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Three isoforms of the human voltage-dependent anion channel (VDAC), located in the outer mitochondrial
membrane, are crucial regulators of mitochondrial function. Numerous studies have been carried out to elu-
cidate biochemical properties, as well as the three-dimensional structure of VDAC-1. However, functional and
structural studies of VDAC-2 and VDAC-3 at atomic resolution are still scarce. VDAC-2 is highly similar to
VDAC-1 in amino acid sequence, but has substantially different biochemical functions and expression pro-
files. Here, we report the reconstitution of functional VDAC-2 in lauryldimethylamine-oxide (LDAO) deter-

sngcords. gent micelles and 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) lipid bilayer nanodiscs. We find
Mitochondrion that VDAC-2 is properly folded in both membrane-mimicking systems and that structural and functional
NMR spectroscopy characterization by solution NMR spectroscopy is feasible. This article is part of a Special Issue entitled:
Micelle VDAC structure, function, and regulation of mitochondrial metabolism.
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1. Introduction

The voltage-dependent anion channel (VDAC) is integral to the
outer mitochondrial membrane (OMM), regulating the exchange of
metabolites and ions between mitochondria and the cytosol. The
number of VDAC isoforms is different among species, ranging from
one in Neurospora crassa, two in Saccharomyces cerevisiae, three in
Homo sapiens, four in Drosophila melanogaster up to five in Lotus
japonicus [1,2]. Owing to its crucial function, VDAC has been studied
extensively since its discovery in 1976 [3]. VDAC has also been im-
plicated in the mitochondrial pathway of apoptosis, its role therein
remains however controversial [4-8]. As a consequence, VDAC has
also been viewed as a target for the development of novel drugs
[9,10]. Early biochemical work in combination with bioinformatics anal-
ysis of the amino acid sequence, voltage-gating experiments and micro-
scopic imaging techniques resulted in the proposal of several topology
models of VDAC-1 [11]. These differences were resolved in 2008 by
three independent determinations of the VDAC-1 3D structure. The
use of three different approaches, i.e. solution NMR spectroscopy, X-
ray crystallography and a hybrid approach employing both techniques,
all led to the structure of VDAC-1 comprising 19 transmembrane {3-
strands [ 12-14]. The presence of 19 3-strands represents a unique struc-
tural class of 3-barrel membrane proteins [11].

* This article is part of a Special Issue entitled: VDAC structure, function, and regula-
tion of mitochondrial metabolism.
* Corresponding author. Tel.: +1 617 432 3213; fax: +1 617 432 4383.
E-mail address: gerhard_wagner@hms.harvard.edu (G. Wagner).

0005-2736/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbamem.2011.11.012

The amino acid sequence of human VDAC-2 is 68% identical to
human VDAC-1. Despite this high sequence similarity, VDAC-2 has
been reported to have distinct physiological roles and expression
profiles [15]. In particular, VDAC-2 has been indicated to play an im-
portant role in the mitochondrial pathway of apoptosis as it was
shown to regulate the activity of the pro-apoptotic BAK protein
[16]. In addition, VDAC-2 has been identified as a target of the
anti-tumor compound erastin. Erastin was shown to induce non-
apoptotic cell death in some tumor cells harboring activating muta-
tions in the RAS-RAF-MEK pathway [17,18]. In order to better un-
derstand the role of VDAC-2 in BAK mediated mitochondrial
apoptosis, detailed structural information at atomic resolution is
highly desired. In addition, insight into binding of erastin to VDAC-
2 by mapping the interface might provide information for the gener-
ation of more efficient drugs.

Solution NMR spectroscopy has been successfully applied to char-
acterize structural and functional properties of many membrane pro-
teins including VDAC-1 [11,19-26]. Here, we show that VDAC-2,
refolded into lauryldimethylamine-oxide (LDAO) detergent micelles
or 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) nanodiscs,
is properly folded. Using solution NMR spectroscopy, we were able
to identify specific sites for nicotinamide adenine dinucleotide
(NADH) binding. Furthermore, our results indicate that the quality
of refolded VDAC-2 in detergent micelles as well as in nanodiscs is
suitable for its functional and structural characterization using solu-
tion NMR spectroscopy. VDAC-2 in nanodiscs might provide a unique
opportunity to study the BAK-VDAC-2 complex under non-
denaturing condition.
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2. Materials and methods
2.1. Expression of VDAC-2

The cDNA for human voltage-dependent anion channel isoform 2
(VDAC-2) with the GenBank accession number BC000165 was
obtained as a full-length clone from the Mammalian Gene Collection
(OpenBioSystems, Huntsville, AL). VDAC-2 with a C-terminal His-tag
(VDAC-2(1-294)-Leu-Glu-His-His-His-His-His-His) was cloned by
standard PCR methods into the Nhel/Xhol sites of pET21d (Novagen).
Site-directed mutagenesis was carried out to change the codons for
the second and the third residues (Ala-Thr) of VDAC-2 to be GCTACT
to have optimized protein expression Agilent Technologies. VDAC-2
was expressed in Rosetta 2(DE3) cells by induction with 1 mM IPTG
(Gold Biotechnology) at 37 °C for 12 h.

2.2. Purification of VDAC-2

Cells were resuspended in lysis buffer (50 mM Tris-HCl, 250 mM
NaCl, 5 mM 2-mercaptoethanol (Sigma), protease inhibitor cocktail
tablets (Roche), pH 6.8) and lysed by sonication. The VDAC-2 contain-
ing inclusion bodies were isolated using sucrose cushion centrifuga-
tion (50 mM Tris-HCl, 500 mM NaCl, 50% sucrose, pH 6.8). The
inclusion bodies were dissolved in denaturing buffer (8 M urea,
50 mM Tris-HCl, 100 mM NacCl, 20 mM imidazole, pH 7.5), applied
to Ni-agarose resin (Qiagen) and VDAC-2 was eluted with elution
buffer (8 M urea, 50 mM Tris-HCl, 100 mM NacCl, 250 mM imidazole,
pH 7.0). Purified VDAC-2 in elution buffer was precipitated by dialysis
against 41 of dialysis buffer (50 mM Tris-HCl, 50 mM NaCl, 1 mM
EDTA, 5 mM DTT, pH 7.0) in a 6000-8000 molecular weight cutoff
(MWCO) dialysis membrane. Precipitated VDAC-2 was isolated by
centrifugation at 12,000 g. The purity of the Ni-affinity purified
VDAC-2 was checked with SDS page chromatography (Fig. 1).

2.3. Refolding and purification of VDAC-2 in LDAO detergent

Purified precipitated VDAC-2 was dissolved in guanidine hydro-
chloride buffer (100 mM NaP;, 100 mM NaCl, 6 M GuHCI, 5 mM
TCEP, 1 mM EDTA, pH 6.7) at a concentration of 3 mg/ml. VDAC-2
was refolded at 4 °C by dropwise dilution of one volume VDAC-2 so-
lution into 10 volumes of refolding buffer (25 mM NaP;, pH 6.8,
100 mM NaCl, 1 mM EDTA, 5 mM TCEP, 1.5% (64.5 mM) LDAO (Ana-
trace and FBReagents)) with stirring. The final ratio of VDAC-2 pro-
tein to LDAO micelles is about 1:90 assuming the aggregation
number of LDAO micelle is 76. After overnight stirring at 4 °C the
refolded VDAC-2 sample was dialyzed against 41 of buffer (25 mM
NaP;, 1 mM EDTA, 5 mM DTT, pH 6.8) for 12 to 16 h. Little amount
of precipitated VDAC-2 was removed using centrifugation at
12,000 g, followed by filtration with a 0.22-pum membrane.

Cation exchange chromatography was employed to isolate prop-
erly folded VDAC-2 protein in LDAO detergent micelles. The sample
was loaded onto a 30 ml SP sepharose HP column equilibrated with
buffer A (25 mM NaP;, 1 mM EDTA, 5 mM DTT, 0.1% LDAO, pH 7.0).
VDAC-2 was eluted during a 5%-55% gradient with buffer B (25 mM
NaP;, 1 mM EDTA, 5 mM DTT, 0.1% LDAO, 1 M NaCl, pH 6.2) at about
35% buffer B. Pure VDAC-2 fractions were pooled and concentrated
to the desired concentration using 30 k molecular weight cutoff
(MWCO) concentrators.

VDAC-2 was further purified by gel filtration chromatography using
a superdex 200 prep grade column (GE Healthcare). The column was
equilibrated in NMR buffer (25 mM NaP;, 100 mM NacCl, 20 mM TCEP,
0.1% LDAO, EDTA 1 mM, pH 6.8). After final purification, the sample
was concentrated using 10 k MWCO concentrator. The LDAO detergent
concentration was monitored by 1D 'H-NMR spectroscopy and adjust-
ed by a series of dilution and concentration steps with buffer A. The final

sample conditions were 25 mM NaP; (pH 6.8), 100 mM NacCl, 20 mM
TCEP, ~250 mM LDAO and 0.5-0.8 mM VDAC-2.

2.4. Incorporation of VDAC-2 in DMPC nanodiscs

Following the protocol for preparing VDAC-1 in DMPC nanodiscs [27],
VDAC-2 was first refolded in LDAO detergent micelles and subsequently
assembled into DMPC nanodiscs. The plasmid coding for the N-terminal
deletion mutant (MSP1D1) of the membrane scaffold protein (MSP1)
was obtained from the non-profit plasmid repository Addgene deposited
by Stephen Sligar [28]. Expression and purification of MSP1D1 was es-
sentially done as described in Ref. [28]. For the incorporation of VDAC-2
into nanodiscs, MSP1D1 protein, refolded VDAC-2 in LDAO detergent mi-
celles and sodium cholate solubilized DMPC lipids were incubated for 1 h
at room temperature prior to the removal of the detergents by the addi-
tion of biobeads SM2 (BioRad). The ratio of lipid to MSP1D1 was opti-
mized by analytical size exclusion chromatography to account for
displacement of lipid molecules by VDAC-2. A 1:8:640 ratio for VDAC-
2/MSP1D1/DMPC lipid was found to yield the highest fraction of assem-
bled nanodiscs. Reconstituted VDAC-2 embedded in nanodiscs was iso-
lated by Ni-NTA affinity chromatography followed by size-exclusion
chromatography onto a Superdex 200 prep grade gel filtration column
(GE Healthcare) equilibrated in 25 mM NaP; (pH 6.8), 100 mM NacCl,
0.5 mM EDTA. The final concentration of [U-2H,'°N] VDAC-2 and [U-
2H,13C,'5N] VDAC-2 was estimated to be ~200 and 500 pM, respectively.
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Fig. 1. SDS-PAGE gel of Ni-affinity purified VDAC-1 and VDAC-2. The 15-kDa truncation
product of VDAC-1 [29] is indicated by a star sign.



1564 T.-Y. Yu et al. / Biochimica et Biophysica Acta 1818 (2012) 1562-1569

VDAC-1 in LDAO VDAC-2 in LDAO 104

z
N [ppm]

. 120
122
° 9?' : 124
D, Y
,9‘ [ o -126
¢ e ey - 128
@ -]
-] -
0% . e . ¢ 130
o 132
T S T T T T = T T T
10 9 8 7 n 10 9 8 7
"H [ppm]

Fig. 2. Comparison of NMR spectra of VDAC-2 and VDAC-1 in LDAO detergent micelles. 2D [*°N,'H]-TROSY spectrum of [U-2H,'’N] VDAC-1 (left) and [U-2H,'3C,'°N] VDAC-2
(right) in LDAO detergent micelles recorded on a Bruker 750 MHz spectrometer at 30 °C. 512 and 200 complex points were recorded in the direct and indirect dimensions, re-
spectively. 8 transients were recorded, resulting in a total experiment time of 1 h for each spectrum. Protein concentrations for VDAC-2 and VDAC-1 were 800 uM (left) and
750 uM (right), respectively.

2.5. NMR spectroscopy solubilized in LDAO detergent micelles, 2D ['°N,'H]-TROSY, 3D

TROSY-HNCA, 3D ['H,'H]-NOESY-!5N-TROSY and [ >N, H]-TRACT ex-

All NMR experiments were performed on Bruker spectrometers periments [29] were recorded at 30 °C. For VDAC-2 embedded in

operating at field strengths of 750, 800 and 900 MHz. All spectrome- ~ DMPC nanodiscs, 2D ['°N,'H]-TROSY, 3D ['H,'H]-NOESY-">N-TROSY
ters were equipped with cryogenically cooled probes. For VDAC-2 and ['°N,'H]-TRACT experiments were acquired at 30 °C and 40 °C.
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Fig. 3. NADH binding of VDAC-2. (a) NADH binding of VDAC-2 in LDAO detergent micelles. 2D ['>N,"H]-TROSY spectra of a 250 uM sample of [U-H,'’N] VDAC-2 in 240 mM LDAO in
the absence (blue) and in the presence of 100 mM NADH (red) at 30 °C. Spectra were recorded on a Bruker 900 MHz spectrometer. 512 and 128 complex points were recorded in
the direct and indirect dimensions, respectively. 16 transients were recorded, resulting in a total experiment time of 1.1 h for each spectrum. (b) NADH binding of VDAC-2 embedded in
DMPC nanodiscs. 2D [*°N,"H]-TROSY spectra of a 200 uM sample of [U-2H,'°N] VDAC-2 in DMPC nanodiscs in the absence (blue) and in the presence of 50 mM NADH (red) at 40 °C. Spectra
were recorded on a Bruker 900 MHz spectrometer. 512 and 144 complex points were recorded in the direct and indirect dimensions, respectively. 240 transients were recorded, resulting in
a total experiment time of 19.2 h for each spectrum.
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Fig. 4. Stability of VDAC-2 reconstituted in LDAO detergent micelles at 30 °C. 2D ['°N,"H]-TROSY spectra of [U-?H,'°N] VDAC-2 in LDAO detergent micelles recorded immediately
after sample preparation, after 24 h and after 72 h, as indicated. Spectra were recorded on a Bruker 750 spectrometer. 512 and 128 complex points were recorded in the direct
and indirect dimensions, respectively. 16 transients were recorded, resulting in a total experiment time of 1.1 h for each spectrum.

3. Results
3.1. Expression, purification, and refolding of VDAC-2

Several attempts were made to express VDAC-2 protein in BL21 cells.
No detectable level of VDAC-2 protein was expressed in BL21(DE3) cells
6 h after induction. In contrast, expression of VDAC-2 protein in Rosetta
2(DE3) cells yielded 30 to 40 mg of protein per liter of M9 minimal me-
dium in the insoluble Escherichia coli inclusion body fraction.

Purification of VDAC-2 using Ni-affinity chromatography yielded
VDAC-2 protein with a purity above 90% (Fig. 1) that could be directly
used for refolding. Whereas VDAC-1 typically contains a distinct
15 kDa truncation product as an impurity of up to 15% [30], such a trun-
cation product was not observed for VDAC-2. Refolding of guanidine hy-
drochloride solubilized VDAC-2 was accomplished by dropwise dilution
into buffer containing LDAO detergent with a refolding yield of 15-30%.
Aggregated and misfolded VDAC-2 protein was removed by cation ex-
change chromatography and gel filtration chromatography.

3.2. Characterization of VDAC-2 in LDAO detergent micelles

In order to characterize VDAC-2 by solution NMR spectroscopy,
the protein was perdeuterated and uniformly labeled with !°N.
[U-2H,">N] VDAC-2 in LDAO detergent micelles yielded a well-
resolved 2D ['°N,'H]-TROSY spectrum (Fig. 2 right), indicating the
formation of extensive secondary structure. The comparison with
the 2D ['°N,'H]-TROSY spectrum of VDAC-1 (Fig. 2 left) shows that
several similar patterns of well-dispersed resonances are observed
in both spectra. NADH was reported to regulate the gating of VDAC
[31,32], suggesting specific binding of NADH to well-folded VDAC
proteins. To test for binding of NADH, 2D ['°N,'H]-TROSY spectra
were acquired before and after addition of NADH (Fig. 3a). Several
distinct chemical shift changes were observed, indicating site-
specific binding of NADH to VDAC-2. Our current sequence-specific
resonance assignment data for VDAC-2 suggest that NADH binds to
the same interaction interface as observed for VDAC-1 [12].

While VDAC-2 in LDAO yielded good quality spectra, a thorough
characterization of VDAC-2 by solution NMR spectroscopy is impeded
by the poor sample stability. In some cases, detergent-solubilized
VDAC-2 was stable for about 1 week, which is sufficiently long to

allow the acquisition of a 3D triple resonance experiment, such as
the 3D TROSY-HNCA. In other preparations, however, VDAC-2 was
stably folded for less than 3 days and it was not possible to record
longer NMR experiments. A representative example is shown in
Fig. 4. These spectra document the disappearance of many peaks
below the noise level within 3 days. Further optimization of the
NMR sample composition for better stability is thus required for char-
acterizing VDAC-2 in LDAO with high-resolution NMR.

3.3. Characterization of VDAC-2 embedded in DMPC nanodiscs

To alleviate the stability problem we decided to explore the use of
nanodiscs for structural and functional studies of VDAC-2. The protein
was successfully transferred in DMPC nanodiscs using established
protocols [27] and the resulting 2D ['°N,'H]-TROSY spectra featured
well-dispersed resonances. We then used the small ligand NADH to
examine the activity of VDAC-2 embedded in DMPC nanodiscs. The
2D ['°N,'H]-TROSY spectra of [U-2H,'°N] VDAC-2 were recorded be-
fore and after addition of NADH. Several distinct chemical shift
changes were clearly observed (Fig. 3b), suggesting that VDAC-2 em-
bedded in DMPC nanodiscs is functional.

In order to determine a suitable temperature for NMR characteri-
zation, the effect of increasing temperature on the spectral quality
and stability of VDAC-2 in nanodiscs was monitored. 2D ['°N,"H]-
TROSY spectra of [U-2H,'’N] VDAC-2 embedded in DMPC nanodiscs
were recorded at 30, 37, 40 and 45 °C (Fig. 5). The NMR sample was
examined by eye after each 2D experiment recorded at the specified
temperature. In addition, the intensities of the 1D '>N-TROSY-fil-
tered-'H NMR spectra recorded before and after each 2D experiment
were utilized to quantify the percentage of folded protein. No precip-
itation was found when 2D experiments were recorded at 30, 37 and
40 °C. The intensities of the 1D spectra also remained unchanged for a
period of at least 20 h. However, at 45 °C small amounts of macro-
scopic precipitation were observed after a period of 20 h. In the
same time period, the intensity of the 1D 'SN-TROSY-filtered-'H
NMR spectrum was found to be reduced by 10%. There are more
than 240 peaks resolved in the 2D [!°N,'H]-TROSY spectra acquired
at 40 and 45 °C, but only less than 210 resonance peaks were resolved
in those recorded at 30 and 37 °C. Considering the sample stability
and the number of peaks resolved in 2D ['°N,'H]-TROSY spectra, all
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Fig. 5. Temperature stability of VDAC-2 embedded in DMPC nanodiscs. 2D ['°N,'H]-TROSY spectra of [U->H,'°N] VDAC-2 in DMPC nanodiscs recorded at 30 °C, 37 °C, 40 °C and 45 °C
as indicated. Spectra were recorded on a Bruker 800 spectrometer. 1024 and 160 complex points were recorded in the direct and indirect dimensions, respectively. 192 transients

were recorded, resulting in a total experiment time of 19 h for each spectrum.

further NMR experiments were recorded at 40 °C. The rotational corre-
lation time T, of VDAC-2 embedded in DMPC nanodiscs at 40 °C was de-
termined to be 90+ 15 ns (Fig. 6), corresponding to an effective overall
molecular weight of 160-200 kDa. For comparison, 7. was measured
to be 95 ns when the TRACT experiment was performed at 30 °C,
which is comparable to the reported 7. of VDAC-1 embedded in
DMPC nanodiscs [27].

3.4. Sequence-specific resonance assignments
In order to map the binding site of NADH on VDAC-2, the assign-

ment of the protein backbone resonances is required. To evaluate
the feasibility of the backbone assignment, 3D TROSY-HNCA and 3D

['H,"H]-NOESY-'>N-TROSY experiments of [U-2H,'3C,’°N] VDAC-2
were recorded. Our results showed that the spectral quality of these
3D spectra is sufficiently high to allow the assignment of protein
backbone resonances. Since 68% of the VDAC-2 amino acid sequence
is identical to VDAC-1, the resonance assignment process is facilitated
by comparing the 3D TROSY-HNCA spectra of VDAC-2 and VDAC-1.
Currently, the sequence-specific resonance assignment for 50% of
the backbone amide resonances of VDAC-2 in LDAO micelles has
been established. An example of HNCA assignment strips is provided
in Fig. 7 comparing equivalent segments from VDAC-1 and VDAC-2.
To evaluate the feasibility to assign the amide backbone reso-
nances and to obtain structural information of VDAC-2 embedded in
DMPC nanodiscs, a 3D HNCA triple resonance spectrum and a 3D
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Fig. 6. ['°N,"H]-TRACT experiment for the determination of the rotational correlation
time 7. The 1D proton signal intensity, I, was integrated over the region
8.0-10.5 ppm and plotted versus the relaxation period T. The transverse relaxation
rates of the TROSY component (red) and the anti-TROSY component (black) were de-
termined to be R, =55.3 Hz and Ry =312 Hz, respectively, corresponding to a rota-
tional correlation time T. of 90 ns [28]. The experiment was recorded on a Bruker
900 MHz spectrometer in a total experiment time of 12 h.

["H,"H]-NOESY-'>N-TROSY experiment were recorded at 40 °C. The
2D ['H,'H]-projection of the latter spectrum (Fig. 8) shows a large
number of HN-HN NOESY cross peaks to be observable in this
bilayer-like environment. These data also suggest that backbone
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resonance assignments and structure determination of VDAC-2 in
lipid bilayer nanodiscs should be feasible.

4. Discussion

Biophysical studies of membrane proteins require finding suitable
membrane-mimicking environments to maintain the proteins in a
stable and active state. We have demonstrated that the 32-kDa
human integral membrane protein VDAC-2 can be reconstituted
into LDAO detergent micelles, as well as in DMPC nanodiscs in a func-
tional form, as assessed by ligand binding. The latter membrane
mimic resembles a phospholipid bilayer and is probably the closest
mimic of a real membrane suitable for solution structure methods.
We have also shown that 3D triple-resonance experiments for
sequence-specific resonance assignments of VDAC-2 in both mem-
brane mimetic systems are feasible. Most membrane proteins studied
by solution NMR were reconstituted into detergent micelles. Very few
proteins have been studied in both detergent micelles and phospho-
lipid bilayers [33]. The present work offers an exciting opportunity
to compare the structures and dynamics of VDAC-2 reconstituted in
both membrane-mimicking environments.

VDAC-2 in LDAO detergent prepared using the current protocol
was not as stable as VDAC-1 in the same detergent. This observation
indicates that the protocol for preparing an NMR sample of VDAC-2
in LDAO detergent can be further optimized for better stability. None-
theless, the currently established method already allowed us to
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Fig. 7. Representative strips from two 3D TROSY-HNCA experiments. Strips for residues 183-187, corresponding to 3-strand 12, from a 3D TROSY-HNCA experiment with [U-2H,'>C,'*N]
VDAC-1 in [U-2H] LDAO (top). Strips for residues 194-198, corresponding to >-strand 12, from a 3D TROSY-HNCA experiment with [U-2H,'3C,">N] VDAC-2 in [U-*H] LDAO (bottom). The red
lines indicate the sequential connectivities between strips. Residues 183-187 of VDAC-1 correspond to residues 194-198 of VDAC-2 in a sequence alignment. This particular polypeptide
segment features 100% sequence identity, as compared to 68% for the full proteins. The 3D TROSY-HNCA strips show a near identical pattern. Spectra were recorded on a Bruker
750 spectrometer. 1024/38/40 complex points were recorded in the three dimensions. 64 transients were recorded, resulting in a total experiment time of 108 h for each

experiment.
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Fig. 8. 2D ['H,'H]-projection of a 3D ['H,'H]-NOESY-'>N-TROSY spectrum of [U-
2H,'3C,'>N] VDAC-2 embedded in DMPC nanodiscs. Numerous cross peaks can be
detected besides the diagonal. The spectrum was recorded on a Bruker 900 MHz spec-
trometer. 1024/40/60 complex points were recorded in the three dimensions, respec-
tively. 48 transients were recorded, resulting in a total experiment time of 154 h.

perform ligand-binding experiments and to record certain 3D triple
resonance experiments for sequence-specific resonance assignment.

The resonance peaks of the 2D [ '°N,"H]-TROSY spectrum of VDAC-2
in nanodiscs display slightly broader line widths in the proton dimen-
sion when compared to VDAC-2 in LDAO. A similar result was also
observed when comparing spectra of VDAC-1 in nanodiscs and spectra
of VDAC-1 in LDAO detergent [28]. This is readily rationalized since the
overall size of the VDAC-DMPC-nanodisc complex is larger than the size
of the VDAC-LDAO-micelle complex, leading to slower molecular tum-
bling. Larger size of a protein complex is generally not favored for solu-
tion NMR studies. However, since the thermal stability of VDAC-2 in
nanodiscs is better than in LDAO detergent, NMR experiments can be
carried out at higher temperature. The higher measuring temperatures
can at least partially compensate for the increased size. The high stabil-
ity of VDAC-2 in lipid bilayer nanodiscs allowed us to perform NMR
experiments at 40 °C. The quality of the 2D TROSY spectrum of
VDAC-2 in nanodiscs at 40 °C is comparable to that of VDAC-2 in
LDAO micelles at 30 °C (Figs. 2 and 7).

5. Conclusions

VDAC-2 was reconstituted in LDAO detergent micelles and in
DMPC nanodiscs in a well-folded form. Our NMR results show that
sequence-specific assignments are feasible for VDAC-2 in both
membrane-mimicking systems. Further studies are required for mapping
out the exact binding locations of NADH on VDAC-2. Functional VDAC-2
in DMPC nanodiscs provides a unique opportunity to study the complex
of VDAC-2 and BAK, which in turn may provide information on the inhi-
bition of BAK-mediated apoptotisis by VDAC-2.
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