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Abstract: HIV-1 Vpu is an 81-residue protein with a single N-terminal transmembrane (TM) helical

segment that is involved in the release of new virions from host cell membranes. Vpu and its TM

segment form ion channels in phospholipid bilayers, presumably by oligomerization of TM helices
into a pore-like structure. We describe measurements that provide new constraints on the

oligomerization state and supramolecular structure of residues 1–40 of Vpu (Vpu1–40), including

analytical ultracentrifugation measurements to investigate oligomerization in detergent micelles,
photo-induced crosslinking experiments to investigate oligomerization in bilayers, and solid-state

nuclear magnetic resonance measurements to obtain constraints on intermolecular contacts

between and orientations of TM helices in bilayers. From these data, we develop molecular models
for Vpu TM oligomers. The data indicate that a variety of oligomers coexist in phospholipid

bilayers, so that a unique supramolecular structure can not be defined. Nonetheless, since

oligomers of various sizes have similar intermolecular contacts and orientations, molecular models
developed from our data are most likely representative of Vpu TM oligomers that exist in host cell

membranes.

Keywords: solid-state NMR; analytical ultracentrifugation; photochemical crosslinking; membrane
protein structure

Introduction

Vpu is an 81-residue integral membrane protein

encoded by the HIV-1 genome for which two distinct

functions have been identified1–3: (i) downregulation

of cell-surface CD4 expression, produced by media-

ting the interaction of newly synthesized CD4 with

bTrCP, a component of a ubiquitin ligase complex4–8;

(ii) enhancement of the release of new virions from

host cell surfaces.9 The second function depends

principally on the single transmembrane TM seg-

ment of Vpu, contained within residues 1–30, as

sequence alterations in the TM segment have been

shown to interfere with this function.2 Full-length

Vpu and various N-terminal peptides containing the

TM segment have been shown to form cation-selec-

tive channels in model membranes1,10–15 and in
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cells.12 These ion channels presumably form by asso-

ciation of a-helical TM segments into homo-oligo-

meric bundles, with ions passing through the central

pore of the helix bundle. The precise number of Vpu

molecules that form active ion channels and the pre-

cise molecular structures of these ion channels have

not yet been established unequivocally by experi-

ments, although considerable experimental informa-

tion is available about the structure of monomeric

Vpu and its orientation relative to bilayer membranes

from nuclear magnetic resonance (NMR) and other

measurements.1,11,16–22 Gel filtration chromatogra-

phy suggests a pentameric structure,23 whereas gel

electrophoresis suggests oligomers in the tetramer-to-

hexamer range.17 Computational modeling of oligom-

ers of Vpu TM segments has been carried out by

several groups, resulting in detailed models for tet-

ramers, pentamers, and hexamers.10,24–29 Predictions

of channel conductance based on these models favor a

pentamer or larger oligomer as the predominant

channel.10,25 Computational studies include investi-

gations of interactions of channel-blocking compounds

with Vpu ion channels,30 effects of site-specific muta-

tions on secondary structure and supramolecular

structure,31 and channel selectivity.32

It has been suggested that homo-oligomeric Vpu

ion channels are responsible for the role of Vpu in viral

budding.12 Support for this suggestion comes from

observations that sequence modifications that impair

ion channel activity also impair viral release12 and

that channel-blocking compounds also inhibit viral

budding in cells that express Vpu.33 A specific mecha-

nism by which homo-oligomeric Vpu channels affect vi-

ral budding has not been established. Experimental

evidence has also been obtained that Vpu enhances vi-

ral budding by interfering with the endogenous potas-

sium channel TASK-1,34 with sequence homology sug-

gesting that HIV-1 Vpu may have evolved from the N-

terminal TM domain of TASK-1 and may function by

forming hetero-oligomers with TASK-1 in host cell

membranes. Recent experiments indicate that Vpu

facilitates viral budding through interactions with

host cell proteins that otherwise inhibit viral bud-

ding,35 in particular an integral membrane protein

dubbed tetherin, CD317, or BST-2.36,37 Tetherin teth-

ers budding virions to host cells by linking the viral

and host cell membranes.38 Vpu interferes with teth-

erin by targeting tetherin for degradation, in a man-

ner similar to that by which Vpu downregulates

CD4.39,40 Sequence variations in the TM domain of

tetherin that affect sensitivity to Vpu have been iden-

tified.41,42 Formation of Vpu/tetherin hetero-oligomers

through direct interactions between their TM domains

may therefore be essential for Vpu function, and these

hetero-oligomers may be structurally related to Vpu

homo-oligomers. A proposed therapeutic strategy is to

use ‘‘decoy’’ peptides to sequester Vpu through forma-

tion of unproductive hetero-oligomers, allowing teth-

erin to inhibit viral release from infected cells even in

the presence of Vpu.43

In this article, we describe measurements that

provide new experimental information about the oligo-

merization state and supramolecular structure of Vpu

TM peptides in phospholipid bilayers. Figure 1 shows

the sequences of full-length Vpu and the Vpu1–40 pep-

tides used in our experiments, along with isotopic

labeling patterns for solid-state NMR measurements.

Specifically, we have used analytical ultracentrifuga-

tion (AUC) to investigate oligomerization of Vpu1–40 in

detergent micelles, and photo-induced crosslinking of

unmodified proteins (PICUP) experiments to investi-

gate oligomerization of Vpu1–40 in bilayers. These

measurements indicate the presence of a variety of

coexisting oligomers, ranging at least from tetramers

to heptamers in bilayers. We have also used solid-state

NMR techniques to obtain constraints on intermolecu-

lar contacts between and orientations of TM helices in

bilayers. We have then used simple molecular model-

ing techniques to develop structural models for sym-

metric oligomers that can be compared with the solid-

state NMR data. Although the experimental data

reported below are not sufficient to derive a unique

structural model for Vpu1–40 oligomers, only a small

Figure 1. (a) Full-length HIV-1 Vpu sequence, with three

helical segments underlined. Location of N-terminal,

transmembrane helical segment is based on solid-state

NMR data of Sharpe et al.17 Central and C-terminal helical

segments are based on data of Opella and coworkers.1,11

(b) Vpu1–40 peptides used in 2D CHHC measurements of

intermolecular contacts, shown in Figure 8. Samples

contain 1:1 mixtures of peptides with uniform 15N,13C-

labeling of six Val (cyan), eight Ile (red), or four Ala (green)

residues. (c) Vpu1–40 peptides used in DIPSHIFT

measurements of molecular orientation, shown in Figures 9

and 10. Uniformly labeled residues are indicated in red. (d)

Y29T-Vpu1–40 peptide used in analytical ultracentrifugation

and PICUP experiments, shown in Figures 2–7. [Color

figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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number of models are consistent with these data.

Although the current understanding of the biological

function of Vpu does not favor a direct functional role

for Vpu homo-oligomers, as described above, such

homo-oligomers are likely to exist in host cell mem-

branes, and intermolecular interactions of the TM seg-

ments of Vpu with homologous TM segments are likely

to be essential for biological function. Moreover, oligo-

merization and ion channel formation by Vpu is of in-

herent interest and is relevant to the more general

issues of viroporin structure and function.44–47

Results

Vpu1–40 oligomerization in C8E5 micelles

To determine the size of Vpu1–40 oligomers, we first

applied AUC methods to solutions containing Vpu1–40

in octyl-pentaoxyethylene (C8E5) micelles. C8E5

micelles were chosen because they are neutrally buoy-

ant under our buffer conditions. Sedimentation veloc-

ity experiments at various peptide loading concentra-

tions indicate the presence of more than one species.

At a loading concentration of 130 lM in the presence of

10 mM C8E5 [Fig. 2(a)], the distribution of sedimenta-

tion coefficients c(s) derived by fitting the sedimenta-

tion velocity data shows multiple species having sedi-

mentation coefficients in the range of 0.8–2.0 S. At a

similar loading concentration (100 lM), but in the

presence of 40 mM C8E5, only two species were

observed, with sedimentation coefficients of 0.42 S and

0.74 S, indicating that the increased detergent concen-

tration leads to better solubilization of Vpu1–40. The

proportion of the more rapidly sedimenting species

appears to decrease when the protein concentration is

halved to 52 lM, further highlighting the importance

of the peptide:detergent ratio. Similar experiments

carried out on the Y29T mutant produced essentially

identical observations [Fig. 2(b)]. Our motivation for

examining Y29T-Vpu1–40 is explained below.

Sedimentation equilibrium experiments were car-

ried out to obtain estimates of the peptide contribution

to the molecular masses of the peptide:detergent com-

plexes. Sedimentation equilibrium data and their anal-

yses are shown in Figures S2–S6 of the Supporting In-

formation. Overall, these data are qualitatively

consistent with the sedimentation velocity data. Steep

concentration gradients at 10 mM C8E5 indicate high

molecular mass species (Supporting Information Fig-

ure S2a,b); shallow concentration gradients at 40 mM

C8E5 indicate species with lower molecular mass (Sup-

porting Information Figure S2c). Sedimentation equi-

librium data at each sample and detergent concentra-

tion were initially modeled in terms of a single species.

Poor fits were obtained (Supporting Information Fig-

ure S2), indicating the presence of more than one spe-

cies. Analysis in terms of two noninteracting species

with masses M1 and M2 led to better fits, with values

of M1 such that the smaller species is either a Vpu1–40

dimer or a monomer, depending on the C8E5 concentra-

tion. Fixing M1 to these values led to equally good fits

(Supporting Information Figure S3), but with nonin-

tegral and variable stoichiometries for the higher

oligomer mass M2. Accordingly, a model incorporating

three noninteracting species implementing mass con-

servation was used to obtain a qualitative description

of the data (Supporting Information Figures S4–S6).

At 10 mM C8E5, good fits were obtained when these

Figure 2. (a) Distributions of sedimentation coefficients c(s)

derived from sedimentation velocity data for wild-type

Vpu1–40 at loading concentrations of 52 lM with 40 mM

C8E5 (red line), 100 lM with 40 mM C8E5 (blue line), and

130 lM with 10 mM C8E5 (green line). A280 is the optical

absorbance at 280 nm. (b) Distributions for Y29T-Vpu1–40 at

loading concentrations of 54 lM with 40 mM C8E5 (red

line), 107 lM with 40 mM C8E5 (blue line), and 137 lM with

10 mM C8E5 (green line). Data were collected at 50 krpm

and 20.0�C and analyzed with SEDFIT software. [Color

figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Figure 3. Possible distributions of Vpu1–40 oligomers in

C8E5 micelles, derived by fitting sedimentation equilibrium

data to three discrete species of fixed molecular mass and

including mass conservation as a constraint. Vertical scales

are absolute absorbances at 280 nm for each species. (a)

Distributions of Y29T-Vpu1–40 dimers, tetramers, and

hexamers at 10 mM C8E5 and peptide loading

concentrations of 50, 110, and 160 lM (black, red, and

green bars, respectively). (b) Distributions of wild-type

Vpu1–40 dimers, tetramers, and hexamers at 10 mM C8E5

and peptide loading concentrations of 45 and 140 lM
(black and red bars, respectively). (c) Distributions of Y29T-

Vpu1–40 monomers, dimers, and tetramers at 40 mM C8E5

and peptide loading concentrations of 50, 95, and 140 lM
(black, red, and green bars, respectively). [Color figure can

be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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species corresponded to dimers, tetramers and hexam-

ers [Fig. 3(a,b)]. At 40 mM C8E5, good fits were

obtained when these species corresponded to mono-

mers, dimers and tetramers [Fig. 3(c)]. It is clear that

Vpu1–40 oligomers in C8E5 micelles are polydisperse

and that the distributions of oligomerization states

depend on both the peptide and the detergent concen-

trations. Comparing data in Figures 2 and 3, we con-

clude that the 0.42 S species observed in 40 mM C8E5

corresponds to a detergent-solubilized Vpu1–40 mono-

mer, whereas the 0.74 S species corresponds to a deter-

gent-solubilized dimer. Similarly, the smallest species

at �0.9 S observed in the presence of 10 mM C8E5 rep-

resents a detergent-solubilized dimer.

Vpu1–40 oligomerization in DOPC/DOPG
bilayers

To probe the oligomeric state of Vpu1–40 in lipid

bilayers, we used the PICUP technique48,49 in analogy

to experiments by Bitan and Teplow in which PICUP

has been used to characterize oligomer size distribu-

tions in solutions of amyloid-forming peptides.50,51

Bilayers for PICUP experiments and solid-state NMR

experiments were comprised of DOPC and DOPG, in a

9:1 molar ratio. This lipid composition was chosen for

consistency with previous solid-state NMR studies.11,17

PICUP has the advantages of high efficiency and short

reaction times, so that crosslinking between different

oligomers that encounter one another through transla-

tional diffusion can be minimized. In addition, PICUP

does not require chemical modifications to the peptide.

Analysis of PICUP reaction products for wild-type

Vpu1–40 by MALDI-TOF mass spectrometry [Fig. 4(a)]

indicate that the reaction begins within 1 s. Products

corresponding to dimers, trimers, tetramers, pentam-

ers, and hexamers (mass peaks at �9 kDa, 14 kDa, 19

kDa, 24 kDa, and 29 kDa, respectively) appear at reac-

tion times longer than 1 s. The intensities of the higher

molecular weight peak increase with increasing reac-

tion time. The fact that peak areas decrease monotoni-

cally with increasing mass, even at a 300 s reaction

time, may be due to a lower efficiency for ionization

and detection of higher molecular weight species in the

MALDI-TOF measurement, rather than a monotoni-

cally decreasing population of higher oligomers. Thus,

we can not determine the relative populations of vari-

ous oligomers from the MALDI-TOF data. However,

these data clearly show that the PICUP reaction

Figure 4. MALDI-TOF mass spectra of PICUP reaction products after the indicated reaction times. Results are shown for

crosslinking experiments on wild-type Vpu1–40 (a) and Y29T-Vpu1–40 (b). PICUP was performed with a 0.3% mole fraction of

peptides in DOPC/DOPG bilayers.
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crosslinks at least six Vpu1–40 molecules in bilayers,

supporting the existence of oligomers at least as large

as hexamers.

Although the full details of the photochemistry

that occurs in PICUP experiments have not been

determined, it has been suggested that tyrosyl radi-

cals are one of the important reactive side-chain spe-

cies, produced by oxidation by photo-generated

Ru(III).49 Y29, the only tyrosine residue in Vpu1–40,

is located outside the TM segment and is presum-

ably in the aqueous phase, where it would be readily

accessible to oxidation. Therefore, we examined

Y29T-Vpu1–40 to see whether this mutant might be

resistant to crosslinking. Results in Figure 4(b) indi-

cate that crosslinking does occur, but with reduced

efficiency relative to wild-type Vpu1–40, that is, the

areas of mass peaks corresponding to trimers and

higher oligomers are reduced. Thus, Y29 is appa-

rently an important residue for the PICUP reac-

tions, but is not the only reactive residue.

PICUP products were also analyzed by SDS-

PAGE, as shown in Figures 5 and 6. A weak mono-

mer band, with an apparent molecular weight of �4

kDa (somewhat less than the expected value of 4.65

kDa), is visible in the control lanes for both wild-

type Vpu1–40 [Fig. 5(a)] and Y29T-Vpu1–40 [Fig.

6(a)], in which 50 lM of peptide in 2% LDS buffer

was loaded on the gel. The control lanes also show

higher molecular weight species, including a broad

band extending from �8 kDa to �12 kDa that we

assign to dimers and trimers, and bands at �14

kDa and 17 kDa that we assign to tetramers and

pentamers. The 0.0 s PICUP lanes are similar to

the control lanes, except with lower intensities due

to lower peptide quantities. With increasing PICUP

reaction times, bands assigned to tetramers, pen-

tamers, and hexamers (apparent molecular weights

of 14 kDa, 17 kDa, and 19 kDa, respectively), as

well as higher oligomers, become more intense. The

development of these bands is clearly revealed in

the densitometer traces in Figures 5(b) and 6(b).

Relative abundances of oligomers at reaction times

from 0.0 to 2.0 s, determined by deconvolution of

the densitometer traces, are shown in Figures 5(c)

and 6(c). Oligomers ranging from tetramers to hep-

tamers have comparable abundances at a 2.0 s

reaction time, for both wild-type Vpu1–40 and Y29T-

Vpu1–40.

Figure 5. SDS-PAGE analysis of PICUP reaction products after the indicated reaction times, for wild-type Vpu1–40. (a)

Scanned image of the gel, with molecular weight markers in the far left and far right lanes. The control lane is purified Vpu1–40

directly dissolved in the gel loading buffer at 50 lM peptide concentration, without exposure to bilayers or crosslinking

reagents. (b) Densitometry profiles for lanes 2–5, with fits to Gaussian peaks (dashed lines) that represent the indicated N-

mers. (c) Apparent relative abundances of N-mers, determined from the fits in panel (b).
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We are not surprised that Vpu1–40 and Y29T-

Vpu1–40 oligomers migrate on SDS-PAGE gels at

apparent molecular weights that differ significantly

from their true molecular weights, or that differen-

ces in apparent molecular weights for oligomers of

increasing size are not constant. Anomalous migra-

tion of integral membrane proteins is a common

observation.52

Wild-type Vpu1–40 shows a broadening of each

band with increasing PICUP reaction time, which is

not observed for Y29T-Vpu1–40. At reaction times lon-

ger than 2.0 s, wild-type Vpu1–40 also shows more in-

tensity at molecular weights above that of a hep-

tamer than does Y29T-Vpu1–40. We attribute these

differences to crosslinking reactions that involve Y29.

Since Y29 is outside the TM segment of Vpu1–40, we

suggest that Y29 may form crosslinks between

peptide molecules in different oligomers within the

bilayer, and possibly crosslinks to phospholipid mole-

cules, that contribute to the broadening of the SDS-

PAGE bands and the appearance of higher molecular

weight species at long reaction times. Since SDS-

PAGE experiments on both wild-type Vpu1–40 and

Y29T-Vpu1–40 show prominent oligomer bands up to a

heptamer band after only 1.0–2.0 s reaction times, we

conclude that oligomers in bilayers can be at least as

large as heptamers. The fact that pentamer bands

are especially pronounced at short reaction times for

Y29T-Vpu1–40 and are readily observed for both wild-

type Vpu1–40 and Y29T-Vpu1–40 in the uncrosslinked

control lanes suggests that pentamers are especially

stable.

Data in Figures 4–6 were obtained with Vpu1–40

concentrations of 0.3 mol% with respect to phospho-

lipids, which we considered sufficiently low that

crosslinking between oligomers would be insignifi-

cant. Additional experiments at 0.1 mol%, 1.0 mol%,

and 3.0 mol% wild-type Vpu1–40 (Supporting Infor-

mation Figures S7–S9) support this assumption.

Even at 0.1 mol% Vpu1–40, clear tetramer, pentamer,

and hexamer bands are observed by SDS-PAGE af-

ter a reaction time of only 0.5 s. SDS-PAGE results

are similar over the entire 30-fold range of Vpu1–40

concentrations.

Structural constraints from solid-state NMR

We used two types of solid-state NMR measure-

ments to obtain experimental constraints on the mo-

lecular structure of wild-type Vpu1–40 oligomers in

bilayers. Constraints on intermolecular contacts

were derived from 2D CHHC and 2D spin diffusion

spectra. Constraints on the orientations of TM

Figure 6. Same as Figure 5, but for Y29T-Vpu1–40.
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helices were derived from DIPSHIFT data. The

NMR techniques are described in Materials and

Methods section.

Figure 7 shows 2D CHHC spectra of samples con-

taining 1:1 mixtures of multiply labeled Vpu1–40 in

DOPC/DOPG MLVs. 13C chemical shift assignments

for these spectra are given in Ref. 17. In these experi-

ments, each Vpu1–40 molecule contained six uniformly

labeled Val residues, eight uniformly labeled Ile resi-

dues, or four uniformly labeled Ala residues [see Fig.

1(b)]. Inter-residue crosspeaks in the 2D CHHC spec-

tra, if observed, must therefore arise from intermolecu-

lar contacts. The most obvious intermolecular contacts

were detected in the V6A4-Vpu1–40 sample, where clear

crosspeaks are seen between Cc of Val and Ca of Ala

[green arrows in blue slice in Fig. 7(c)] and between

Ca, Cb, and Cc of Val and Cb of Ala [green arrows in red

slice in Figure 7(c,d)]. Intermolecular contacts were

also detected in the V6I8-Vpu1–40 sample, where cross-

peaks are seen between Cc of Val and Cc2 and Cd of Ile

[green arrows in red and blue slices in Figure 7(a,b)].

In this case, the crosspeaks are broad and poorly

resolved because of the breadth of the Val Cc signals

and the Ile Cc2 and Cd signals, as well as the relatively

small separation of these signals from one another.

Nonetheless, the intermolecular crosspeak signals are

clearly present. In contrast, no intermolecular contacts

were detected in the A4I8-Vpu1–40 sample. No intermo-

lecular crosspeak signals above the noise level are seen

in the Ala Ca (blue) and Ile Cd (red) slices in Figure

7(e,f), or in any of the other positions where intermo-

lecular crosspeaks might be found (green rectangles).

As explained in Materials and Methods section,

2D CHHC experiments were performed at low tem-

peratures (�50�C). To test whether the intermolecular

contacts detected in 2D CHHC spectra were also pres-

ent at higher temperatures, we performed 2D 13C-13C

spin diffusion measurements on the same samples at

30�C. As shown in Figure 8, the 2D spin diffusion

spectra with 400 ms spin diffusion periods also

show intermolecular crosspeaks for V6A4-Vpu1–40 and

V6I8-Vpu1–40, but not A4I8-Vpu1–40. As expected,

intermolecular crosspeaks are weak compared with

intramolecular crosspeaks, but are clearly above the

noise levels. Specifically, crosspeaks are observed

between Ile Cd and Val Cc [Fig. 8(a)] and between

Ala Cb and Val Ca and Cb [Fig. 8(b)]. Crosspeaks

between Ala Cb and Val Cc are also observed but

Figure 7. 2D CHHC spectra of V6I8-Vpu1–40 (a,b) V6A4-Vpu1–40 (c,d) and A4I8-Vpu1–40 (e,f) in DOPC/DOPG bilayers at various

mixing times, with 1D slices at color-coded positions. Green polygons in the 2D spectra indicate regions where intermolecular

crosspeaks would appear if intermolecular 13C-13C distances were less than roughly 4 Å. Green arrows in the 1D slices

indicate observed intermolecular crosspeaks. 2D CHHC experiments were performed at �50�C.
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are not fully resolved from diagonal signals. As

expected, intermolecular (but not intramolecular)

crosspeaks are absent from spectra with 4 ms spin

diffusion periods. From these data, we conclude

that intermolecular contacts involving Val-Ala pairs

and Val-Ile pairs exist in both the frozen and the

fluid states.

DIPSHIFT experiments were performed at 50�C

sample temperatures where rotational diffusion of

Vpu1–40 oligomers about axes perpendicular to the

plane of the bilayer is rapid. In these experiments,

2D 13C-13C spectra of multiply labeled Vpu1–40 sam-

ples were recorded after a variable period sLG of
1H-13C dipolar evolution under Lee-Goldburg 1H-1H

decoupling. The dependencies of 2D signal inten-

sities on sLG reflect the apparent strengths of one-

bond 1H-13C dipole–dipole couplings dapp, which in

turn are strongly affected by molecular motions at

this temperature. Assuming that the dominant

motion is rigid-body rotational diffusion about the

bilayer normal direction, as has been shown to be

true in previous studies of similar systems,53–55 the

motion scales all 1H-13C couplings by factors of the

form ð3 cos2 h� 1Þ=2, where y is the angle between

Figure 8. 2D spin diffusion spectra and color-coded 1D slices from experiments on V6I8-Vpu1–40 (a, b, c), V6A4-Vpu1–40 (d, e, f),

and A4I8-Vpu1–40 (g, h, i) in DOPC/DOPG bilayers. 2D spectra in panels (a, d, g) were obtained with 400 ms spin diffusion

periods. 1D slices from these spectra are in panels (b, e, h), with black arrows indicating intermolecular crosspeaks. 1D slices

from spectra with 4 ms spin diffusion periods are in panels (c, f, i). 2D spin diffusion experiments were performed at 30�C. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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an individual 1H-13C internuclear vector and the

bilayer normal (i.e., the rotational diffusion axis). Of

particular interest are one-bond couplings between
1Ha and 13Ca, because 1Ha-

13Ca internuclear vectors

are directly related to the peptide backbone orienta-

tion (in this case, in an a-helical conformation) and

are independent of side-chain conformations.

The orientation of an ideal Vpu1–40 helix rela-

tive to the bilayer is defined by two angles, conven-

tionally called s and q, where s is the angle between

the helix axis and the bilayer normal and q is the

angle of rotation about the helix axis. For each resi-

due, the 1Ha-
13Ca coupling angle y depends on s and

q in a different way. Our strategy for determining s
and q was then to determine experimental values of

|ð3 cos2 h� 1Þ=2| for multiple residues from the

quasi-3D DIPSHIFT data, and then search for pairs

of s and q values that simultaneously produce the

experimentally observed |ð3 cos2 h� 1Þ=2| values.

2D spectra at sLG ¼ 0 are shown in Figure 9 for

the three Vpu1–40 samples used in DIPSHIFT experi-

ments. In these spectra, crosspeaks in the indicated

Ca slices for A10, A18, V25, A14, L11, and I16 were

sufficiently intense and well-resolved that crosspeak

volumes could be determined reliably. 13C chemical

shifts determined from these spectra are given in

Table I. Where possible, multiple crosspeak volumes

in the same horizontal slice were summed to

improve the signal-to-noise, as all of these cross-

peaks arise from spin polarization that was present

on Ca at the end of the 1H-13C dipolar evolution pe-

riod. The dependencies of crosspeak volumes on sLG

are shown in Figure 10, along with simulations for

various values of dapp. The simulations assume very

Figure 9. 2D 13C-13C NMR spectra of the three Vpu1–40 samples used in DIPSHIFT experiments, with 1D slices at dashed

lines. These are spectra with sLG ¼ 0, corresponding to the first point in the curves in Figure 10. DIPSHIFT experiments were

performed at 50�C.
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rapid rotational diffusion, in which limit the signals

at sLG ¼ 0 and sLG ¼ 2sR are equal. Experimental

data in Figure 10 were corrected for an overall decay

of 20–30%, attributable to deviation from the very-

rapid-motion limit as previously described in

detail,56 by multiplication with an increasing expo-

nential function. For comparison, uncorrected data

are shown in Figure S10 of the Supporting Informa-

tion. Values of dapp determined from Figure 10 for

A10, L11, A14, I16, A18, and V25 are 5.5 6 1.0 kHz,

3.5 6 1.5 kHz, 5.0 6 0.5 kHz, 2.0 6 1.0 kHz, 5.5 6

0.5 kHz, and 7.5 6 1.0 kHz, respectively.

Values of |ð3 cos2 h� 1Þ=2| for individual sites in

Vpu1–40 were determined by comparing these values

of dapp with DIPSHIFT data for U-15N,13C-L-leucine

powder at 24�C (Supporting Information Figure S10a).

For this model compound, which should represent the

motionless limit of ð3 cos2 h� 1Þ=2 ¼ 1, the 1Ha-
13Ca

coupling was found to be 23 6 2 kHz. This coupling

strength corresponds to a Ca-Ha distance of 1.095 6

0.033 Å, in good agreement with previous distance

determinations.57 Values of |ð3 cos2 h� 1Þ=2| for

A10, L11, A14, I16, A18, and V25 are then 0.24 6

0.05, 0.15 6 0.07, 0.22 6 0.03, 0.09 6 0.04, 0.24 6

0.03, and 0.33 6 0.05, respectively.

Comparison with molecular models

Models for residues 7–27 of Vpu1–40 in symmetric

helical-bundle oligomers were generated as

described in Materials and Methods section, starting

with ideal, straight a-helices with specified s and q
angles and using restrained energy minimization to

improve intermolecular packing. Residues 7–27 were

chosen because earlier solid-state NMR measure-

ments17 indicated that the N-terminal helix of Vpu

includes residues 3–27, and because all data in Fig-

ures 7–10 pertain to sites in residues 7–27. Figure

11 shows a typical example of initial and energy-

minimized models, for a pentameric bundle with s ¼
�30� and q ¼ 0�. Energy-minimized models were

compared with the experimental 2D CHHC and spin

diffusion data (which indicate detectable Val-Ala and

Val-Ile, but not Ala-Ile, proximities) by using our

own FORTRAN program to calculate all intermolec-

ular distances between methyl protons of the rele-

vant Val-Ala, Val-Ile, and Ala-Ile pairs. Models in

which at least one intermolecular Ala-Ile distance

was less than 2.0 Å were rejected, since such a close

intermolecular methyl–methyl contact would have

produced detectable Ala-Ile crosspeaks in Figures

7(e,f) or 8(g). Models in which no Val-Ala distance or

no Val-Ile distance was less than 4.0 Å were also

rejected, since methyl–methyl distances greater than

4.0 Å could not have produced the Val-Ala or Val-Ile

crosspeaks in Figures 7(a–d) and 8(a,d). Remaining

models were accepted, that is, considered consistent

with the experimental 2D CHHC and spin diffusion

data. Red areas in Figure 12(a) indicate values of s
and q that lead to consistent models.

We consider these distance criteria to be quite

conservative in light of the facts that proton–proton

distances of �2.1 Å have been shown to produce

strong 13C-13C crosspeaks in 2D CHHC spectra58

and proton–proton distances greater than 4.0 Å are

known to produce very weak crosspeaks,59 which

would not be detected with the signal-to-noise ratios

of our experimental 2D CHHC spectra of Vpu1–40.

Energy-minimized models were compared with ex-

perimental DIPSHIFT data by extracting the values of

|ð3 cos2 h� 1Þ=2| for individual Ca-Ha sites from the

final atomic coordinates of each model. Calling the

calculated value of |ð3 cos2 h� 1Þ=2| for site i in a

model with given s and q values si(s,q), the total devi-

ation from the experimental values sexpt
i described

above was calculated as Dðs;qÞ ¼ 1
M

PM
i¼1

½sexp t
i � siðs;qÞ�2=r2

i , where ri was the estimated

uncertainty in sexpt
i . The number of sites was M ¼ 6.

Figure 12(b) shows contour plots of D(s,q). Large var-

iations in D(s,q) are observed, indicating that the DIP-

SHIFT data are strong constraints on both s and q.

Relatively few s,q pairs are consistent with both

the 2D CHHC and the DIPSHIFT data, represented

by red regions in both panels of Figure 12. For each

value of N, the two energy-minimized models with

smallest D(s,q) that are also consistent with the 2D

CHHC data are shown in Figure 13. These models

have apparently diverse structures, but all have rel-

atively small tilts, that is, |s| � 22.5�. Only one

model has s < 0, namely the pentamer with s ¼
�22.5� and q ¼ 105�, corresponding to an overall

left-handed twist of the helix bundle. Remaining

models have a right-handed twist or are untwisted.

In four of the six models in Figure 13, the side chain

of Trp22 is on the outside of the helix bundle. The

tetramer with s ¼ 7.5� and q ¼ 345� has the Trp22

side chain on the inside. In the pentamer with s ¼
�22.5� and q ¼ 105�, the Trp22 side chain of each

Vpu1–40 helix points toward a neighboring helix.

This prevents close contacts between neighboring

helices, and is apparently an unrealistic structure.

Discussion
Analytical ultracentrifugation data presented above

indicate that Vpu1–40 does not form a single, stable

Table I. 13C NMR Chemical Shifts of Labeled Sites in
2D DIPSHIFT Spectra of Vpu1–40 at 50�C

Residue CO Ca Cb Cc Cd

A10 176.9 53.9 16.8
L11 175.2 56.5 39.1 24.2 22.1
A14 176.1 54.1 15.4
I16 174.3 64.9 34.4 27.5/14.5 10.6
A18 177.5 54.4 16.6
V25 176.4 65.7 29.5 21.7/20.0

Shifts (ppm) are referenced to tetramethylsilane and have
a precision of approximately 60.2 ppm.
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oligomeric species in C8E5 micelles. We interpret the

PICUP results as evidence for a variety of coexisting

oligomers in DOPC/DOPG bilayers, apparently

including tetramers, pentamers, and hexamers. An

alternative interpretation that the PICUP data

reflect the existence of a single type of oligomer with

relatively high molecular weight (e.g., a heptamer),

with lower molecular weight species resulting solely

from incomplete crosslinking within the oligomers,

seems unlikely because the lower molecular weight

species do not disappear as the PICUP reaction time

increases. Another alternative interpretation that

the PICUP data reflect the existence of a single type

of oligomer with relatively low molecular weight

(e.g., a tetramer), with higher molecular weight spe-

cies resulting solely from interoligomer crosslinks,

Figure 10. Experimental DIPSHIFT curves for individual Ca sites in Vpu1–40, extracted from 2D 13C-13C NMR spectra as in

Figure 9. Simulated curves with the indicated values of motionally averaged 1Ha-
13Ca dipole–dipole couplings are

superimposed on the experimental data points.
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seems unlikely because the Vpu1–40 concentrations

in the bilayer are low (0.3 mol% in Figures 4–6; 0.1

mol% in Supporting Information Figure S7) and

because hexamers are prominent even at short reac-

tion times (0.5 s). Data in Figures 5 and 6 and Sup-

porting Information S7 suggest that pentamers may

be the thermodynamically preferred oligomers, but

differences in stability for various oligomers appear

to be small. Comparable stability for structurally

diverse oligomers in bilayers may explain experi-

mental observations of multiple conductance levels

for Vpu ion channels.1,10,13–15

Given that a variety of Vpu1–40 oligomer struc-

tures coexist in DOPC/DOPG bilayers, we can not ana-

lyze our solid-state NMR data unequivocally in terms

of a single structure. However, the fact that 2D 13C-13C

spectra of Vpu1–40 in bilayers show a single set of 13C

chemical shifts17 suggests that peptide conformations

and intermolecular interactions in the predominant

oligomers are similar. Moreover, the sharp crosspeak

signals in solid-state NMR spectra of Vpu TM peptides

in uniaxially aligned bilayers reported by Opella and

coworkers1,11,18–22 suggest that peptide orientations

relative to the bilayer are similar, as orientational var-

iations greater than �5� would produce significant

line-broadening in their spectra. Therefore, although it

is generally not valid to use data obtained from a struc-

tural ensemble to generate a single structural model,

in the case of Vpu1–40 oligomers it is reasonable to

assume that oligomers of different size share common

helix orientations and intermolecular contacts and to

apply the constraints from our solid-state NMR meas-

urements to oligomers with specific sizes. The struc-

tural models in Figure 13 can then be taken to repre-

sent possible oligomer structures that are consistent

with the data. Although it is not possible (even in prin-

ciple) to determine a single structure from our data, it

is useful to make comparisons with experimental and

theoretical studies of Vpu TM oligomers that have

been reported previously by other groups.

Opella and coworkers have performed a series of

solid-state NMR and solution NMR studies of Vpu pep-

tides in micelles and in bilayers.1,11,18–22 Solid-state

NMR techniques employed in their studies are qualita-

tively different from the techniques described above,

as they do not involve MAS and are applicable to uni-

axially aligned bilayer systems. Specific models for

Vpu TM tetramers and pentamers (Protein Data Bank

files 1PI8 and 1PI7, respectively) have been proposed

by Opella and coworkers. These models are remark-

ably similar to our models in Figure 13(b,d), with good

agreement for both helix tilt and helix rotation. Figure

14 shows a direct comparison of our preferred penta-

mer model [from Fig. 13(d)] with 1PI7. That the models

are similar despite their being derived from qualita-

tively different experimental data sets provides addi-

tional support for their validity as realistic models for

Vpu TM oligomers.

The oligomer models of Opella and coworkers

were developed from NMR-derived monomer models

by energy minimization, with the only free variables

being the intermolecular distances, the angle of rota-

tion of each monomer about the bilayer normal, and

side-chain conformations.20 Tilt and rotation axes were

fixed, as was the backbone conformation. In our

approach, the axis for helix tilt by angle s was initially

chosen to coincide with the direction from the center of

mass of the monomer to the center of mass of the

oligomer. The tilt axis could then vary during energy

minimization, along with side-chain conformations,

intermolecular distances, and (to a limited extent)

backbone conformation. Tilt and rotation angles were

varied over the series of candidate models. The two

modeling approaches are related, but not equivalent.

Lee et al. have performed a different analysis of

the aligned-sample data from the Opella group, in

which experimental restraints from anisotropic 15N

chemical shifts and 1H-15N dipole–dipole couplings

were represented by artificial potential energy terms

in torsion-angle molecular dynamics simulations.29

The simulations by Lee et al. produced multiple tet-

rameric and pentameric models for Vpu TM oligom-

ers that are consistent with the aligned-sample data,

including models with both right-handed twists and

left-handed twists (corresponding to positive and

negative values of s, respectively, using our defini-

tion of the tilt angle). In at least some of the left-

handed oligomers, the side chain of W22 was located

Figure 11. Example of a molecular model for a Vpu TM

oligomer, constructed as described in the text, both before

(a) and after (b) energy minimization. Views are shown

perpendicular (left) and parallel (right) to the bilayer normal,

for a pentamer with s ¼ �30� and q ¼ 0�. [Color figure can

be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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within the central pore. In contrast, the only left-

handed oligomer that we find to be a good fit to our

2D CHHC, spin diffusion, and DIPSHIFT data is

shown in Figure 13(c). This left-handed model is im-

plausible because of its pronounced distortion of the

a-helices and steric clashes between W22 side chains

and neighboring peptides. Thus, our data are in gen-

eral agreement with the right-handed, but not the

left-handed, oligomer models suggested by Lee et al.

Model 1PI7 was used by Ulmschneider and

Ulmschneider as the initial state for Monte Carlo

simulations in an implicit membrane environment,

which showed that the Vpu TM pentamer remained

structurally stable throughout the simulations.28

Similar stability is then expected for our model in

Figure 13(d). Lopez et al. carried out molecular dy-

namics simulations for a Vpu TM pentamer with all-

atom representations of the phospholipid bilayer and

aqueous layers,26 starting with helix orientations

similar to those in Figure 13(d). Although the five-

fold symmetry of the pentamer was lost as the simu-

lations proceeded, the helix orientations were gener-

ally preserved, again supporting the stability of such

pentamer structures.

Rather different pentamer models were used in

simulations by Pertagias et al.,32 Grice et al.,25 and

Cordes et al.10 In these simulations, helix orienta-

tions were chosen such that the side chain of

S23 was located in the central pore, with the

assumption that such an orientation would be

Figure 12. Evaluation of energy-minimized tetrameric (a, d), pentameric (b, e), and hexameric (c, f) molecular models, for

helix tilt angles �45� � s � 45� and rotation angles 0� � q � 345�. In panels (a, b, c), models that are consistent with

experimental 2D CHHC and spin diffusion spectra are indicated by red regions in the s,q plane. In panels (d, e, f), the

deviation D (defined in the main text) between experimental and calculated DIPSHIFT results is plotted as a function of s and

q, with minima in D colored red.
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thermodynamically preferred. Using our definition

of the helix rotation angle, such models have q � 150�

and do not fit our 2D CHHC and DIPSHIFT data.

Thus, our data provide information that is use-

ful for interpreting and evaluating previous experi-

mental and computational studies of Vpu TM

oligomers in bilayers. Our data may also help guide

future experimental and computational studies of

the Vpu protein and its intermolecular interactions.

Finally, the experimental techniques demonstrated

above are applicable to structural studies of other in-

tegral membrane peptide and protein systems,

including both homo-oligomers and hetero-oligomers.

Materials and Methods

Preparation of Vpu1–40 samples
Vpu1–40 was synthesized and purified as previously

described.17 Samples for NMR were prepared in

DOPC/DOPG multilamellar vesicles (MLVs), con-

taining a 9:1 molar ratio of the two phospholipids, a

33:1 molar ratio of phospholipid to peptide. Roughly

10 mg of peptide was dissolved in trifluoroethanol

and mixed with the appropriate amounts of lipids in

chloroform. The organic solvent was removed under

a dry nitrogen gas stream. Dried samples were left

under vacuum overnight. Water was added the next

day to produce a 60% hydration level (water mass with

respect to the total sample mass). The samples were

vortexed extensively and subjected to three freeze–thaw

cycles to produce homogeneous vesicles. 31P NMR spec-

tra confirmed the bilayer nature of the MLVs.

Analytical ultracentrifugation

Lyophilized peptide samples were dissolved in phos-

phate buffered saline containing 10 mM or 40 mM

octyl-pentaoxyethylene (C8E5). Samples for analyti-

cal ultracentrifugation were prepared by dilution of

these protein stocks into the same buffer. Sedimen-

tation equilibrium experiments were conducted at

Figure 13. Models for tetrameric (a, b), pentameric (c, d), and hexameric (e, f) Vpu TM oligomers that simultaneously satisfy

constraints from 2D CHHC and spin diffusion spectra and DIPSHIFT measurements. These models correspond to s and q
values indicated by white arrows in Figure 12. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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20.0�C on a Beckman Optima XL-A analytical ultra-

centrifuge. Wild-type Vpu1–40 samples were studied

at loading concentrations ranging from 45 lM to 140

lM in 10 mM C8E5, whereas samples of the Y29T

mutant were studied at loading concentrations rang-

ing from 50 lM to 160 lM in both 10 mM and 40

mM C8E5. Samples were loaded into six-channel, 12

mm path length cells (135 lL) and data were

acquired at 25–45 krpm, as an average of four ab-

sorbance measurements at 280 nm using a radial

spacing of 0.001 cm. Sedimentation equilibrium at

each rotor speed was achieved within 48 h. Data col-

lected at different speeds were analyzed globally in

terms of various species analysis models60 using

SEDPHAT 7.03 software (available at: http://www.

analyticalultracentrifugation.com/); to account for all

of the loading material and constrain the data fit-

ting, mass conservation was implemented with cer-

tain models. Protein partial specific volumes m were

calculated based on the amino acid composition in

SEDNTERP 1.0961 (available at: http://www.jphilo.

mailway.com/), and corrected for 13C and 15N isotopic

substitutions in the Vpu1–40 samples.

Because the peptide is in a complex with the de-

tergent, the buoyant molecular mass of the sedi-

menting species M2(1 � /0q) determined by sedimen-

tation equilibrium contains contributions from both

Vpu1–40 and bound C8E5. Using the formalism devel-

oped by Eisenberg and coworker,62 the buoyant mo-

lecular mass of the complex can be expressed in

terms of its components as M2(1 � /0q) ¼ M2[(1 �
m2q) þ B3(1 � m3q)], where M2 is the (monomeric or

oligomeric) peptide mass, m2 and m3 are the partial

specific volumes of the protein and C8E5, respec-

tively, B3 is the amount of bound detergent

expressed in grams per gram of protein, q is the sol-

vent density and /0 is the effective partial specific

volume. C8E5 has a partial specific volume63 v3 ¼
0.993 cm3 g�1, so that m3q ¼ 0.9982. The detergent

is then nearly neutrally buoyant, with a molecular

mass contribution of 0.6 Da per C8E5. Neglecting

this contribution results in a Vpu1–40 mass error of

less than 1%, even with 45 bound detergent mole-

cules, corresponding to B3 ¼ 3.3. This error is

smaller than the imprecision of the measurements.

Thus, we ignore any possible contribution from the

detergent to M2.

Sedimentation velocity experiments were con-

ducted at 20.0�C on a Beckman Coulter Proteome

XL-I analytical ultracentrifuge using both absorb-

ance and Rayleigh interference optical detection sys-

tems. Wild type and Y29T mutant Vpu1–40 samples

were loaded into two-channel, 12-mm path length

sector-shaped cells (400 lL) at concentrations rang-

ing from 50 lM to 140 lM. 130 scans were acquired

at 7-min intervals and rotor speeds of 50 krpm; ab-

sorbance data were collected as single absorbance

measurements at 280 nm using a radial spacing of

0.003 cm. Absorbance data were analyzed in SED-

FIT 11.9b (available at: http://www.analyticalultra

centrifugation.com/) in terms of a continuous c(s)

distribution64 using solution densities q and viscos-

ities g calculated using SEDNTERP 1.2.61 The c(s)

analyses were carried out using an s range of 0.5–

5.0 S with a linear resolution of 100 and confidence

levels (F-ratio) of 0.68. In all cases, excellent fits

were observed with root mean square deviations

ranging from 0.0037–0.0066 absorbance units. Sedi-

mentation coefficients were corrected to standard

conditions at 20.0�C in water, s20,w.

The optical absorbance at 280 nm, A280, is

related to the sample molar concentration cM

through the Beer–Lambert law A280 ¼ ecMl, where e
is the molar extinction coefficient in M�1 cm�1 and l

the path length. The fringes J measured using the

Figure 14. Comparison of the Vpu TM oligomer model

from Figure 13d (a) with Protein Data Bank file 1PI7, as

developed by Opella and coworkers (b). For both models,

the backbone of residues 7–25 is shown as a ribbon

representation, with a ball-and-stick representation of I17,

W22, and S23. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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interference optical detection system are related to

cM through the refractive index increment dn/dc in

cm3 g�1, according to the relation J ¼ cMM(dn/dc)l/

1000k, where M is the molecular mass and k the

wavelength in cm. To estimate the amount of deter-

gent in the Vpu1–40:C8E5 complexes, the absorbance

data were used to determine the protein molar con-

centration and its contribution to J; excess fringes

then represent bound C8E5. A standard dn/dc value

of 0.187 cm3 g�1 was used for Vpu1–40, whereas a

value of 0.125 cm3 g�1 was used for C8E5, based on

data published for octyl-tetraoxyethylene.65

Photochemical crosslinking
Vpu1–40 oligomers in phospholipid bilayers were

crosslinked using the PICUP technique, in which

photoexcitation of tris(2,20-bipyridyl)dichlororuthe-

nium(II) (RuCl2(bipy)3) in the presence of the elec-

tron acceptor ammonium persulfate (APS) produces

tyrosyl and other reactive radicals in polypeptides,

which can then form intermolecular crosslinks in

protein complexes on time scales of seconds or

less.48–50 For these experiments, Vpu1–40 was dis-

solved in trifluoroethanol and then mixed with

DOPC/DOPG (9:1) in chloroform, producing a 0.1–

3.0% mole fraction of peptide relative to phospholi-

pids. The mixture was dried under nitrogen gas and

left in vacuum for 4 h, then hydrated using 10 mM

sodium phosphate buffer (pH 7.4) to produce a final

Vpu1–40 concentration of 20 lM for a 0.3% mole frac-

tion. The mixture was vortexed thoroughly and sub-

jected to three freeze–thaw cycles to produce homog-

enous MLVs. Typically, 22 lL of 1 mM RuCl2(bipy)3

(Sigma-Aldrich) and 22 lL of 20 mM APS (Sigma-

Aldrich) in 10 mM sodium phosphate buffer (pH 7.4)

were added to 500 lL of Vpu1–40/MLV solution in the

dark. The mixture was irradiated at 24�C for periods

ranging from 0.5 s to 5 min, using the output of a

150 watt incandescent fiber optic lamp (Dolan-Jen-

ner model 180) and an electronically timed shutter

(Melles-Griot model IES 3). The PICUP reaction was

quenched immediately with 20 lL of 1M

dithiothreitol.

Crosslinked Vpu1–40 was extracted from MLVs

as described by Wessel and Flugge.66 Crosslinked

material was thoroughly mixed with an equal vol-

ume of methanol and a 1=4 volume of chloroform and

incubated on ice for 10 min. After centrifugation, the

upper aqueous phase was discarded without disturb-

ing the interphase. The organic phase at the bottom

of the tube and the interphase material were

retained. Three volumes of methanol were added to

the tube and gently mixed by inverting the tube sev-

eral times. Crosslinked Vpu1–40 was then pelleted

and collected.

The resulting crosslinked material was analyzed

both by sodium dodecylsulfate polyacrylamide gel

electrophoresis (SDS-PAGE) and by matrix-assisted

laser desorption ionization time-of-flight (MALDI-

TOF) mass spectrometry. For MALDI-TOF, the pel-

let from methanol/chloroform extraction was first

dissolved in 100 lL TFE. A saturated a-cyano-4-

hydroxy cinnamic acid solution in 50% acetonitrile

AcCN was prepared as the matrix. Crosslinked

Vpu1–40 in TFE was mixed with the matrix solution

in a 5:1 volume ratio, deposited on the MALDI tar-

get plate, and analyzed with a Waters MALDI micro

MX spectrometer, using the linear positive acquisi-

tion mode. A detection mass range from 3 to 50 kDa

was used to observe the crosslinked products.

For SDS-PAGE analysis, 3–6 lL of TFE solution

was mixed with lithium dodecyl sulfate (LDS) gel

loading buffer (4�), then diluted with H2O to 2%

LDS. Samples were analyzed using Novex NuPAGE

4–12% Bis-Tris Mini gels (for which LDS is recom-

mended by the manufacturer). Peptide bands were

visualized by silver staining using a kit from GE

Healthcare Bio-Sciences. Gels were scanned and the

images were saved in TIFF format. ImageJ software

(available at: http://rsbweb.nih.gov/ij/) was used to

obtain the densitometric profile of each SDS-PAGE

lane. Relative intensities of oligomer bands were

determined by fitting the densitometric profile with

a sum of Gaussian peaks after baseline correction.

Vpu1–40 directly dissolved in LDS gel loading buffer

(50 lM), without any crosslinking reagents, was also

run in the same SDS-PAGE gel as a control.

Solid-state NMR experiments

Proton-mediated 2D 13C-13C spectra,58,67 also called

2D CHHC spectra, of Vpu1–40 samples in DOPC/

DOPG MLVs were obtained with the radio-frequency

(rf) pulse sequence shown in Figure S1a of the Sup-

porting Information, using a Varian InfinityPlus

spectrometer and Varian 3.2 mm magic-angle spin-

ning (MAS) NMR probe operating at 100.4 MHz 13C

NMR frequency (9.39 T magnetic field). Sample vol-

umes were 36 lL, and each sample contained �5 mg

of Vpu1–40, consisting of 1:1 mixtures of peptides

with uniformly 15N,13C-labeled alanine, valine, or

isoleucine residues as shown in Figure 1(b). Sample

temperatures were �50�C, MAS frequencies were

9.00 kHz, 13C rf fields were 47 kHz (with an ampli-

tude ramp during initial 1H-13C cross-polarization

(CP)), and 1H rf fields were 56 kHz during CP (with

68% amplitude ramps in the mixing period) and 115

kHz during t1 and t2 periods. The initial CP period

was 1.1 ms. The two CP periods within the mixing

period were 250 ls. 2D CHHC spectra were recorded

with 1H-1H spin diffusion periods in the 100–750 ls

range. In general, longer spin diffusion periods per-

mit 13C-13C crosspeaks to develop over longer inter-

nuclear distances, but lead to lower signal-to-noise.

Each CHHC spectrum required �3 days of signal

averaging, using 1.5 s recycle delays and maximum

t1 values of 4.4–6.9 ms.
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The 250 ls CP periods within the mixing period

of the 2D CHHC measurements were longer than

the corresponding periods used previously to detect

proximities of Ca sites, for example in studies of

amyloid fibrils.58 The longer CP periods were

required because intermolecular contacts in Vpu1–40

oligomers primarily involve side-chain methyl

groups, and rotations of methyl groups attenuate

the 1H-13C dipole–dipole couplings. The 2D CHHC

spectra were recorded in the frozen state (�50�C) to

suppress rotational and translational diffusion,

which would further attenuate the 1H-13C and
1H-1H couplings. Attempts to observe intermolecular

crosspeaks in 2D CHHC spectra of Vpu1–40 at higher

temperatures (40�C) failed due to lower signal-to-

noise and, most likely, attenuation of intermolecular
1H-1H dipole–dipole couplings by diffusional

motions.

To complement the 2D CHHC measurements,

2D 13C-13C exchange spectra of the same samples

were recorded at 30�C, with crosspeaks developing

through direct 13C-13C spin diffusion rather than

through proton mediated polarization transfers

(Supporting Information Figure S1b). 2D spin diffu-

sion spectra were recorded at 150.7 MHz 13C NMR

frequency (14.1 T magnetic field), using a Varian

InfinityPlus spectrometer and Varian 3.2 mm MAS

NMR probe. MAS frequencies were 12.00 kHz, and

spin diffusion periods were 4–400 ms. Total mea-

surement times were 56–112 h. As discussed above,

both 2D CHHC and 2D spin diffusion spectra indi-

cate the same intermolecular contacts in Vpu1–40

oligomers, despite the large difference in sample

temperatures during the two measurements.
1H-13C dipolar-shift correlation (DIPSHIFT)

measurements53,56,68 were performed in a quasi-

three-dimensional manner with the rf pulse

sequence in Supporting Information Figure S1c,

using a Varian InfinityPlus spectrometer and Varian

5.0 mm MAS NMR probe operating at 150.7 MHz
13C NMR frequency (14.1 T magnetic field). Sample

volumes were 160 lL and contained �20 mg of

Vpu1–40, with the larger volume and higher field

being required for adequate signal-to-noise. MAS

frequencies were 5.00 kHz. Sample temperatures

were 50�C, calibrated by the 1H NMR frequency of

H2O within the sample under MAS and with the

experimentally relevant 1H rf duty cycle to account

for rf heating.69 13C rf fields were 50 kHz, with

ramped amplitude during CP. 1H rf fields were 68

kHz during t1 and t2 periods and 68 kHz during the
13C-1H dipolar evolution periods (corresponding to

effective Lee-Goldburg decoupling fields70 of 83

kHz). The DIPSHIFT data were acquired as a series

of 2D 13C-13C spectra, each requiring �2 days of sig-

nal averaging with 0.8 s recycle delays and 2.3 ms

maximum t1 values, with variable Lee-Goldburg

periods sLG. 2D data were acquired in blocks

(roughly 6 h each) and summed to produce the final

data sets. Attempts to obtain equivalent information

from a series of 1D 13C spectra did not succeed

because of spectral overlap with strong natural-

abundance 13C NMR signals from phospholipids.

DIPSHIFT experiments at lower sample tempera-

tures (20–40�C range) did not produce data consist-

ent with the rapid uniaxial rotation of Vpu1–40

oligomers required for proper analysis of the data

(i.e., the data showed monotonic signal decays indic-

ative of slower motion, as discussed by Deazevedo et

al.56). We attribute the temperature dependence of

DIPSHIFT data to temperature-dependent rota-

tional diffusion rates, primarily due to the lower

membrane viscosity at higher temperatures56. 2D

NMR spectra were processed and crosspeak volumes

were extracted with NMRPipe software.71 13C chemi-

cal shift values are relative to tetramethylsilane,

based on an external reference of 1-13C-L-alanine

powder at 177.95 ppm. Simulations of DIPSHIFT

data were performed with SIMPSON72 and

SPINEVOLUTION.73

Sample degradation during lengthy solid-state

NMR experiments was assessed by monitoring NMR

spectra and signal intensities at various time points

during the measurements. Questionable data were

discarded. In addition, MAS rotors were opened and

samples were visually inspected after the measure-

ments. After several days of MAS, samples were typ-

ically distributed toward the inner wall of the rotor

by centrifugal forces, leaving a small opening in the

center. Occasionally, clear buffer was observed in the

center, suggesting partial separation of excess water

from the MLVs.

Oligomer modeling

Models for oligomeric bundles of Vpu TM helices

were generated as follows: (1) coordinates for a 29-

residue peptide monomer in an a-helical conforma-

tion, representing residues 7–27 of Vpu with tetra-

glycine capping segments at either end, were gener-

ated within MOLMOL.74 The helix axis was aligned

with the z direction, considered to be the bilayer nor-

mal direction; (2) initial models for oligomeric bun-

dles with given values of the helix rotation angle q,

the helix tilt angle s, and the oligomer number N

were generated by our own FORTRAN computer

program (available upon request to robertty@mail.-

nih.gov) that applied rotations about z by q and

about y by s to the monomer coordinates (with y

being the direction from the center of mass of the

monomer to the center of mass of the oligomer), and

then applied rotations about z by 2p/N to the new

coordinates to create the N copies of the peptide in

the oligomer. The N copies were then displaced sym-

metrically in the xy plane by the minimum displace-

ment that produced at least a 1.0 Å separation

between all atoms. Oligomers with N ¼ 4, 5, and 6

Lu et al. PROTEIN SCIENCE VOL 19:1877—1896 1893



were created, with s from �45� to þ45� in 7.5� incre-

ments and q from 0� to 345� in 15� increments (312

models for each N); (3) restrained energy minimiza-

tion was performed on each oligomer model, using

the TINKER program (available at: http://dasher.

wustl.edu/tinker/) with the CHARMM27 force field

and a 3.0 Å electrostatic cut-off distance. All back-

bone x angles were restrained to 180� with a 1.0

kcal/deg2 harmonic force constant. All backbone /
and w angles were restrained to �60� and �40�,

respectively, with 0.01 kcal/deg2 harmonic force con-

stant. The final energy-minimized oligomer models

were used in comparisons with experimental NMR

data. Energy minimization had the effect of adjust-

ing intermolecular distances and both backbone and

side-chain torsion angles to maximize intermolecular

contacts and to ensure realistic intermolecular dis-

tances, determined by the atomic van der Waals

radii. The a-helices generally acquired small (<15�)

deviations from ideal linearity during energy mini-

mization, but the s and q angles were not changed

greatly. In certain cases, the a-helices acquired

bends up to 30�. All Vpu TM oligomers retained

their initial N-fold rotational symmetry about the

bilayer normal after energy minimization.

Note that our modeling procedure did not

include solvent or phospholipid molecules. The goal

was simply to generate well-packed oligomer models

with the full range of possible s and q angles for

comparison with experimental data, not to predict

the structures or other properties of Vpu TM oligom-

ers by molecular dynamics simulations in a realistic

bilayer environment, as has been done previously

(without direct experimental constraints) by other

groups.10,26,30–32 Our approach to modeling and data

analysis is similar to the approach used by Kukol

and Arkin to interpret Fourier-transform infrared

(FTIR) measurements on Vpu TM oligomers.16

In our modeling procedure, oligomers with a

right-handed twist about the symmetry axis have

positive s, whereas those with left-handed twist have

negative s. With q ¼ 0�, Ca sites of I8, I15, and W22

are in the central pore of the oligomer, whereas Ca

sites of V13, V20, and I27 are on the outside, nearly

diametrically opposite to the symmetry axis. Increas-

ingly positive values of q correspond to increasing

right-handed rotations of each helix about its axis,

running from C-terminal end to N-terminal end.
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