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The voltage-dependent anion channel (VDAC), located in the outer
mitochondrial membrane, acts as a gatekeeper for the entry and
exit of mitochondrial metabolites. Here we reveal functional
dynamics of isoform one of VDAC (VDAC1) by a combination of
solution NMR spectroscopy, Gaussian network model analysis,
andmolecular dynamics simulation. Micro- to millisecond dynamics
are significantly increased for the N-terminal six β-strands of
VDAC1 in micellar solution, in agreement with increased B-factors
observed in the same region in the bicellar crystal structure of
VDAC1. Molecular dynamics simulations reveal that a charge on
the membrane-facing glutamic acid 73 (E73) accounts for the
elevation of N-terminal protein dynamics as well as a thinning of
the nearby membrane. Mutation or chemical modification of E73
strongly reduces the micro- to millisecond dynamics in solution.
Because E73 is necessary for hexokinase-I-induced VDAC channel
closure and inhibition of apoptosis, our results imply that micro-
to millisecond dynamics in the N-terminal part of the barrel are
essential for VDAC interaction and gating.

membrane protein ∣ molecular dynamics ∣ NMR spectroscopy ∣
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Dynamics of proteins provide the essential link between struc-
ture and function. Membrane protein dynamics are gaining

more attention due to an increasing number of high-resolution
structures. A versatile experimental method for the study of mem-
brane protein dynamics is NMR spectroscopy, providing atomic
resolution information from nanoseconds to seconds (for an over-
view see ref. 1). In addition, when a three-dimensional structure
is available, insight into fast dynamics of proteins, which occur on
the nanosecond time scale, might be gained from molecular
dynamics (MD) simulation and elastic network models (2, 3).

NMR studies have revealed large conformational changes
essential for the physiological function of α-helical membrane
proteins, such as the interaction of phospholamban with effectors
modulating heartmuscle contractility (4, 5) and antimicrobial pep-
tides adopting different conformations in membranes or solution
(6, 7). Less well characterized are motions of outer membrane
β-barrels. A pioneering solution NMR study revealed μs-ms inter-
conversion of the catalytic loop of PagP between an excited and
a nonexcited state, enabling both ligand binding and enzymatic
catalysis (8).Nonenzymatic β-barrel channels exhibitmore general
dynamic features, such as loop flexibility and slow conformational
exchange towards the extracellular barrel edges, altogether indi-
cating relevance for substrate conductance and gating (9–11).

The voltage-dependent anion channel (VDAC) is one of the
few β-barrel membrane proteins, the structure of which has been
determined to date (12–14). Serving as themajor pass-through for
metabolites betweenmitochondria and the cytosol (15), the highly
abundant channel is regarded as a key regulator of cellular energy
metabolism (16). Metabolite flow is regulated by a voltage-depen-
dent conformational change between a high-conductance anion-
selective state, several low-conductance states favoring small
cations (17, 18), and a high-conductance cation-selective state
(19). VDAC gating is furthermore modulated by a variety of ions,

small molecules, apoptotic proteins of the Bcl-2 family, and hex-
okinase (20), strongly implicating VDAC’s function in apoptosis
regulation (21). To enable interactions and gating between various
states, conformational variability of VDAC is expected. Indeed,
large structural rearrangements have been proposed on the basis
of electron microscopy (22) and bilayer measurements (23). How-
ever, high-resolution structural information about these confor-
mational changes is missing.

Here we characterized the dynamics of VDAC1 by a combina-
tion of solution NMR, Gaussian network model (GNM) analysis,
andMD simulation.We show that extensive μs-ms dynamics occur
in the N-terminal β-strands of VDAC1, and that these motions
are reduced by removal of the charge on E73 by either mutation
or chemical modification. In addition, our MD simulations de-
monstrate that the charge on the side chain of E73 facing the
membrane in the barrel is not only causing enhanced dynamics
of the barrel wall, but at the same time results in thinning of
the nearby membrane. Our findings link the dynamics of VDAC
to the channel’s function and show the involvement of a large
barrel region and a membrane-facing charged residue in func-
tional dynamics of a β-barrel membrane protein.

Results
μs-ms Dynamics Are Significantly Increased for the N-Terminal Six
β-Strands of VDAC1. Previously, we had assigned 70% of all back-
bone resonances of human VDAC1 (hVDAC1) corresponding to
90% of residues within the barrel (12). With improved sample
quality and additional NMR experiments we now increased
the assignment to 84/97% (overall/barrel). The assignment of
three residues in the N-terminal helix (K12, D16, and V17) bene-
fited from the chemical shift information obtained from solid-
state NMR (24). In total, five residues are assigned in the second
half of the N-terminal helix (residues 12–20), demonstrating that
this region is not broadened beyond detection by intermediate
chemical exchange. This result is in line with the observation that
peaks corresponding to residues A2–V17 give rise to distinct nar-
row crosspeaks in solid state NMR spectra of hVDAC1 reconsti-
tuted in liposomes, indicating a rather rigid conformation (24).

Next we characterized the backbone dynamics of hVDAC1
using NMR spectroscopy. Amide protons in the N-terminal four
β-strands of wild type (WT) hVDAC1 exhibit fast hydrogen/
deuterium (H/D) exchange, pointing to conformational ex-
change that occurs on a time scale of minutes or faster (12). In
addition, average peak intensities observed in two-dimensional
1H,15N-TROSY spectra for residues located in the N-terminal
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six β-strands were about 1.5-fold lower than those of the central β-
strands (β7-β15) (Fig. 1A and Fig. S1A). The C-terminal strands
β16–β19 were also broadened (Fig. S1A), but broadening in this
region intensified with sample age and therefore has to be con-
sidered with caution. In contrast, lower signal intensities in the
N-terminal six β-strands were observed consistently for many
samples with different age. The low signal intensities complicated
the resonance assignment of the N-terminal β-strands and the
signals of some N-terminal barrel residues could not be identi-
fied. Lower NMR signal intensities can be a consequence of
either increased rigidity in the ps-ns range or increased confor-
mational exchange that is intermediate on the NMR time scale
(μs-ms dynamics).

To probe for the influence of oligomerization on the observed
signal broadening we measured a two-dimensional 1H,15N-
TROSY spectrum at a fivefold lower concentration. Despite the
fivefold lower concentration the strong signal broadening in the
N-terminal β-strands remained (Fig. S2). In addition, the N-term-
inal four β-strands of WT hVDAC1 exhibit fast H/D exchange
(12), whereas oligomerization would be expected to reduce H/D
exchange rates in the interacting region. Thus, oligomerization is
not a major factor responsible for the observed signal broadening
in the N-terminal β-strands of hVDAC1. Further contributions
to signal broadening may come from remote influences caused
by motions of nearby groups (side chains or detergent molecules),
rather than by motions of the barrel residues themselves. Again,
these influences do not explain the fast H/D exchange (12).

To determine the time scale of dynamics causing the NMR
signal broadening in the N terminus of hVDAC1, we measured
heteronuclear NOE (HetNOE) values (25) and 15N transverse
spin relaxation rates (26). HetNOE values, which have a field-
dependentmaximum value of around 0.7–0.9 for a fully rigid back-
bone, are sensitive to dynamics on the ps-ns time scale while 15N

transverse spin relaxation rates probe chemical exchange occur-
ring in the μs-ms range. HetNOE values in different hVDAC1
β-strands were similar with an average value of 0.75 (Fig. S1B).
Slightly smaller HetNOE values were observed for strands β2
and β3. In addition, the HetNOE values decreased towards the
edges of the strands and in the loops (Fig. S1B), pointing to
increased flexibility on the ps-ns time scale. Residues with in-
creased flexibility on the ps-ns time scale are expected to result
in more intense NMR signals, in contrast to what was observed
in hVDAC1 (Fig. 1A and Fig. S1A). Thus, the combination of
NMR signal intensities with HetNOE measurements pointed to
the presence of chemical exchange that is intermediate on the
NMR time scale.

Next we directly measured chemical exchange contributions
to 15N spin relaxation rates (26). Although chemical exchange
rates (Rex) were distributed around ∼0 s−1 with a rather large
standard deviation, three regions of elevated exchange were
determined (Fig. 1B and Fig. S1C): Residues located in β2–β7,
β16–17, and β19 showed average values ≥3.5 s−1. β19 exhibited
increased values especially in the first half of the strand, which
might be attributed to a mismatch in hydrogen bonding to the
shorter strand β1. In addition, the parallel alignment of β1 and
β19 might result in a lower intrinsic stability and thus favor the
conformational exchange observed in β19. The most pronounced
chemical exchange was present in the N-terminal barrel ranging
from β2 to β7 with the largest averageRex values seen in β3 for K53
(14.9 s−1), T55 (16.7 s−1), G56 (26.7 s−1), S57 (22.7 s−1), and K61
(12.8 s−1), corresponding to time scales of 37 to 78 ms. Nine re-
sidues in β3–β5 could not be assigned due to overlap or chemical
exchange broadening. In addition, several residues in the N-term-
inal barrel (e.g., K34, T42, S43, G45, and S57) showed two distinct
resonances in two-dimensional 1H,15N-TROSY spectra and, in
the case of S57, in three-dimensional sequential correlation
TROSY-1H,15N, 13Cα (TROSY-HNCA) spectra (Fig. S3), di-
rectly proving the existence of a second conformation. Thus,
strong μs-ms conformational exchange is present in the N-term-
inal part of the hVDAC1 barrel centered at strands β3–β4.

Increased B-Factors in the Crystal Structure of VDAC Correlate with
Low-Frequency Modes Derived from Gaussian Network Model Analy-
sis.Dynamic features of proteins are also present in crystals, partly
captured by Debye-Waller factors or B-factors. B-factors measure
both thermal motions of atoms (dynamic disorder) and small dif-
ferences in the structure of individual molecules (static disorder)
(27).VDAC1 frommouse (mVDAC1)was crystallized in a bicellar
environment (14). mVDAC1 differs from human VDAC1 by just
four amino acid substitutions, namely T55N, M129V, A160S, and
I227V. The three-dimensional structures of human and murine
VDAC1 are almost identical (12, 14). In the crystal structure of
mVDAC1 the B-factors for residues in the β-strands are highly
nonuniform (Fig. 2A). Whereas in the central strands average
B-factors of 41.3 Å2 were observed, β2–β7 and β18–β19 showed
average values of 50.6 Å2 and 48.9 Å2, respectively.

Crystallographic B-factors can be predicted from a three-
dimensional structure by a diverse range of methods. We used
GNM (28), an isotropic, Cα-atom connected elastic network
model, to test if the unusually high B-factors of the N-terminal
β-strands are related to the intrinsic stability of the three-dimen-
sional structure. While B-factors predicted from the 20 lowest
frequency modes in the GNM analysis yielded low correlations
with crystallographic B-factors, the usage of the average of the
two lowest frequency modes resulted in a notable agreement be-
tween crystallographic and GNM-predicted B-factors (Fig. 2A),
with an overall correlation coefficient of R2 ¼ 0.61 and a value
of R2 ¼ 0.58 for β-strands only, which is substantial regarding
the complexity of the prediction. Motions with low frequency are
believed to be associated with high cooperativity, suggesting that
the high crystallographic B-factors and GNM-predicted low-

Fig. 1. μs-ms dynamics are significantly increased for the N-terminal β-
strands of VDAC1. (A) Enlarged spectral regions and one-dimensional traces
of a 1H,15N-TROSY spectrum of hVDAC1 measured at a 1H frequency of
900MHz showing examples of broadened and nonbroadened peaks. (B) Che-
mical exchange rates (Rex) measured at 900 MHz. The topology of VDAC1 is
indicated at the top, with secondary structure elements highlighted in gray.
Residues that could not be assigned are highlighted in red; E73 is indicated by
a blue diamond.
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frequency fluctuations show a predisposition of the N-terminal
barrel region for its involvement in collective motions. Mapping

of B-factors and GNM-derived residue fluctuations onto the crys-
tal structure showed that β-strands next to the helix (the central
strands β8–β15) were highly ordered, ascribing a stabilizing func-
tion to the N-terminal helix (residues 6–20) (Fig. S4). Such a
stabilizing role of the helix has also been suggested on the basis
of solid-state NMR results on an N-terminally truncated version
of hVDAC1 (24). In contrast, high flexibility was found from β2 to
the top end of β7 (Fig. S4). Thus, the same regions that are
strongly affected by chemical exchange on the μs-ms time scale
have an increased disorder in the crystal structure, in agreement
with a lower intrinsic stability predicted from the two lowest
eigenmodes of the GNM analysis.

VDAC Flexibility from MD Simulations and the Role of Charge on E73.
Elastic network models like the GNM analysis derive protein
dynamics directly from the three-dimensional structure by mod-
eling the protein atoms (in this case only Cα-atoms) within a
defined distance range as Hookean springs (2, 3). The exact time
scale of dynamics, the effect of point mutations (except for
changes in the size of a side chain), and the influence of the mem-
brane environment can thus not be investigated by the GNM
analysis. To overcome these limitations, we performed MD simu-
lations of mVDAC1 inserted into a dimyristoylphosphatidylcho-
line (DMPC) phospholipid bilayer covering simulation times up
to ∼150 ns. MD simulations were performed for both WT
mVDAC1 and mutated forms, which probe the importance of
the charge and polarity of the side chain of E73: the deprotonated
charged (E73−) and the protonated uncharged (E73o) WT
mVDAC1, and further the polar (E73Q) and hydrophobic
(E73V) mutant forms. From the root-mean-square fluctuations
(rmsF) observed in the MD simulations B-factors were calcu-
lated. In addition, to extract motions slower or faster than 1 ns,
a low-pass and high-pass filter, respectively, were employed. Our
analysis showed that in the fast regime (<1 ns) the mobility of
mVDAC1 was only marginally influenced by the charge state
of E73 (Fig. S5). In contrast, fluctuations occurring on time scales
above 1 ns significantly increased from the uncharged to the
charged form of E73 (Fig. 2B). The rise in mobility was especially
pronounced between β-strands 2–7.

To track global changes in the β-barrel, a principal component
analysis (PCA) of the backbone dynamics was performed. A one-
dimensional projection of the WT and mutant mVDAC1 trajec-
tories onto the PCA eigenvector 1 (EV1) (Fig. 2C) demonstrates
that E73o and both neutral E73 mutants sampled a similar
region of PCA space along the first eigenmode. In contrast, a
charge on the side chain of E73 resulted in a larger coverage
of space toward higher projections along EV1 (Fig. 2C). Eigen-
vector 1 describes the main differences between WTand mutants,
including differences in the average structure. A representation
of the motion along the first eigenmode on the β-barrel and a fit
of this mode to an ellipse (Fig. 2D) showed that this mode can be
viewed primarily as a global elliptic deformation of the barrel
structure around E73.

A Negative Charge on the Side Chain of E73 Leads to Thinning of the
Nearby Membrane. To further assess changes caused by mutations
or protonation of E73, we analyzed perturbations of the lipid
bilayer in the MD simulations. Comparison of the average bilayer
thickness in the case of E73− and E73V (Fig. 3A) demonstrates
that a negative charge on the side chain carboxylate group of E73
leads to a marked thinning of the membrane around this residue.
When the carboxylate group of E73 is uncharged by protonation
(E73o) no thinning occurs, while the polar, but uncharged E73Q
mutant displayed thinning to a lower extent (Fig. S6A), indicating
that the commonly used replacement of glutamic acid with glu-
tamine cannot fully mimic the uncharged form of E73 in our case.
We therefore attribute membrane deformation primarily to the
presence of a charge at position 73.

Fig. 2. A charge on the membrane-facing E73 accounts for the elevation of
N-terminal protein dynamics of VDAC1. (A) Comparison of crystallographic
B-factors (black circles) of mVDAC1 (PDB code 3EMN) with B-factors predicted
by the average mobility of the two lowest frequency modes obtained from
the GNM analysis (gray diamonds). (B) rmsF of the backbone of mVDAC1 em-
bedded in a DMPC phospholipid bilayer observed during a 150 ns MD simu-
lation. The curves correspond to low-pass filtered (1 ns) rmsF values of the
VDAC1 E73− (red) and E73o (black) simulations, respectively. The loop resi-
dues were not included. The blue curve shows the crystallographic B-factors
of mVDAC1 (3EMN). The topology of mVDAC1 is sketched at the top, with
numbered β-strands displayed as arrows. (C) PCA projection along the first
eigenvector of mVDAC1, generated from the combined MD trajectories of
all four E73 variants, using the backbone atoms of the β-barrel from residue
26 to 283. Normalized histograms and Gaussian fits of the PCA projection
show the extent of space of eigenvector 1 spanned by E73− (red), E73o

(black), E73Q (green), and E73V (purple) trajectories. (D) Interpolation of
the structure of mVDAC1 along the first PCA eigenmode using a backbone
representation (left) and an elliptic fitting (right) of the Cα atoms of the back-
bone representation. The two extremes correspond to the two extremes in
the histograms of E73− (þ6 nm) and E73o (−4 nm) in (C).

22548 ∣ www.pnas.org/cgi/doi/10.1073/pnas.1012310108 Villinger et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1012310108/-/DCSupplemental/pnas.1012310108_SI.pdf?targetid=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1012310108/-/DCSupplemental/pnas.1012310108_SI.pdf?targetid=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1012310108/-/DCSupplemental/pnas.1012310108_SI.pdf?targetid=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1012310108/-/DCSupplemental/pnas.1012310108_SI.pdf?targetid=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1012310108/-/DCSupplemental/pnas.1012310108_SI.pdf?targetid=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1012310108/-/DCSupplemental/pnas.1012310108_SI.pdf?targetid=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1012310108/-/DCSupplemental/pnas.1012310108_SI.pdf?targetid=SF6


The distortion of the membrane frequently correlated with
a flipping motion of lipids in the bilayer, causing a transient ap-
proach of the phospholipid head groups towards E73 (Fig. S6B).
The flipping motion was reflected in an altered distribution of
the distance between E73 and the closest lipid head group
(Fig. 3B). As can be seen, E73− and E73Q substantially promoted
the approach of lipid head groups from a distance of ∼1.5 nm to
∼0.5 nm to group 73, i.e., into the central region of themembrane.

The Single-Point Mutation E73V and the Reaction of E73 with DCCD
Stabilize the VDAC Barrel. Functional studies have ascribed an
important function to E73, showing that ruthenium red and hex-
okinase-Imediated gating and apoptosis inhibition are impaired in
E73Q VDAC (29). Moreover, we previously showed that E73V
hVDAC1 exhibits reducedH/D-exchange in theN-terminal barrel
region (12), indicating that motion on a second to minute time
scale responsible for H/D exchange is strongly quenched. To dis-
sect the influence of E73 on hVDAC1 dynamics in solution, we
analyzed NMR signal intensities for the single-point-mutation
E73V. Strikingly, NMR signal intensities were strongly increased
in the N terminus in E73V hVDAC1 compared to the wild-type
protein (Fig. 4A). The changes were centered around E73 invol-
ving a large area of the barrel (Fig. 4A inset). In the case of WT
hVDAC1 the peak broadening was shown to be caused by chemi-
cal exchange (Fig. 1B and Fig. S1C), indicating that the mutation
E73V strongly reduces the μs-ms time scale dynamics in the N-
terminal barrel region. Indeed, a comparison of relaxation rates of
E73V hVDAC1 with WT values (Fig. 4B) demonstrates a reduc-
tion of μs-ms time scale dynamics for β1–β9 and β19, with the lar-
gest changes in β3 and β5 as well as the loop connecting β4 and β5.

E73 can be modified by reaction with N,N′-dicyclohexylcarbo-
diimide (DCCD), a chemical that reacts with aspartic and gluta-
mic acid residues in hydrophobic surroundings. DCCD has pre-
viously been shown to specifically bind VDAC1 in mitochondrial
membranes at position E73 (30). The specificity of the reaction is
also given in micellar solution, because chemical shift changes
upon DCCD addition were localized close to E73 (Fig. S7A).
Importantly, reaction with DCCD resulted in increased peak
intensities for many residues (Fig. 4C). In addition, most of the
amide resonances that are missing in WT hVDAC1 spectra but
are present in E73V hVDAC1 spectra, appeared, e.g., T60, R63,
W64, T72, K74, G82, T83, and E88 (Fig. 4C and Fig. S7 B and C).
No changes in NMR signal position or intensity were observed in

the C-terminal region upon reaction with DCCD in contrast to
the finding for E73V hVDAC1 (compare Fig. 4A).

Discussion
Increasing evidence suggests that conformational changes in
VDAC are important for (voltage-dependent) gating and induc-
tion of apoptosis (as reviewed in ref. 31). Large conformational

Fig. 3. Membrane perturbation due to charge on E73. (A) Average thickness
of DMPC bilayers calculated from MD simulations with E73− (top) or E73V
(bottom) mVDAC1 inserted. The secondary structure of mVDAC1 is shown
as gray cartoons and mVDAC1 position 73 as gray sphere. Arrows indicate
the influenced membrane areas next to E73 and E73V. (B) Normalized mini-
mum distance distribution between choline nitrogen atoms and mVDAC1
position 73. Probabilities are given in arbitrary units.

Fig. 4. Stabilization of hVDAC1 by the E73V mutation and by DCCD reac-
tion. (A) Ratio of peak intensities between E73V and WT hVDAC1 observed
in 1H,15N-spectra, averaged over a three-residue window. The orange dashed
line indicates the threshold value of 1.6. Residues with a larger ratio were
mapped onto the three-dimensional structure (PDB code 2JK4) in
orange (inset). Residues that, in contrast to E73V hVDAC1, could not be
assigned in WT hVDAC1 are mapped in red. (B) Top: chemical exchange
rates (Rex) of E73V (black bars) compared toWT values from Fig. 1B (red area).
Difference values (E73V— WT) are shown below. (C) DCCD-induced changes
in resonance intensities observed in 1H,15N-TROSY spectra of hVDAC1, aver-
aged over a three-residue window. Purple circles indicate residues that
show up after DCCD treatment. The orange dashed line is the threshold
value of 1.2. (A–C) The topology of hVDAC1 is indicated at the top, showing
the location of the N-terminal helix and the β-strands. Residues that, in con-
trast to E73V hVDAC1, could not be assigned in WT hVDAC1 are highlighted
in red, and a blue diamond marks the position of E73.
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changes during gating have long been proposed by electron
microscopy (22) and bilayer measurements (23). Recent studies
propose that these motions involve a reorientation of the N-term-
inal helix (14, 32). Themodulation ofVDACchannel conductance
by small molecules and apoptotic proteins in vivo (20) strongly
implicates VDAC as a regulator of apoptosis (21). Various models
for the channel’s regulatory part exist, some proposing thatVDAC
is part of the permeability transition pore responsible for the
release of apoptogenic factors from the mitochondria into the
cytosol upon apoptotic stimuli (31).

By a combination of solution NMR spectroscopy, Gaussian
network model analysis, and MD simulation we showed that (i)
μs-ms dynamics are significantly increased for the N-terminal six
β-strands of VDAC1, (ii) a charge on the membrane-facing E73
plays a key role for the elevation of N-terminal protein dynamics,
(iii) mutation and chemical modification of E73 strongly reduces
μs-ms dynamics in solution, and (iv) charge on the side chain of
E73 facing the membrane in the barrel is coupled to thinning of
the nearby membrane. The dynamics of VDAC1 presented in
this study set the protein apart from bacterial β-barrel membrane
proteins. While for bacterial porins loops play a major role in
gating or catalysis (8–11, 33, 34), our study reveals a unique
involvement of a large area of the β-barrel in functional dynamics
of a eukaryotic membrane protein.

NMR spectroscopy revealed conformational exchange, which
occurs in the N-terminal β-strands β2–β7 of the hVDAC1 barrel
on the time scale of μs-ms (Fig. 1). In addition to slow dynamics,
increased ps-ns flexibility in lauryldimethylamine-N-oxide
(LDAO)-solubilized hVDAC1 was detected for strands β2 and
β3 by NMR spectroscopy (Fig. S1B). The MD simulations of
VDAC1 embedded in lipid bilayers were performed for simula-
tion times up to ∼150 ns and can thus probe protein dynamics
that occur on the ns time scale. B-factors in crystal structures
have been found to correlate well with NMR derived S2 order
parameters reporting on ps-ns dynamics (35, 36). In addition,
static disorder contributions to B-factors may reflect slower dy-
namics when multiple conformations are present in the crystal.
In extreme cases of conformational exchange, electron densities
are often not refined [e.g., in CitA (37)], such that possible cor-
relations of B-factors and slow dynamics are invisible. In the case
of the N-terminal region of mVDAC1, contributions to B-factors
might arise from dynamics and static disorder intermediate
in amplitude such that crystal structure refinement was possible.
Together the data indicate the presence of extensive protein
dynamics in the N-terminal part of the VDAC1 barrel on a wide
range of time scales. In addition, as the flexibility of the N-term-
inal part of the VDAC1 barrel is increased on time scales above
1 ns in the MD simulations (Fig. 2B), the correlation with crystal-
lographic B-factors was best for the lowest frequency GNM
modes (Fig. 2A), and strong chemical exchange in the μs-ms time
scale was observed by NMR spectroscopy (Fig. 1B), slow collec-
tive motions are likely to play a key role. Part of these slow col-
lective motions could be the global deformation of the VDAC1
barrel that was observed in theMD simulations (Fig. 2D). Experi-
mental information about these slow motions might also be
gained from Carr-Purcill-Meiboom-Gill (CPMG) NMR relaxa-
tion dispersion experiments (38), which can be used to character-
ize the structure of low-populated excited states, which are
invisible with other techniques. Although a TROSY-CPMG ver-
sion for large molecules exists (39), the very high molecular
weight in the case of the VDAC-micelle complex likely exceeds
the limit for recording high quality data required to draw reliable
conclusions about the structure of the excited state(s). An indica-
tion for the structure of the excited state comes from the second
conformation of S57 in the three-dimensional TROSY-HNCA
spectrum. The Cα chemical shift value of the second conforma-
tion of S57 was shifted by ∼0.2 ppm towards the random coil

value (Fig. S3B), suggesting that the minor conformation is less
structured.

Our study demonstrates that the dynamics in the barrel of
hVDAC1 are mainly determined by the membrane-facing residue
E73. While in micellar solution as well as the crystal structure
from bicelles the protonation state of E73 is unclear, the MD
simulations clearly show that a charge on the side chain of E73
has the ability to increase motion in the N-terminal barrel and to
reduce the membrane thickness next to E73. Other functionally
relevant glutamic and aspartic acids, which are located in hydro-
phobic pockets of proteins, have pKa values as high as 8 (40).
Assuming a high pKa value for VDAC as well, VDAC is partially
protonated in solution at the pH used here (6.8). Furthermore,
the reaction with DCCD requires the presence of carboxylate
(41), indirectly proving the existence of a (partial) charge in solu-
tion. DCCD inhibits the channel activity of VDAC1 in a voltage-
dependent manner, requiring incubation at high negative or
positive potentials. In addition, DCCD slows down the transition
from the high-conducting to a long-lived low-conducting state
by stabilizing intermediate states of the VDAC1 channel (42).
Occupation of long-lived intermediate states is in agreement
with the reduction in intrinsic dynamics by DCCD modification
reported here. We conclude that the decreased protein dynamics
observed in the N terminus of hVDAC1 upon mutation of E73
to valine and by chemical modification with DCCD is caused by
removal of the partial charge.

Our observations have important implications for VDAC1’s
function as a gatekeeper for metabolites and its role in apoptosis.
Residues suggested to be involved in gating of Saccharomyces
cerevisiae VDAC are located in the N-terminal helix, the linker,
as well as the first five β-strands (43). E73, located within this
region, is conserved in human VDAC isoform 2 (hVDAC2)
and in mammals. Mutation of E73 to glutamine (E73Q) shows
reduced voltage-dependence of gating and inhibits ruthenium
red (RuR)- and hexokinase-mediated effects on channel function
and protection from apoptosis (29). The observed effects were
attributed to inefficient binding of hexokinase to the mutated
form of VDAC (44). Moreover, the reaction of VDAC1 with
DCCD abolishes the interaction of VDAC1 with hexokinase
(29, 45). Thus, our results imply that dynamics in the N-terminal
region are relevant for hexokinase binding. This interpretation is
in line with recent findings showing destabilized regions of outer
membrane proteins to be preferentially involved in protein-
protein interaction (46).

Our MD simulations of mVDAC1 showed that the nature and
charge status of a single residue, in this case E73, can be highly
coupled to the global motion of a protein. This result is remark-
able, as E73 is not located anywhere near a hinge region but
roughly in the middle of a barrel-forming β-strand. At the same
time the charge and polarity of E73 is strongly correlated with
the dynamics and conformation of the membrane environment,
suggesting that the dynamics of the lipids might be connected
with global protein motions. This finding is interesting as
lipid-protein interactions are known to be important for the
structure and function of integral membrane proteins (47–52). In
particular, VDAC1 gating and ionic selectivity have been shown
to be dependent on lipid composition (53). Our MD simulations
of mVDAC1 in a lipid bilayer demonstrated that a charge on
E73 causes a perturbation of the surrounding membrane (Fig. 3).
Because the major lipid components of outer mitochondrial
membranes are positive lipids (phosphatidylcholine and phos-
phatidylethanolamine) (54), the membrane perturbation is likely
to occur also in vivo and might relate to nonspecific membrane
rupture proposed to occur during apoptosis (55).

Materials and Methods
Expression, refolding, and purification of WT and E73V hVDAC1 was done as
described previously (12). For chemical modification of hVDAC1, a fourfold
molar excess of DCCD (Calbiochem-Novabiochem) was added. NMR spectra
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were recorded on 2Hð75%Þ-15N or 2Hð75%Þ-13C-15N labeled samples contain-
ing 0.5–0.8 mM hVDAC1, 25 mM BisTris pH 6.8, approximately 250 mM LDAO
(Fluka), and 5–10% D2O. Improvement of backbone assignment was
achieved by TROSY-HNCA experiments (56), 1H,15N-TROSY experiments
(57) at varying temperatures and Cα shifts from solid-state NMR experiments
(24). Backbone dynamics were determined from steady state heteronuclear
f1Hg,15N-NOEs (25) and chemical exchange rates (Rex) (26).

Normal modes from themVDAC1 crystal structure were predicted by GNM
analysis (28). MD simulation in DMPC lipids was performed for 100–150 ns

using the crystal structure of mVDAC1 (14) and modified versions thereof
as starting structures. Further details on the methods are provided as SI Text.
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