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ABSTRACT: The voltage-dependent anion channel (VDAC)
is the main mitochondrial porin allowing the exchange of ions
and metabolites between the cytosol and the mitochondrion.
In addition, VDAC was found to actively interact with proteins
playing a fundamental role in the regulation of apoptosis and
being of central interest in cancer research. VDAC is a large
transmembrane β-barrel channel, whose N-terminal helical
fragment adheres to the channel interior, partially closing the
pore. This fragment is considered to play a key role in protein
stability and function as well as in the interaction with
apoptosis-related proteins. Three VDAC isoforms are differently expressed in higher eukaryotes, for which distinct and
complementary roles are proposed. In this work, the folding propensity of their N-terminal fragments has been compared. By
using multiple spectroscopic techniques, and complementing the experimental results with theoretical computer-assisted
approaches, we have characterized their conformational equilibrium. Significant differences were found in the intrinsic helical
propensity of the three peptides, decreasing in the following order: hVDAC2 > hVDAC3 > hVDAC1. In light of the models
proposed in the literature to explain voltage gating, selectivity, and permeability, as well as interactions with functionally related
proteins, our results suggest that the different chemicophysical properties of the N-terminal domain are possibly correlated to
different functions for the three isoforms. The overall emerging picture is that a similar transmembrane water accessible conduit
has been equipped with not identical domains, whose differences can modulate the functional roles of the three VDAC isoforms.

The voltage-dependent anion channel (VDAC) is a 30 kDa
pore-forming protein mainly located in the outer

mitochondrial membrane (OMM). Its main function is to
form a general pore for ions and small metabolites, among
which the energetic nucleotides ATP, ADP, and NADH are
particularly important. VDAC is anion selective in the open
state, but it switches to a partially closed state when the applied
transmembrane voltage is increased above 30−40 mV, with the
closed state characterized by a reduced permeability and slight
cation selectivity.1−4 In addition to guaranteeing the exchange
of ions and metabolites between the cytosol and the
mitochondrion, VDAC has been found to actively interact
with other proteins like hexokinase5 and Bcl-2 family
members,6 playing a fundamental role in the regulation of
pathways related to apoptosis7,8 and cancer.9,10 Three different

VDAC isoforms are expressed in higher eukaryotes. Among the
three, VDAC1 is the most abundant, being 10 and 100 times
more prevalent than VDAC2 and VDAC3, respectively, in the
majority of cells.3,11,12

VDAC is a large transmembrane channel (outer diameter of
4.5 nm, inner diameter of 2.0−2.5 or 3.0 nm with the N-
terminal domain inside or outside, respectively, and height of 4
nm) formed by 19 β-strands arranged in a regular antiparallel
organization, whereas the parallel pairing of strands 1 and 19
completes the β-barrel.13−16 Both the N- and C-termini face the
mitochondrial intermembrane space.17 The most evident
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difference among the three human isoforms is the longer N-
terminal fragment of hVDAC2, which has 11 more residues
than the other two isoforms (Figure 1). The N-terminal

fragment of VDAC (the first 25 amino acid residues, 36 in the
case of hVDAC2) is located inside the lumen, partially closing
the pore. However, differences exist between the available
three-dimensional (3D) structures, and they mainly refer to the
N-terminal portion itself.13−16 In human15 and mouse14

VDAC1, as well as in zebrafish VDAC2,16 the N-terminal
fragment crosses the channel and presents a helical fold from
residue 6 to 20. In the structure reported by Hiller et al.,13

despite being termed human VDAC1 as in Bayrhuber et al.,15

the same protein fragment is characterized by a mostly
unfolded conformation. Basically, a well-folded N-terminal
fragment was observed through X-ray crystallography14−16 [in
the case of Bayrhuber et al.15 a hybrid X-ray/nuclear magnetic
resonance (NMR) approach was applied]. On the other hand,
NMR showed that at room temperature in the liquid state, thus
better reflecting cell conditions, the N-terminal domain most
probably exists as an ensemble of conformations with a
remarkable fraction of unfolded states.13

This N-terminal domain is considered to play a key role in
both protein stability and functionality. It is crucial for
stabilization of the open state and in voltage gating,18−23 as
well as for the interaction with apoptosis-related proteins.3,8,9,24

hVDAC1 has no cysteine residues, whereas both hVDAC2 and
hVDAC3 are characterized by the presence of two cysteines in
the N-terminal region. It is not known whether they form
disulfide bridges with other cysteines located in the barrel wall,
but this should deeply affect the N-terminal mobility and, in
turn, the specific isoform functioning.
In light of these differences and the different expression levels

of the three human isoforms of VDAC, the possibility of
distinct and complementary roles has been put forward.11,12 In
the work presented here, the folding propensity of the N-
terminal peptides of the three hVDACs was compared, focusing
on the aligned portion (Figure 1). By using both experimental
and theoretical approaches, their conformational plasticity has
been characterized in a physiological buffer, to highlight
possible differences in their intrinsic behavior. The effects of
the presence of physiologically relevant electrolytes were also
investigated. This is a fundamental step for further biophysical
studies aimed at characterizing the interaction between such an
important fragment of VDAC and any of the proteins involved
in its biochemical functions. Knowledge of the intrinsic
features, a sort of N-terminal peptide’s fingerprint, is the basis
for understanding what is actually caused by the interaction and
the interacting counterpart(s), toward the unveiling of the
functional differences among the three isoforms.

■ MATERIALS AND METHODS

Materials. Synthetic peptides were purchased from Peptide
Protein Research Ltd. (Fareham, U.K.) with a purity of 98%
and with the C-terminus amidated. In particular, hVDAC1(1−
25) (MAVPPTYADLGKSARDVFTKGYGFG), hVDAC2(12−
36) (MCIPPSYADLGKAARDIFNKGFGFG) , and
hVDAC3(1−25) (MCNTPTYCDLGKAAKDVFNKGYGFG)
were investigated. The 3-(trimethylsilyl)-2,2′,3,3′-tetradeuter-
opropionic acid (TSP) was purchased from Cambridge Isotope
Laboratories (Andover, MA). All other chemicals were supplied
by Sigma-Aldrich. Peptides were dissolved in 10 mM phosphate
buffer (PB; pH 7.4). In the case of hVDAC2(12−36) and
hVDAC3(1−25), because of the presence of cysteine residues
in the amino acid sequence, the reducing agent 1,4-dithio-D-
threitol (DTT) was added at a 1:3 peptide:DTT molar ratio, to
prevent the formation of disulfide bridges.

Circular Dichroism (CD) Spectroscopy. CD spectra of
the three peptides (20 μM) were recorded on a Jasco J-810
spectropolarimeter with a 1 mm path length cell. Spectra were
recorded in the spectral range of 190−260 nm, with a scan rate
of 10 nm/min at 0.1 nm intervals. Data were acquired at 300 K,
and 10 scans were averaged for each spectrum. Peptide CD
spectra were collected either in 10 mM PB or in the presence of
additional electrolytes to investigate the effect of physiologically
relevant counterions on the peptide intrinsic folding propensity.
In particular, either Na+ or K+ ions were added to the PB at a
final concentration of 100 mM, to test the effect of a large
excess of these monovalent cations, matching a typical
physiological condition. Also, the presence of Mg2+ ions was
checked but keeping the Mg:peptide molar ratio to 1:1. Cations
were added to the PB as dibasic sulfate salts. Despite chlorides
being more physiologically relevant anions, they strongly
absorb below 195 nm and are therefore not recommended
for CD investigations.25

Attenuated Total Reflectance Infrared Spectroscopy
(ATR-IR). Spectra were recorded on liquid-state samples (10
μL) at room temperature with a Bruker Vector 22 spectrometer
equipped with a diamond single-reflection ATR accessory
(Platinum ATR module) and a liquid N2-cooled MCT detector.
Spectra were acquired in the range of 4000−600 cm−1 (4 cm−1

spectral resolution) and are an average of 256 scans. The
peptide concentration was 7 mM. For each sample, water
evaporation was followed, in addition, by recording a spectrum
every 5 min until no further spectral changes were observed.
On average, 40 min was necessary to get almost complete water
evaporation and obtain a spectrum of the solid film formed on
the surface of the diamond. The formation of the solid film
significantly improved the signal:noise ratio and band
resolution. ATR-IR spectra of peptides were recorded in 10
mM PB in the presence of additional electrolytes. In particular,
either Na+, K+, or Mg2+ ions were added to a final
concentration of 100, 100, or 7 mM, respectively. Cations
were added to the PB as chloride salts. The full width at half-
maximum (fwhm) was estimated by fitting the amide I band
with a single Gaussian function. No band deconvolution to
quantify different components was attempted.

Nuclear Magnetic Resonance (NMR). Peptides were
dissolved in PB at a concentration of 2 mM. The pH was
corrected to 5.0 with small aliquots of 0.1 M HCl to minimize
the backbone amide protons exchange rate with water.26

Spectra were recorded with an Agilent Unity Inova 500NB
instrument operating at a 1H frequency of 500 MHz.

Figure 1. Multiple-sequence alignment of the N-terminal fragment of
the three isoforms of hVDAC. Residues are numbered according to
hVDAC1 and hVDAC3 sequence; thus, the first 11 residues of
hVDAC2 are not numbered in the figure (asterisks denote identity,
colons a high degree of similarity, and periods a low degree of
similarity).
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Experiments were conducted at 300 K. The chemical shift scale
of either 1H and 13C was referenced to the methyl signal of TSP
(2 mM). 1H spectra were recorded using a 6.6 μs pulse (90°), a
1 s delay time, a 2 s acquisition time, and a 7 kHz spectral
width. Suppression of the water signal was achieved through the
application of the WET sequence27,28 (the uburp shape was
centered at the water resonance with a width of 100 Hz).
1H−1H DQF-COSY experiments were conducted over the
same spectral window using 2048 complex points and sampling
each of the 512 increments with 64 scans. The same acquisition
parameters have been applied, together with a mixing time of
80 ms (MLEV-17 spin-lock scheme), for the acquisition of
TOCSY spectra. The NOESY experiments were conducted
with the same acquisition parameters and a mixing time of
either 200 or 250 ms. The 1H−13C HSQC spectra were
recorded using spectral windows of 7 and 21 kHz for 1H and
13C, respectively, and sampling each of the 512 increments with
64 scans. The 3JHNHα coupling constants were measured from
DQF-COSY spectra. The chemical shift values of 1Hα, 1Hβ,
13Cα, and 13Cβ were analyzed with TALOS+29 in comparison
to its high-resolution structural database.
Bioinformatics Analyses. The polarity score for amino

acids was calculated through the ExPASy web portal, available
at http://expasy.org/. The method of Grantham has been
applied30 over windows of three residues and rescaling by 50%
the score of the window edges. The helical propensity was
estimated with the predictive algorithm Agadir31−35 at a
temperature of 300 K, an ionic strength of 0.1 M, and pH 7.4.
Molecular Dynamics (MD) Simulations. Simulations

started with the peptide in the fully extended conformation,
embedded in a truncated octahedral simulation box comprising
∼10000 water molecules. Sodium and chloride ions have been
added to the systems to neutralize the peptide net charge and
produce a final NaCl concentration of 10 mM. All simulations
were performed with Amber1436 using the ff14SB force field
and the TIP3P water model. To avoid possible entrapment in
metastable minima, the enhanced sampling technique Hamil-
tonian Replica Exchange MD (H-REMD)37,38 was employed.
In the classical temperature REMD,39 a number of system

replicas are simulated in parallel at different temperatures.
Exchanges between neighboring replicas are attempted at
regular time intervals, which are accepted or rejected according
to a Metropolis-like probability:

β β= − − −p E Emin{1, exp[ ( )( )]}ij i j j i (1)

where Ei and Ej are the energies of the replicas involved and βi
and βj are their inverse temperatures. For bulky molecular
systems, the large ΔE imposes a rather small Δβ to attain
sufficiently high exchange rates, resulting in an increase in the
number of replicas and, thus, the computational cost.
This can be avoided in H-REMD, where replicas have

different Hamiltonians, or energy functions, and exchanges are
attempted between adjacent Hamiltonians with an acceptance
probability:

β

β

= − −

− −

p E x E x

E x E x

min{1, exp{ [ ( ) ( )]

[ ( ) ( )]}}

ij 1 1 2 1 1

2 2 1 2 2 (2)

In this work, all replicas were run at the same temperature
and the energy function of the ith replica was Ei = Ent + λiEt,
where Et is the torsional energy of the backbone dihedral angles
and Ent lumps together all the other energy terms. By

substitution into eq 2, the Ent contributions cancel out, so
that exchange acceptance probability depends only on the
torsional term:

β λ λ= − − −p E x E xmin{1, exp{ ( )[ ( ) ( )]}}ij 1 2 t 2 t 1 (3)

Following Bergonzo et al.,40 the dihedral force constants
were all uniformly scaled by a constant factor, from 1.0 (full
force field) to 0.3 in intervals of 0.1, leading to eight replicas.
Each replicas first underwent 1000 steps of steepest descent
minimization followed by 1000 steps of conjugate gradient
minimization. Replicas were then equilibrated for 5 ns in the
NVT ensemble using a time step of 2 fs and a temperature of
300 K with the Langevin thermostat. The last frame was used as
input for the subsequent H-REMD simulation. Each replica was
run for 100 ns attempting exchanges every 2.5 ps (acceptance
probability in the range of 55−65%).
The secondary structure analysis of the trajectory with full

torsional force (λ = 1.0) was performed using the DSSP
algorithm.41 CD spectra were calculated on the basis of the MD
trajectories as a linear combination of experimental reference
spectra for purely α-helix, β-sheet, and random-coil con-
formations, where the weighting factorsa are the frequencies
obtained from the DSSP analysis.42,43

■ RESULTS
Circular Dichroism Spectroscopy. The CD spectra

obtained for the three peptides in PB are shown in Figure 2.

Spectra of hVDAC1(1−25) and hVDAC3(1−25) show a
similar spectral shape, with a main broad negative band at a
wavelength significantly higher than 200 nm, and negative
ellipticity in the range of 190−195 nm. The presence of an
additional band around 220 nm cannot be ruled out. Despite a
random-coil conformation perhaps being inferred at first glance,
these spectral features are not compatible either with a
polyproline helix or with a purely random-coil conformation.
On the other hand, the spectrum of hVDAC2(12−36) is
remarkably different. The main negative band is characterized
by a lower ellipticity and is shifted toward a higher wavelength,
while slightly positive ellipticity is observed in the range of
190−195 nm. Moreover, the presence of at least one additional
negative band around 220 nm is evident in this case. Two
different states contribute to the spectrum: the “random coil”,

Figure 2. CD spectra of N-terminal peptides of hVDACs. Spectra
recorded in phosphate buffer (10 mM, pH 7.4) are shown with the
ordinate reporting the mean residue ellipticity.
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with its negative ellipticity at 200 nm, and the “α-helix”, with
two negative bands at 208 and 222 nm and a positive one at
192 nm, which partially cancels out the random-coil negative
band on the shortest wavelength side (Figure 2).
The influence of different cations, namely, Na+, K+, and

Mg2+, was also investigated. Figure 3 shows the CD spectra

acquired from the three peptides in the presence of the
different metal ions added to the PB. No dramatic differences
were observed in the spectral shape or in the band position,
indicating that, under our experimental conditions, the
influence of such cations on the conformational equilibrium
was negligible for each of the three peptides under

investigation. However, in the presence of 1 equiv of Mg2+,
the spectrum of both hVDAC1(1−25) and hVDAC3(1−25)
was similar to those obtained for hVDAC2(12−36).

Infrared (IR) Spectroscopy. IR spectra were recorded in
ATR mode for both the liquid-state samples and the
corresponding solid film. The latter were always characterized
by a significantly higher signal:noise ratio and band resolution.
Figure 4 shows, for instance, the liquid and the film spectra of

hVDAC1(1−25) in PB. The position of the maximum of the
amide I band and its fwhm in the absence and presence of
different cations in the PB are reported in Table 1.
In the liquid state, the amide I band was always broader than

in the film, which is indicative of multiple conformations. In the
film spectra, the band position was consistently found to be that
typical of helical folding. However, while both hVDAC2(12−
36) and hVDAC3(1−25) reached a value of 1654 cm−1 (and a
fwhm of ∼50 cm−1), hVDAC1(1−25) exhibits slightly a red-
shifted amide I maximum centered at 1648 cm−1 with a broader
fwhm (61 cm−1), suggesting a less regular and/or a bent helical
fold.44 In the liquid state, a general wavenumber decrease was
observed as usual for water-exposed disordered helices.44

The presence of the different cations added to the PB,
namely, Na+, K+, and Mg2+, did not result in a significant shift
(spectral resolution of 4 cm−1) of the amide I band in all the
studied cases, both for the solution and for the solid film
spectra. This indicates that, under our experimental conditions,
their influence on the peptide conformational equilibrium was
negligible.

Nuclear Magnetic Resonance Spectroscopy. The N-
terminal peptide of the three human isoforms of VDAC was
investigated in PB. The 1H and 13C resonances were assigned
on the basis of a set of two-dimensional experiments, namely,
DQF-COSY, TOCSY, NOESY, and 1H−13C HSQC, as
described by Cavanagh et al.26 Results are reported in Tables
S1−S3 for hVDAC1(1−25), hVDAC2(12−36), and
hVDAC3(1−25), respectively. The chemical shift index (CSI)
values were calculated for both the α-protons and α-
carbons;45−47 however, deviations from the reference “random
coil” values were negligible, and in general, no peptide portions
with specific CSI values were identified, indicating the absence

Figure 3. Effect of cations on CD spectra of N-terminal peptides of
hVDACs. Spectra recorded in the presence of Na+, K+, or Mg2+ in
phosphate buffer (10 mM, pH 7.4) are shown for (a) hVDAC1(1−
25), (b) hVDAC2(12−36), and (c) hVDAC3(1−25). The corre-
sponding spectrum obtained in the buffer (Figure 2) is also shown for
direct comparison.

Figure 4. Comparison of liquid and film IR spectra. ATR-IR spectrum
of hVDAC1(1−25) in phosphate buffer (10 mM, pH 7.4) recorded for
the sample in the liquid state and the corresponding solid film.

Biochemistry Article

DOI: 10.1021/acs.biochem.5b00469
Biochemistry 2015, 54, 5646−5656

5649

http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5b00469/suppl_file/bi5b00469_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5b00469/suppl_file/bi5b00469_si_001.pdf
http://dx.doi.org/10.1021/acs.biochem.5b00469


of any well-defined folded structure. The experimental chemical
shift values of 1Hα, 1Hβ, 13Cα, and 13Cβ were also analyzed via
TALOS+29 in comparison to its high-resolution structural
database. In agreement with the CSI analysis, the majority of
residues were either classified as “ambiguous” (meaning that no
specific secondary structure could be predicted with sufficient
confidence) or recognized as part of highly dynamic portions of
the peptide. The very few predictions ranked as “good” were
sparse along the peptide sequence such that a reliable
secondary structure prediction was not possible. Nevertheless,
it was quite interesting to find that the only exception was a
cluster of three consecutive residues in hVDAC2(12−36),
namely, K23, A24, and A25. These residues are located exactly
in the middle of the peptide sequence, and their backbone
conformation was estimated as being helical with a very high
consensus. In agreement, all the measured 3JHNHα scalar
coupling constants were found in the range of 6−8 Hz,
reflecting motional averaging of multiple conformations,26 but
those of hVDAC2(12−36) A24 and A25, which were 3.5 Hz,
typical of helical conformations.
Some differences among the three peptides were also

observed in the dipolar through-space sequential correlations.

Figure 5 schematically shows the observed sequential 1H−1H
NOESY cross-peaks (NOEs). A different number of NOEs
were observed for the three peptides under investigation,
increasing in the following order: hVDAC1(1−25) <
hVDAC3(1−25) < hVDAC2(12−36). In the case of
hVDAC1(1−25), only short-range HN−Hα (i, i + 1) NOEs
were identified. Several short-range HN−HN (i, i + 1) NOEs
were assigned, in addition, in the case of hVDAC3(1−25).
Finally, hVDAC2(12−36) was characterized by a significantly
higher number of NOEs. Both sequential HN−Hα and HN−
HN NOEs were found, some short-range and several medium-
range.

Bioinformatics Analyses. The polarity score profile
(Figure 6a) shows that the more and less polar residues are
alternated along the amino acid sequence. The pattern is
absolutely comparable for the three hVDAC N-terminal
peptides, the largest differences being found only at the very
beginning of the sequence. The application of the Agadir
algorithm resulted in a rather low helix probability in PB
(Figure 6b), with the three peptides sharing the same range of
residues with a non-zero probability, i.e., 6−20. Despite the

Table 1. Infrared Amide I Band Positions and Widths for the N-Terminal Peptide of hVDACs (7 mM) in the Absence and
Presence of Different Cations in Phosphate Buffer (spectral resolution of 4 cm−1)

wavenumber (fwhm) (cm−1)

film spectra PBa Na+b K+b Mg2+c

hVDAC1(1−25) 1648 (61) 1648 (60) 1648 (62) 1648 (61)
hVDAC2(12−36) 1653 (52) 1653 (53) 1654 (52) 1654 (50)
hVDAC3(1−25) 1653 (52) 1656 (48) 1650 (52) 1654 (51)

wavenumber (fwhm) (cm−1)

liquid spectra PBa Na+b K+b Mg2+c

hVDAC1(1−25) 1644 (63) 1642 (76) 1642 (82) 1644 (69)
hVDAC2(12−36) 1646 (71) 1639 (77) 1647 (71) 1649 (59)
hVDAC3(1−25) 1652 (87) −d (−) 1648 (60) 1649 (55)

aIn 10 mM phosphate buffer (pH 7.4). bAt 100 mM. cAt 7 mM. dThe band was clearly multicomponent.

Figure 5. Sequential interproton NOEs. Proton−proton dipolar interactions found for hVDAC1(1−25), hVDAC2(12−36), and hVDAC3(1−25) in
10 mM phosphate buffer are reported as lines connecting the two residues involved.
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values being low, the trend hVDAC2(12−36) > hVDAC3(1−
25) > hVDAC1(1−25) is evident.
Molecular Dynamics Simulations. Peptide secondary

structure analysis was performed on the target replica using the
DSSP algorithm.41 This is based on the assignment of the
backbone hydrogen bonding pattern to different secondary
structure motifs, namely, α-, π-, and 310-helix, parallel and
antiparallel β-strand, and β-turn. Figure 7 shows the frequency
of these secondary structure elements along the amino acid
sequence of the three peptides under investigation. Although
the “random coil” was the prevalent state for all three hVDAC
peptides, a significant occurrence of α-helix, 310-helix, and β-
turn was revealed. While in both hVDAC1(1−25) and
hVDAC3(1−25) the α-helix shows a profile with two peaks,
one around the eighth and the second around the 16th residue,
hVDAC2(12−36) is characterized by a single wide peak in the
α-helix profile. Such a single peak has the maximum located
around the 16th residue but covers the same range spanned by
the distribution obtained for the other two peptides, without
any breakage (Figure 7d). On the other hand, the 310-helix

profiles are comparable for the three peptides (Figure 7b), with
an asymmetric bimodal distribution where the peak on the N-
terminus side is the most populated. Results are summarized in
Table 2, where the helical propensity ranking hVDAC2(12−
36) ≥ hVDAC3(1−25) > hVDAC1(1−25) is clear.
These data were used to reconstruct the CD spectra of the

three hVDAC peptides (Figure 8). All the calculated CD
spectra are characterized by a main negative band at a
wavelength slightly higher than 200 nm. An additional negative
band is present around 220 nm, which is more pronounced in
the case of hVDAC2(12−36) but clearly detectable also in the
spectra of both hVDAC1(1−25) and hVDAC3(1−25). In the
latter cases, negative ellipticity was obtained in the range of
190−195 nm and slightly positive for hVDAC2(12−36).
Interestingly, when one moves along the series of
hVDAC1(1−25), hVDAC3(1−25), and hVDAC2(12−36),
the more intense the negative band at ∼220 nm, the more
the main band at ∼200 nm shifts to higher wavelength values
and the more its intensity decreases. By considering that the β-
type structure contribution was negligible in the reconstruction
of the CD spectra, which was almost completely caused by a
different proportion of helical and random-coil fraction, we can
conclude that calculated spectra reflect the different helical
contents of the three peptides: hVDAC2(12−36) > hVDAC3-
(1−25) > hVDAC1(1−25).

■ DISCUSSION
The spectra recorded in PB for both hVDAC1(1−25) and
hVDAC3(1−25) are very similar to those reported in the
literature for the hVDAC1(2−20) peptide.48 Despite random-
coil conformation usually being observed for relatively short
polypeptides, unless a suitable folding−promoting cosolvent or
a lipid membrane model is present,48−51 a closer inspection of
the CD spectra suggests that the peptide exists in equilibrium
between completely random-coil states and partially folded
states characterized by helical fragments of variable length. The
case of hVDAC2(12−36) is even more clear. The CD spectrum
results from two different contributions: the “random-coil” and
“α-helix” conformation. The same also applies to hVDAC1(1−
25) and hVDAC3(1−25), but the proportion of “random coil”
is higher.
All three hVDAC peptides resulted in mostly unfolded forms

in PB; however, the existing equilibrium with a helical folding
was clearly seen, and in particular, the intrinsic helical
propensity is higher for hVDAC2(12−36). When K+, Na+, or
Mg2+ was added to the buffer, CD spectra did not show any
dramatic change (Figure 3), clearly indicating that the helical
propensity of hVDAC peptides is not affected by these
physiologically relevant ions. The slight differences and, in
particular, the fact that a relatively low concentration of Mg2+

was sufficient to make the spectra of hVDAC1(1−25) and
hVDAC3(1−25) comparable to those obtained for
hVDAC2(12−36) are certainly interesting and suggest ion-
specific effects on folding equilibria52 but would require specific
investigations and are beyond the scope of this work.
In PB, the IR amide I bands of the three hVDAC peptides

were rather broad (Table 1), presumably because of the overlap
of multiple conformations, confirming the predominant
random-coil state in solution. Addition of different electrolytes
to the buffer supported the CD results that indicated a
negligible effect on the conformational equilibrium in solution,
although differences in the bandwidth suggest subtle ion-
specific effects. Moving from solution to solid film spectra,

Figure 6. Bioinformatics analyses. The polarity score is shown in panel
a for the three peptides as a function of residue number. The higher
the score, the more polar the amino acid residue. Agadir prediction
(300 K, pH 7.4, ionic strength of 0.1 M) is shown in panel b as the
helix percentage as a function of residue number.
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peptides assumed a more rigid conformation upon dehydration
and consequent adhesion to the diamond surface of the ATR

device. Despite the band position being consistently found to
be that typical of helical folding in all cases, a slightly lower
wavenumber and a higher bandwidth were found for
hVDAC1(1−25), suggesting a less regular and/or a bent
helical folding.44

The analysis of 1H and 13C NMR chemical shifts, the lack of
significant deviations from the “random coil” reference
values,45−47 the 3JHNHa coupling constants in the range of 6−
8 Hz, and the small number of NOEs observed in all cases
clearly indicate that all three N-terminal hVDAC peptides
adopted highly dynamical conformations in PB. However, the
number of NOEs (Figure 5) followed the order hVDAC1(1−
25) < hVDAC3(1−25) < hVDAC2(12−36), with the latter
being the only case in which some medium-range interactions
were observed, suggesting a slight but significant difference in
the conformational equilibrium. Actually, only in the case of
hVDAC2(12−36) did we find three consecutive residues (K23,
A24, and A25) having their chemical shift values compatible
with a helical conformation, with two of them (A24 and A25)
showing a 3JHNHa coupling constant of 3.5 Hz, typical for
helices. Nevertheless, for the sake of clarity, it has to be stressed
that the 3D structure could not be determined in any case,
because the number of NMR parameters was too small and
motional averaging evident from our results.
Results from three independent techniques supported each

other and, despite all hVDAC peptides being mostly random
coil in solution, a slight but significant difference among the
three was consistently found. CD indicated that hVDAC2(12−
36) has the highest helical propensity. IR suggested
hVDAC1(1−25) as the one with the less regular structure
upon dehydration. NMR supported the same trend of folding
propensity: hVDAC2(12−36) > hVDAC3(1−25) >
hVDAC1(1−25). It has to be noted that NMR experiments
were performed at pH 5.0 to minimize the backbone amide
proton exchange rate with the solvent, whereas the other
techniques were employed at the physiological pH of 7.4.
However, no significant differences are expected between these
two pH values in the case presented here. The three amino acid

Figure 7. Secondary structure profile obtained for the N-terminal peptides of the three hVDAC isoforms. Panels a, c, and e show the frequency of all
the investigated secondary structure motifs for hVDAC1(1−25), hVDAC2(12−36), and hVDAC3(1−25), respectively (βp, parallel β-strand; βa,
antiparallel β-strand; 310, 310-helix; α, α-helix; π, π-helix; T, β-turn). In panels b, d, and f, the three peptides are directly compared with respect to the
profiles of 310-helix, α-helix, and β-turn, respectively.

Table 2. Secondary Structure Contenta of the N-Terminal
Peptide of hVDACs Calculated by the DSSP Analysis of the
MD Trajectory

motif hVDAC1(1−25) hVDAC2(12−36) hVDAC3(1−25)

random coil 0.69 0.58 0.64
α-helix 0.05 0.16 0.13
310-helix 0.05 0.08 0.05
π-helix <0.01 <0.01 <0.01
β-parallel <0.01 <0.01 <0.01
β-antiparallel 0.01 <0.01 <0.01
β-turn 0.19 0.16 0.16

aThe fraction of a given secondary structure is obtained by
normalizing to 1 the sum of all the residues of all the frames found
to be involved in that secondary structure motif.

Figure 8. Calculated CD spectra of the N-terminal peptides of the
three hVDAC isoforms. Reconstruction of spectra has been performed
on the basis of the conformations visited along the trajectory of the
target replica of the H-REMD simulation.
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sequences have no histidine residues, and the protonation state
of all the residues (calculated with PropKa53) does not change
significantly in the pH range of 5.0−7.4.
Helical propensity predictions by the software Agadir31−35

are in perfect agreement with this trend (Figure 6). The overall
helical propensity is low for each of the peptides, but this is not
surprising considering that predictions are performed without
taking into account the presence of any possible support for
folding, like a lipid membrane model or a folding−promoting
cosolvent. It is also very interesting to note that the range of
non-zero helical propensity, residues 6−20, is in very good
agreement with the folded portion observed in whole protein
simulations.54

The secondary structure analysis performed on the H-REMD
simulations (used instead of classical MD to avoid the drawback
of the system being trapped in a metastable minimum and thus
sampling only a limited region of the phase space) further
confirmed that the three hVDAC peptides have a significant
intrinsic helical content. In agreement with the experimental
results, computer simulations revealed a clear ranking of
helicity: hVDAC2(12−36) > hVDAC3(1−25) > hVDAC1(1−
25). In particular, the secondary structure profile of both 310-
and α-helical conformations turned out to be highly asymmetric
for all the hVDAC peptides (Figure 7b,d), with the highest
values in the residue index ranges of 6−12 and 13−20,
respectively. This specific segregation of the 310- and α-
contribution to the overall helicity is in very good agreement
with the secondary structure profile obtained for the three
peptides when simulated as part of the entire hVDAC
channels.54 This bimodal profile is also in remarkable
agreement with the discontinuous nature of the N-terminal
domain in different crystal structures available in the Protein
Data Bank (PDB), namely, in mouse VDAC1 (PDB entry
3EMN)14 and zebrafish VDAC2 (PDB entry 4BUM).16 The
calculated CD spectra (Figure 8), finally, are in excellent
qualitative agreement with the experimental spectra (Figure 2),
bolstering the different equilibrium between random-coil and
helical states for the three hVDAC N-terminal peptides.
In the VDAC structure,14−16 the N-terminal fragment folds

back into the lumen and adheres to the barrel wall
approximately at the midpoint of the hydrophobic portion of
the membrane. It forms a restricted zone, which defines the size
exclusion limit for the permeation of molecules and largely
determines the electrostatic potential inside the lumen,21,54

deeply affecting ions and metabolites selectivity. However, the
exact localization of the N-terminal fragment differs among the
available 3D structures of VDAC1,13−15 leading to different
hypotheses about the mechanism of voltage gating.18−20,54,55

Unbinding of the N-terminal fragment from the channel wall is
involved in most of the models, with this fragment remaining
inside the lumen, moving out to the cytosol or even binding to
the external leaflet of the OMM.8,9,18,19 In addition, the
exposition of the N-terminal peptide outside the channel has
been shown in several reports,56 and the N-terminal peptide,
indeed, was shown to be absolutely essential for the interaction
of VDAC with anti-apoptotic proteins like hexokinase and
Bcl2.9,24

When bound to the channel wall, the folded state is stabilized
by two main factors: (i) helix amphipathicity54 and (ii) specific
hydrogen bonds and hydrophobic contacts.13−15,54 The amino
acid sequence is such that the helical folded conformation turns
out to be highly amphipathic (Figure 6a) and is thus favored by
the interaction with a suitable surface such that the hydrophilic

side will be solvent-exposed, while the hydrophobic one will be
protected from water contacts. Indeed, our ATR-IR results have
shown that helical folding is enhanced upon dehydration and
film formation, because of adhesion of the peptide on the
diamond surface. Such “surface-assisted” folding was previously
observed for hVDAC1(2−20) upon interaction with detergent
micelles48 and for hVDAC1(2−17) with liposomes.57 Upon
unbinding, on the other hand, the folded peptide will be
progressively more exposed to water, and on the basis of the
work presented here, it is expected to tend toward a mostly
random-coil state. This conclusion is supported by the NMR
3D structure of the entire hVDAC1,13 in contrast to the hybrid
crystallographic/NMR structure in which the N-terminal
peptide appears to be well folded and attached on the barrel
β-strands.15

In the literature, a sequence-specific prefolding equilibrium
has been postulated for peptides in aqueous solution and
characterized through computational approaches.51,58,59 Before
interacting with a suitable surface or in the absence of any
folding promoting cosolvent (e.g., trifluoroethanol), however,
the random-coil states are so largely populated with respect to
the folded states that such an equilibrium is extremely hard to
be capture by experiments that include CD, IR, or NMR
spectroscopy at room temperature. This work reveals that,
despite the high level of sequence homology shared by the N-
terminal fragment of the three human VDAC isoforms, their
helical propensity follows the order hVDAC2(12−36) >
hVDAC3(1−25) > hVDAC1(1−25). This specific trend agrees
with recently published MD simulations performed on the
whole hVDAC isoforms,54 where the N-terminal fragment
although located inside the lumen and bound to the β-barrel,
showed a different conformational plasticity for this important
protein domain, with hVDAC1 being the one with the highest
mobility.
A different helical propensity might translate into a different

unbound and unfolded−bound and folded equilibrium, because
the more stable the helical fold, the more hindered the N-
terminal fragment unbinding from the channel wall, possibly
affecting the channel behavior.b The different helical propensity
shown here pertains to the N-terminal peptides alone, such that
findings cannot be straightforwardly transferred to the intact
proteins, especially concerning its detailed mechanism. Never-
theless, it is very interesting to note further correlations from
the literature.
In a recent straightforward experiment, indeed, two residues

(R15 and D16 in rat VDAC1) in the N-terminal fragment were
mutated to proline.60 This residue was employed as a helix
breaker, resulting in the increase in the random-coil
conformation propensity accompanied by unbinding from the
barrel and possible exposure outside the pore lumen.60 Such
mutagenized VDAC1 showed a specific asymmetric voltage
dependence upon reconstitution in a planar lipid bilayer: at
high negative voltages, the slope of the conductance ratio G/G0
decreases,60 indicative of a weakened ability of the pore to gate.
These observations are complemented by the functional
analysis of another mutagenized pore: the large deletion of β-
hairpin 9−10, where the main actors in the hydrophobic
contacts stabilizing N-terminal helix−β-barrel interaction, V143
an L150, are located,61 produced a fully asymmetric voltage
dependence of the hVDAC.62

It might be also suggested that the random-coil state of the
unbound N-terminal domain could represent the key for the
interaction with hexokinase and Bcl2 family proteins through a
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“conformational selection” process.63 Different conformations
are in thermal equilibrium with each other, and the most
favored is selected upon binding, which would also provide a
possible explanation for the same domain being able to interact
with different proteins.
The three human isoforms of VDAC have different

expression levels (depending also on the specific tissue), and
a number of pieces of evidence that bolster possible different
and complementary roles have been collected.11,12 In light of
the importance of the N-terminal fragment for the numerous
VDAC activities,9,13−15,18−20,24,54,55 it is possible that different
roles for the three isoforms might be due, at least in part, to the
different chemicophysical properties of their N-terminal
fragment. In this regard, the work by Reina et al.64 is
particularly interesting, where the swapping of the N-terminal
domain between the different isoforms resulted in a dramatic
alteration of the channel functionality. In this work, we have
introduced a comparative investigation showing intrinsic
similarity and dissimilarity among the three N-terminal
fragment of hVDAC isoforms. The overall emerging picture
is that a similar but not identical domain has been equipped
with subtle differences. Whether such differences directly or
indirectly contribute to the modulation of the functional roles
of the three human VDAC isoforms remains to be unveiled but
certainly deserves further attention with more specific and
tailored approaches.
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