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Membrane proteins are responsible for a wide range of essential
physiological processes and are involved in various diseases. Most
biophysical methods for studying membrane proteins in Vitro require
a membrane mimicking environment to stabilize the protein.1 The
most commonly used membrane mimics are detergents, but since
they often have deteriorating effects on the structure and activity
of a protein, the search for a suitable detergent is an empirical and
thus time-consuming process. A better mimic are phospholipid
bilayers, since their biophysical properties resemble more closely
those of the native membrane and they are thus more likely to
maintain membrane proteins in a stable and active state. Phospho-
lipid bilayers in the form of bicelles have been used to study
membrane proteins by high-resolution biophysical methods such
as NMR spectroscopy2 and X-ray crystallography.3 However, the
morphology of bicelles is complex, depending on various sample
conditions, such as temperature and the ratio of long-chain lipid to
short-chain lipid/detergent.4 Furthermore, the selection of phos-
pholipid/detergent combinations is limited, and the presence of
detergent may destabilize a membrane protein.

A promising new approach for studies of membrane proteins in
a phospholipid bilayer uses high-density lipoprotein nanodiscs
consisting of a central disk-shaped core of lipids, confined by two
copies of an R-helical amphipathic protein.5-7 These nanoscale lipid
bilayers with reported diameters ranging from 9.5 to 12 nm provide
a well-defined particle size and high stability in detergent-free,
aqueous solution. The nanodisc technology has enabled biochemical
studies of a number of membrane proteins, including cytochrome
P450 monooxygenase,8,9 bacteriorhodopsin,10 rhodopsin,11,12 the
�2-adrenergic receptor,13,14 the chemoreceptor Tar,15 the glycolipid
receptor GM1,

16 the membrane-active peptide antiamoebin-I,17 and
the membrane-spanning fragment of human CD4,18 and it has also
been used for the cell-free protein synthesis of membrane proteins.19

The use of atomic resolution biophysical methods is crucial for
advancing our understanding of membrane protein structures and
functions. Solution-state NMR has proven a valuable tool for
investigating membrane proteins in a detergent solubilized form20

and is expected to offer novel possibilities if combined with the
nanodisc technology. The application of solution NMR for studying
nanodisc-embedded proteins has so far been limited to a membrane-
active peptide17 and the single-helix membrane-spanning fragment
of human CD4,18 a coreceptor of the T cell receptor. So far, no
polytopic integral membrane protein has been studied by solution
NMR in a nanodisc-embedded form.

Here we describe an effort to fully exploit the opportunities
offered by the nanodisc technology in combination with solution

NMR spectroscopy to investigate the structure and function of a
polytopic integral membrane protein. Furthermore, we would like
to address the fundamental question of whether membrane proteins
adopt different conformations in micellar and phospholipid environ-
ments. In particular, we characterize structural and functional
properties of the human mitochondrial voltage-dependent anion
channel (VDAC-1) reconstituted into nanoscale lipid bilayers by
solution NMR. The structure of this protein has recently been
determined in three independent studies by NMR and X-ray
crystallography using detergent micelles21,22 and bicelles23 as
membrane mimics. All three studies revealed nearly identical folds
with a 19-stranded �-barrel enclosing an N-terminal R-helix.
VDAC-1 forms a voltage-gated channel, allowing the exchange of
small molecules and ions across the outer mitochondrial mem-
brane.24 VDAC-1 is also a key player in mitochondrial apoptotic
pathways by means of its interaction with members of the Bcl-2
protein family.25-27

VDAC-1 was expressed, purified, and refolded into lauryl-
dimethylamineoxide (LDAO) micelles as described21,25 and then
incorporated into 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC) nanoscale lipid bilayers;6 see Supporting Information for
details. The ratio of lipid to membrane scaffolding protein (MSP1)
was optimized by analytical size exclusion chromatography to
account for the displacement of lipid molecules by VDAC-1. A
1:4:200 ratio for VDAC-1/MSP1/DMPC lipid was found to yield
the highest fraction of assembled nanodiscs, as monitored by size
exclusion chromatography and SDS-PAGE analysis of the peak
fractions (Figure S1). The refolding detergent LDAO was com-
pletely removed from the reconstituted VDAC-1 sample by
treatment with Bio-Beads, as confirmed by the absence of LDAO
signals in the 1D 1H NMR spectrum (Figure S2). Since VDAC-1
cannot stably fold in aqueous solution and since no LDAO
molecules are present, all VDAC-1 molecules remaining in solution
must have been transferred into the nanodiscs. His-tagged VDAC-1
in nanodiscs was separated from VDAC-1-free nanodiscs using
immobilized metal affinity chromatography.

To assess the integrity and the oligomeric state of VDAC-1
reconstituted into nanodiscs, we acquired electron microscopy (EM)
images of negatively stained samples. The images revealed nano-
discs containing one or more dark spots (Figure 1A). These spots
were of relatively uniform size with a diameter of ∼20 Å. This
value is consistent with the open inner diameter of the VDAC-1
pore of 20-25 Å as determined by NMR and X-ray crystallogra-
phy.21-23 Since the EM sample was produced from highly purified
components, the spots are likely to represent stain-filled channels
of the reconstituted VDAC-1 molecules. We selected 9243 nano-
discs from 55 images and classified them into 100 classes
(Supplementary Figure S3). The resulting class averages showed
that the nanodiscs have a variable size and shape. Many had an
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oval shape with dimensions of ∼10 × 13 nm, but others were larger
and/or had more irregular shapes (Figure 1B, classes 1-4).

The number of VDAC-1 pores per nanodisc particle varied. A
large fraction of the averages showed nanodiscs with two VDAC-1
molecules (Figure 1B, classes 5-12) or possibly even more
additional VDAC-1 molecules (Figure 1B, classes 13-16). These
additional VDAC-1 channels were either clearly visible (Figure 1B,
classes 5-8 and 13-14) or less well-defined (Figure 1B, classes
9-12 and 15-16). The weaker definition of some of the additional
VDAC-1 channels may result from poor stain penetration or from
slight differences in the VDAC-1 distribution in the averaged
nanodiscs. Despite these ambiguities, we attempted to estimate the
distribution of the number of VDAC-1 channels in the nanodisc
population. We assigned each average into one of three classes with
“two or less”, “exactly two” or “two or more” pores visible in a
nanodisc (indicated by e2, 2, and g2 in Supplementary Figure
S3). According to this classification, 4635 (∼50%), 3250 (∼35%),
and 1358 (∼15%) particles were found to have “two or less”,
“exactly two”, and “two or more” VDAC-1 channels per nanodiscs,
respectively. The observation of different oligomeric states for
VDAC-1 is in agreement with biochemical25,28 and imaging
studies.29,30 In native membranes, VDAC-1 has been observed to
adopt multimeric states from monomer to tetramer and hexamer,
but no preferred oligomeric state has been noticed.29 It has been
speculated that the dynamic nature of the oligomeric state of
VDAC-1 might modulate its function, such as its ability to form
complexes with other proteins.25

In averaged images with two clearly revealed pores, the center-
to-center distance between neighboring VDAC-1 channels was very
similar (46 ( 4 Å, n ) 28). This value closely relates to the outer
diameter of the VDAC-1 channel of 45 Å as observed in the high
resolution NMR or X-ray structures21-23 and thus suggests that
the two molecules may be interacting with each other. Note,
however, that the limited structural detail of the averaged images
cannot resolve the site specificity of this putative interaction.

To further characterize the state of VDAC-1 in nanodiscs, 2D
[15N,1H]-TROSY NMR spectra31 were recorded at 750 MHz (Figure
2). The resonances are well dispersed, indicating the formation of
an extensive secondary structure. The qualitative comparison with
the 2D [15N,1H]-TROSY spectra of detergent solubilized VDAC-1
shows a similar pattern of well-dispersed resonances in both spectra.
These observations suggest that VDAC-1 in DMPC nanodiscs is
well folded and the overall fold might be similar to VDAC-1 in
detergent micelles; however, a definite structural characterization
will require at least backbone assignments. The high quality of

VDAC-1 spectra in nanodiscs shows the feasibility of a resonance
assignment and structural studies by solution NMR.

The resonances of VDAC-1 in nanodiscs display slightly broader
line widths in the proton dimension when compared to the
protein-LDAO complex. The rotational correlation time, τc, of
VDAC-1 in nanodiscs was estimated with the TRACT experiment32

(Figure S4). The value of 93 ( 15 ns corresponds roughly to an
overall molecular weight of 160-200 kDa and is in good agreement
with the theoretical τc of 85 ns calculated for an empty nanodisc
particle.17 For comparison, the τc of VDAC-1 in LDAO micelles
is ∼70 ns.33

The activity of VDAC-1 reconstituted into nanodiscs was
assessed by binding of the small ligand nicotinamide adenine
dinucleotide (NADH). NADH is known to regulate the gating
function for metabolites in the mitochondrial outer membrane by
binding to VDAC-1.34 NMR chemical shift perturbation mapping
for VDAC-1 in LDAO has located the NADH-binding site at
strands 17 and 18, comprising the segment of residues 235-245.21

This experimental approach was employed here to evaluate the
functionality of nanodisc-embedded VDAC-1. 2D [15N,1H]-TROSY
correlation spectra were recorded before and after addition of
NADH (Figure 3). The observation of several distinct chemical
shift changes clearly indicates site-specific binding of NADH
and, thus, indicates that VDAC-1 in nanodiscs is functional. In
addition, the positions of some of the affected resonances in
nanodisc-VDAC-1 can be roughly correlated with assigned
resonances that are affected upon binding of NADH in the
detergent solubilized form of VDAC-1 (Figures 3). It thus seems
that NADH binds similarly indicating that the VDAC-1 fold is
preserved in both environments. VDAC-1 weakly binds choles-
terol in micelles.21 To analyze similar small chemical shift
changes in nanodiscs and generally pursue more detailed ligand
binding studies will require sequence-specific resonance assign-
ments of VDAC-1 in nanodiscs.

It has remained elusive as to what extent the 3D structure of
VDAC-1 in detergent micelles represents the physiologically active
structure found in biological membranes. The current study further
corroborates the physiological relevance of the published micelle-
bound VDAC-1 structure by the high similarity of the NMR spectra
in micelles and DMPC nanodiscs and by the similarity of NADH
binding properties. Furthermore, the observation of multimeric
assemblies of VDAC-1 in nanodiscs by EM indicates that the
nanoscale lipid bilayers provide a native-like membrane environ-
ment. Additional evidence has also been gained by the independent
determination of an essentially identical structure by X-ray crystal-
lography in bicelles.23

Figure 1. Electron microscopy of VDAC-1 in DMPC nanodiscs. (A)
Representative image of negatively stained nanodiscs containing VDAC
channels. The stain-filled channels appear as dark spots in the brighter
nanodiscs. The scale bar is 50 nm. (B) Representative class averages
showing the variation of the nanodisc population in size (averages 1 to 4)
and in the number of VDAC channels per nanodisc (averages 5 to 16). The
side length of the individual panels is 28.8 nm.

Figure 2. 2D [15N,1H]-TROSY spectrum of [U-2H,15N]-VDAC-1 in DMPC
nanodiscs (blue) and in LDAO micelles (red).
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In summary, we have demonstrated that the human integral
membrane protein VDAC-1 can be embedded into lipid bilayer
nanodiscs in a folded and functional form. Electron microscopy
revealed that nanodiscs can harbor between one and three copies
of VDAC-1. The current data do not define whether there are well-
defined oligomeric states or whether VDAC-1 associates in a
random orientation. Furthermore, the ability to study VDAC-1 in
lipid bilayers at atomic resolution with solution NMR, rather than
in detergent micelles, offers novel possibilities to approach its
biophysical properties: The absence of detergent will enable
protein-protein interaction studies between VDAC-1 and its soluble
interaction partners; this is crucial for cases where the soluble
protein would be denatured by the detergent when using micelle-
embedded protein. Of particular interest are the highly relevant
associations with members of the Bcl-2 family, including Bcl-xL,25,27

Bax, and Bak,26 as well as hexokinase.35 Furthermore, the effects
of different lipids and lipid compositions on the structure and
function of the VDAC-1 protein can now be investigated.

In a broader context, we anticipate the nanodisc technology to
provide a more general system for the study of high molecular
weight integral membrane proteins by solution NMR spectroscopy.
Whereas for smaller systems, such as peptides, the size difference
between the micelle system and the nanodisc complex is dramatic,
for integral membrane proteins of the size of VDAC, the effective
molecular size and thus the NMR relaxation properties are similar.
Moreover, for even larger membrane proteins, the nanodiscs might
even be advantageous compared to detergent micelles, since the
effective molecular weight is dominated by the size of the nanodisc
particle and thus largely independent of the molecular weight of
the membrane protein under study. With the additional benefit that
the nanodiscs provide a substantially more native-like environment
than micelles, they represent a highly valuable tool for functional
studies with solution NMR.
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Figure 3. NADH binding of VDAC-1. Selected regions of 2D [15N,1H]-
TROSY spectra of VDAC-1 in (A,B) nanodiscs and (C,D) LDAO micelles.
The blue and red spectra correspond to Figure 2, recorded in the absence
of NADH. The orange spectra were recorded after addition of NADH.
Sequence-specific resonance assignments of VDAC-1 in LDAO micelles
are indicated. Residues G244 and V237, which are part of the NADH
binding site, are printed bold.
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