
MIT Open Access Articles

Structural characterization of the human membrane 
protein VDAC2 in lipid bilayers by MAS NMR

The MIT Faculty has made this article openly available. Please share
how this access benefits you. Your story matters.

Citation: Eddy, Matthew T. et al., "Structural characterization of the human membrane protein 
VDAC2 in lipid bilayers by MAS NMR." Journal of Biomolecular NMR 73, 8 (September 2019): 
451–460 ©2019 Authors

As Published: https://dx.doi.org/10.1007/S10858-019-00242-8

Publisher: Springer Science and Business Media LLC

Persistent URL: https://hdl.handle.net/1721.1/128143

Version: Author's final manuscript: final author's manuscript post peer review, without 
publisher's formatting or copy editing

Terms of use: Creative Commons Attribution-Noncommercial-Share Alike

https://libraries.mit.edu/forms/dspace-oa-articles.html
https://hdl.handle.net/1721.1/128143
http://creativecommons.org/licenses/by-nc-sa/4.0/


Structural Characterization of the Human Membrane Protein 
VDAC2 in Lipid Bilayers by MAS NMR

Matthew T Eddy1,2,*,†, Tsyr-Yan Yu*,3,¥, Gerhard Wagner3, Robert G. Griffin1,2,‡

1:Department of Chemistry, Massachusetts Institute of Technology, Cambridge, MA 02139, USA

2:Francis Bitter Magnet Laboratory, Massachusetts Institute of Technology, Cambridge, MA 02139, 
USA

3:Department of Biological Chemistry and Molecular Pharmacology, Harvard Medical School, 
Boston, MA 02115, USA

Abstract

The second isoform of the human voltage dependent anion channel (VDAC2) is a mitochondrial 

porin that translocates calcium and other metabolites across the outer mitochondrial membrane. 

VDAC2 has been implicated in cardioprotection and plays a critical role in a unique apoptotic 

pathway in tumor cells. Despite its medical importance, there have been few biophysical studies of 

VDAC2 in large part due to the difficulty of obtaining homogeneous preparations of the protein 

for spectroscopic characterization. Here we present high resolution magic angle spinning (MAS) 

nuclear magnetic resonance (NMR) data obtained from homogeneous preparation of human 

VDAC2 in 2D crystalline lipid bilayers. The excellent resolution in the spectra permit several 

sequence-specific assignments of the signals for a large portion of the VDAC2 N-terminus and 

several other residues in two- and three-dimensional heteronuclear correlation experiments. The 

first 12 residues appear to be dynamic, are not visible in cross polarization experiments, and they 

are not sufficiently mobile on very fast timescales to be visible in 13C INEPT experiments. A 

comparison of the NMR spectra of VDAC2 and VDAC1 obtained from highly similar preparations 

demonstrates that the spectral quality, line shapes and peak dispersion exhibited by the two 

proteins are nearly identical. This suggests an overall similar dynamic behavior and 

conformational homogeneity, which is in contrast to two earlier reports that suggested an inherent 

conformational heterogeneity of VDAC2 in membranes. The current data suggest that the sample 

preparation and spectroscopic methods are likely applicable to studying other human membrane 

porins, including human VDAC3, which has not yet been structurally characterized.

Introduction

Voltage-dependent anion channels (VDACs) are integral membrane proteins that transport 

metabolites across the outer mitochondrial surface. Humans express three VDAC isoforms 

(denoted hVDAC1, hVDAC2 and hVDAC3), which are predicted to have similar sizes and 
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molecular weights1. Among these, hVDAC1 has been the most thoroughly studied in 

functional and biophysical assays2–11. In particular, structures of hVDAC1 and murine 

VDAC1 (mVDAC1) were solved by three independent groups, who each reported a 19-

stranded β-barrel and an N-terminal alpha helix12–14. Despite the progress in understanding 

structure-function relationships of VDAC1, much less is known about the remaining two 

VDAC isoforms. For example, VDAC2 appears to play critical roles in human health and 

disease15–19, but its underlying structural mechanisms for these roles are unclear. A crystal 

structure of zebrafish VDAC2 has been reported but that construct lacks the 11 amino acid 

extension of hVDAC220, and there is currently no published structure of human VDAC2. 

Thus, additional insights are needed into the structure-function relationship of human 

VDAC2, ideally in a native-like membrane environment.

Even though hVDAC1 and hVDAC2 share an overall 68% sequence homology, hVDAC2 

exhibits unique cellular functions distinct from hVDAC1. Like VDAC1, VDAC2 also forms 

channels that transport ions and metabolites10, 17, 19. However, VDAC2 appears to have 

unique physiological roles distinct from VDAC121. VDAC2 has been reported to play a role 

in apoptosis through its regulation of the pro-apoptotic protein BAK22. The small molecule 

erastin has been shown to selectively destroy cancer cells through formation of a complex 

with VDAC2 but not VDAC123. Thus, VDAC2 may be an important target for the 

development of novel cancer treatments. It is possible that some of these functions are 

governed by the N-terminal tail that is 11 residues longer with a sequence 

MATHGQTCARP.

The aforementioned VDAC2 functional studies motivated application of magic angle 

spinning (MAS) nuclear magnetic resonance (NMR) spectroscopy to provide atomic-level 

structural details of VDAC2 in lipid bilayers. In earlier MAS NMR studies, homogeneous 

preparations of VDAC1 in lipid bilayers yielded spectra with excellent resolution, providing 

insights into the structure of VDAC1 in 2D lipid membranes24–28. To date, preparations of 

VDAC2 in lipid bilayers for MAS NMR have not yielded spectra of similar quality to 

VDAC1, prohibiting identification of individual resonances and their de novo 
assignment29, 30. These observations suggested that there are present inherent differences in 

the conformational homogeneity of VDAC1 and VDAC2. In contrast, we report here 

advances in the preparation of VDAC2 reconstituted into lipid bilayers that yield MAS 

spectra of comparable quality to those published earlier for VDAC1. The data permit 

identification of many residues in the functionally-important N-terminus and allow us to 

compare some features of the structures of VDAC1 and VDAC2 spectroscopically.

Results

Sample characterization and two-dimensional homonuclear correlation experiments

To obtain samples for MAS NMR studies of VDAC2 in lipid bilayers, we followed our 

previously reported method for preparation of VDAC1 in 2D lipid crystals26. From this 

protocol, we obtained 2D crystals of VDAC2 reconstituted into DMPC lipid bilayers. Figure 

1A shows a representative negative stain electron micrograph of VDAC2/DMPC 2D 

crystals. The average particle size of the 2D crystals was approximately 1–3 μm in diameter, 

and the overall appearance was similar to VDAC1 DMPC crystals26.
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We initially characterized VDAC2 samples with solid state NMR by recording one-

dimensional 13C Bloch decay, 13C cross polarization (CP)31, and 13C INEPT32 spectra to 

qualitatively probe protein dynamics. In earlier MAS NMR studies, comparison of these 

experiments was used to reveal mobile regions of membrane-embedded proteins such as 

loops or extended termini that undergo very fast (ns) time scale motions33–37. Figure 1B–D 

compare these three experiments in representative one-dimensional spectra recorded with 

uniformly 13C and 15N-labeled VDAC2 in DMPC. Taking into account the different number 

of scans, the integrated intensity of the 13C CP spectrum is approximately a factor of 1.5 to 2 

times more intense than the Bloch decay spectrum. In contrast, the 13C INEPT spectrum 

shows almost no signals, indicating that there is little to no motion on very fast timescales.

Two-dimensional 13C–13C NMR correlation experiments showed that our preparations of 

VDAC2 in lipid bilayers yielded homogeneous samples. Figure 2 shows the aliphatic region 

of a representative 13C–13C 2D correlation experiment recorded with short RFDR38, 39 

mixing to obtain predominantly one-bond correlations. The spectrum is highly dispersed 

with many well resolved signals, consistent with properly folded VDAC2 in DMPC. 13C line 

widths in the spectrum were remarkably narrow, typically <0.5 ppm for resolved resonances. 

Signal intensities were overall fairly uniform, though the most intense signals were 

identified in 3D correlation experiments as arising from portions of the N-terminus. These 

narrow signals permitted resonance assignments in 2D and 3D experiments as well as direct 

comparison with spectra of uniformly labeled VDAC1 (see Discussion). Resonance 

assignments were obtained with 3D 15N-13C-13C experiments40–42. In this case we 

employed a ZF-TEDOR-RFDR correlation experiment43–45 using as starting points 

assignments obtained for several residues from 2D 13C-13C and 15N-13C correlation 

experiments.

Figure 2B shows an expansion of the aliphatic region where mostly Pro Cβ−Cδ and Ala Cα
−Cβ correlations are observed. Out of a total of seven prolines in the VDAC2 amino acid 

sequence, we observed strong signals for four Pro Cβ−Cδ and two weaker signals that were 

partially overlapped by the more intense resonances. We observed five signals in the Ala Cα
−Cβ region with Cβ chemical shifts between 18 and 22 ppm, which is a characteristic region 

for signals from Ala residues in alpha helices or loops. Two of these signals, Ala24 and 

Ala25, were completely overlapped in the 2D 13C−13C correlation spectrum but were 

resolved in 3D heteronuclear correlation spectra. The remaining Ala Cβ signals were shifted 

downfield and highly overlapped in the 2D spectra with chemical shifts that were consistent 

with β–barrel secondary structure. Figure 2C shows predominantly one-bond Cα−Cβ 
correlations for various residues. In Figure 2D, resolved 13C–13C signals from Thr and Ser 

amino acid types are shown. For Thr one-bond correlations, three resolved signals are 

observed with simultaneous upfield-shifted Cβ downfield-shifted Cα chemical shifts, 

roughly characteristic of α-helical secondary structure; whereas for Ser one-bond 

correlations, five to six signals were observed with chemical shifts characteristic of alpha 

helical secondary structure. The remaining Thr and Ser signal intensities were observed to 

be much more highly overlapped in regions of the spectra that typically correlate with 

signals from β–strand secondary structure.
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Two and three-dimensional heteronuclear correlation experiments and assignments of 
VDAC2 in lipid bilayers

To confirm the identity of spin systems from the 2D 13C–13C correlation data, we recorded 

2D heteronuclear 15N–13C correlation spectra. Figure 3 shows a representative 2D 15N–13C 

correlation spectrum measured with ZF-TEDOR mixing44 optimized for one-bond transfers. 

Numerous resolved signals could be observed in both the upfield N–C’ and downfield N–Cα 
spectral regions with typical 15N linewidths of 0.5 ppm or less and uniform signal intensities 

for many resonances. Four unique proline Cα−Cδ spin systems could be readily identified 

from their unique 15N chemical shifts between 134 and 144 ppm, and the C’ resonance from 

residues preceding prolines were also identified. By analyzing the resolved proline signals in 

the TEDOR spectrum in combination with the 2D 13C–13C RFDR correlation spectrum, and 

by observing the closely similar positions of signals to corresponding Pro 4 and Pro 5 in 

VDAC1, chemical shifts were tentatively assigned for residues Ile14-Pro15-Pro16. These 

assignments were later confirmed in 3D 15N-13C-13C correlation experiments because these 

are the only two consecutive prolines in the VDAC2 amino acid sequence. Additionally, 

assignments for Pro240 and Pro264 and the directly preceding residues were made by 

comparison of 2D 13C–13C RFDR and 15N–13C TEDOR spectra between VDAC2 and 

VDAC1 in 2D lipid crystals24, 26 and by the fact that the two sequences share a large degree 

of similarity (see Figure S1). The corresponding residues in VDAC1 are Pro229 and Pro253. 

Signals from these Pro residues are identical in 13C–13C RFDR correlation spectra of 

VDAC2 and VDAC1 (see Figure 5), and the two amino acid sequences are also nearly 

identical in these regions.

The 3-dimensional 15N-13C-13C correlation experiment was recorded using a ZF-TEDOR-

RFDR pulse sequence that obtains both NCOCX and NCACX connectivity data in a single 

spectrum. As it has been noted in the literature43, 45, this experiment also provides improved 

sensitivity for Pro residues, because the initial polarization step utilizes H–C cross 

polarization rather than H–N cross polarization. In this experiment, one-bond 15N-13C 

TEDOR mixing was followed by a relatively short RFDR mixing period to obtain N(i)–

Cα(i)–Cβ(i) and N(i)–C’(i-1)-Cα/Cβ(i-1) correlations. The indirect dwell in the 15N 

dimension was synchronized to twice the rotor period to fold the 15N side bands onto the 

centerband.

Figure 4 shows representative strip plots from the 3D zf-TEDOR-RFDR spectrum, where 

individual panels were selected from the NCACX and NCOCX regions of the spectrum to 

illustrate sequential assignments for residues Pro15 to Ala19. By analyzing the 3-

dimensional and 2-dimensional data sets together, backbone and side chain resonances for 

residues Cys13 through Phe29 were assigned with the exception of G22. The chemical shifts 

assigned to these residues are listed in Table 1. While Ala24 and Ala25 Cα–Cβ correlations 

were overlapped in 2D 13C–13C RFDR experiments, their 15N resonances were well 

separated enabling unambiguous assignments. In addition, more unique spin systems could 

be identified in the 3D data sets, including resolved Ala Cα–Cβ signals with chemical shifts 

consistent with beta strand secondary structure, but unambiguous sequential assignments 

could not be directly confirmed.
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Discussion

The MAS NMR data presented here are intriguing in the context of earlier NMR studies of 

VDAC2 in lipid bilayers. Gattin, et al29 reconstituted human VDAC2 into DMPC lipids and 

recorded 13C–13C correlation experiments. In their study, comparisons of NMR spectra of 

VDAC2 and VDAC1 revealed significantly broader NMR lines and relatively few resolved 

signals for VDAC2. This comparison motivated the authors to conclude that VDAC2 

preparations in lipid bilayers were more heterogeneous than corresponding preparations of 

VDAC1 in lipids. A similar observation was reported in an earlier study by Bauer, et al.30, 

where preparations of human VDAC2 reconstituted into lipid bilayers yielded solid state 

NMR spectra that were too broad to observe individually resolved signals.

A critical step to obtain homogeneous preparations of VDAC2 in lipid bilayers was the 

proper refolding of VDAC2 in buffer containing LDAO detergent and the isolation of 

monodispersed and folded protein prior to reconstitution in lipid bilayers. VDAC2 refolding 

was found to be particularly sensitive to the presence of minor impurities found in 

commercially available LDAO. The highest levels of refolded VDAC2 were obtained by 

using LDAO that was further purified by recrystallization (FBReagents). Properly folded 

VDAC2 was then isolated by consecutive ion exchange and size exclusion chromatography 

of the refolded product. Reconstitution of folded VDAC2 into lipid bilayers was carried out 

identically to protocols used for VDAC126.

For our preparation of hVDAC2 in DMPC lipid bilayers, the MAS spectra are remarkably 

well resolved and of similar quality to our earlier studies of human VDAC1 in DMPC lipid 

bilayers25, 26. Figure 5 shows a comparison of 2D 13C-13C RFDR correlation spectra of 

uniformly 15N,13C-labeled VDAC2 and VDAC1 where both proteins were reconstituted into 

DMPC lipid bilayers. The number of signals and line widths of resolved signals is similar in 

the two spectra, indicating that the overall homogeneity of the two proteins is highly similar 

in 2D crystals of lipid bilayer. Thus, these data stand in contrast to earlier studies and 

suggest that observed spectral heterogeneity reported previously is more likely due to details 

of the sample preparation rather than a heterogeneous distribution of conformational states 

that is inherent to VDAC2 in lipid bilayers.

The high quality of our solid state NMR data yields initial insights into the VDAC2 

secondary structure. Overall, analysis of 13C chemical shifts for VDAC2 signals indicate a 

greater extent of β-barrel represented in the secondary structure. The range of predicted 

chemical shifts from a SHIFTX2 calculation using the zebrafish VDAC2 crystal structure 

(PDB 4BUM) appear qualitatively similar to the range of experimentally observed human 

VDAC2 signals (Figure S3). In our preparations of human VDAC2, signals for residues 

Pro15 through Phe29 were strong and well resolved, while signals for Cys13 and Ile14 were 

significantly weaker. Signals for residues Met1 through Met12 could not be assigned in any 

of the 2D or 3D correlation spectra. The missing resonances include Pro11, which would 

have been readily observed in either 13C–13C or 15N–13C correlation experiments. Weaker 

spectral features were observed in the Pro Cβ–Cδ region of the RFDR spectrum but these 

signals were significantly weaker than the 4 assigned Pro signals and could not be confirmed 

in heteronuclear correlation experiments. Thus, we hypothesize that signals for Pro11 and 
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possibly at least some residues preceding it are substantially broadened from conformational 

dynamics in the dipolar-based recoupling experiments, possibly due to interference with 1H 

decoupling or cross polarization46,47. The absence of a clear INEPT signal (Figure 1) 

indicates that motion associated with the first 12 residues is not in the fast limit. Analysis of 

secondary chemical shifts48 for assigned VDAC2 residues 13 to 29 (Figure 5D) revealed a 

propensity for alpha helical secondary structure for residues 18–19 and 23–29 with an 

extended conformation for residues 13 to 17.

The present characterization of human VDAC2 in lipid bilayers and initial assignments 

provide a promising point of departure for future high resolution studies of VDAC2. As 

noted above, there currently exist no published structures of human VDAC2. A more 

complete study of these VDAC2 samples is in progress and will include additional 13C-13C 

and 13C-15N, as well as 1H detected, MAS spectra which will be required for a complete 

structural determination. Functional studies of the VDAC family will likely require low 

temperatures to trap intermediates and determine drug binding sites, an approach that has 

been successfully applied to bacteriorhodopsin49, 50 and M218–60 from influenza-A51, 52. 

Furthermore, no structural information yet exists for the third isoform of human VDAC. 

Based on the current results, it appears that high resolution studies of the structure and 

function VDAC3 in lipid bilayers by solid state NMR will be feasible.

Experimental Section

Materials

1,2-Dymyristoyl-sn-glycero-3-phosphocholine (DMPC) was purchased from Avanti Polar 

Lipids (Alabaster, AL). Octylpolyoxyethylene (octyl-POE) was purchased from Bachem 

(King of Prussia, PA). All other non-isotopically labeled reagents were purchased from 

Fisher. Isotopically labeled reagents used for VDAC2 expression were obtained from 

Cambridge Isotope Labs (Andover, MA).

Recombinant expression, refolding, and purification of human VDAC2

Human VDAC2 was expressed in Rosetta 2(DE3) cells by induction with 1 mM IPTG at 

37°C for 12 hours. Purification and refolding of isolated VDAC2 was done according to 

previously published protocols53. Briefly, inclusion bodies containing VDAC2 were 

dissolved in buffer containing 8M urea, and VDAC2 was isolated under denaturing 

conditions by nickel affinity chromatography. Purified VDAC2 was precipitated in buffer 

(50 mM Tris–HCl, 50 mM NaCl, 1 mM EDTA, 5 mM DTT, pH 7.0), dissolved in buffer 

containing 6M guanidine hydrochloride, and refolded in buffer containing 1.5% LDAO. The 

LDAO was purchased from Anatrace and further purified prior to refolding (FB Reagents). 

Properly refolded product was isolated by consecutive ion exchange and size exclusion 

chromatography steps. The improved quality of MAS spectra is likely due to a more 

homogenous population of refolded VDAC2 in LDAO detergent micelles. This was achieved 

by using LDAO that had been further purified by FB Reagents, and the use of both ion 

exchange and size exclusion chromatography steps following refolding to remove 

impurities.
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Preparation of hVDAC2/DMPC 2D crystals

Protocols for preparation of hVDAC2/DMPC 2D crystals followed earlier preparation of 

hVDAC1/DMPC 2D crystals in Eddy et al.26, which were modified from the protocol 

originally described by Dolder et al.54 Briefly, purified VDAC2 in LDAO was exchanged 

into buffer containing octyl-POE. This was followed by addition of DMPC lipids and 

dialysis to remove the detergent.

Mass spectra of VDAC2

We determined the molecular weight of the VDAC2 construct employed in the current study 

with mass spectrometry to be 32.4 kDa. This molecular weight is consistent with the 

predicted molecular weight of VDAC2 with an intact N-terminus. Thus, we can conclude 

that all N-terminal residues are expressed and remain covalently attached to the protein. We 

have included the full VDAC2 sequence and the mass spectrometry data in a new supporting 

information section.

NMR spectroscopy

All spectra were recorded with a single 13C,15N labeled sample of VDAC2/DMPC 2D 

crystals, containing approximately 16 mg of VDAC2 and 8 mg of DMPC packed into a 

Bruker 3.2 mm MAS rotor. 1D 13C spectra were acquired using dipolar based cross 

polarization (CP) and INEPT32 at ω0H/2π=900 MHz, ωr/2π=20.0 kHz MAS frequency and 

T=290 K. 2D homonuclear 13C–13C correlation spectra were acquired with RFDR mixing at 

ωr/2π=20.0 kHz MAS and ω0H/2π=900 MHz on an Avance II spectrometer equipped with a 

3.2 mm E-Free MA probe (Bruker Biospin, Billerica, MA). 2D 15N–13C correlation spectra 

were acquired using ZF-TEDOR55, 56.

3D 15N–13C–13C correlation spectra were acquired with a ZF-TEDOR-RFDR pulse 

sequence implementing 15N–13C TEDOR mixing followed by 13C–13C RFDR mixing, as 

previously described43, 45.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Characterization of VDAC2 samples with electron microscopy and solid state NMR. (A) 

Electron micrograph of VDAC2-embedded 2D DMPC lipid crystals. The lower right bar 

corresponds to a length of 500 nm. (B-D) One-dimensional 13C NMR spectra of human 

VDAC2 in DMPC lipid 2D crystals measured at 900 MHz field strength and 20 kHz 

spinning frequency at 283 K: (B) Bloch decay (i.e. direct 13C excitation), (C) cross 

polarization, and (D) INEPT spectra. The 13C CP spectrum was measured with 256 scans, 

the Bloch decay spectrum 512 scans, and the INEPT spectrum 1024 scans.
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Figure 2. 
Representative 2D 13C–13C RFDR correlation spectrum of U-13C, 15N-VDAC2 in DMPC 

2D lipid crystals measured at ω0H/2π=900 MHz, ωr/2π=20 kHz, T=283 K, with τmix=1.8 

ms RFDR and ω1H/2π=83 kHz TPPM decoupling during evolution and acquisition periods. 

The experiment averaged 48 scans for a total acquisition time of approximately 24 hours. 

Panel A shows the full aliphatic region of the spectrum, and Panels B and C show selected 

expansions of the spectrum with annotated resonance assignments. Assignments were 

obtained via 3D 15N-13C-13C experiments in this case a ZF-TEDOR-RFDR correlation 

experiment that simultaneously provided intra- and inter-residue connectivities, as described 

in more detail below.
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Figure 3. 
(A) 2D 15N–13C zf-TEDOR correlation spectrum of U-13C, 15N-VDAC2 in DMPC 2D lipid 

crystals recorded at ω0H/2π=900 MHz, ωr/2π=20 kHz, and T=283 K, with τmix=1.8 ms 

RFDR and ω1H/2π=83 kHz TPPM decoupling. TEDOR mixing was optimized for one-bond 

transfers. Left and right panels show expanded 15N–13C’ and 15N–13Cα regions, 

respectively. The experiment averaged 128 scans for a total measurement time of 

approximately 12 h. Assignments for a subset of resolved signals are annotated.

Eddy et al. Page 13

J Biomol NMR. Author manuscript; available in PMC 2020 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Sequential assignment of VDAC2 resonances. Representative strip plots from the 3D zf-

TEDOR-RFDR correlation experiment showing alternating NCACX and NCOCX regions 

used to assign residues P15 through Y18. Assigned signals are annotated in each strip plot. 

The numbers listed to the right of the strip plots indicate the 15N backbone chemical shifts 

that connect adjacent 13C spin systems.
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Figure 5. 
Comparison of SSNMR 13C–13C correlation spectra of VDAC2 and VDAC1 in DMPC lipid 

bilayers. (A) Superposition of the aliphatic region of 2D 13C–13C RFDR correlation spectra 

of U-13C, 15N-VDAC2 (blue) and U-13C, 15N-VDAC1 (red). Both spectra were recorded at 

ω0H/2π=900 MHz, ωr/2π=20 kHz, T=283 K, with τmix=1.8 ms RFDR and ω1H/2π=83 kHz 

TPPM decoupling during evolution and acquisition periods. Both spectra were processed 

identically and displayed at the same contour level. (B) Expansion of the aliphatic region, 

using the same color scheme as in Panel A with assignments for residues from the N-

termini. (C) Sequences of VDAC1 and VDAC2 N-termini. (D) Secondary chemical shifts 

calculated from the VDAC2 assigned residues 13 to 29.
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Table 1.

Chemical shifts listed in ppm of assigned VDAC2 resonances.

Amino Acid N C' Cα Cβ Cγ Cδ

C13 57.1 32.5

I14 174.1 58.7 38.3 27.5 16.7

P15 144.2 173.7 61.7 30.6 27.0 51.8

P16 136.0 173.9 61.5 31.8 27.2 50.3

S17 113.9 176.2 57.2 64.3

Y18 125.2 179.1 62.5 39.2

A19 121.2 177.5 54.2 18.5

D20 117.1 54.0 40.7

L21 56.4 40.6

G22

K23 124.4 60.1 33.8

A24 127.2 54.8 18.8

A25 121.0 180.5 54.2 18.7

R26 120.2 60.1 30.5

D27 57.5 39.7

I28 61.1 39.4

F29 116.4 176.8 62.4 40.7

D239 171.5 53.8

P240 138.0 177.5 65.7 31.2 28.3 49.9

R263 174.2 55.0

P264 133.8 177.1 66.2 32.4 28.3 51.0
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