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Abstract

The voltage-dependent anion channel (VDAC) mediates trafficking of small molecules and ions
across the eukaryotic outer mitochondrial membrane. VDAC also interacts with anti-apoptotic
proteins from the Bcl-2 family and this interaction inhibits release of apoptogenic proteins from the
mitochondrion. We present the NMR solution structure of recombinant human VDAC-1
reconstituted in detergent micelles. It forms a 19-stranded B-barrel with the first and last strand
parallel. The hydrophobic outside perimeter of the barrel is covered by detergent molecules in a belt-
like fashion. In the presence of cholesterol recombinant VDAC-1 can form voltage-gated channels
in phospholipid bilayers similar to the native protein. NMR measurements revealed the binding sites
of VDAC-1 for the Bcl-2 protein Bcl-x, for B-NADH and for cholesterol. Bcl-x|_interacts with the
VDAC barrel laterally at strands 17 and 18.

The integral membrane protein VDAC forms the primary path for diffusion of metabolites
between the mitochondrial intermembrane space and the cytosol (1,2). VDAC is conserved
across eukaryotes, with about 30% sequence identity between yeast and human. The three
isoforms VDAC-1, VDAC-2 and VDAC-3 found in humans are 68% to 75% pairwise identical.
All three isoforms allow the exchange of metabolites through the membrane, but have distinct
physiological roles and expression profiles (3,4).

Numerous reports have suggested that VDAC-1 is involved in mitochondrial apoptosis (5-7).
Apoptotic signals lead to the formation of a mitochondrial exit channel that allows the release
of apoptogenic proteins, which in turn cause cell death by activating executioner caspase or
through other mechanisms (8-10). Functional studies indicate that VDAC-1 closure leads to
the opening of the mitochondrial exit channel (11). The anti-apoptotic protein Bcl-x,_ opens
the VDAC-1 channel for trafficking of metabolites and thus inhibits the release of apoptogenic
proteins (12). Direct interaction between VDAC-1 and Bcl-x;_ has been demonstrated (11,
13).
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Insights into VDAC organization have come from biochemical and biophysical studies (14,
15) and low resolution electron microscopy data showing that VDAC-1 is a cylindrical channel
with a diameter of 20-30 A (16,17). Electrophysiological experiments reveal that at low
membrane potentials of 10 mV VDAC is in the open state, but it switches to the closed state
at increased membrane potentials of about 30 mV (18). Thus, Donnan or diffusion potentials
across the outer mitochondrial membrane may regulate small-molecule passage (19). In a lipid
bilayer, recombinant VDAC can form stable open states and feature voltage-dependent
transitions (20).

Here we present the three-dimensional solution structure of human VDAC-1 reconstituted in
detergent micelles as determined by high-resolution nuclear magnetic resonance (NMR). We
have assayed the binding of VDAC-1 with its natural ligands B-NADH and cholesterol and
with the protein Bcl-x, by NMR and identify the location of these interaction sites on the
structure of VDAC-1.

For the structure determination of VDAC-1 with NMR spectroscopy, bacterially expressed
human VDAC-1 was refolded into lauryldimethylamine oxide (LDAQ) detergent micelles
(21). The channel exhibits a well-dispersed 2D [*°N,'H]-TROSY spectrum indicating the
presence of extensive B-sheet secondary structure (Fig. S1). High-field triple-resonance
TROSY -type experiments and selective labeling enabled sequence-specific resonance
assignment of 80% of the protein backbone including the CP resonances (Figs. 1,52, S3). 19
f-strands are formed within residues 25-283 and a short a-helix is located at the N-terminus
containing residues 6-10, as indicated by C* and CP secondary chemical shifts (Fig. S4). To
complement the backbone assignments, specifically isotope-labelled samples were prepared
to assign methyl groups of lle, Leu and Val residues (22) (Fig. S5). These side-chain
assignments were essential for defining the overall structure of the protein and the location of
the N-terminal helix with respect to the channel.

For the acquisition of long-range structural information, nuclear Overhauser effect
spectroscopy (NOESY) was used to establish spatial correlations between nuclear spins (23).
To obtain adequate signal, it was necessary to record these NOESY experiments on a fully
deuterated background, including the use of perdeuterated LDAO molecules. From the cross-
peaks observed in 3- and 4-dimensional NOESY experiments, a network of more than 600
NOE contacts were identified that confirmed the 19-stranded B-sheet topology for VDAC-1
in LDAO micelles and established the relative orientation of the strands (Fig. 1, S6, S7, Table
S1). Strands 1-19 form an antiparallel B-sheet, which is closed to a -barrel by parallel pairing
of strands 19 and 1.

32 discrete B-barrel membrane protein structures have so far been solved, all from prokaryotic
organisms and all consisting of even numbers of B-strands with antiparallel orientation (24)
(Fig. S8). The eukaryotic VDAC-1 thus represents a new class of a p-barrel membrane protein
fold. Whereas N- and C-terminal ends are aligned next to each other in even-stranded barrels,
they protrude from opposite sides of the VDAC-1 barrel. However, the N-terminus of VDAC
reaches through the channel to return to the same side of the barrel as the C-terminus. In
previous predictions of the VDAC topology the number of B-strands ranged from 12-19 with
one corresponding to the topology determined here (25).

Based on the experimental constraints, the three-dimensional structure for VDAC-1 in LDAO
micelles was calculated (Fig. 2, Table S1). The 19 B-strands form the wall of an open barrel
with the strands being tilted by about 45° with respect to the barrel main axis. Alternating
between the two ends of the barrel, adjacent strands are connected by loops with lengths of 2—
10 residues. The height of the barrel including the loops is approximately 30 A and a circular
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conformer of VDAC-1 has an open diameter of about 25 A, corresponding nicely to electron
microscopy data (16,17).

Consistent with the function of VDAC-1 as a wide diffusion pore, no tertiary contacts were
observed between residues across the barrel diameter. This is reflected within the calculated
bundle of 20 structural conformers, among which the p-barrel adopts differently circular and
oval shapes (Fig. S9). It is unclear, whether this variation of the barrel shape represents actual
molecular motions. The relative orientations of the B-strands with respect to each other are
well defined by the observed NOEs and thus identical in all members of the conformational
ensemble.

The N-terminal tail of VDAC-1, consisting of residues 1-23 is not part of the barrel wall but
is located inside the channel. NOE contacts connect residues 7, 8, 9 and 10 with several residues
around a small hydrophobic patch formed by residues Val 143 and Leu 150 on the inside of
the barrel wall (Figs. 1, 2). The observation that the N-terminal 23 residues are structurally not
involved in the main barrel architecture is consistent with experiments showing that a deletion
mutant with the N-terminal part missing properly targets to the mitochondrial outer membrane
(26). Since the N-terminal region is involved in voltage gating (27), this segment might adopt
different conformations depending on the external conditions.

The overall theoretical charge of VDAC-1 at neutral pH is +3, since 29 negative charges from
Asp and Glu residues oppose 32 positive charges from Arg and Lys residues. These charges
are located predominantly in the loops and in the interior, water-accessible wall of the channel,
where they cluster to form one negative and two positive patches (Fig. 2). The VDAC channel
is known to be open to both anions and cations, with a 2:1 preference for anions (28,29) and
these two features of the channel could thus be correlated.

The surface of VDAC-1 that is in contact with the detergent micelle was determined with the
help of the detergent 16-DSA that has a paramagnetic spin-label attached to its hydrophobic
tip, quenching all NMR resonances of residues in close contact with the micelle interior (30).
The data show that the detergent micelle covers the entire periphery of the VDAC-1 barrel like
a belt, corresponding to the position of hydrophobic residues on the outside of the barrel
(Figs.3,510). On the inner wall only two hydrophobic residues are located, the above
mentioned L150 and V143 (Fig. 3C). The protein—micelle complex in aqueous solution has
thus a topology that would be consistent with the assumption that the protein adopts a similar
fold in a lipid bilayer as in the LDAO micelle. The data obtained in the micellar state can not
address which opening of the channel faces into the mitochondria and which faces into the
cytosol. Previous studies attempting to determine this orientation have reached different
conclusions (15,31). Experiments on Neurospora crassa VDAC suggested a different barrel
topology and proposed a membrane-inserted N-terminal helix (32), which is inconsistent with
the structure presented here. The VDAC-1 solution structure will stimulate revisiting the large
body of previous biochemical data and the design of new experiments to resolve this issue.

The possibility of a multimeric state of VDAC is a matter of ongoing debate. There is evidence
to support the formation of dimers, trimers and tetramers, possibly in dynamic equilibrium
with monomers (13). Since the entire perimeter of VDAC-1 is in contact with the micelle-
immersed spin labels (Fig. 3A), our data excludes formation of stable oligomers in the LDAO
micelles, however a dynamic inter-channel interaction cannot be excluded. A possible
interaction site is located on strands 4 and 5 where the resonances of several residues are
unresolved presumably due to exchange broadening (Fig. 1). This potential contact may be
due to the high protein/detergent ratio used here and may not exist in mitochondrial membranes.
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In its native environment in the outer mitochondrial membrane, VDAC has several
posttranslational modifications such as phosphorylation and acetylation (33). In an attempt to
determine whether these affect function, we compare the gating parameters of our unmodified
recombinant protein with those of native VDAC carrying posttranslational modifications. To
achieve functional properties similar to wild-type, recombinant VDAC-1 had to be
reconstituted into planar membranes in the presence of cholesterol and the detergent triton
X100, which were both also present in the reference measurements with native VDAC (34,
35). Under these conditions, the refolded VDAC-1 exhibited similar functional behavior to
native VDAC from eukaryotic sources as measured by the single-channel conductance, the
effective valence of the voltage sensor, the energy difference between open and closed states,
and ion selectivity (Fig. S11, Table 1). While the present data does not directly address the
structure of VDAC-1 in lipid bilayers, it is clear that our recombinantly produced VDAC-1
polypeptide can be induced to adopt a structure with very similar functional properties as native
wild-type VDAC and that the gating properties of VDAC are thus not substantially affected
by the post-translational modifications in native VDAC or by the C-terminal His-tag present
in our preparations.

Since cholesterol was necessary to obtain wild-type like function of recombinant VDAC-1 and
since mammalian VDAC has tightly-bound cholesterol (35), we used chemical shift mapping
to examine the effect of cholesterol on recombinant VDAC-1 in LDAO micelles (Fig. S12).
The overall structure of VDAC-1 in LDAO micelles is unchanged by cholesterol
concentrations up to 1:5:400 for VDAC-1:cholesterol:LDAOQ. The chemical shift changes
induced by cholesterol revealed two distinct interaction sites located at B-strands 7+8, and 11
(Fig. 4A). Cholesterol is dissolved in the hydrophobic phase of the micelle and thus approaches
the residues at these interaction sites from the outside of the barrel.

Weak interactions with VDAC have also been reported for some of its water-soluble natural
ligands, such as ATP (13). NMR chemical shift mapping indicates that neither ATP nor B-
NAD do interact with a specific site of VDAC-1 (Fig. S13). However, for the interaction with
B-NADH, a distinct interaction surface was observed at strands 17 and 18 involving residues
G242, 1.243, 1244, A261, L263 and D264 (Figs.S13,4B). Our results are consistent with a
study on native VDAC, which showed that B-NADH, but not NAD, favors the closure of VDAC
and predicted that the NADH binding site would comprise the partial Walker B motif SALLD
at residues 260-264 (36).

We have mapped the binding site of the native binding partner Bcl-x_ onto reconstituted
VDAC-1 (Figs. 4C, S14). Bcl-x_ binds to VDAC-1 at strands 17 and 18. Interestingly, the
loops adjacent to the Bcl-x|_binding site contain several basic residues (Lysines 266, 252, 200,
and 201) so that this face of the molecule has a positive electrostatic surface. Bcl-x; , with an
estimated pl of 4.9 is negatively charged at neutral pH and the interaction between VDAC-1
and Bcl-x_ may thus contain a substantial electrostatic component. Some residues affected by
Bcl-x|_ binding are not located closely to this binding site. These effects could originate from
allosteric changes or from a second Bcl-x_ binding site at the lumen opening.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Architecture of VDAC-1. (A) The amino acid sequence of VDAC-1 in one-letter code is
arranged according to the secondary and tertiary structure. Amino acids in squares denote -
sheet secondary structure as identified by secondary chemical shifts, all other amino acids are
incircles. Red and blue lines denote experimentally observed NOE contacts between two amide
protons and NOE contacts involving side chain atoms, respectively. Bold lines indicate strong
NOEs typically observed between hydrogen bonded residues in B-sheets. For clarity of the
presentation, not all observed NOEs are shown. The 19t strand is duplicated at the right next
to strand 1 to allow indicating the barrel-closure NOEs. The side chains of white and orange
residues point towards the inside and outside of the barrel, respectively. Dashed lines show
probable contacts between protons with degenerate 1H chemical shifts. Grey residues could
not be assigned so far. Every tenth amino acid is marked with a heavy outline, and
corresponding residue numbers are indicated. (B) Strips from a 3D [*H,2H]-NOESY-1°N-
TROSY defining the barrel closure between parallel strands 1 and 19. Red lines show the
interstrand contacts for the depicted residues, whereas the violet lines indicate the NOE contacts
for the respective opposite residues. (C) Strip from a 3D [1H,1H]-NOESY-13C-HMQC taken
at the position of a methyl group of Leu 10. The assignments of the individual NOE signals
are indicated on the left and exemplify the NOEs defining the location of the N-terminal helix
in the barrel.
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Figure 2.

NMR solution structure of VDAC-1 in LDAO micelles. (A) and (B) Top- and side-view,
respectively, of the conformer closest to the mean of the conformational ensemble in ribbon
representation. 3-sheets are shown blue and a-helical secondary structure in red and yellow.
N- and C-termini and residues L150 and V143 are indicated. (C) Van der Waals surface of
VDAC-1. The surface is colored according to the surface potential, calculated using vacuum
electrostatics in the program Pymol. Blue indicates positive charge and red negative charge.
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Figure 3.

Hydrophobic surface of VDAC-1. (A) Result of a titration with the spin-labelled detergent 16-
DSA. Residues with a relaxation enhancement € > 20 s~ mM~1 are green (30). These residues
are in close contact to the hydrophobic interior of the micelle. Residues with € < 20

s~ ImM~1 are white. Grey residues are unassigned. Residues 1-21 have been omitted, no
interaction with the spin label was observed for these. (B) and (C) Surface plot of the outer
and inner surface of VDAC-1, respectively, with the side chains of the hydrophobic residues
Leu, Val, lle, Met, Phe, Trp shown in yellow and all other residues in white.
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Figure 4.

Interactions of VDAC-1. (A) Residues with significant chemical shift changes (A5(HN) > 0.5
ppm) caused by cholesterol binding are shown in yellow (Fig. S12). The amino acids of
VDAC-1 are shown as in Fig. 1A. (B) Amide resonances of VDAC-1 with significant chemical
shift changes (Fig. S13) caused by B-NADH are labeled magenta in this ribbon representation,
all other residues are grey. (C). Residues involved in Bcl-x_ binding (13) are marked red in
this ribbon representation, all other residues are grey. In all three panels, the loop connecting
strands 18 and 19 is indicated for orientation purpose.
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Table 1

Functional properties of VDAC Voltage gating in lipid bilayers.

Recombinant humanVDAC-1 3

VDAC isolated from ratp|
liver mitochondria

single conductance [nS] 39+14 4.0-45
voltage sensor valence 2.5-4.0 3.5-4.5
AE gpenjcloseq [kI/mole] 9+2 10+3
ion selectivity Poy /Py, 1.4-1.6 1.7-1.8

aThis work (see also Fig. S11).

b(34).
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