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The Native Conformation of the Human VDAC1 N Terminus**
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The voltage-dependent anion channel (VDAC) is located in
the mitochondrial outer membrane and constitutes the major
pathway for the transport of ADP, ATP, and other metabo-
lites. It is also considered a key player in mitochondrial
apoptosis.*? Recently, the three-dimensional structure of the
VDACI1 isoform was elucidated independently by three
different experimental approaches.*>! All structures reveal
a novel 19-stranded p-barrel architecture with an N-terminal
a helix positioned horizontally inside the pore. Although all
three structures are highly similar in terms of the 3 barrel,
they exhibit clear differences in the functionally important N-
terminal region (Figure 1a). There is a general consensus that
the N terminus is involved in the voltage-dependent gating
process of the channel and that it may adopt different
conformations depending on external factors."

Based on these structural data, different models for
voltage gating have been proposed. Ujwal et al. suggested
that the whole helix may move towards the middle of the pore
and thereby close the channel.’! On the other hand, as
residues 11-20 are difficult to observe in solution-state
NMR,™ Hiller and Wagner argued that they may be subject
to conformational exchange and that movements in this part
of the N terminus alone may explain the gating behavior.
Alternatively, larger conformational rearrangements upon
voltage gating that also involve the [} barrel have been
suggested based on electron microscopy and electrophysio-
logical data.l"
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Additionally, some previous biophysical findings are at
odds with all three published structures, and the question has
been raised as to whether they really represent the native
conformation in a natural membrane environment.”! In
particular, N-terminal truncation mutants of VDACI1 were
found to exhibit lower conductance than the full-length
channel,l'™"? which has been taken as an indication that the
N-terminal helix may not lie inside the pore, but form part of
the barrel wall.””!

Solid-state NMR spectroscopy has proven to be a very
useful method for structural investigations of membrane
proteins in a natural lipid environment (see, for example,
reference [13] for a recent review). We therefore investigated
functional human VDACI in lipid bilayers using solid-state
NMR spectroscopy, with a focus on the conformation of its
N terminus. Functionality of our hVDACI1 preparation was
confirmed by electrophysiological measurements in lipid
bilayers (see the Supporting Information, Figure S1). Fig-
ure 1b shows a *C-"*C proton-driven spin diffusion (PDSD)
correlation spectrum of uniformly [*C, *N] isotope-labeled
hVDAC1 reconstituted into dimyristoylphosphocholine
(DMPC) liposomes. The spectra exhibit excellent sensitivity
and resolution. A prediction of the Ca-Cf region of the
spectrum based on the crystal structure of mouse VDACI1
(Supporting Information, Figure S2) agrees very well with the
spectrum and indicates that the overall 19-stranded [-barrel
fold is conserved in liposomes.

Comprising 283 amino acids, VDACI1 is a challenging
protein for solid-state NMR spectroscopy. To identify the
N-terminal residues, we made use of different isotope labeling
schemes, involving a (Lys, Trp, Tyr, Val) reverse-labeled"!
and an (Ala, Asp, Leu, Val) forward-labeled protein variant
along with the uniformly isotope-labeled sample. Further-
more, we studied an N-terminally truncated hVDACI variant
(A(1-20)-hVDACT). Figure 1c illustrates how a combination
of results from the different samples was used in the
assignment process.

With a large set of homo- and heteronuclear correlation
spectra of the different protein variants (see, for example, the
Supporting Information, Figure S3) we were able to obtain
unambiguous de novo sequential resonance assignments for
residues Ala2-Vall7 (Supporting Information, Figure S4 and
Table S1). All of these residues give rise to distinct narrow
cross-peaks in experiments based on dipolar transfer schemes
at sample temperatures between + 5 and +25°C (Supporting
Information, Figure S5 and S6). This result demonstrates that
the hVDACI N terminus assumes a well-defined conforma-
tion in liposomes and does not exhibit sizable dynamics on the
sub-millisecond timescale. No peak broadening or doubling
owing to chemical exchange on slower timescales was
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Figure 1. Assignment and conformation of the hVDACT N terminus in lipid bilayers. a) Three existing VDACT structures with Leu10 (red) in stick
representation, illustrating the different conformations of the N-terminal helix. Left: hVDAC1 NMR structure (PDB: 2K4T); center: hVDACI
combined NMR/X-ray structure (PDB: 2JK4); right: mVDAC1 X-ray structure (PDB: 3EMN). b) *C-">C PDSD spectrum (15 ms mixing) of full-
length, u-[*C,"’N]-hVDACT in lipid bilayers recorded on an 850 MHz spectrometer. De novo resonance assignments are indicated. c) Regions
from "*C-">C PDSD spectra of hVDACT samples with different lengths and labeling schemes as indicated above the panels. For comparison,
peaks from the u-[*C,"*N]-hVDACT sample are reproduced in the other panels in gray. Higher centrifugation speeds were used in final preparation
steps of the samples in the lower two panels, resulting in broader lines and some additional signals from loop residues. d) (Ca,CP) secondary
chemical shifts of hVDACT residues 2-17 in lipid bilayers. ) Model of the hVDAC1 N terminus in lipid bilayers as derived from ssNMR data
(blue; see Supporting Information for details) aligned with the mVDACT crystal structure (PDB: 3EMN, gray/red), with Leul0 in stick

representation.

observed. Whilst other, highly dynamic conformations not
accessible to dipolar-based experiments may exist in equilib-
rium, our data thus strongly argue against a flexible N-
terminus as proposed by Hiller and Wagner. Furthermore,
comparative data for hVDACI reconstituted into DMPC,
DOPE, and DOPC liposomes show that the N terminus, in
the absence of transmembrane voltage, is unaffected by the
associated changes in membrane thickness and lateral pres-
sure (Supporting Information, Figure S7).

Secondary chemical shifts for hVDACI in liposomes that
report on secondary structure!™ are depicted in Figure 1d. In
agreement with backbone dihedral angles predicted from our
chemical shift assignments by the program TALOS," they
show that residues 7-8 and 12-17 are in helical conformation,
whereas Asp9, Leul0, and Glyll form a kink and residues
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2-6 are in extended conformation. The results agree well with
the mVDACI crystal structure (PDB: 3EMN; Figure le;
Supporting Information, Tables S2 and S3 and Supporting
Methods).

Despite considerable signal overlap in the spectra, it was
possible to obtain resonance assignments for additional
residues in -strand and loop conformations as well (Support-
ing Information, Table S1). In particular, we could unambig-
uously assign residues Leul42, Vall43, and Leul44 in
[ strand 9, as they form the only Leu-Val sequential pairs in
hVDAC1 (Supporting Information, Figure S8). Notably,
Vall43 and Leul50 form a hydrophobic patch that points
into the interior of the barrel. Long-range correlations
consistent with a contact between the Leu-Val-Leu motif
and the N-terminal helix (Leul0-Val143) could be identified
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Figure 2. Comparison of spectra from wild-type (wt-)hVDACT (red)
and A(1-20)-hVDACT (blue). a) Overlaid regions from 300 ms *C-"*C
PDSD spectra on (Ala, Asp, Leu, Val) forward-labeled samples.
Correlations consistent with Val143 sequential and long-range contacts
are only visible in wt-hVDAC]. Labels in gray italics indicate ambig-
uous assignments. b) Overlaid regions from '*C-"*C DREAM (left) and
15 ms "*C-"2C PDSD spectra (right) on u-[*C,”’N]-labeled samples,
showing intraresidue correlations from the hydrophobic patch around
Val143 that vanish in A(1-20)-hVDAC]. c) View of the mVDACT crystal
structure (PDB: 3EMN) with N terminus and {3 strand 9 shown in red.
The hydrophobic contact between residues Leu10 and Val143 (in stick
representation) is indicated by a dotted line.

(Figure 2a). Similar contacts were also observed in the
previous NMR study!! and are in line with the mVDACI
crystal structure.

Signals assigned to the Leu-Val-Leu motif in {§ strand 9
are strongly affected upon truncation of the N terminus, as
seen in spectra of A(1-20)-hVDACI! (Figure 2b). This result
further confirms the contact between N terminus and
f strand 9. Furthermore, it also suggests that the helix plays
arole in maintaining (3-barrel integrity. Our data indicate that
signals from fstrand9 disappear rather than shift their
position (Supporting Information, Figure S8), which points
to a sizable increase in local molecular plasticity upon
removal of the N terminus.
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In summary, we have shown that the N terminus of
functional hVDACT in a lipid environment assumes a well-
defined rigid conformation, in agreement with the crystal
structure of mVDACI. Changes in the [} barrel upon trunca-
tion of the N terminus as observed herein may explain why
N-terminally truncated hVDACI exhibits lower conductance
than the full-length channel."®'? Further experiments will be
needed to delineate the exact nature of the conformational
rearrangement involved. However, since the N terminus
appears to play a role in stabilizing the {3 barrel, its removal
could lead to a reduced pore diameter. It is tempting to
speculate that such conformational changes could also play a
role in VDACI1 voltage gating, as postulated by earlier
models.” Our data for the first time provide structural
evidence that the conformation of the barrel can indeed be
influenced by the N terminus.

Experimental Section

hVDACI1 was expressed, refolded, and purified according to the
procedure described in reference [17]. For solid-state NMR measure-
ments, the protein was reconstituted into DMPC, DOPC, or DOPE
liposomes at a protein/lipid ratio of 1:50 (mol/mol). Solid-state NMR
experiments were conducted using 3.2 mm or 4 mm triple-resonance
(*H,®C,®N) magic-angle spinning (MAS) probeheads at static
magnetic fields of 18.8 T and 20.0 T (Bruker Biospin, Karlsruhe,
Germany). Sample temperatures were + 5°C for *C-"C correlation
experiments and + 5°C or —15°C for "N-"C spectra. Initial cross-
polarization (CP) times were set to 600 us for "H-">C and 400 ps for
'TH-"N transfers. Typical proton field strength for 90° pulses and
SPINAL64!'"! decoupling was 83 kHz. “C-"C mixing was accom-
plished by proton-driven spin diffusion (PDSD) for 15 ms, 150 ms,
and 300 ms to obtain intra-residue, sequential, and long-range
correlations, respectively. At a static field of 20.0 T, a MAS frequency
of 10.6 kHz was used, except for 150 ms PDSD mixing, where weak
coupling conditions!"” (PDSD-WC) were set by using a MAS
frequency of 13.28 kHz. “C-"*C DREAM™ correlation spectra
were recorded at 18 kHz MAS, using a tangential ramp of 2.5 ms
duration. "N-"*C correlation experiments involved 1.5 to 3.5 ms of
SPECIFIC-CP™! transfer. For obtaining side-chain correlations,
subsequent homonuclear *C-*C DARR® mixing of 20 to 50 ms
was used.

Received: November 5, 2009
Published online: February 5, 2010

Keywords: ion channels - membrane proteins -
NMR spectroscopy - protein structures

[1] M. Colombini, Mol. Cell. Biochem. 2004, 256, 107.

[2] S. Abu-Hamad, N. Arbel, D. Calo, L. Arzoine, A. Israelson, N.
Keinan, R. Ben-Romano, O. Friedman, V. Shoshan-Barmatz,
J. Cell Sci. 2009, 122, 1906.

[3] R. Ujwal, D. Cascio, J. P. Colletier, S. Faham, J. Zhang, L. Toro,
P. P. Ping, J. Abramson, Proc. Natl. Acad. Sci. USA 2008, 105,
17742.

[4] S.Hiller, R. G. Garces, T. J. Malia, V. Y. Orekhov, M. Colombini,
G. Wagner, Science 2008, 321, 1206.

[5] M. Bayrhuber, T. Meins, M. Habeck, S. Becker, K. Giller, S.
Villinger, C. Vonrhein, C. Griesinger, M. Zweckstetter, K. Zeth,
Proc. Natl. Acad. Sci. USA 2008, 105, 15370.

[6] S. Hiller, G. Wagner, Curr. Opin. Struct. Biol. 2009, 19, 396.

[7] M. Colombini, Trends Biochem. Sci. 2009, 34, 382.

Angew. Chem. Int. Ed. 2010, 49, 18821885


http://dx.doi.org/10.1023/B:MCBI.0000009862.17396.8d
http://dx.doi.org/10.1073/pnas.0809634105
http://dx.doi.org/10.1073/pnas.0809634105
http://dx.doi.org/10.1126/science.1161302
http://dx.doi.org/10.1073/pnas.0808115105
http://dx.doi.org/10.1016/j.sbi.2009.07.013
http://dx.doi.org/10.1016/j.tibs.2009.05.001
http://www.angewandte.org

Angewandte

Chemie

[8] J. Zimmerberg, V. A. Parsegian, Nature 1986, 323, 36. [16] G. Cornilescu, F. Delaglio, A. Bax, J. Biomol. NMR 1999, 13,
[9] S. Peng, E. Blachly-Dyson, M. Forte, M. Colombini, Biophys. J. 289.
1992, 62, 123. [17] H. Engelhardt, T. Meins, M. Poynor, V. Adams, S. Nussberger,
[10] V. De Pinto, S. Reina, F. Guarino, A. Messina, J. Bioenerg. W. Welte, K. Zeth, J. Membr. Biol. 2007, 216, 93.
Biomembr. 2008, 40, 139. [18] B. M. Fung, A. K. Khitrin, K. Ermolaev, J. Magn. Reson. 2000,
[11] B. Popp, D. A. Court, R. Benz, W. Neupert, R. Lill, J. Biol. 142, 97.
Chem. 1996, 271, 13593. [19] K. Seidel, A. Lange, S. Becker, C. E. Hughes, H. Heise, M.
[12] D. A. Koppel, K. W. Kinnally, P. Masters, M. Forte, E. Blachly- Baldus, Phys. Chem. Chem. Phys. 2004, 6, 5090.
Dyson, C. A. Mannella, J. Biol. Chem. 1998, 273, 13794. [20] R. Verel, M. Ernst, B. H. Meier, J. Magn. Reson. 2001, 150, 81.
[13] A. McDermott, Annu. Rev. Biophys. 2009, 38, 385. [21] M. Baldus, A. T. Petkova, J. Herzfeld, R. G. Griffin, Mol. Phys.
[14] G. W. Vauister, S. J. Kim, C. Wu, A. Bax, J. Am. Chem. Soc. 1994, 1998, 95, 1197.
116, 9206. [22] K. Takegoshi, S. Nakamura, T. Terao, Chem. Phys. Lett. 2001,
[15] S. Luca, D. V. Filippov, J. H. van Boom, H. Oschkinat, H. J. M. 344, 631.

de Groot, M. Baldus, J. Biomol. NMR 2001, 20, 325.

Angew. Chem. Int. Ed. 2010, 49, 1882-1885 © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org 1885


http://dx.doi.org/10.1038/323036a0
http://dx.doi.org/10.1016/S0006-3495(92)81799-X
http://dx.doi.org/10.1016/S0006-3495(92)81799-X
http://dx.doi.org/10.1007/s10863-008-9140-3
http://dx.doi.org/10.1007/s10863-008-9140-3
http://dx.doi.org/10.1074/jbc.273.22.13794
http://dx.doi.org/10.1146/annurev.biophys.050708.133719
http://dx.doi.org/10.1021/ja00099a041
http://dx.doi.org/10.1021/ja00099a041
http://dx.doi.org/10.1023/A:1011278317489
http://dx.doi.org/10.1023/A:1008392405740
http://dx.doi.org/10.1023/A:1008392405740
http://dx.doi.org/10.1007/s00232-007-9038-8
http://dx.doi.org/10.1006/jmre.1999.1896
http://dx.doi.org/10.1006/jmre.1999.1896
http://dx.doi.org/10.1039/b411689e
http://dx.doi.org/10.1006/jmre.2001.2310
http://dx.doi.org/10.1016/S0009-2614(01)00791-6
http://dx.doi.org/10.1016/S0009-2614(01)00791-6
http://www.angewandte.org

