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ABSTRACT. We report solid-state nuclear magnetic resonance (NMR) measurements on the peptide
Vpu(1—-40), comprising residues-40 of the 81-residue type 1 integral membrane protein Vpu encoded
by the HIV-1 genome. On the basis of a combinatioA3af and'>N NMR chemical shifts under magic-
angle spinning (MAS), effects of local mobility on NMR signal intensities, site-specific MAS NMR line
widths, and NMR-detected hydrogedeuterium exchange, we develop a model for the structure and
dynamics of the Vpu(%40) monomer in phospholipid bilayer membranes. Our data are largely consistent
with earlier structural studies of Vpu peptides by Opella and co-workers, in which solution NMR and
solid-state NMR without MAS were used, but our data provide new information about local variations in
the degree of mobility and structural order. In addition, our data indicate that the transmemrelive

of Vpu(1—40) extends beyond the hydrophobic core of the bilayer. We find no evidence for heterogeneity
in the conformation and intermolecular contacts of the transmemlorduedix, with the exception of two
distinct chemical shifts observed for thex@Gnd @5 atoms of A18 that may reflect distinct modes of
helix—helix interaction. These results have possible implications for the supramolecular structure of Vpu
oligomers that form cation-selective ion channels.

Vpu is an 8l-amino acid integral membrane protein channel activity or, as recently suggested by a number of
encoded by the HIV-1 genomé,(2). An accessory protein,  groups (1, 12), may be a consequence of interactions of
Vpu has not been observed in virus particles, but is expressedhe Vpu TM domain with other factors present at the host
in the host CD4 cells and localized to the rough endoplasmic cell surface, such as the TASK-1tkchannel. Studies of
reticulum (ER) and the plasma membrane. Several lines of mutant and truncated Vpu proteins have shown that a T™M
evidence indicate that Vpu plays two distinct roles in the domain with the correct amino acid sequence is sufficient
viral life cycle, correlated with two distinct protein domains and required for this activityl3—15).

(3,4). The N-terminal transmembrane (TMjomain of Vpu  The second role of Vpu is to mediate the degradation of
has been shown to form homooligomers both in vivo and in the CD4 receptor in the ERL6—19). This role is believed
vitro (5). Oligomeric Vpu has a cation-specific ion channel to depend on interactions of the cytoplasmic domain with
activity for which only the TM sequence is required 7). both the cytoplasmic tail of CD20—22) and theg-trans-
The presence of an active Vpu TM domain is required for ducin-repeat-containing proteig TrCP) component of the
the enhanced release of mature virus particles from the cellSCFTP E3 ubiquitin ligase complex2@) (reviewed in ref
surface 2, 8—10). This may be a direct consequence of the 24). Analysis of mutant Vpu sequences indicates that the
majority of the Vpu TM domain is not required for this
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nificantly among viral strains. A detailed understanding of dent and qualitatively different. In particular, we report
the structure and dynamical behavior of the TM domain will isotropic'®N and**C NMR chemical shifts for the majority
likely provide insight into the functional role this protein of backbone and side chain sites in Vpad0), which
plays in the HIV-1 life cycle. provide constraints on local conformatidf\ and'3C NMR

To date, structural studies of Vpu and various fragments line widths, which provide information about local structural
of Vpu have employed a number of experimental techniques. order and dynamics, and hydrogeseuterium (H-D)
Circular dichroism measurements on Vpu@9) indicate that ~ exchange measurements detected through two-dimensional
this peptide contains 55%u-helical structure in 2,2,2- (2D) ®™N—°C solid-state NMR spectra, which provide
trifluoroethanol/HO (TFE/HO) solutions 27). Similar information about solvent exposure and structural stability
measurements on a series of overlapping peptides from Vpu-at a site-specific level. We also describe measurements of
(28—42) to Vpu(6781) showed significant helical content the dependence of solid-state NMR signal intensities and line
for residues 4250 and 5769 (28). Fourier transform  widths on temperature and hydration level that contribute to
infrared (FTIR) dichroism spectroscopy of Vpu{21) in the development of a consistent picture of the local and
DMPC bilayers suggests that this peptide is predominantly global dynamical behavior of Vpui40) in bilayers.'H,
o-helical in nature 29). Solution NMR of Vpu(32-81) in 13C, and®>N NMR relaxation properties are also described
TFE/H,O solutions indicates helical structure for residues in the context of local and global motion in Vpu{40). On
37—51 and 5772 (28, 30). Similar studies performed in  the basis of these solid-state MAS NMR measurements, we
the absence of TFE, but in the presence of high salt develop a model for a single Vput#40) molecule within
concentrations, show helical regions spanning residues 40 an oligomeric bundle.
50, 60-68, and 75-79 (31). A dependence of the cytoplas-  |n addition to their relevance to Vpu structure and function,
mic domain structure on phosphorylation of S52 and S56 our results are significant in light of current interest in
has been shown by NMR studies of Vput4d2) in an  viroporins in general47). The viroporins comprise a number
aqueous solvent2, 32). Solution NMR studies of Vpu  of small hydrophobic viral proteins, including M2 from
peptides in the presence of DHPC micelles show evidenceinfluenza A @8—51), the p7 protein from hepatitis G2,
of helical regions from residues-80 in Vpu(2-37) (33), 53), and Vpu 6, 54), among others. While detailed structural
8—25 in Vpu(2-30) (34), and 28-50 and 58-70 in Vpu- information is only available for the M2 proton channgb(
(28-81) (3. Solid-state NMR measurements on Vpu 56) and Vpu 81, 32, 34), these proteins exhibit a common
peptides of various lengths incorporated into oriented lipid ability to permeabilize membranes through formation of
bilayers have been used to demonstrate that the majority ofhomooligomeric ion channels or pores. Their roles in the
residues within Vpu(237) lie within helical regions oriented jife cycles of several pathogenic viruses make them attractive
approximately perpendicular to the bilayer surface, while as targets for developing antiviral therapies. No crystal

most residues of Vpu(2831) give solid-state NMR spectra  structure has been reported yet for any viroporin.
which are inconsistent with such an orientatidn33). More

recently, Park et al. have determined the backbone structureMATERIALS AND METHODS
of an a-helix spanning residues-&5 of a modified Vpu-
(2—30) peptide by solid-state NMR in oriented bilayeBg)( Sample PreparatiorVpu(1—40) peptides, corresponding
In addition to these experimental studies, several groups havelo residues +40 of HIV-1 Vpu, were synthesized on an
used molecular dynamics simulations and energy minimiza- Applied Biosystems 433A automated peptide synthesizer,
tion to obtain models of both the monomeric Vpu TM using FMOC chemistry. Peptides were dissolved in trifluo-
domain B5—37) and the putative pore structur88-42) roacetic acid and purified by reverse-phase HPLC on a
(reviewed in ref#i3and44), including a recent model based ~semipreparative Vydac C4 column (acetonitrile/2-propanol/
on the monomer backbone structure of residue8B(34). water gradient). Peptide identity and purity were confirmed
The consensus that emerges from these earlier experimentising electrospray mass spectrometry. Vpt{Q) peptides
tal and simulation studies is that full-length Vpu adopts a Were synthesized with selective incorporation of30;'*N-
structure in bilayers in which the TM helical segment lies labeled amino acids according to the following labeling
between residues-38 and 25-30, with a helical tilt of ~ Schemes: Vpu(240)y (A18, V25), Vpu(I-40)war (P3,
6—15° relative to the bilayer normal (in DOPC/DOPG V12,V13, Al4, 124, R34), Vpu(:40)sivrL (A7, S23, 126,
bilayers), although this value is strongly dependent on the Y29, R30, L33), Vpu(+40)acex (V9, A10, L11, 127, E28,
hydrophobic thickness of the membrane and the method used<31), Vpu(1-40)awk (14, Q5, 16, W22, K37), Vpu(+-40)y
to measure the tilt29, 34, 45). The cytoplasmic domain  (V9, V11, V12, V20, V21, V25), Vpu(+40ua (A7, A10,
consists of an amphipathic helix (from residues-30 to ~ Al4, Al8), and Vpu(+-40) (18, 115, 116, 117, 119, 124,
50), most likely in the plane of the bilayers, linked to a 126, 127). The total sequence coverage of these labeling
C-terminal helix (residues 6670, approximately) whose Schemes is given in Figure 1A. 1,2-DioleoylsBphospha-
orientation relative to the bilayer surface is less certain.  tidylcholine (DOPC) and 1,2-dioleoyl-8a-phosphatidyl-
In this paper, we report solid-state NMR measurements 9glycerol (DOPG) were obtained from Avanti Polar Lipids
on Vpu(1-40) in phospholipid bilayers that provide new (Birmingham, AL).
constraints on the structure and dynamics of the TM domain.  To prepare multilamellar vesicles (MLVs) containing Vpu-
Unlike earlier solid-state NMR studies, which employed (1—40), dry peptide (46 mg) was dissolved in TFE. Any
techniques specific for oriented samplds 27, 33, 34, 45, insoluble material was removed by centrifugation, and the
46), our studies of Vpu(+40) employ magic-angle spinning final peptide concentration was confirmed by monitoring the
(MAS) NMR techniques and unoriented samples. As a result, UV absorbance at 278 nm. An appropriate amount of DOPC
the information contained in our measurements is indepen-and DOPG (at a 9:1 molar ratio) was dissolved~ith mL
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While accurate measurement of pH in low-water samples
was difficult, sample pH was typically found to lie between
5 and 6.

SDS-PAGE Analysis of Vpu(40). Dry peptide was
dissolved in TFE at 2 mg/mL, as described above, and the
final concentration of Vpu(240) was calculated from the
UV absorbance (278 nm) of the solution. The clarified
peptide solution was divided into aliquots and dried under
N2(g). Residual solvent was removed by placing samples in
a vacuum for 16 h. The:2 LDS sample buffer (Invitrogen)
was added to give final peptide concentrations of 0.2 or 0.02

FioUre 1: Primary structure and oligomeric state of Vpu@o) mM in the loading buffer. Following extensive mixing and
(A) Amino acid quuence of synthegtic Vpuao) peptidg: The Vortexing, samples were loaded onto a 12% precast bis-tris

o-helical segment determined by data in this paper is underlined. Sodium dodecyl sulfatepolyacrylamide electrophoresis
Sites at which uniformly*3C- and*N-labeled amino acids have (SDS-PAGE) gel (Invitrogen), which was run at 200 V for
i?ﬁjein tingqrrlpgcr)lage((iB;s\g% J%rags?écglulgl\g;i r(]i:léa Sgr{; ggtggiﬂfl are 20 min. Gels were stained with Gelcode Coomassie Blue

cated i . - ; ; ; ; ;
several Vpu(+40) samples at 200 (lanes-B) or 20uM (lanes 3’[5aun (féggeé:dpre'tm#b?'on (I)tf Sﬁ_rl?ple_s by hgiatlng ?td 50,
4—6) peptide. Samples were heated for 10 min at 25 (lanes 1 and /2 OF Id not arfect results. Likewise, similar peptiae
4), 55 (lanes 2 and 5), or 9 (lanes 3 and 6) prior to loading. mOblllty on SDS-PAGE was observed without predlSSO|U-
Molecular masses for the protein markers in lane 7 are shown attion in TFE prior to the LDS loading buffer.
the right. The arrow indicates the expected band position for a Vpu-  gglid-State NMRC and>N NMR spectra were obtained
(Dla—40) monomer, based on a monomer molecular mass of 4655 on a Varian InfinityPlus-400 spectromet&id and™>N NMR

' frequencies of 100.4 and 40.46 MHz, respectively), using a
of CHCI;, and the peptide solution was added dropwise to Varian triple-resonance 3.2 mm MAS probe with a home-
give a final peptide:lipid ratio of 1:33 (3 mol % peptide built variable-temperature stack to provide, i§as at a
relative to lipids). After thorough mixing and visually controlled temperature to the sample space in the probe.
apparent codissolution, the organic solvent was removed andAdditional 13C NMR spectra were obtained on an Infinity-
samples were subsequently hydrated, using one of thePlus-600 spectrometef3C and >N NMR frequencies of
following methods. 150.6 and 60.71 MHz, respectively), using a Varian 5.0 mm

In the first method, the organic solvent was removed by MAS probe. MAS frequencies were typically-30 kHz,
rotary evaporation in a round-bottom flask followed by controlled to within 2 Hz. Sample temperatures under MAS
desiccation for 24 h under high vacuum. An appropriate were calibrated using t#8"Pb NMR chemical shift of solid

| 66.4 kDa

346

amount (typically 56-200% of the sample dry weight) of
H,O was added to the dry protettipid film. The sample

PbNG; (58). NMR spectra of Vpu(£40) in DOPC/DOPG
membranes were recorded at 40 anf0 °C. The latter

was then agitated in the presence of small glass beads untitemperature is well below the fluietgel phase transition of

it was homogenized. Five freezéhaw cycles were used to

the DOPC/DOPG membranesZ0 °C) (59), as indicated

ensure even dispersion of water throughout the sample. Theby the broadening of3C NMR signals from the lipids at
hydrated phospholipid bilayer preparation was then trans- the lower temperatures. The MAS frequencies used here did
ferred to a 3.2 mm Varian MAS rotor. In the case of medium- not perturb the bilayer nature of the samples (as monitored
wall rotors (22uL volume), rotor drive tips and end caps by %P NMR and visual inspection), consistent with the

were sealed in place with gel-formula Krazy glue to prevent findings of Epand et al.g0).

sample dehydration. Thin-wall rotors (36 volume) were

1H and®3C radio frequency (rf) field strengths of 55

found to be self-sealing and did not require glue. Sample kHz were typically used for cross polarization (CPBJL,
weight was used as an indicator of the hydration level, and with a +10% amplitude ramp on thHéC channel!>N NMR
did not change over the course of the NMR measurementsspectra were obtained using-4485 and 46-60 kHz rf fields

described below.

for *H and*®N, respectively3P NMR spectra were acquired

The second method emulated protocols described forwith direct polarization (DP), using 50 kHz rf field strengths.

preparation of mechanically oriented lipid bilaye83,(34,

Static'®>N and3'P NMR spectra were obtained using a Hahn-

57), and allowed lower hydration levels to be achieved in a echo pulse sequence with echo delay times of-18D us.
controlled manner. In this case, hydrated samples wereTwo-dimensional (2D}*C—*3C NMR spectra were obtained

prepared by drying the protein/lipid solution (in TFE/CHXCI
onto a clean glass slide under a stream of difgN Residual
solvent was removed from the proteilipid film by desic-
cation for 24 h under vacuum. Lipitprotein bilayers were
hydrated at 42C in a chamber kept at 93% relative humidity
with a saturated solution of (NjPO, (pH 7.0). Sample
hydration was monitored by weighing, and typically achieved
a maximum level of 1520% HO relative to dry sample
weight after 4-5 days in the hydration chamber. Once the

with mixing periods of 16-25 ms using radio frequency-
assisted diffusion (RAD)G2, 63) recoupling. 2DC—13C
NMR spectra were recorded with 256 points, with an
increment of 38:s. 2D*N—13C spectra were obtained using
a spectrally induced filtering in combination with a cross-
polarization (SPECIFIECP) pulse sequence to give a
frequency-selective polarization transfer fréf to *Ca
following thet; period 64, 65). A shaped CP ramp with a
3 ms contact time and averatf€ and®N rf fields of 7 and

desired hydration level was achieved, samples were packed® kHz, respectively, was used to achieve the SPECH-IC

into 3.2 mm MAS rotors for NMR experiments and sealed

CP transfer. In HD exchange experiments, a short (0.2 ms)

as described above, with care taken to avoid water loss.*H—'N CP contact time was used deliberately to reduce
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signal contributions from nonbonded, nonexchangeable Cross-peak volumes in 2EPN—C NMR spectra used

protons. 2D'*N—3C NMR spectra were recorded with 256
t; points, with an increment of 54s. Total measurement
times were typically 2448 h for 2D3C—13C spectra and
12—-20 h for 2D 5N—13C spectra. A recycle delay of 2 s
was used in all cases. Two-pulse phase-modulated (TPPM
1H decoupling fields of 120 kHz were applied during the
andt, periods 66).

N T; and T, spin relaxation times were measured using
inversion—recovery and spiiecho pulse sequences, respec-
tively, with rf fields as described above. Amide protdn
relaxation times were measured using'td inversion—
recovery sequence followed by CP'#I (0.2 ms CP period).
This allowed selective detection of the amide proton
relaxation behavior without the need féH resolution.
Recycle delays fo5 s were used fofl; measurementsH
Ty, relaxation times were measured frét@ signal intensities
using a pulse sequence in which thEe—3C CP was
preceded by a'H spin-lock period. Likewise,*C Ty,
relaxation times were measured using a pulse sequence i
which the 'H—13C CP was followed by &3C spin-lock
period.

H—D ExchangeHydrated DOPC/DOPG MLVs contain-
ing 3 mol % Vpu(1-40) were homogenized in a 10-fold
excess volume of D and incubated for 1.5 h at 2%,
punctuated with five cycles of freezing and thawing to allow
full dispersion of RO across the lipid bilayers. Samples were

then spread on clean glass slides, and bulk water was

removed by evaporation under(y) with manual mixing
to allow uniform evaporation. Sample weight was monitored,
and once the hydration level reached 17 wt %, samples wer

packed into 3.2 mm MAS rotors as described above and
frozen for subsequent NMR analysis. The total exchange time

of thawed samples was 1.7#2.0 h in each case. For each
sample, one-dimensional (1BjC, 1D N, and 2D*>N—
13C NMR spectra were obtained under identical conditions

to measure the extent of amide and side chaitbDHexchange
were obtained using custom peak fitting routines written in
the Mathematica environment. For each sample in these
experiments, the'>N—3Ca region of the 2D spectrum
Yyecorded prior to HD exchange was fit to four to six
Gaussian peaks. The number of Gaussian functions used was
set equal to the number of apparent cross-peaks observed in
each case. The observBg and*>N chemical shifts for each
residue and the approximate NMR line widths were used as
starting conditions for the iterative fitting routine. When the
2D ™N—1C NMR spectra recorded after exchange were
fitted, all chemical shifts and line widths were fixed at the
best-fit values for the unexchanged spectra, and only peak
heights were allowed to vary. This method produced good
fits to each of the experimental spectra, as judged by the
small, random residuals. Good fits for side chain cross-peaks
in 15N—13C spectra were obtained in a similar manner, using

a single Gaussian peak in each case. Cross-peak volumes
jvere normalized with respect to the total protein signal in
each sample, based on signal intensities in'¥Dspectra.

RESULTS

Sample Characterization by SBEAGE and*!P NMR.
The amino acid sequence of the synthetic Vpt40)
peptides used in this study is shown in Figure 1A and
includes the full N-terminal domain and a portion of the
C-terminal cytoplasmic domain of full-length Vpu. The latter
segment includes the conservedl6) E*YRK3! motif,
proposed to play a role in ion channel stabilization and
gating, along with a segment of the cytoplasmic domain of

pu. The oligomeric state of Vpu(40) was examined by
gel electrophoresis in SDS micelles, as shown in Figure 1B.
A single band with an apparent molecular mass of 29
kDa is seen at both peptide concentrations shown. The arrow
in Figure 1B indicates the expected location of monomeric
Vpu(1—-40) (monomer molecular mass of 4655 Da). On the

before and after exchange. The intensity of peaks in the 1Daqis of the observation that integral membrane peptides

C spectrum was used to normalize the 2D correlation ey maintain helical structure in detergent micelles and
spectra for total peptide content within the NMR samples. exhibit faster than expected migration on PAGE gé&l§, (

Samples were kept frozen until solid-state NMR measure- -1y /,(1-40) seems to exist as a relatively stable oligomer
ments were complete. The exchange time, temperature, any tor to six peptide molecules in SDS micelles. There is

pH (6—7) used for H-D exchange on Vpu(140) were
chosen to produce 80% exchange of amide protons in a
model soluble, helical peptide previously studied in our
laboratory 67) (N-acetyl- AEAAAKEAAAKEAAAKA-NH »,
uniformly labeled with'>N and*C at A9 and A10).

Data AnalysisNMR spectra were processed using NM-
RPipe and NMRDraw@8) for 2D experiments and Varian
Spinsight software for 1D experiments. The downfi&i@

some evidence for lower-molecular mass species, seen as a
light smear below the stained protein band, perhaps indicating
the existence of a monomeoligomer equilibrium. Overall,

this result is consistent with the pentameric structure
estimated from single-channel conductance measurements
(39), and is in contrast to earlier SDAGE studies of a
shorter Vpu peptide (Q2E28 with an additional GRG-
GKKKK sequence at the C-terminus), for which only a stable

line of adamantane [38.56 ppm relative to tetramethylsilane monomer was observed under similar conditiod#).(

(TMS)] was used as an external reference fot3@llspectra.
Chemical shifts presented below are relative to TNFE)
or liquid ammonia ¥®N). TALOS (69) was used for predic-
tion of Vpu(1—40) ¢ andy torsion angles from*C and®N
chemical shifts [after conversion &C chemical shifts to a

Incorporation of 3 mol % Vpu(240) into mutilamellar
9:1 DOPC/DOPG liposomes did not affect the fluid bilayer
structure of the membrane, as demonstrated in Figure 2. The
static®P NMR powder patterns shown in panels B and D
of Figure 2 have the characteristic 45 ppm chemical shift

2,2-dimethyl-2-silapentane-5-sulfonate (DSS) reference for anisotropy (CSA) of fluid bilayers 72, 73). There is,

TALOS calculations].*>N and 'H relaxation times were
obtained from the NMR data using the built-in curve-fitting

however, a distinct reduction in the sharp component of the
powder pattern upon addition of peptide, which is consistent

functions in Spinsight. Cross-peak volumes were obtained with the increased’P NMR line widths observed under

from 2D 3C—13C NMR spectra using macros within NM-
RPipe.

MAS, as shown in panels A and C of Figure 2. The increased
line widths may be due to increased lipid headgroup disorder
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9:1 DOPC:DOPG
+ 3 mol% Vpu(1-40)
3I0 2I0 1l0 6 75 50 25 0 -25
*'P NMR frequency (ppm) *'P NMR frequency (ppm)
\DOPC
C D
DOPG
)|
9:1 DOPC:DOPG

30 2l0 1IO 0 7I5 5'0 2IS 0 -25

*'P NMR frequency (ppm) *'P NMR frequency (ppm)
Ficure 2: 3P NMR spectra of 9:1 DOPC/DOPG bilayer mem-
branes in the presence (A and B) or absence (C and D) of 3 mol %
Vpu(1—-40). Static spectra are shown in panels B and D, while
spectra obtained at a MAS frequency of 10.00 kHz are shown in
panels A and C. All spectra were obtained at®@d Assignments
for the 31P resonances observed in the MAS spectra are shown in
panel C.

in the presence of Vpu{d40). A similar effect is seen for
both the zwitterionic phosphatidylcholine and the anionic

phosphatidylserine headgroups (resolved in the MAS spec-

tra), indicating that nonpreferential peptielgid interactions
are the cause of this effect. Additions of exces®©Hr up
to 6 mol % Vpu(340) do not significantly alter théP

Sharpe et al.

Table 1: H, 13C, and®>N Relaxation Rates Measured for
Vpu(1—40)a+sv in DOPC/DOPG (9:1) Bilayer Membranes

Containing 50 or 17% Water by Weight at Temperatures above and

below the Lipid Phase Transition

relaxation 40°C, 40°C,
rate 50% water 17% water -50°C
N T, ND 5.1 ms 18.9 ms
N T, ND 28.1s 168.5s
BCT, 1.4 ms (CO) 2.9 ms (CO) 4.2 ms (CO)
33ms(Ala@) 22ms(Ala@) 3.5ms(Ala@)
32ms(Val@) 39ms(Ala®@) 7.5ms(Ala@)
3.8ms(val@) 4.7ms(Val @)
BCT, ND 1.5s(CO) 1.0s(CO)
1.2 s (Ala Q) 0.9 s (Ala Q)
0.9 s (Ala @) 0.4s (Ala@)
1.0s(Val G) 0.4s(Val G)
BC Ty, 3.8 ms (CO) 6.0 ms (CO) 18.4 ms (CO)
41ms(Ala@) 3.4ms(Ala@) 5.4ms(Ala@)
49ms(Val@) 52ms(Ala@) 7.5ms(Ala@)
56ms(Val@) 7.7ms (Val @)
H(N) T, ND 484 ms 1.669's
1 0.65 ms (CO) 2.0 ms (CO) 4.8 ms (CO)
l2ms(Ala@) 22ms(AlaG@) 4.6 ms (Ala@)
1l4ms(Val@) 25ms(Ala@®@) 5.2ms(Ala@)
24ms(Val@) 4.7ms(Val @)

hydration on thé3C NMR spectra of DOPC/DOPG vesicles
alone, with the relative intensities of lines obtained by DP
(i.e., direct excitation of*C NMR signals with a single pulse)
and CP (i.e., polarization transfer frofd spins) remaining
unchanged. In contrast, the intensities of peaks arising from
C-labeled sites in Vpu@40) are strongly dependent on
hydration level. Resolved signals from the labeled A18 and
V25 residues in Vpu(140)sy are indicated by arrows in
panels D and F of Figure 3. At 40C, there is little
observable signal from the peptide at 50% hydration (Figure

spectra that are obtained (not shown). This is consistent with3B) in either DP or CP spectra. At 17% hydration, however,

the findings of Marassi and CrowebT), who demonstrated
that oriented bilayers of DOPC are relatively unperturbed
even when equilibrated at 5% relative humidity, giving
hydration levels lower than those reported here. SfaRc
NMR spectra of our Vpu(£40) samples do not show
significant isotropic components at any hydration level that
was examined, ruling out the presence of rapidly tumbling
small liposomes or micelles.

Static3'P NMR spectra were not perturbed by exposure
to MAS at frequencies up to 10 kHz for extended periods.
MAS at 18 kHz was found to induce changes intieNMR
spectrum attributable to disruption of the bilayer structure,
possibly due to frictional heating of the sample at high MAS
frequencies.

Hydration- and Position-Dependent Dynamiti®C MAS
NMR spectra of 3 mol % Vpu(240).y in multilamellar
DOPC/DOPG vesicles are shown in panels B, D, and F of

there is a significant CP enhancement in the magnitude of
the observed peptide signals (Figure 3D). This change must
result from differences in the amplitudes and rates of peptide
motion in bilayers at different hydration levels.

A reduction in the efficiency ofH—13C CP for Vpu(t-
40) in highly hydrated bilayers is likely due to an increase
in motions occurring at frequencies near®19?®. Such
motions may lead to a reduction in tfd T, of the peptide
and a consequent reduction in CP transfer efficiency, as
described for several integral membrane proteitis-(76).
As indicated in Table 1, thtH and**C T,, relaxation times
for Vpu(1—40) are significantly reduced in samples prepared
at 50% hydration relative to those prepared at 17% hydration,
consistent with an increase in the amplitudes of slow motions
at frequencies near 161 Motions occurring at these
frequencies may also interfere with proton decoupling,
producing an apparent loss 5 NMR signals in both CP

Figure 3, along with the spectra of membranes prepared inand DP spectra. It has been suggested by Fares ét4al. (

the absence of peptide (Figure 3A,C,E). The narrow reso-

that localized bilayer undulations may occur on relevant time

nances seen in both sets of spectra correspond to the naturaicales. The frequency and amplitude of such motions seem

abundancé3C NMR signals of the lipids. As seen in Figure
3A-D, the lipid *3C NMR chemical shifts do not change
upon addition of Vpu(3%40), supporting the’’P NMR

likely to be correlated with hydration level.
The13C CP NMR signal from Vpu(%40) is enhanced at
low temperatures (e.g550 °C as in Figure 3E,F). This

observations as discussed above. In addition, spectra aresignal enhancement is apparently due to suppression of

shown for samples hydrated to 50%0by weight (through
addition of bulk water, Figure 3A,B) and for samples
hydrated to 17% KD by weight (dry film in a hydration
chamber, Figure 3C,D). There is no significant effect of

motions occurring on relevant time scales, as indicated by
the increasedH and '*C T,, relaxation times observed in
Vpu(1—-40) samples at—50 °C. The get-fluid phase
transition for DOPC/DOPG bilayers is a0 °C (59). Thus,
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Ficure 3: 13C NMR spectra of DOPC/DOPG bilayer membranes
with (B, D, and F) and without (A, C, and E) 3 mol % Vpufl
40). Spectra obtained with direct polarization (DPMAS) and cross
polariztion (CPMAS) are shown for samples containing 50% (A
and B) or 17% (CG-F) water by weight. Arrows in panels D and F
indicate peaks arising from labeled sites in VpudD). Other peaks

in each spectrum arise from natural-abundati€e of the phos-
pholipids. All spectra were obtained at a MAS frequency of 9.00
kHz.
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FIGURE 4. 2D 13C—13C NMR spectra of Vpu(340)asivr. at 3 mol

% in 9:1 DOPC/DOPG bilayers. The full spectra are shown in
panels A-C, while panels B-F show the aliphatic carbon regions.
Results are shown for samples containing 509@ A and D) or

17% HO (B, C, E, and F) by weight. Sample temperatures are 40
(A, B, D, and E) or—50 °C (C and F). Resonance assignment
pathways are indicated for all sites that can be assigned in each
spectrum. All spectra were obtained at a MAS frequency of 9.00
kHz, with 25 (A, B, D, and E) or 10 ms (C and F) RAD mixing
periods.

evidence for global motions occurring on a time scale that
affects the NMR characteristics of the entire peptide se-
guence. Upon reduction of the total water content to 17%
(w/w) (Figure 4B,E), intense COCa cross-peaks are
observed for A7 and S23. An intense ABECS cross-
peak is also seen in this spectrum. However, even
with reduced bulk water content, most cross-peaks for
Vpu(1—40)sivr. are absent, indicating local mobility within
specific regions of Vpu(240), occurring on a time scale
that interferes withtH—3C CP and*C—13C polarization
transfer during the mixing period. In 2D spectra obtained at
—50 °C with a 10 ms mixing period (Figure 4C,F), strong
cross-peaks are observed for all labeled residues, consistent
with elimination of most peptide motions. In addition, the
total 13C NMR signal per scan is higher, as described for
1D 3C NMR spectra above. Figure 5 shows similar results
for Vpu(1—40kwar, Where spectra obtained at 4@
(Figure 5A,C) show cross-peaks for V12, V13, Al4, and
124 only, while spectra obtained at50 °C (Figure 5B,D)
show cross-peaks for all labeled sites.

the signal enhancement may be due either to this phase The ratios of @—Cf cross-peak volumes observed at 40

transition or to overall freezing of the lipid/peptide/water
mixture.

The effects of reduceds, relaxation rates due to local
bilayer fluctuations occurring at elevated hydration levels
should also be evident in 2BC—3C NMR spectra. Panels
A and D of Figure 4 show the 2EC—'3C NMR spectrum
of Vpu(1—40)sivr. at 40 °C and 50% (w/w) hydration,
obtained with a 25 ms RAD mixing period. No cross-peak

and —50 °C for each residue with resolved cross-peaks in
our labeled Vpu(+40) samples are plotted in Figure 6. For
this plot, cross-peak volumes are normalized to the total
diagonal signal for peptide NMR lines. Cross-peak signals
from P3, 126, Y29, R30, L33, R34, and K37 are most
strongly suppressed at the higher temperature, suggesting that
these specific residues are highly mobile and may lie outside
the ordered helical portion of the TM domain. In addition,

intensity can be discerned in this spectrum, providing further there is an attenuation of cross-peaks from all other residues
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Ficure 5: 2D 13C—13C NMR spectra of Vpu(£40)pwar at 3 mol % in 9:1 DOPC/DOPG bilayers. Spectra were obtained at 40 (A and

C) or =50 °C (B and D). Full spectra are shown in panels A and B, while panels C and D show the aliphatic carbon regions. Resonance
assignments possible at each temperature are shown in panels C and D. Samples containgd By %eight. All spectra were obtained

at a MAS frequency of 9.00 kHz, with 25 (A and C) or 10 ms (B and D) RAD mixing periods.
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FiGUre 6: Ratios of @—Cp cross-peak volumes in 2BC—13C

NMR spectra of Vpu(+40) samples at 40C to cross-peak
volumes at—50 °C. Spectra were recorded as described in the
legends of Figures 4 and 5. Cross-peak volumes were normalized
to diagonal peak volumes before calculation of these ratios, to
correct for variations in sample quantities and measurement
conditions. Error bars indicate uncertainties calculated from the root-
mean-square noise in the ZBC—13C NMR spectra.
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10

by 25-60% (despite the longer mixing periods in the 4D
measurements), attributable to global motions of the peptide
in the fluid phase bilayers (see below).

Despite being well within the TM domain of Vpu, very
little intensity is observed for W22 side chain atoms in 1D
or 2D 13C NMR spectra of Vpu(Z40)qwk recorded at 40
°C (Figure 7). While the indole ring is unlikely to undergo
rapid rotation around thg, or y, torsion angles, it is probable
that large-amplitude, low-frequency motions occur which
contribute to unfavorable relaxation behavior of the W22
side chain at 40C (77). As shown in Figure 7, this results
in a significant reduction of th&C NMR signals and cross-
peak intensities, as well as a broadening of @& NMR
lines for sites within the W22 side chain. This is in contrast
to other residues within the TM domain of Vpu{40),
which retain'®C—13C cross-peak intensity at 4C.
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FIGURE 7: 13C NMR spectra of Vpu(+40)qwk at 3 mol % in 9:1
DOPC/DOPG bilayers. 1D (A and B) and 2D (C and’8} NMR
spectra were obtained at 40 (A and C) 060 °C (B and D).
Resolved resonances from W22 are indicated in each™D
spectrum. 2D NMR spectra show an expansion of the aromatic
region of each spectrum. Samples contained 17% bly weight
and were obtained at a MAS frequency of 9.00 (A and C) or 8.00
kHz (B and D). 2D'3C—13C NMR spectra were obtained with 25
(C) or 10 ms (D) RAD mixing periods.

Measurements ofH, 15N, and*3C spin relaxation times
on Vpu(1-40ua+ev [a Sample containing a 1:1 mixture of
Vpu(1—40). and Vpu(-40)y in DOPC/DOPG bilayers]
are summarized in Table 1. All relaxation times increase at
the lower temperature with the exception of tH& T, values
(attributable to more efficient spirlattice relaxation by
methyl rotation at the lower temperature). This is generally
consistent with a reduced level of molecular motion at the
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Table 2: 3C and!>N NMR Chemical Shifts (parts per million) for Vpuf440) at 3 mol % in DOPC/DOPG (9:1) Bilayer Membranes

residue CO (5} (075} Cy Co Ce C¢,N¢G N ¢ (deg) vy (deg)
P3 175.3 634 29.5 20.0 47.4 137.4
14 175.3 634 355 27.9/15.5 12.3 117.3 —67 —37
Q5 175.7 56.9 26.2 35.0 1185 —61 —41
16 175.3 634 355 27.9/15.5 12.3 117.3 =70 —41
A7 176.0 524 15.3 1195 —66 —-31
18P 174.8 63.0 35.0 27.0/14.0 15.9 —64 —40
V9 175.3 64.0 28.1 20.6/19.4 119.5 —63 —42
Al10 176.0 52.2 15.2 1195 -63 —-34
L11 1755 54.4 384 24.3 ND/20.4 117.6 —71 —26
V12 175.2 64.0 28.4 20.3/19.4 118.6 —62 —41
V13 175.2 64.0 28.4 20.3/19.4 118.6 —64 -39
Al4 176.2 529 15.6 1205 —63 —43
115P 174.8 63.0 35.0 27.0/14.0 15.9 —66 —42
116° 1748 63.0 35.0 27.0/14.0 15.9 —65 —41
117° 174.8 63.0 35.0 27.0/14.0 15.9 —63 —42
Al8 176.6  54.553.7 15.2,13.5 —60 —41
119° 1748 63.0 35.0 27.0/14.0 15.9 —66 —41
V20¢ 1752 64.3 28.5 (20.5/19.5) —66 —43
V21¢ 1752 64.3 28.5 (20.5/19.5) —64 —42
W22 1760 59.8 25.3 111.8 (C2), 12124 (C4-C6), (126) (N1) 1189 —63 —44
117.9 (C7), 137.2 (C8), 128.6 (C9)
S23 173.4 60.3 60.4 1148 —60 —-35
124 176.1 625 35.2 27.4/13.8 (121) —68 —46
V25 175.1 65.7 28.0 21.5/20.0 —63 —42
126 1754 62.7 34.8 26.7/15.3 12.3 118.6 —65 —-35
127 ND 62.1 35.1 27.1/13.5 11.3 (120) —67 -39
E28 ND 56.3 28.7 ND ND ND —70 —34
Y29 ND 57.4 36.2 130.2 1311 115.0 155.6 118.6—98 6
R30 ND 56.0 27.8 24.8 41.4 83.5¢N 156.5,72.1 ND —150 155
K31 ND  (55.3) (34) ND 26.4 38.8 32.4@  ND
L33 (176.0) 534 39.2 23.8 ND 119.5
R34 ND  (53.5) (28) (24) (415) 845¢) (156.2),72.4 (118)
K37 ND  (56) (31) (24.3) 28.1 39.8 2.50)

2 Data were obtained from 2BC—3C and'3C—N NMR spectra obtained at50 °C. Shifts are referenced to TMSC) or NHy(I) (**N), and
have a precision 0f0.2 ppm. Values in parentheses have a precisich@b ppm or worse, while values in italics indicate the chemical shift of
minor species as discussed in the texandy backbone torsion angles predicted using TAL®S) @are also given® From a sample labeled at I8,
115, 116, 117, 119, 124, 126, and I27.From a sample labeled at V9, V12, V13, V20, V21, and V25.

in Table 2. A nearly complete assignment € NMR
chemical shifts was possible for labeled sites in Vpt40)
using 2D ¥C—13C NMR spectra obtained at50 °C as
line widths of 151 and 84 Hz, respectively. At 4Q, °C shown in Figures 4 and 53C NMR chemical shift
MAS NMR line widths are determined in part by, assignments were determined from the expected pattern of
relaxation. In samples with 50% hydration, further reductions cross-peaks for a given amino acid in combination with the
in the 1°C T, values contribute to low signal intensities in jiterature values for the random coil chemical shiff8)(
1D and 2D™C NMR spectra, along with inefficient CP due  Sufficient spectral resolution was afforded by the deliberate
to short'H T;, relaxation times, especially forcCand 3 choice of labeled residues in each sample such that spectral
sites. At—50°C, *C MAS NMR line widths are dominated  yerlap in the @—Cg region was minimized. Chemical shift
by inhomogeneous broadening due to static structural assignments were not obtained for a number of carbonyl
disorder (see below). _ _ atoms due to insufficient resolution in this region of the 2D
Effects of sample hydration on dynamics, and hence on gnecira | jkewise, several intra-side chain cross-peaks occur
solld—s_tate NMR signal intensities, depend.on only.the final too close to the diagonal to be resolved. Selected
hydration level, not on the method of hydration. For instance, assignments were made from 26N—1C NMR spectra,

f"‘dg'.t'on o;\lljvater tl? the sampleluse_(;l%) ﬁ?/tl??m tr?e sptectrumsuch as those used for the—® exchange experiments
in Figure results in a sample wi character- described in detail below.

istics similar to those shown in Figure 3B. This is also true ) ) )
for 2D 13C—13C NMR experiments performed as described ~ Assignments for several residues were obtained from the
in the legend of Figure 4. Optimized hydration levels are VPU(1—40kv and Vpu(t-40ua samples. Although these
likely to be an important consideration for the preparation samples contain multiple labeled valine or alanine residues
of membrane protein samples for solid-state NMR, as With unresolved NMR signals, the assignments are accurate
suggested previously by Marassi and CrowsIf)( Mini- to within roughly4-0.2 ppm. The'*C line widths observed
mally hydrated samples are also advantageous in MAS NMR for each site in these samples range from 2 to 2.5 ppm, nearly
due to the increased sample quantities within the rotor (andidentical to those seen for single valine or isoleucine labels,
the concomitant increase in signal-to-noise ratios). indicating that the chemical shifts for each residue type are
Vpu(1-40) Secondary Structure from NMR Chemical Shift nearly identical within the Vpu(@40) transmembrane
Data. Chemical shift assignments for Vpu{40) are listed domain.

lower temperature. The shorté3€ T, values measured for
a sample with 17% hydration at 40 antb0 °C (2.1 and
3.8 ms, respectively) correspond to homogené8DNMR
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Ficure 8: 13C NMR chemical shifts and line widths for Vpu{#40) at 3 mol % in DOPC/DOPG bilayers. TR& secondary shifts,
calculated as the difference between observed chemical shifts and random coil shifts for a given amino acid (refs), are plotted for measurements
made at 40 (A) and-50°C (B). Similarly, the'3C line widths (full width at half-maximum) measured at 40 (D) ar6i °C (E) are shown.

Changes in chemical shifts (C) and line widths (F) with a reduction in temperature from-4BQ4C are also shown. Dashed lines in
panels C and F indicate the estimated uncertainties in chemical shift and line width difference measurements, respectively.
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Deviations of the CO, &, and @ chemical shifts in Vpu-  the a-helix, but are apparently less well ordered. Residues
(1—40) from random coil values7, 80) (i.e., secondary = 28—37 are outside thex-helix and are generally more
shifts) are plotted in panels A and B of Figure 8, along with disordered at-50 °C and exhibit greater dynamics at 40
the changes in chemical shifts in gel phase versus fluid phase’C. Note that line width data are unavailable for residues
bilayers (Figure 8C). A negative secondary shift fgt &hd whose chemical shift assignments were made from samples
positive shifts for CO and & indicatea-helical secondary  containing the Vpu(+40)y and Vpu(1-40), peptides.

structure, particularly when several consecutive residues As shown in Figure 8F, several residues in the ordered
exhibit the same pattern of secondary shifts. Helical second- y_nelical segment exhibit narrow&iC NMR lines at—50
ary shifts are observed for residues-27 at 40°C and  °C than at 40°C. This may be due in part to an overall
residues 327 at—50 °C. Residues 2834 and 37 exhibit  jncrease in conformational order in the gel phase of the
secondary shifts that are apparently inconsistent with regularpopc/DopPG bilayers and in part to the longé€ T,
Secondary structures. For a.” SiteS that are ViSib|e in NMR re|axati0n times at the |Ower temperature (See above)_
spectra at both temperatures, the chemical shifts are inde-conversely, @ NMR lines of 14, 16, 126, and 127 are
pendent of temperature, implying the absence of significant significantly broader at-50 °C than at 4C°C, most likely
structural changes with temperature and bilayer phase.  gue to motional narrowing (at the higher temperature) of the
Predictions of backbone and vy torsion angles for  inhomogeneously broadened low-temperature lines. Line
residues 430 of Vpu(1-40) at—50 °C were obtained with ~ narrowing at the higher temperature is also observed in the
TALOS (69), which compares the experimentally determined *®N MAS NMR spectra of Vpu(+40pwar and
15N and3C NMR chemical shifts with shifts in a database Vpu(1—40\aLex shown in panels A and B of Figure 9,
of proteins with known high-resolution structures and known respectively, particularly for thEN NMR lines of the mobile
chemical shift assignments. The predicted torsion angles areR34 and K31 side chains (at 680 and 30 ppm, respec-
given in Table 2, and are consistent witheadhelix extending tively). A similar motion-induced averaging of inhomo-
from 14 (or earlier) to E28. Due to gaps in the chemical shift geneous broadening has been observed for viral fusion
data, no TALOS predictions are available for residue€1  peptides in fluid bilayer environment3%). No >N NMR

and 3+40. line is observed for the K37 side chain at 40, likely due
13C NMR line widths for Vpu(-40) are plotted in Figure ~ t0 dynamic disorder near the C-terminus of VpuD).
8D—F. At —50°C, all labeled sites in residues-25 exhibit Rigid-Body Dynamics and TM Helix TilThe overall

line widths of 1.5-2.5 ppm, as observed for other structurally reduction in*3C MAS NMR signals for residues-725 at
ordered protein and peptide systems in rigid, noncrystalline 40 °C apparent in Figures-37 (compared with signals for
environments §1, 82). Significantly larger line widths are  these residues at50 °C) is attributable to the rigid-body
observed at residues-8, 26—-34, and 37, indicating greater dynamics of Vpu(+40) in fluid lipid bilayers. Proteins
disorder. Together with the data in Figure 6 and Table 2, embedded in lipid bilayers are known to undergo a number
the line width data indicate a highly orderedhelical of rigid-body motions, including rapid axial rotation and
segment from A7 through V25. 126 and 127 are also part of lower-frequency “wobble” motions around multiple ax&4,(
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Ficure 9: Effect of temperature on backbone carbotig and
amide®>N chemical shift anisotropies in Vpu{0). (A) 1°N MAS
NMR spectra of Vpu(t40kywar- (B) 1N MAS NMR spectra of
Vpu(1—40sivre. (C) 3C NMR spectra of a sample containing
equal amounts of Vpu(240us and Vpu(1-40)%y, obtained at a
MAS frequency of 3.00 kHz at the indicated temperatures. (D) Static
15N NMR spectra of the same sample.

83—86). These motions, which affect the orderedelical
segment of Vpu(£40), are distinct from the site-specific
variations in local mobility discussed above, which dif-
ferentiate ordered from dynamically disordered segments.
Figure 9C shows 1EPC MAS spectra of Vpu(£40ha+ev,
in which only residues within the most highly ordered portion
of the TM domain have been labeleédCO NMR signals
for this sample are primarily sensitive to rigid-body motions.
At a MAS frequency of 3.0 kHz, th&CO NMR line is split
into a series of spinning sidebands whose intensities are
determined by the motionally averaged CSA tensors of the
backbone carbonyl sites. The spectrum recorded &tCi0
clearly shows less intense sidebands than the spectrum
—50 °C. This is attributable to averaging of th&O CSA
by axial rotational diffusion on a time scale of approximately
<10 us. CSA principal values obtained from fitting the
experimental’*CO MAS sideband intensities87) are as
follows: d11 = 250 ppm,d22, = 182 ppm, andzz = 96 ppm
at —50 °C andd;; = 215 ppm,d2; = 194 ppm, anddzz =
119 ppm at 40C. The low-temperature values are typical
of carbonyl sites in a rigid peptide backbone. The high-
temperature values represent a fit to the total sideband
intensities for multiple sites with inequivalent motionally
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FicUrRe 10: H-D exchange in Vpu(%40) monitored by 23°N—
13C NMR spectroscopy. Spectra of Vpuf0) at 3 mol % in
DOPC/DOPG bilayers are shown for samples y#OHA—C) and
after exchange with D for 2 h (D—F). Cross-peak assign-
ments are indicated for spectra of Vpu{@0pwar (A and D),
Vpu(1—40)A5|YR|_ (B and E), and Vpu(?c40)\,A|_|EK (C and F) All
spectra were acquired a0 °C, at a MAS frequency of 9.00 kHz.
Contour levels in unexchanged (&) and exchanged (BF)
spectra have been adjusted for variations in sample quantities based
on signal intensities in 1B3C NMR spectra, and are therefore
directly comparable.

50 40

averaged CSA tensors. Detailed interpretation of 00O
MAS sideband intensities at 4€ will require full quantum
mechanical simulations of the dipole-couplé®C spin
systems in the labeled residues. However, the observed
reduction in sideband intensities is qualitatively consistent
with rapid rotation of am-helix about an axis perpendicular
to the bilayer plane, with a small helical tilt, as suggested
by previous FTIR and NMR studies of Vpu TM domain
peptides 29, 34, 45).

Static®N CSA powder pattern spectra shown in Figure
9D are much less sensitive to temperature. Fhepowder
pattern width is reduced by a factor of less than 0.86 at 40
°C, corresponding to a helical tilt angle af20°, given that
the backbone amidéN CSA tensor is approximately axially
symmetric with the unique axis approximately parallel to
Ehe long axis of thex-helix (88).

H—D Exchange of Vpu40) in DOPC/DOPG Bilayer
MembranesFigure 10 shows 2B°N—C NMR spectra of
Vpu(1—-40) in DOPC/DOPG bilayers before (Figure 10A
C) and after (Figure 10BF) H—D exchange o2 h in D,O
at pH 6-7 and room temperature. Assignments of the amide
IN—13Cq. cross-peaks are based on the assidfed NMR
chemical shifts. Following exchange, there is a site-specific
decrease in the cross-peak volumes. Since the nuclear spin
magnetization in these measurements originates primarily
from the amide protons, changes in cross-peak volumes
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Ficure 11: Summary of H-D exchange data for Vpufi40) in

5 10

DOPC/DOPG membranes. The degree of exchange at each site is

plotted as the fraction of cross-peak volume remaining it 2D~

13C NMR spectra (as in Figure 9) after exchange gOOor 2 h.
Results for backbone NCo. cross-peaksl) and for side chain
N—C cross-peakdq) are plotted for each labeled amino acid. Error

bars indicate 95% confidence intervals derived from least-squares

fits of cross-peaks to Gaussian line shapes.

reflect the extent of amide HD exchange in a site-specific
manner.

Figure 11 shows the ratios offN—3Ca cross-peak
volumes after H-D exchange to cross-peak volumes before
exchange. Data fot®N-containing side chains (R30, K31,
and R34) are also plotted in Figure 11. Residues 28 and 30
34 exhibit greater than 60% +D exchange, while the
remaining residues are exchanged to a significantly lower
extent. Rapid exchange of amide protons for the C-terminal

Sharpe et al.

Ficure 12: Structural model for the Vpu{d40) monomer based
on the solid-state MAS NMR data. Ball-and-stick (A) and space-
filling models (B) of Vpu(+40) are shown, with residues colored
by the degree of structural order in panel B. Blue sites are well-
ordered, exhibiting narrow?C line widths and low mobility, while

residues is indicative of both exposure to the aqueous'ed residues exhibit significant disorder and increased mobility.

environment and increased backbone accessibility. The latte
is likely related to the increased mobility and conformational
disorder at these sites implied by tH€ NMR line width
and 3C—'3C cross-peak intensity data presented above.
Residual®N—3C cross-peak intensity for rapidly exchanging
sites after H-D exchange is attributable in part tbBl—'°N

CP from nonexchangeable protons (e.g.q lnd Hj,
accounting for 16-15% of the!®>N—3Ca. cross-peak intensity

in control measurements on the soluble, helical peptide
N-acetyl-AEAAAKEAAAKEAAAKA-NH ) and in part to
incomplete dispersion of I® within MLVs. Note that the

[Residues for which no data are available are gray. Several amino

acid side chains are labeled to provide a visual reference for the
orientation of Vpu(1+40), and a 18Drotation is applied between
the two structures. The overall topology of Vpu(40) as shown

is consistent with data presented in this paper. Backbone torsion
angles were set to the values predicted by TALOS from!#e
chemical shift data, and side chain conformations were set using
SCWRL 3.0 (00. The backbone structure of residues-3D was

set arbitrarily. The hydrophobic core thickness of the depicted
bilayer is 28.6 A, while the headgroup 15 A on each side,
consistent with the known structure of DOPC membrarigs)(
Models were prepared in MOLMOL102).

extent of exchange for side chain sites is approximately the analysis of the exchange data pr_esented here. A more detailed
same as the maximum extent of exchange for backbone sitesmeasurement of the site-specific4® exchange rates may

This implies that the maximum possible exchang2 ha for
the Vpu(1-40) residues investigated here~%65—70%.

It is tempting to correlate the variations seen in the extent
of H—D exchange for the more slowly exchanging sites with
the anticipated ion channel structure of VpudD), in which

provide insight into the channel organization of Vpu, as
suggested by studies ofHD exchange in integral membrane
proteins using NMR studies of oriented bilayesS)(or FTIR
spectroscopy90).

DISCUSSION

residues lining the solvent-exposed pore may exchange more

rapidly than those at proteitprotein or protein-lipid
interfaces, as seen for the M2 chanr&d)( Consistent with
the results presented here, Kukol and Ark#®)(observe
exchange of at least ¥85% of the amide protons in the
TM domain of Vpu(t-31) in DMPC bilayers, as monitored

A Structural Model for Vpu(£40) and Its Implications.
The structural data obtained in this work are summarized in
the model shown in Figure 12, representing a single Vpu-
(1—40) peptide within a putative oligomer. On the basis of
the observation ofi-helical 3C NMR chemical shifts for

by FTIR spectroscopy. It has been suggested that suchall labeled residues in the segment of residue®3 the
exchange within a transmembrane domain requires theobservation of nonhelical chemical shifts for residues 28,

presence of water within the bilayer, and may imply the
presence of an aqueous pofb), However, the intrinsic
sequence-dependent variability of amide protein-IH
exchange rates80) may create 10-fold variations in ex-

31, 33, 34, and 37 (Figure 8A,B), and the TALOS predictions
of ¢ andvy backbone torsion angles (Table 2), the helical
segment of the TM domain includes residue23 and may

extend to the N-terminus. The observation of relatively broad

change rates for unfolded peptides, preventing a detailed3C NMR lines for residues 36, 26, 27, 29-31, 33, 34,
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and 37 at—50 °C (Figure 8E) suggests structural hetero- conformers with populations in a 2:1 ratio might explain the
geneity at these sites, including partial fraying of the splitting of A18'3C NMR lines. However, a singléC NMR
C-terminal end of the helical segment (residues 26 and 27).line is observed for each site within W22 a60 °C (see
The extreme N-terminal and C-terminal portions of Figure 7), suggesting that the W22 side chain does not
Vpu(1—40), including residues-36, 26, 29, 30, 33, 34, and populate multiple distinct conformations. In addition, in
37, appear to exhibit increased mobility at 4D, based on ~ vacuo molecular dynamics simulations at elevated temper-
the strong attenuation of theifC NMR signals (Figure 6).  atures indicate that the range of possible distances between
The 13 tilt of the TM helix relative to the bilayer normal  CS of A18 and the center of the six-membered ring of the
depicted in Figure 12 and the orientation about the helix axis W22 indole group is roughly 3:57.0 A when residues 13
are chosen to follow pore models in which W22 is facing 28 are restrained to ar-helical structure. It appears unlikely
the bilayer outside the chann@4). Park et al. report a £3 that ring current shifts large enough to account for the
tilt for Vpu(2—30), based on solid-state NMR of oriented observed Al8 splittings (1.7 ppm forfGat —50 °C) could
DOPC/DOPG bilayer membrane84j, while Kukol and occur with this distance rang@7%). In addition, the side chain
Arkin report a 6.8 tilt, based on FTIR measurements of Vpu carbon sites of W22 show single, relatively sh&i® NMR
in DMPC bilayers 29). Similarly, their values for rotation  lines (e.g., 2.5 ppm line width for £of W22 at—50 °C),
differ significantly, as reflected by the left-handed versus arguing against multiple side chain conformations.
right-handed packing of adjacent helices in the bundle models An alternative explanation for the observed splitting of
developed by each group, and the inside versus outsideA18 3C NMR signals may be that this site resides at the
orientation of W22 in the two models. A small helical tilt helix—helix interface in Vpu(*40) oligomers and that two

angle <20°) is suggested by the slight reduction'thl CSA distinct modes of helixhelix interaction are present (involv-
powder pattern width at 40C shown in Figure 9D, consistent  ing relatively small helix rotations, in contrast to the gating
with these earlier estimates of helix tilt. mechanism discussed in refd and43). Sequence analysis

The mobility of Vpu(1-40) on SDS-PAGE gels (Figure  of Vpu shows that A18 resides within a conserved alanine
1B) suggests that a stable oligomer containing four to six zipper motif @8) (here composed of A7, A10, A14, and A18)
peptide molecules is formed in SDS micelles. This is which forms a likely surface for helixhelix associations
consistent with the molecular modeling studies performed within the Vpu TM domain oligomer. The splitting of A18
by several groups38—42). Chemically tethered tetramers NMR signals could also result from an oligomenonomer
and pentamers of the Vpu TM domain have been shown to equilibrium. Further experiments are necessary to distinguish
form ion channels with a conductance similar to that of the between these possibilities.
native protein 91). The NMR data presented here may reflect ~ As described above, the loss of signal intensity and the
the structure of Vpu(#40) within an oligomeric channel, concurrent increase in aromati#C NMR line widths for
although we do not have direct evidence of ion channel W22 at 40°C reflect increased amplitudes of side chain
activity in our samples. We observe a single, narrow peak motion. Side chain mobility is consistent with W22 exclu-
for each site within the ordered TM domain of Vpu{(40) sively oriented to face the lipid environment. Localization
(except for A18; see below), withC MAS NMR line widths of this residue at either a helhelix interface or within the
essentially the same as those observed in structurally orderedumen of an ion-conducting channel might inhibit side chain
peptide-antibody complex&2) and amyloid fibril 81, 92) mobility. Thus, our data support a model for Vpu channel
samples. Assuming the formation of oligomers with lifetimes activity in which W22 does not play a direct role in gating.
greater than the NMR time scale (roughly 20 ms, dictated It is likely that this highly conserved residue instead plays a
by the approximate 0.5 ppm lower limit on detectabie role in orienting the Vpu TM domain relative to the lipid
NMR chemical shift differences), th6C MAS NMR line water interface, as suggested by studies of model hydro-
widths are consistent with a symmetric structure for the Vpu phobic peptides99). The presence of a putative alanine
oligomer in DOPC/DOPG bilayers. The assumption of stable zipper motif suggests a right-handed packing of helices,
oligomer formation also implies that the rapid axial rotation allowing favorable interhelical contacts along the length of
of Vpu(1—40) indicated by thé3C MAS sideband patterns  the zipper 98). Taken together, our results are consistent
in Figure 9C is actually rotational diffusion of the entire with a right-handed bundle of Vpu{i40) monomers with
oligomer about an axis normal to the membrane surface. ThisWw22 outside the pore, and imply that gating of channel
is similar to what has been observed for a number of small activity is unlikely to involve large-amplitude reorientations
integral membrane protein3g4, 85, 86, 93—95), and even of the individual helices.
for larger proteins, such as rhodopsin or bacteriorhodopsin  The apparent flexibility and disorder of the conserved
reconstituted into artificial bilayersr6, 96). EYRK moatif, indicated by strong attenuation 8C NMR

That we observe a single MAS NMR line for all resolved signals for Y29 and R30 at AT (Figure 6) and the relatively
13C-labeled residues, other than A18, may argue against abroad'*C NMR lines for this motif at-50 °C (Figure 7E),
proposed model for ion channel gating, in which the TM are inconsistent with recent models of the Vpu oligomer, in
helices in the oligomer rotate by large angles relative to one which these residues form a clamp around the outer surface
another 24, 43), placing W22 either within (closed state) of the TM helix bundle with intermolecular electrostatic and
or outside (open state) the channel. However, we do observenydrogen bonding interactions between E28 and K31 of one
two distinct sets of3C chemical shifts for A18 (2:1 ratio).  helix and Y29 of a second heli89, 44). Our results instead
This residue lies directly beneath W22 in the model shown favor models in which this region is destabilized relative to
in Figure 12 such that it33C NMR frequencies may be the transmembrane domaigj, although the E28K31 salt
subject to ring-current shifts from the side chain indole group bridge proposed by Srmala et é86f seems unlikely to form
of W22. The presence of two distinct W22 side chain in the presence of charged lipid headgroups. It is plausible
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that the EYRK motif simply provides a polar environment acquired by detection of cross-peak intensities in'2—

at the mouth of the Vpu channel, and that the motions of *3C NMR spectra, for both backbone amide and side chain
these residues may play a role in gating the ion conductancenitrogen sites. HD exchange can be used to distinguish

In contrast with the large-amplitude motions experienced by protein segments that lie within the bilayer from those

K37, leading to nearly complete attenuation of '€ and
15N NMR signals at 40°C, the relatively high intensity of
the3C and®N signals from K31 at 40C implies restricted-

outside. It may also prove to be possible to identify residues
that line a TM pore or channel in this way, as shown
previously for H-D exchange measurements detected by

amplitude motions, consistent with limited conformational other means55, 90).

flexibility at this site.

Our data rule out formation of a second, amphipathic helix AckNOWLEDGMENT

by residues 3640 in Vpu(1-40), as indicated by solution
NMR studies of Vpu(2881) (33). Our data appear to be

We thank Dr. Anant Paravastu for assistance with analysis

more consistent with earlier models of full-length Vpu, in  of the H-D exchange spectra and acknowledge helpful

which residues 30635/36 are not part of the second helix,
but instead form a flexible linke2g, 30, 31). However, the
possibility clearly exists that truncation of the cytoplasmic
domain of Vpu may inhibit helix formation by residues-30
40. Detailed structural studies of full-length Vpu in a
membrane environment will undoubtedly be required to
obtain an improved description of the cytoplasmic domain.

Methodological Significancdhe measurements described
above illustrate the complexity of applying solid-state MAS
NMR methods to integral membrane proteins, particularly
viroporins, and demonstrate a number of strategies that are
likely to be of general utility. The quality of MAS NMR
data on systems with multiple uniformly labeled residues,
including the signal intensities and line widths in 1D and
2D ¥C NMR spectra, depends strongly on hydration level
and temperature. At temperatures where the phospholipid
bilayer is in the fluid phase, minimal hydration consistent
with bilayer formation appears to give the best results. Higher
hydration levels apparently lead to molecular motions that
interfere with CP and possibly with proton decoupling. Lower
temperatures, where the bilayer is in a gel phase and bulk
water is frozen, produce strongC MAS NMR signals,
narrower lines for certain sites, and detectable signals for
sites that are invisible in the fluid phase. Comparison of
signal intensities in low-temperature and high-temperature
spectra allows the identification of highly dynamic and
relatively rigid segments of an integral membrane protein.
MAS NMR line widths at low temperatures can be used to
identify structurally ordered and structurally disordered
segments. Helical and nonhelical segments in integral
membrane proteins can be identified from measurements of
secondary shifts iB®C MAS NMR spectra.

For proteins or protein fragments that are sufficiently small
that they can be chemically synthesized, preparation of a
series of samples with different sets of uniformx- and
13C-labeled (six or more labeled residues in each sample)
allows *C and®N NMR chemical shift assignments to be
made from well-resolved 2B°C—3C and®N—13C NMR
spectra. Site-specific line width and signal intensity measure-
ments are then possible. While this approach is generally
limited to proteins requiring synthesis and chemical ligation
of no more than two 40-residue segments, it circumvents
the difficult task of making unambiguous chemical shift
assignments for uniformly labeled proteins with NMR line
widths greater than 1 ppm.

Measurements of HD exchange in a bilayer environment
provide information about solvent exposure and local
secondary structure stability. As shown by our experiments
on Vpu(1-40), site-specific HD exchange data can be

11.

12.

discussions with Drs. Nathan Oyler, Robert Havlin, and
Aneta Petkova.
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