channels were always in the open state and had a very long

lifetime at low voltage. Figure 4b shows a histogram of all

conductance steps observed in reconstitution experiments

with refolded hVDAC2 in 1 M KCl. The most frequent

values for the single channel conductance of hVDAC2

under these conditions were 2 and 4 nS. For both positive

and negative transmembrane potentials larger than 30 mV

the membrane current decreases exponentially, in agree-

ment with the voltage-dependence typical of VDAC

channels (Benz 1994; Colombini 2004). Compared to

hVDAC1, however, wt-hVDAC2 has a broader distribution

(Zachariae et al. 2012). A broad distribution of conduc-

tance states for mouse VDAC2 was already reported before

by Xu et al. (1999), although that study did not report the

presence of two conductance-state maxima as observed

here but only a single conductance of 3.79 ± 0.10 nS.

It was previously shown for Neurospora crassa VDAC

(ncVDAC) that deletion of most or all of the 20 N-terminal

residues leads to more noisy recordings in electrophysiol-

ogy, affects or abolishes voltage gating, and reduces

channel conductance (Popp et al. 1996; Runke et al. 2006).

This also applies to hVDAC2 upon deletion of the first 31

amino acids (full N-terminal part) as seen in Fig. 5. Lipid

bilayer measurements on a hVDAC2 N-terminal truncation

variant (D(1–31)-hVDAC2) showed noisy traces, similar to

the deletion mutant of hVDAC1 (D(1–21)-hVDAC1)

(Zachariae et al. 2012) with no apparent voltage gating and

the distribution of conductance levels showing a broad

maximum between G = 0.5 nS and G = 3.0 nS (Fig. 5).

This indicates that for proper hVDAC2 channel function-

ality the N-terminus is required. Surprisingly, the deletion

of the 31 amino acids at the N-terminus had only a minor

influence on the selectivity of the hVDAC2 channel. For a

five-fold KCl gradient (0.1 vs. 0.5 M) across a DiPhPC/n-

decane membrane containing wt-hVDAC2 channels we

observed an asymmetry potential of about -11 mV at the

Fig. 2 a Overlay of 13C-13C PDSD spectra of full-length u[13C, 15N]-

hVDAC1 (red) and full-length u[13C, 15N]-hVDAC2 (blue) in lipid

bilayers recorded on an 850 MHz spectrometer; b, c excerpts of

proline regions, and d excerpt of alanine region; displayed assign-

ments correspond to assignments of u[13C, 15N]-hVDAC1 (Schneider

et al. 2010)
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Fig. 3 Overlay of 13C-13C

PDSD spectra of full-length

u[13C, 15N]-hVDAC1 (blue) and

CIFP forward-labeled hVDAC2

(orange) in lipid bilayers

recorded on an 850 MHz

spectrometer; displayed

assignments correspond to

assignments of u[13C, 15N]-

hVDAC1 (Schneider et al.

2010)

Fig. 4 Lipid bilayer measurements on WT-hVDAC2. a Single

channel recording of a DiPhPC/n-decane membrane after the addition

of 100 ng/ml refolded hVDAC2 to the aqueous phase containing 1 M

KCl, pH 6. The applied membrane potential was 10 mV; T = 20 �C.

Note that from the reconstituted 13 channels (all used for the

histogram in (b) only one channel closed during the time of the

recording. b Histogram of the conductance steps measured after

reconstitution of the refolded hVDAC2 into black lipid bilayer

membranes; same conditions as in A. The probability P(G) for the

occurrence of a given conductivity unit was calculated by dividing the

number of fluctuations with a given conductance increment by the

total number of conductance fluctuations. The most frequent single

channel conductance was about 2 nS and 4 nS for in total 254

channels from in total 5 different DiPhPC/n-decane membranes
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more dilute side indicating that the ratio of permeability of

chloride divided by permeability of potassium PCl/PK was

about two. The selectivity of the hVDAC2 N-terminal

truncation variant (D(1–31)-hVDAC2) was with PCl/

PK = 1.8 (asymmetry potential -9.9 mV at the more

diluted side) only little smaller indicating that the amino

acids 1–31 at the N-terminus had an only small impact on

channel selectivity of hVDAC2 if any.

In single channel recordings the channel formed by

hVDAC2 exhibited some flickering at higher voltages, i.e.

it showed transitions between open and closed configura-

tions that were not observed at low voltage. This could be

caused by voltage dependent closing of the hVDAC2

channel, which is typical for hVDAC channels (Benz 1994;

Colombini 2004; Zachariae et al. 2012). To study this

effect in more detail we increased the voltage across the

membranes in multi-channel experiments. We applied

different negative and positive potentials (with respect to

the cis side, the side where hVDAC2 was added) to the

membrane, starting from ±10 mV. Then we repeated the

experiment with ±20, ±30, ±40 up to ±80 mV. The

membrane current started to decrease for both polarities

when the voltage at the cis side exceeded ±20 mV. The

data of the voltage dependence experiments were analyzed

in the following way: the membrane conductance (G) as a

function of voltage, Vm, was measured when the opening

and closing of channels reached an equilibrium, i.e. after

the exponential decay of the membrane current following

the voltage step Vm. G was divided by the initial value of

the conductance (G0, which was a linear function of the

Fig. 5 Lipid bilayer measurements on the deletion mutant D(1–31)-

hVDAC2. a Single channel recording of a DiPhPC/n-decane mem-

brane after the addition of 100 ng/ml refolded deletion mutant

D(1–31)-hVDAC2 to the aqueous phase containing 1 M KCl, pH 6.

The applied membrane potential was 10 mV; T = 20 �C. b Histogram

of the conductance steps measured after reconstitution of the refolded

deletion mutant D(1–31)-hVDAC2 into black lipid bilayer

membranes; same conditions as in (a). The probability P(G) for the

occurrence of a given conductivity unit was calculated by dividing the

number of fluctuations with a given conductance increment by the

total number of conductance fluctuations. The most frequent single

channel conductance was about 1.5 nS for in total 212 single

insertions from in total 10 different DiPhPC/n-decane membranes

Fig. 6 Voltage dependence of hVDAC2 and the deletion mutant

D(1–31)-hVDAC2 when the proteins were added in a final concen-

tration of 100 ng/ml to the cis-side of DiPhPC/n-decane membranes

immersed in 1 M KCl, pH 6; T = 20 �C. Shown are ratios of the

conductance G at a given membrane potential (Vm) divided by the

conductance G0 at 10 mV as a function of the membrane potential

Vm. Circles refolded hVDAC1; squares refolded D(1–31)-hVDAC2.

The membrane potential always refers to the cis-side of the

membrane. Mean ± SD of three membranes are shown for each

hVDAC2 variant

Fig. 7 Homology model of human VDAC2 generated with MOD-

ELLER (Šali and Blundell 1993). The structure of murine VDAC1

(Ujwal et al. 2008) was used as a template

J Biomol NMR (2015) 61:311–320 317

123



voltage) obtained immediately after the onset of the volt-

age. The data in Fig. 6 corresponded to the approximately

symmetric voltage dependence of hVDAC2 [full points;

mean of three experiments (±SD)] when hVDAC2 was

added to one side of the membrane. Similar experiments

were also performed with the N-terminal truncation variant

(D(1–31)-hVDAC2) of hVDAC2 [full squares in Fig. 6;

mean of three experiments (±SD)]. Only minor channel

gating was observed in this case indicating that the N-ter-

minus of VDAC-proteins plays a major role in voltage-

dependent channel gating and its deletion resulted in

almost complete absence of gating (see Fig. 6).

Molecular dynamics simulations of hVDAC2

in a DMPC bilayer

In parallel to the solid-state NMR experiments we per-

formed a molecular dynamics study on a homology model

of hVDAC2. The homology model was created with

MODELLER (Šali and Blundell 1993) where the crystal

structure of murine VDAC1 (Ujwal et al. 2008) was used

as the template (Fig. 7). The system was embedded into a

DMPC lipid bilayer, which was equilibrated for 10 ns, and

the final simulation box was filled with explicit water (see

‘‘Materials and methods’’ section). After 5 ns of equili-

bration time, the total time of simulation was 1 ls.

Secondary structure analysis (DSSP) and root-mean-

square fluctuation (RMSF) analysis on the full 1 ls simu-

lation shows that the 19 stranded b-barrel fold was present

throughout the full time of simulation. The RMSF analysis

shows increased dynamics in all the loop regions and also

for the first eleven residues—which were modeled as a

random coil due to the absence of structural information for

this region. The N-terminal a-helix expected from

homology modeling and solid-state NMR results (see

above) was present during the entire simulation time

(Fig. 8). From the RMSF analysis one can see that over the

full simulation time, b-strands of the barrel show a small

level of fluctuation except for b-strands 2–6. High flexi-

bility of the b-barrel was also observed for b-strands 2–7 of

hVDAC1 (Villinger et al. 2010). The first eleven residues

did not adopt any specific secondary structure during the

simulation (Fig. 8). Conformational clustering analysis did

not reveal any cluster of conformations where the helix was

not positioned as in the initial structure. This was further

confirmed by a distance analysis between Leu10 and

Val143 (data not shown).

Conclusion

In the present work our goal was to investigate similarities

and differences between hVDAC1 and hVDAC2 by means

of solid-state NMR, electrophysiology, and molecular

dynamics simulations. Clear similarities between hVDAC1

and hVDAC2 solid-state NMR spectra indicate that both

isoforms do fold into the same b-barrel structure. The

stronger broadening of resonance signals in hVDAC2

spectra as compared to hVDAC1 indicates a higher degree

of conformational heterogeneity of hVDAC2. This is also

reflected in broader conductance level distributions found

for hVDAC2 in this study compared to sharp distributions

Fig. 8 Secondary structure

analysis (DSSP) and Ca root

mean square fluctuation

(RMSF) analysis performed on

a 1 ls long MD simulation. The

main secondary structure

comprises a 19-stranded b-

barrel and an N-terminal a-

helix. A red line represents an

a-helix, green turn, blue b-

strand, yellow bend, and black

b-bridge
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previously observed for hVDAC1 (Schneider et al. 2010).

Data obtained on a CIFP forward–labeled sample indicate

that the hVDAC2 N-terminus adopts an a-helical confor-

mation in the region homologous to hVDAC1. Our results

are in agreement with the recent structure of zfVDAC2

solved by Abramson and coworkers who found a strong

structural similarity between zfVDAC2 and mVDAC1

(Schredelseker et al. 2014). The observed structural het-

erogeneity of hVDAC2 in lipid bilayers as identified in this

study and also in a previous study by McDermott and

coworkers (Bauer et al. 2011) may explain the fact that so

far crystallization trials on hVDAC2 remained unsuccess-

ful. Results from MD simulations corroborate the experi-

mental data: a long 1 ls simulation of a homology model

indicates a very stable fold, in particular of the N-terminal

a-helix, and shows dynamics of the first 6 b-strands, sim-

ilar to results obtained for hVDAC1. The first eleven res-

idues remain disordered throughout the course of the

simulation but we cannot exclude that they adopt a more

ordered conformation in the context of the full length

protein as the homology model used in the simulation was

based on the mVDAC1 structure that doesn’t contain these

first eleven residues.
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