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Abstract

The voltage dependent anion channel (VDAC) is an essential protein in the eukaryotic outer
mitochondrial membrane, providing the pore for substrate diffusion. Three high-resolution structures
of the isoform 1 of VDAC in detergent micelles and bicelles have recently been published, using
solution NMR and X-ray crystallography. They resolve longstanding discussions about the
membrane topology of VDAC and provide the first eukaryotic -barrel membrane protein structure.
The structure contains a surprising feature that had not been observed in an integral membrane protein
before: A parallel B-strand pairing and thus an odd number of strands. The studies also give a
structural and functional basis for the voltage gating mechanism of VDAC and its modulation by
NADH, however they do not fully explain these functions yet. With the de novo structure of VDAC-1,
as well as those of half a dozen other proteins, the number of integral membrane protein structures
solved by solution NMR has doubled in the past two years. Numerous further structural and functional
studies on many different membrane proteins show that solution NMR has become an important tool
for membrane protein molecular biology.

Introduction

Mitochondria are complex organelles that fulfill multiple functions in eukaryotic cells. Their
key task is the production of cellular energy, but they are also involved in other metabolic
pathways, apoptosis, cellular differentiation and in the control of the cell cycle [1]. As a result
from their probable bacterial ancestry, mitochondria are enveloped by a double membrane
[2]. The energy production occurs near and within the inner mitochondrial membrane, and the
outer membrane is thus a high-traffic zone of the eukaryotic cell [3]. Low-energy metabolites,
mainly ADP, have to go into the mitochondria and high-energy metabolites, mainly ATP, have
to migrate out again. The protein that provides membrane passage to these molecules, as well
as to ions, small proteins, cofactors and other small compounds is the voltage-dependent anion
channel (VDAC), also called the mitochondrial porin [4,5,6,7,8].

VDAC had been discovered in 1975 and immediately drew attention, since it stood out from
other observed channels due to its voltage-gating properties [9]. Due to its central function and
its interesting properties it has been extensively studied for decades. Numerous structural
models were generated, but essentially the B-strand topology remained unclear [6,10,11,12].
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Last year, 33 years after the discovery of VDAC, three long-term efforts to determine the three-
dimensional structure of its isoform 1 at atomic resolution were finalized within a few weeks
time [""'13,""14,""15]. Remarkably, the technical approaches used for these three structure
determinations were different from each other. One structure was solved by NMR alone
[""13], one by X-ray crystallography alone ["*15] and one using a hybrid method of both
techniques [""14].

Here, we want to compare the three VDAC-1 structures and describe structural and functional
aspects of VDAC-1 that can now be concluded on the basis of its high-resolution three-
dimensional structure and associated data. We discuss the role of solution NMR in the structure
determination of VDAC-1, as well as in other recent NMR membrane protein structure
determinations and assess the use of protein refolding and detergent deuteration in these studies.

The B-barrel of VDAC-1

The basic structural feature of VDAC-1 is its large B-barrel. The topology of the barrel, i.e. the
number of strands and their orientation relative to each other, is precisely the same in all three
structures (Figure 1; compare also Figures 1 in [""13,""'14,""15]). The amino acid sequence of
VDAC is highly conserved from yeast to human and it is thus generally assumed that the overall
fold of VDAC and its isoforms is the same in all eukaryotes [8]. Among the three determined
structures, one is the mouse VDAC-1 [""15], and the other two are human VDAC-1
["13,""14]. These two forms are different by just four amino acid replacements, i.e. mouse
VDAC-1 = human VDAC-1(T55N, M129V, A160S, 1227V). It is now clear that these four
changes are conservative or in loops and do not cause significant structural differences. Further,
in each of the three structural studies, VDAC-1 was initially refolded from a denatured state
into the detergent LDAO. For the crystallization in one study, VDAC-1 was then transferred
into DMPC/CHAPSO bicelles [""'15]. The VDAC-1 barrel structure is the same in both
environments and thus not affected by the different biophysical properties of these two
membrane mimics. VDAC-1 is currently the only known eukaryotic B-barrel membrane protein
structure, and it is also the only B-barrel membrane protein featuring an odd number of strands.
All other B-barrel membrane proteins exhibit exclusively antiparallel B-strand pairings and thus
an even number of B-strands (Figure 2a). Intrinsically, antiparallel B-sheets are energetically
slightly more favorable than parallel B-sheets by about 0.2 kcal/mol per residue pair (0.1 kcal/
mol per formed hydrogen bond) [16] and this may be one reason for this bias, but likely,
properties of the insufficiently understood folding mechanisms also play a role [17,18].

Just two numbers are able to define the structure of a B-barrel to a large extent [19]: The number
of strands, n, and the shear number, S. In its simplest form for regular B-barrels without bulges,
the shear number can be defined as follows [20]. In a cylindrical barrel the pairs of a-carbon
atoms in adjacent strands, which have their side chains pointed to the same side of the sheet
(outside or inside), lie on a helical trace across the surface of the barrel. Following this trace
once around the cylinder one arrives back at the first strand a certain number of residues away
from the starting point. This number is the shear number. To preserve the orientation of the
hydrophobic outside residues, the shear number in membrane protein B-barrels is always even.
VDAC-1, with 19 strands, has a shear number of 20. All other p-barrel membrane proteins
have a shear number in the range n and n+4, (Figure 2b). The ratio of shear number and strand
number S/n is linked via the equation tan o = % S/n to the tilt angle a of the B-strands with
respect to the membrane normal, where the factor % results from the B-sheet geometry [19].
Interestingly, all currently known B-barrel membrane protein structures (except those resulting
from a multimerization) lie within S/n = 1 and S/n = 4/3 and the tilt angle o thus in the narrow
range between 37° and 45° (Figure 2b).
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The flexible N-terminus of VDAC-1

A second aspect for the comparison of the three VDAC-1 structures concerns the residues 1—
23, the only residues that are not part of the B-barrel or the loops and turns. Out of these residues,
only the a-helical segment of residues 6-10 could be securely assigned by NMR so far. This
segment has a close contact to the barrel wall. Structural constraints establishing this contact
are based on many NOESY cross peaks between the methyl groups of Leucine 10, Valine 143
and Leucine 150, as well as between these moieties and several amide groups of the helix and
the barrel wall [""'13]. Intriguingly, Val 143 and Leu 150 are also the only hydrophobic side
chains in the barrel wall pointing to the barrel interior. The close proximity of these three
aliphatic residues was subsequently confirmed in the crystal structure of mouse VDAC-1
(Figure 3). Residues 11-20 appear well structured in the two published crystal structures but
in different conformations [""'14,"""15]. It is thus possible that the polypeptide changes its
conformation between these two and potentially further structures. The crystal structures were
obtained at cryogenic temperatures and even if the transitions occur also in the crystal, single
conformations may be frozen out or fitted to the electron density. These residues were so far
not assigned by NMR and the conformational exchange could be a reason for this. Depending
on the exchange rate, conformational exchange can lead to multiple resonance lines or to line
broadening and reduced signal intensity, hindering the resonance assignment [21]. A dynamic
behavior of the segment 11-20 would additionally be supported by the observation that it has
the highly flexible pivot sequence GYGFG on one end (residues 21-25) and a break in the
helix (residue Gly11) at the other end in one of the crystal structures [""'15].

Models for VDAC gating

In lipid bilayers, recombinant as well as native VDAC exhibits voltage gating [""13,22] and it
is been well established that the N-terminal part of VDAC has a central function in this process
[22,23]. VDAC adopts an “open” state at 0 mV and a “closed” state at higher voltages. In the
open state, VDAC has a conductivity of about 4 nS and in the closed state, 40-60% thereof.
The conductivity in the closed state is however mainly due to small cations, since VDAC is
impermeable for ATP and other anionic molecules in the closed state [8]. With an energy
difference of 10 kJ/mole between open and closed state, the closed state is populated also in
the absence of voltage to about 2.3% and the closed state might thus also be present in the
micelle-bound form at room temperature.

In context with the 2.3 A crystal structure, it has been suggested that upon voltage gating, the
whole N-terminal part, residues 1-20, moves to decrease the effective pore diameter [""'15]
(Figure 3a). Based on the above considerations in the mobility of the N-terminal parts, an
alternative model is suggested here (Figure 3b). Only residues 11-20 might participate in the
gating and the hydrophobic contact of residues 6-10 at the barrel wall would then remain
preserved. Note however that at this point we do not have experimental evidence that
unambiguously links either of these two models to the voltage gating process.

The role of NMR for structure determination of VDAC and other membrane

proteins

As indicated, one of the three recent VDAC-1 structures was solved with NMR only [""13], a
second one with a combined NMR / X-ray approach to 4.0 A resolution [""14] and the third
structure with X-ray, but to 2.3 A resolution [""15]. Whereas the pure NMR and pure X-ray
approaches used respective state-of-the-art techniques of their fields, the mixed structure
applied an innovative technique, BUSTER-TNT [24] which combines NMR and diffraction
data. In this particular case, according to the authors, their NMR and the X-ray data sets alone
were not sufficient to solve the structure [""14]. However, as shown by the NMR structure,
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contemporary solution NMR techniques alone are sufficient to solve the structure of such a
large B-barrel. Including VDAC-1, nine de novo structures of integral membrane proteins with
more than two transmembrane segments have now been solved by solution NMR (Table
1,Table 2) [25]. Five of them have been determined within the last two years. The arsenal of
solution NMR methods to study this class of proteins is large [26,27], and the technical
approaches thus vary between the projects. Here, we want to focus on two technical features
that have a substantial impact on the ability to determine membrane protein structures with
NMR: Protein refolding and deuteration of the detergent micelle.

The role of protein refolding

Refolding from a denatured state may not be feasible for all membrane proteins and the search
for a suitable refolding protocol may be tedious, but if this strategy is successful, the benefits
are large: (i) Very high yield. For example, in the case of VDAC-1, typical yields are 40 mg
of pure protein from 1 L of E. coli cell culture in minimal medium. (ii) Efficient purification
to a high degree. We estimate the purity of VDAC-1 after His-tag purification in the denatured
state and refolding to be above 98% as judged from SDS-PAGE (iii) High reproducibility. Due
to the high purity, identical sample conditions and thus NMR spectra can be obtained. (iv)
Efficient perdeuteration, and selective isotope labeling. Due to the high yields, cost-effective
sample preparation is possible (v) Complete back exchange of amide protons. Since the
perdeuterated protein produced by growing E. coli in D,O goes through a denatured state, all
amide moieties can readily be protonated and are observable for assignments and structure
determination.

As a consequence of these advantages, all solution NMR structures of integral membrane
proteins, except one, were obtained by refolding from a denatured state (Table 1, Table 2).

Impact of deuterated detergent

For large particles with long rotational correlation times, perdeuteration of the protein is a
prerequirement for good NMR spectra. Otherwise, the resonance lines are broadened due to
strong dipole—dipole couplings and the overall spectral sensitivity is substantially reduced. For
membrane proteins, the detergent micelle is in close contact with the protein and a deuteration
of the detergent does thus also have an impact on the spectral quality. Our experience with
VDAC shows that the quality of the [2°N,IH]-TROSY correlation spectra is virtually
independent of the degree of detergent deuteration. Also the TROSY-HNCA spectra could be
recorded with good quality in either deuterated or protonated LDAO. In the 15N-resolved
[*H,1H]-NOESY spectra, a sensitivity decrease of about 10-30% was observed when going
from deuterated to protonated detergent, but the strongest cross peaks, including many
interstrand amide—amide NOEs were still observable in protonated detergent. A strong
difference between protonated and deuterated detergent was however observed for spectra of
the Isoleucine, Leucine and Valine methyl groups. NOESY -type spectra of ILV labeled sample
in protonated detergent did not produce useful spectra (T. Malia, personal communication),
but the use of deuterated detergent substantially improved this situation and enabled recording
of 3D- and 4D-resolved NOESY spectra. This trend is generally observed for membrane
proteins and structural studies are thus found to use deuterated detergent whenever possible
(Table 1 and Table 2).

Ligand binding and protein—protein interactions

The ability to characterize protein-ligand and protein—protein interaction sites structurally is
a particular strength of NMR in solution [28,29]. The metabolite B-NADH, as well as the anti-
apoptotic protein Bcl-x;_are known to modulate the VDAC voltage gating process [30,31]. We
could determine the NADH binding site on VDAC-1, which is located at one end of strands
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17 and 18, near the extrusion of the N-terminus and could also map the site of the interaction
with Bcl-x(, using data reported in our previous publication ["32].

Many further solution NMR studies of membrane protein structure, function and dynamics
have revealed significant biological information. These include, to mention only a few, studies
revealing mechanistic features of ion selectivity and gating in the KcsA channel [33,34],
showing the domain interactions that may be related to the mechanism for the Kv channel
inactivation [35], revealing how phosphorylation regulates the CFTR chlorine channel [36],
solving the structure of the signaling domains of FecA to understand signaling within the FecA
transporter [37], mapping protein—protein interactions to show how HasA delivers the heme
to the membrane protein HasR [38], using methyl-NMR to propose a model for the interaction
of signal recognition particle with its receptor [39], characterizing the backbone dynamics of
sensory rhodopsin pSRII [40].

Conclusion

In the past two years, solution NMR was used in five de novo structure determinations of
integral membrane proteins, including the first eukaryotic g-barrel membrane protein structure,
VDAC-1. Furthermore, solution NMR has made substantial impact by a large number of other
structural and functional studies of membrane proteins. These developments show that solution
NMR has become an important tool for membrane protein molecular biology and let expect
further significant contributions in the future.
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Figure 1.

NMR solution structure of VDAC-1 in LDAO micelles (PDB: 2K4T) [""13]. B-sheets are
colored magenta, loops salmon, and helical secondary structure blue. N- and C-terminus of the
283-residue polypeptide are marked.
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Figure 2.

Statistical analysis of all known B-barrel membrane protein structures [25]. (a) Histogram of
the number of known unique B-barrel membrane proteins, N, vs. the number of B-strands, n.
Yellow are prokaryotic proteins, red is the eukaryotic VDAC-1. (b) Combinations of shear
numbers, S, and strand numbers, n that have been observed at least once are marked by circles
in the same color coding as in panel a. The dashed lines mark the S/n ratios of 1 and 4/3. The
corresponding angles between the membrane normal and the B-strands are indicated [19]. B-
barrels resulting from a multimerization were not included in the analysis.
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Figure 3.

Gating models for VDAC-1. Shown in yellow and red is the 2.3 A crystal structure of VDAC-1
(PDB: 3EMN) [""15]. The side chains of residues Leu 10, Val 143 and Leu 150 are shown in
stick representation and their hydrophobic contact point is marked with an asterisk. In each
model, a certain amino acid segment, which is marked red, undergoes a conformational
exchange to a fictive, magenta conformation, indicated by black arrows. (a) Model proposed
by Ujwal et al. ["""15]. Residues 1-20 undergo conformational exchange, disrupting the
hydrophobic contact. (b) Alternative gating model proposed here. Only residues 11-20 undergo
conformational exchange, preserving the hydrophobic contact.
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