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ABSTRACT: The structure of the membrane anchor domain (VpuMA) of the HIV-1-specific accessory protein
Vpu has been investigated in solution and in lipid bilayers by homonuclear two-dimensional and solid-
state nuclear magnetic resonance spectroscopy, respectively. Simulated annealing calculations, using the
nuclear Overhauser enhancement data for the soluble synthetic peptide Vpu1-39 (positions Met-1-Asp-
39) in an aqueous 2,2,2-trifluoroethanol (TFE) solution, afford a compact well-defined U-shaped structure
comprised of an initial turn (residues 1-6) followed by a linker (7-9) and a short helix on the N-terminal
side (10-16) and a further longer helix on the C-terminal side (22-36). The side chains of the two
aromatic residues (Trp-22 and Tyr-29) in the longer helix are directed toward the center of the molecule
around which the hydrophobic core of the folded VpuMA is positioned. As the observed solution structure
is inconsistent with the formation of ion-conductive membrane pores defined previously for VpuMA in
planar lipid bilayers, the isolated VpuMA domain as peptide Vpu1-27 was investigated in oriented
phospholipid bilayers by proton-decoupled15N cross polarization solid-state NMR spectroscopy. The line
widths and chemical shift data of three selectively15N-labeled peptides are consistent with a transmembrane
alignment of a helical polypeptide. Chemical shift tensor calculations imply that the data sets are compatible
with a model in which the nascent helices of the folded solution structure reassemble to form a more
regular linearR-helix that lies parallel to the bilayer normal with a tilt angle ofe30°. The arrangement
of the membrane-associated structures described previously for the cytoplasmic domain and for the anchor
domain of Vpu identified in this work is discussed.

The human immunodeficiency virus type 1 (HIV-1)1 is a
member of the primate lentivirus subfamily of retroviridae
that also include HIV-2 and SIV. Besides typical structural

retrovirus and enzymatically active proteins, HIV-1 also
encodes several small regulatory proteins. One of these, the
viral protein U (Vpu), has an accessory function for the viral
life cycle and seems to be specific for HIV-1 (1, 2) since no
structural and functional homology has been identified for
other primate lentiviruses except for the HIV-1-related
chimpanzee isolate SIVCPZ (3).

A substantial amount of biochemical data exists that
characterize Vpu as a type I oriented integral oligomeric
membrane phosphoprotein composed of an amphipathic
sequence of 81 amino acids comprising a hydrophobic
N-terminal membrane anchor (VpuMA) proximal to a polar
C-terminal cytoplasmic domain (VpuCYTO) (4-6). The latter
contains a highly conserved region, from Glu-47 to Gly-58
(3, 7), which contains two seryl residues that are phospho-
rylated by casein kinase 2 (CK-2) in HIV-1-infected cells
(8, 9). Proteinase K digestion of membrane-integrated Vpu
indicated that VpuMA is located at the N-terminus and
contains less than 30 residues (6). Reconstitution of synthetic
VpuMA in planar lipid bilayers identified a cation-selective
ion channel activity (10) which was also demonstrated for
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full-length Vpu in bilayers (11) and in amphibian oocytes
(10).

Functionally, Vpu is involved in two distinct processes in
the viral life cycle. First, it regulates virus release from a
post-ER compartment (2, 4, 5, 12, 13), and second, it
contributes selectively to the downregulation of host cell
receptor proteins such as CD4, the major cellular receptor
for HIV-1 (14), and major histocompatibility complex
(MHC) class I molecules (15). Recent studies demonstrated
that Vpu-induced degradation of CD4 requires physical
interaction between the ER membrane-associated CD4 and
Vpu (16), the CK-2-mediated phosphorylation of two
conserved serine residues in VpuCYTO (8, 17-19), the
formation of multiprotein complexes containing CD4, Vpu,
hâTrCp, and Skp1 (20), and the function of the ubiquitin-
proteasome pathway (21, 22).

The structural and functional architecture of Vpu are
related as the CD4 degradation function involves activities
residing in VpuCYTO, while the virion release function is
mediated by the cation-selective ion channel activity residing
in VpuMA (10, 11, 13; reviewed in ref 23). Although
considerable effort has been spent elucidating the molecular
mechanism of Vpu in the ER, only scant attention has been
paid to understanding Vpu’s second function, the ion
channel-mediated augmentation of virus particle release, an
activity strictly dependent on the integrity of the primary
sequence of VpuMA (13).

Similarly, while considerable work by CD and NMR
spectroscopy has been focused solely on the structural
analysis of VpuCYTO, no experimental work has been focused
on VpuMA, apart from structural predictions (4, 9, 10, 13,
24, 25). For VpuCYTO, evidence has been presented, using
two-dimensional homonuclear NMR spectroscopy, of a well-
defined helix-interconnection-helix-turn secondary struc-
ture for this domain in aqueous organic solutions (26-28)
and a tertiary folded structure with essentially the same
secondary structural elements in an organic-free high-salt
aqueous solution (29). To date, however, no direct experi-
mental evidence has been reported for the structure of VpuMA,
although there is biochemical data which suggest that the
N-terminal hydrophobic domain exists as a transmembrane
anchor (6) that has the ability to function as an ion channel
by itself (10) or in the context of full-length Vpu (11). How
this ion channel activity might mediate the virion release
function of Vpu is still unknown. Theoretical models of the
Vpu channel have been generated using restrained MD which
concludes that the most likely mechanism for its formation
is through VpuMA adopting anR-helical structure and
formation in the bilayer of an oligomer of five approximately
parallel helices surrounding a central aqueous pore (24).
More recent calculations indicated that VpuMA may form a
pentameric helix bundle with a cone-like C-terminal region
that in some motives resembles the structure of a typical
potassium channel (25). Clearly, these investigations place
considerable onus on the establishment of experimental
evidence for the structure of VpuMA.

Whereas solution NMR spectroscopy provides information
about the propensity of linear peptides to maintain secondary
structure, complimentary solid-state NMR techniques can
provide details about the structure and dynamics of these
peptides when associated with lipid bilayers that simulate
the natural membrane environment (reviewed in ref30). In

addition,15N solid-state NMR spectroscopy of isotopically
labeled peptides incorporated into either mechanically or
magnetically aligned membranes provides a means of
determining the orientation of the NH vectors and, therefore,
R-helical domains with respect to the bilayer normal. Thus,
once the positions of helical secondary structure of the
membrane-bound peptide have been established, a single
spectral parameter, namely, the solid-state15N chemical shift,
is sufficient to define the approximate helix orientation
relative to the plane of the membrane bilayer (31). We,
therefore, resolved to combine these techniques during our
structural analysis of the VpuMA domain.

In previous electrophysiological studies, we have used a
synthetic peptide, Vpu1-27, comprising the entire VpuMA

domain to characterize the cation-selective channel activity
of VpuMA in planar lipid bilayers (10). However, the limited
solubility of this hydrophobic peptide in aqueous solutions
prevented investigations by high-resolution NMR. The
solubility of peptides containing the VpuMA sequence was
significantly improved upon incorporation of the first 12
hydrophilic amino acids of VpuCYTO that comprise the
N-terminal region of the first cytoplasmic helix (27, 28). In
the work presented here, we demonstrate that the resulting
peptide, Vpu1-39, has a well-defined tertiary structure
comprising a U-formedR-helical conformation under optimal
solution conditions that were established by CD spectroscopy.
Subsequent solid-state NMR data for the peptide Vpu1-27

provide compelling evidence that in the membrane-like
environment of oriented lipid bilayers VpuMA undergoes a
substantial rearrangement of the folded structure found in
solution and adopts a stable linear helical structure in a
transmembrane orientation.

EXPERIMENTAL PROCEDURES

Peptide Synthesis. The peptides were synthesized as the
C-terminal amides and purified by reverse-phase HLPC as
described previously by us for other fragments of Vpu (26).
Specific singly15N-labeled peptides with labels in position
10, 14, or 18 were synthesized by the use of the appropriate
labeled [15N]Fmoc amino acid derivatives obtained from
Cambridge Isotope Laboratories (Andover, MA). Because
of the limited solubility caused by the presence of a majority
of hydrophobic residues in the VpuMA sequence, all peptides
were dissolved in water/TFE mixtures for purification
purposes. The purity of each peptide was checked by
N-terminal sequencing, and the correct molecular weights
were established by negative ion electrospray mass spec-
trometry. The sequences of peptides Vpu1-27 and Vpu1-39

(see Figure 2 for the sequences) correspond to that of the
Vpu protein encoded by the HIV-1 isolate HXB10 (32). The
peptide Vpu1-27 was previously used to study the ion channel
characteristics of VpuMA in planar lipid bilayers (10). Two
further peptide variants of Vpu1-39 were synthesized: Vpua

1-39,
with the first six N-terminal residues1MQPIIV6 correspond-
ing to the Vpu protein of the HIV-1 ioslate NL4-3 (32, 33),
and Vpub1-39, with the first six N-terminal residues1MQPIQI6

corresponding to the Vpu protein of the HIV-1 ioslate LAI
(32). Because of the better solubility in aqueous TFE, the
peptide Vpua1-39 was used for the CD investigation while
Vpub

1-39 was used as a control peptide for solution NMR in
addition to the peptide Vpu1-39.

Structure of the Membrane Domain of Vpu Biochemistry, Vol. 38, No. 16, 19995273



CD Spectroscopy. Spectra of Vpua1-39 (0.1 mg/mL)
dissolved in aqueous TFE were measured at ambient tem-
perature in 1 mm curvettes on a Jasco J-600 CD spectrom-
eter. TFE mixtures in the range of 10-100% TFE were
measured, although in the lower TFE range (10-20%)
solution turbidity was observed. As the CD curves are
concentration-dependent, the curves in this range cannot be
directly compared with those at the higher TFE concentra-
tions but are included in Figure 1 for completeness.

NMR Spectroscopy. For the solution experiments, samples
of peptide (Vpu1-39, 4 mg) were dissolved in distilled water
containing 50% TFE-d2 by volume to give a final volume
of 0.6 mL at pH 3.7 [TFE-d2 was produced by fractional
distillation of a 1:1 mixture of H2O and TFE-d3 (Merck,
Darmstadt, Germany)]. Spectra were recorded at 299 K on
a Bruker AM 600 instrument without spinning using a
dedicated 5 mm proton probehead and temperature unit
(Haake, Karlsruhe, Germany). The1H spectra were refer-
enced to sodium 4,4-dimethyl-4-silapentane-1-sulfonate and
indirectly to the residual signal of TFE at 3.95 ppm. Two-
dimensional phase-sensitive1H COSY, TOCSY (mixing
times of 70 ms), and NOESY (mixing times of 150 ms)
spectra were recorded and processed as described previously
(33).

For solid-state NMR measurements, 15 mg of each of the
three differentially15N labeled Vpu1-27 peptides were dis-
solved in 2 mL of hexafluoro-2-propanol (HFIP) and the pH
was adjusted to pH 5. After addition of 300 mg of
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC),
the solution was spread onto 25 cover glasses (22 mm× 11
mm × 0.07 mm). To ensure the removal of all organic
solvent, the samples were first dried in air and thereafter
exposed to high vacuum overnight (<0.1 mbar). The samples
were equilibrated in 93% relative humidity before the cover
glasses were stacked on top of each other.

For solid-state NMR spectroscopy, the samples were
tightly sealed, inserted into a homemade flat-coil probehead
(34), and introduced into the magnet with the bilayer normal
parallel to the magnetic field. In this arrangement, the main
axis of rotational diffusion within the lipid bilayer coincides
with the magnetic field direction and, therefore, oriented
solid-state NMR spectra are observed. Proton-decoupled15N
solid-state NMR spectra were recorded using a Bruker AMX
400 wide bore NMR spectrometer equipped with a MSL
high-power cabinet. For signal enhancement, a cross polar-
ization pulse sequence (35) with the following parameters
was used: recycle delay of 3 s, spin-lock time of 0.8 ms,
90° 1H pulse lasting 4µs, acquisition time of 3.2 ms, 256
data points,1H decoupling field ca. 1 mT, and 10 000
transients. During the measurements, the sample was cooled
with a stream of air. An exponential apodization function of
200 Hz was applied before Fourier transformation, and
spectra were calibrated with respect to [15N]ammonium
sulfate (27 ppm), although shifts are reported with respect
to liquid NH3.

NMR Solution Spectral Assignments. A standard procedure
(36) was used to establish the unambiguous amino acid spin
systems, sequential assignments, and final medium- and long-
range NOEs. Even though there are many hydrophobic
residues in VpuMA, the signal assignments presented no
problems as the amide signals are evenly distributed over
the region of 7.40-9.00 ppm which is considerably better

than that observed for a previously analyzed peptide,
Vpu32-81 (27) comprising the VpuCYTO domain, and can be
taken as a first indication of a well-defined structure in
VpuMA. The complete signal assignments and1H chemical
shifts are available.

Structure Calculations. The volumes of the integrated
cross-peaks from the NOESY spectra were determined using
the AURELIA program (37), and distances were calibrated
against the side chain Gln and terminal amide protons (0.19
nm). Structures were then generated using a standard
restrained molecular dynamics protocol as described previ-
ously (38) using the program X-PLOR version 3.1 (39) on
a DEC VAX 3000 Alpha workstation (Digital Equipment
Corp., Maynard, MA). The resulting structures were dis-
played on a Hewlett-Packard Apollo graphic workstation
(Hewlett-Packard Co., Palo Alto, CA) using the program
BRAGI (version 5.0) (40). Structure fitting criteria were
objectively derived using a consecutive segment method
described by us previously (41) that employs modified
programs from X-PLOR.

RESULTS

The original aim of our study was to analyze the structure
of the VpuMA domain whose sequence position in Vpu was
previously predicted on the basis of hydrophobic plot analysis
(2, 5, 9) and protease K digestion studies (6). It was assumed
that VpuMA comprises the first 27 N-terminal amino acids
of Vpu by which the peptide is cotranslationally integrated
into the ER membrane (4). We were particularly interested
in the structure of VpuMA since we and others (10, 11) have
previously defined a cation-selective ion channel activity that
regulates the virus release function of Vpu (13).

Preliminary experiments quickly established that peptides
comprising solely the hydrophobic VpuMA region are almost
completely insoluble in aqueous solution even in the presence
of organic solvents. To circumvent this problem, we were
able to increase the solubility of these peptides by incorpo-
rating the first 12 polar residues of VpuCYTO. The resulting
peptide Vpu1-39, which was even soluble in a pure aqueous
solution containing small amounts of the membrane mimetic
TFE, could be conveniently synthesized and was obtained
in a highly purified state as described in Experimental
Procedures. The sequence of Vpu1-39 was derived from the
HIV-1 isolate HXB10 (32) that encodes a biologically active
Vpu protein (12) and corresponds to the synthetic VpuMA

peptide for which ion channel activity in planar lipid bilayers
was demonstrated recently (10).

CD Spectroscopy. A CD analysis was performed to obtain
initial information about the structure and folding of VpuMA

and, more importantly, to define the optimal solution
conditions for subsequent NMR experiments. In particular,
our previous structural investigation of VpuCYTO indicated
that Vpu, as with other membrane proteins, requires organic
solvents to adopt stable secondary structure in solution. For
this reason, the peptide Vpu1-39 was investigated in aqueous
solution containing increasing amounts of TFE (Figure 1).
The form of the curves with negative ellipticities at 208 and
220 nm and a positive band at ca. 190 nm is indicative of a
significant amount of mainlyR-helical structure that is
present even at the lowest TFE content. Estimation of the
helical content by standard methods (42) shows the presence
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of ca. 55% helix. Surprisingly, the CD curves show that the
secondary structure is almost independent of the TFE content
of the aqueous solvent. The fact that the extrema of the
curves in 10 and 20% TFE are somewhat smaller but have
the same distribution of minima and maxima as observed in
all other cases probably arises from a concentration effect
and not from a structural effect, especially as the peptide
solubility was limited at lower TFE concentrations.

To guarantee maximal solubility even at low TFE con-
centrations, we analyzed a variant peptide, Vpua

1-39, that
corresponds to the sequence of another biological active Vpu
protein derived from the HIV-1 isolate NL4-3 (2, 4, 32).
Although the VpuMA region is conserved among different
HIV-1 isolates, a substantial polymorphism occurs within
the first six N-terminal residues (32). Since the peptide
Vpua

1-39 appeared to have maximal solubility in aqueous
TFE, this peptide was used for the CD analysis whose results
are depicted in Figure 1.

The changes in the CD spectra of Vpua
1-39 observed for

different TFE concentrations in this study (Figure 1) are quite
different from those previously found for fragments (28) or
of the entire polar domain from VpuCYTO (27) where stable
secondary structure was only present at TFE concentrations
of >50%. This indicates that theR-helical region in VpuMA,
in contrast to the helices in the cytoplasmic region of Vpu,
adopts a stableR-helical conformation even at the lowest
TFE concentrations. This observation may imply that the
peptide would maintain itsR-helical structure even without
a strong membrane-like environment. Although the CD data
indicated there is little change in the structure on going from
10 to 50% TFE, the solubility of the peptide was such that
50% TFE provided the best conditions for recording subse-
quent NMR spectra and thus allowed comparison with our
previous work on VpuCYTO and its binding partner, the
cytoplasmic tail of CD4 (43).

Secondary Structure in Solution from theR-Proton Chemi-
cal Shifts and QualitatiVe NOE Data. The chemical shift
data from our experiments can be used to estimate the
presence of secondary structure elements present in the
molecule (44) as upfield shifts of theR-proton (HR) in four
adjacent residues relative to the random coil values are
indicative of local helical structure. Alternatively,â-sheets
are recognized as downfield shifts of three adjacent residues.

In the case of Vpu1-39, the relative HR shifts (Figure 2) are
indicative of considerable helical content within a large
region of the molecule bounded by residues Val-9-Lys-37
of the peptide. This is supported by the observation of a series
of regular HR-HNi,i+3 and HR-Hâi,i+3 NOEs in the same
region (Figure 2). A single linear helix, however, extending
from the region of residues 7-9 to the C-terminus of Vpu1-39

would not be consistent with the unambiguously identified
long-range NOEs found between the side chains of Trp-22
and Ile-26 and Ala-7 (see the legend of Figure 2) that are
indicative of a stable folded tertiary structure. The identity
of these long-range NOEs was confirmed by comparing the
structure of Vpu1-39, the sequence of which was derived from
the HIV-1 isolate HXB10 (32), with that of the fully assigned
data obtained from studies on a variant peptide, Vpub

1-39.
The sequence of the control peptide Vpub

1-39 was derived
from another HIV-1 isolate, LAI (32), and carries a single
amino acid exchange (Glu-2 to Gln-2). The fact that both
peptides had almost identical structures supports our hy-
pothesis of structural conservation in VpuMA among different
HIV-1 isolates, although considerable polymorphism is
noticed within the first six N-terminal residues of VpuMA

sequences derived from different virus isolates (32). It is,
therefore, justifiable to assume that this conserved structure
in VpuMA is critical for the ion channel function of Vpu, an
activity that when analyzed in lipid bilayers or biological
membranes was previously shown to depend on the integrity
of VpuMA (10, 13).

Noteworthy also are the considerable downfield shifts of
HR of Glu-2 and Ile-4 (Figure 2) that appear to point to a
structured N-terminus which is quite unusual for a small
peptide as such molecules usually have free, unstructured
termini. A possible ring current effect from aromatic near
neighbors can be discounted for these residues as there are

FIGURE 1: CD measurements of Vpua
1-39 at various TFE concen-

trations.

FIGURE 2: Chemical shift differences (parts per million) of the
R-protons between the experimental values in 50% TFE and those
for residues in a random coil for Vpu1-39 (upper panel) and a
summary of the observed short- and medium-range NOEs for
Vpu1-39 (lower panel). Five long-range NOEs were observed
between Trp-22 (four) and Ile-26 (one) and Ala-7.

Structure of the Membrane Domain of Vpu Biochemistry, Vol. 38, No. 16, 19995275



none in the near vicinity, although such an effect would
account for the unusual high-field shift of the HR of Ile-19
which is three residues away from Trp-22 and hence close
to the aromatic system within theR-helical structure.

Final Solution Structure of Vpu1-39. In a next step, the
exact nature of the folded structure in Vpu1-39 was deduced
from structural calculations using the quantitative NOE data.
After quantitation of the NOE data, 642 NOEs (255 intra,
192 sequence, 190 medium-range, and 5 long-range), which
are well-distributed over the entire sequence (Figure 3), were
used as distance restraints to calculate structures that are
compatible with the data. Of particular interest was how the
five long-range NOEs would affect the MD calculations. A
satisfactory solution was obtained only when no large
violations in the bond lengths and angles occurred upon
introduction of these NOEs into the calculation. Such a
situation indicated that these important structural restraints
were correctly assigned and a false structure had not been
calculated. To be absolutely sure of the positions and hence
assignments of the protons involved in these long-range
interactions, we compared the NOESY spectra of the peptide
Vpu1-39 with that of the variant peptide Vpub

1-39. In both
cases, identical interactions were observed, supporting again
our notion of a conserved structure among polymorphic
VpuMA sequences derived from different HIV-1 isolates. No
further long-range interactions were found in either peptide.
In a final round of calculations involving all the NOEs
measured for Vpu1-39, 700 structures were calculated and
18 of these, in which the NOE energy was smaller than 58.6
kJ/mol and the sum of all the energy terms smaller than 347.3
kJ/mol, were chosen for the final analysis. The structure with
the lowest energies had values of 44.8 and 307.9 kJ/mol,
respectively, and all 18 final structures showed only very
small deviations from these absolute lowest energies.

These calculations clearly show that the peptide Vpu1-39

has a well-defined tertiary structure (Figure 4). There is a
turn at the N-terminus from Met-1 to Ile-6 that would account

for the HR downfield chemical shift changes noted above.
This is followed by a linker (Ala-7-Val-9) that leads into a
short helix from Ala-10 to Ile-16. A short loop region then
leads into a second longer helix that stretches from Trp-22
to Arg-36 (Figure 4). This helix is not perfectly formed as
it shows a bend at Tyr-29 (Figure 4C), which is well-defined
through the many medium-range NOEs to neighboring
residues. Thus, the peptide shows a relatively compact
U-shaped structure formed by a loop that has the N-terminal
linker and helix on one side and the second helix on the
other side with the side chains of the two aromatic amino
acids buried in the interior of the structure. The absence of
any further long-range NOEs suggests there is little interac-
tion between the domains in these structures, and hence,
strong hydrophobic interactions are not present.

The areas of structural heterogeneity within the molecule
may be assessed using the consecutive segment approach
described by us previously (41) in which the rms differences
for short segments two to five residues in length are
systematically compared pairwise for all selected final
structures. The average rms differences for all the backbone
atoms are assigned to all residues in the segment chosen,
and subsequently, the mean value is calculated for each
residue after all segment lengths and all structures have been
computed. These mean rms differences are then plotted
against the residue number and afford a visual assessment
of how well the backbone atom positions in each amino acid
in all the final refined structures are defined on going from
structure to structure. The result of this analysis for Vpu1-39

is shown in Figure 5. The mean rms differences found here
are considerably smaller than those found in other linear
peptides in the same solvent mixture that we have investi-
gated previously (41, 43) and confirm the rigidity of the
calculated structure of Vpu1-39. Comparison of Figure 5 with
the distribution of quantitative NOE data used in the
restrained MD calculations of Figure 3 indicates structural
heterogeneity is not caused by the absence or limited amount

FIGURE 3: Distribution of the quantitative NOEs of Vpu1-39 used in the restrained MD structure calculations. Each NOE appears twice in
this scheme as both residues, to which the interacting protons are attached, are shown. On average, 16 NOEs per residue were observed.
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of NOE data. Consequently, the poorer definition of regions
in the peptide appears to arise from increased flexibility and
dynamics within the molecule. Consistent with theR-proton
shifts (Figure 2), the end residues in the N-terminus again
appear to be structured. Within the molecule, the most
flexible regions are between residues 5 and 7 at the start of

the short linker leading into the firstR-helix and the fraying
of the second helix starting at residue Ile-32 toward the
C-terminus. The central most stable region of the molecule
from residue Val-9 to Lys-31 shows poorer definition at the
start of the loop (residues Ile-16-Ala-18) connecting the two
helices within the U-shaped fold, although this interconnect-
ing section is better defined than those regions near or at
the peptide termini.

Structure of Vpu1-27 in Lipid Bilayers by Solid-State NMR.
The compact U-folded solution structure of Vpu1-39 is such
that it is unlikely to be able to cross a bilayer and is thus
difficult to accommodate with the finding that the hydro-
phobic N-terminus of Vpu forms an ion-conductive mem-
brane pore (10). To attempt to rationalize these findings, we
have investigated the behavior of VpuMA in oriented phos-
pholipid bilayers by solid-state NMR. This has the advantage
of providing details about the orientation and topology of
membrane-bound proteins and peptides in a lipid bilayer
environment. For this study, synthetic peptides were used
that were differentially labeled with15N and comprise the
complete VpuMA region without any parts of the polar
VpuCYTO domain. An unlabeled version of this peptide,
Vpu1-27, was previously used for electrophysiological studies
in planar lipid bilayers (10). Figure 6 shows the proton-

FIGURE 4: Stereoview superposition of the 18 best final restrained structures of Vpu1-39 in 50% TFE after alignment of backbone atoms
Ile-6-Arg-30 (A and B) and Trp-22-Asp-39 (C). In panel A, the N-terminus is to the left and in panel B above the plane. Residue
numbering has been included in panel C to facilitate the recognition of regions described in the text, and the discontinuity in the longer
helix at residue 29 is indicated in panel B.

FIGURE 5: Mean rms differences for the backbone atoms in each
residue, calculated using a consecutive segment method, plotted
against the residue number. The regions of greatest heterogeneity
are between and include residues 5-7 and 32-39, while the most
stable region of the molecule is from residue 9 to 31 with somewhat
more flexible residues in positions 16 and 17.
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decoupled15N cross polarization solid-state NMR spectra
of three Vpu1-27 peptides differentially labeled with15N in
positions Ala-10, Ala-14, and Ala-18, and oriented in
phospholipid bilayers. The peptide samples have been well
aligned with the membrane normal parallel to the magnetic
field direction; hence, the orientationally dependent solid-
state NMR parameters can be related directly to the molecular
orientation of the peptide within the lipid bilayer (31, 46-
48). Measurement of several solid-state NMR parameters per
peptide bond provides sufficient structural constraints to
determine the backbone structure of membrane-associated
polypeptides (49, 50). Whereas the spectral width of an
unoriented polypeptide sample labeled at a single alanine
site would exhibit a broad powder pattern line shape between
58 and 234 ppm (31, 51-53, 58, 71), the 15N spectra
recorded here exhibit line widths at half-height of<20 ppm,
indicating that the peptides are well-oriented with respect to
the magnetic field direction. All three labeled sites resonate
at chemical shifts of>200 ppm, indicating a transmembrane
alignment of helical polypeptides (31, 48, 54). Figure 6D
shows a31P NMR spectrum that is representative of all three
samples and serves as an indicator of the orientational
distribution of the phospholipid headgroups with respect to
the bilayer normal. The lipids predominantly resonate at a
31P chemical shift of 30 ppm typical of phosphatidylcholine
molecules in liquid crystalline lipid bilayers that are oriented
with their normal parallel to the magnetic field direction.
Small contributions between 30 and-15 ppm are also
observed and can be attributed to differently aligned liquid

crystalline lipids and/or conformational changes of the
phospholipid headgroup due to the presence of the Vpu1-27

peptide (45). The31P NMR spectra of Vpu1-27 in POPC lipid
bilayers exhibit line shapes similar to those reported recently
for influenza A virus M2 peptides in hydrated dimyristoyl-
phosphatidylcholine bilayers (55). In contrast, the proton-
decoupled15N resonances were more dispersed than those
found here.

To test for possible conformational changes during the
reconstitution of VpuMA from organic solvents into hydrated
lipid bilayers, the structure of the Vpu1-39 core region
obtained in TFE solution was compared with the experi-
mental solid-state NMR15N chemical shifts measured in
oriented lipid bilayers. In the first step of these calculations,
the static15N chemical shift tensor was oriented with respect
to the molecular coordinate system of the polypeptide
structure using a Euler algorithm. The chemical shift tensor
describes the orientationally dependent interactions of the
15N nuclei with the magnetic field of the NMR spectrometer.
Static 15N chemical shift tensors have been characterized
previously using a variety of15N-labeled model peptides (51,
52, 56). The tensor of the amide bond exhibits only a
moderate functional dependence with respect to the second-
ary structure of the polypeptide chain or the chemical nature
of the amino acid side chains (although larger deviations are
observed with glycine) (57, 58).

In the next step, a Cartesian coordinate system was defined
in the laboratory frame in which thez-axis coincided with
the magnetic field direction of the NMR spectrometer and
the perpendicular axes were chosen arbitrarily. The molecule
was rotated around thex- andy-axes in the laboratory frame
to obtain all possible orientations of the polypeptide with
respect to the magnetic field direction. For every molecular
orientation, the resulting15N chemical shift values of the
three labeled sites are calculated and visualized as a contour
plot. Rotation of the molecule around thex- andy-axes of
the laboratory frame is shown in Figure 7 in which lines
depict the angular pairs for the three labeled sites in Vpu1-27

that are in agreement with the three measured15N chemical
shift values of 210 (Ala-10), 218 (Ala-14), and 220 ppm
(Ala-18). When the conformation of the Vpu1-39 molecule
obtained by solution NMR in TFE was used as the model,
it is evident that there is no single molecular orientation that
would explain all three15N chemical shifts of the peptide in
uniaxially oriented lipid bilayers (Figure 7A). Major struc-
tural rearrangements of the polypeptide backbone involving
the loss of the folded tertiary structure during the insertion
into a lipid bilayer are required for the three contours of the
measured solid-state15N chemical shift to meet in at least
one point. The uncertainty in determining the chemical shift
value is less than(5 ppm and when taken into consideration
results in an increased number of angular pairs that agree
with the experimental solid-state NMR data. This can be
visualized by widening the contour lines and is illustrated
with residue Ala-10 in Figure 7A. Furthermore, the static
chemical shift tensors which were used in these calculations
have been determined experimentally and exhibit uncertain-
ties in their principal values as well as in their alignment
within the molecular coordinate system (31, 51-53, 56-
58, 71). These uncertainties have been considered during
different sets of calculations in which a wide range of
published main tensor elements has been applied to the

FIGURE 6: 1H-decoupled15N spectra of 1.3 mol %15N-labeled
Vpu1-27 in oriented POPC lipid bilayers hydrated at 93% relative
humidity. Vpu1-27 with single backbone labels incorporated into
alanine at positions 10 (A), 14 (B), and 18 (C) has chemical shifts
of 210, 218, and 220 ppm, respectively. Inset D shows a representa-
tive 31P spectra of the same sample used to measure the spectrum
shown in panel A.
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experimental data. The variance in these tensor elements
results in a further increase in the number of possible
molecular orientations that are in agreement with a measured
chemical shift value. This tensor-related uncertainty increases
the number of potential orientations that would agree with a
measured chemical shift by an additional extent comparable
to the one that has already been indicated by the error bars
for the oriented chemical shift determination shown in Figure
7A.

In a second round of calculations presented in Figure 7B,
a linear R-helical model structure for the peptide was
assumed with the initial orientation of the helix parallel to
thez-axis. The three contours now approach each other and
show some overlap which implies the model is compatible
with the measured solid-state NMR data. The experimental
chemical shift values indicate that the best correspondence
for an idealR-helix occurs when the helix is tilted bye30°
with respect to the bilayer normal (z-axis). The tilt angleγ
can be deduced from Figure 7A as it is a function ofθ1 and
θ2. If motional averaging reduces the apparent chemical shift
tensor elementσ33 by <8 ppm, the helix tilt angle remains
within the limits given above (not shown).

In summary, the experimental solid-state15N NMR data
for Vpu1-27 are incompatible with the molecule adopting the
same folded structure as that found in TFE solution and are
in agreement with a linearR-helix that lies parallel to the
bilayer normal with a tilt angle ofe30°.

DISCUSSION

Here, for the first time, we have experimentally established
details of the secondary structure and membrane orientation
of the ion channel forming VpuMA domain. The high-
resolution structure and tertiary fold of VpuMA and its
connection to the adjacent polar domain VpuCYTO were
elucidated using a combination of CD and1H NMR

spectroscopy in aqueous TFE. Subsequently, the position of
VpuMA in a membrane has been studied in oriented lipid
bilayers by solid-state15N NMR techniques. Results from
both solid-state and solution NMR techniques agree on the
existence of a predominantlyR-helical structure for VpuMA.
Clearly, however, there is a major structural difference
detected by studies of the bilayer-bound peptide and that in
aqueous TFE. The discrepancy lies in the linearity of the
helical region; while solid-state NMR provides evidence for
a single linear helix that penetrates the lipid bilayer in a
transmembrane fashion, the same region in solution adopts
a U-shaped tertiary fold incorporating a number of short
helices and linker regions.

The NMR data presented here afford convincing evidence
for the presence of a well-defined tertiary structure for the
peptide Vpu1-39 even in 50% aqueous TFE in addition to
helical secondary structure. The U-shaped compact structure
is comprised of an N-terminal turn (residues 1-6), a linker
(residues 7-9), and a short helix (residues 10-16) followed
by a loop to a second longer helix (residues 22-36)
incorporating a bend at residue 29. In this structure, the two
aromatic residues (Trp-22 and Tyr-29) are directed toward
the center of the molecule around which the hydrophobic
core is positioned. The distance between the centers of the
two aromatic systems (>4.5 Å) is too large to invoke a
stacking interaction, but the aromatic rings presumably allow
favorable weak hydrophobic interactions with adjacent helical
sections of the molecule, although these do not lead to
detectable NOE interactions. In this compact structure, the
side chains of the two negatively charged residues (Glu-2
and Glu-28), the hydrophilic residues (Gln-5 and Ser-23),
and the positively charged residues (Arg-30 and Lys-31) have
relatively well-defined conformations and point out away
from the central hydrophobic core and into the polar medium.
The poorer definition and hence increased flexibility of the
C-terminal residues (Ile-32-Asp-39) observed in Figure 5
probably arise from favorable intermolecular interactions
with solvent of the considerable number of charged residues
rather than from the lack of structure-stabilizing intramo-
lecular interactions.

The presence of a defined tertiary structure in aqueous
organic solutions is in distinct contrast to most previous
studies of peptides incorporating membrane-spanning regions
of larger proteins (59, 60) where predominantlyR-helical
structures were found without any evidence of well-defined
tertiary structure. An exception is the C-subunit of F1F0-
ATPase which folds as a hairpin of two antiparallel helical
segments (61, 62). However, inspection of the primary
sequences of those peptides without tertiary structures shows
that within each of the membrane anchor domains there are
a number of polar and/or charged residues that presumably
undergo favorable interactions with the solvent that would
destabilize any tendency to form tertiary structure. In contrast,
the sequence of VpuMA is unusual inasmuch as its center is
totally hydrophobic in nature and is largely comprised of
residues with branched aliphatic side chains (of the 16
hydrophobic residues between positions 6 and 21, 12 are
branched followed by another 4 branched residues before
Glu-28, the first charged residue in VpuCYTO). The peculiarity
of VpuMA becomes particularly obvious on comparison with
the transmembrane domain of the influenza A virus M2
protein (M2TM). Like Vpu, M2 is a multifunctional single-

FIGURE 7: Contour plot of the15N chemical shift tensor calculated
on the basis of the lowest-energy final conformation found for the
solution structure of Vpu1-39 in 50% TFE (A) and an idealR-helix
(B). The two graphical axes correspond to rotation of the molecules
around two axes perpendicular to the magnetic field. For a given
structure to agree with the experimental15N solid-state NMR data
of all labeled sites, the contours have to meet in at least one point.
(A) According to this criterion, the solution structure of the segment
of residues 10-18 of the Vpu1-39 structure obtained in TFE is
inconsistent with the solid-state NMR data recorded for Vpu1-27

in oriented lipid bilayers. (B) An ideal linearR-helix with a tilt
angle ofe30° with respect to the bilayer normal would perfectly
fit the measured data. The principal axis values (68, 93, and 227
ppm) and their alignment within the molecular coordinate system
used for these calculations were taken from those published for
alanine in a hydrated peptide (71). Additional contours shown for
Ala-10 exemplify the increase in possible molecular orientations
due to an error of(5 ppm during the chemical shift determination
(see the text for details).
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span oligomeric ion channel-forming (63) class I integral
membrane phosphoprotein with a membrane anchor and a
polar cytoplasmic domain comparable to the size of that of
Vpu (64). Sequence alignment of both, VpuMA and M2TM,
indicates only four nonconserved amino acid exchanges
located exactly in the region known to be important for
interaction of M2TM with the ion channel blocker amantadine
(Val-27, Ser-31, and Gly-34 in M2TM) and known to be
important for the gating of the M2 channel activity by pH
(His-37 in M2TM) (63, 65, 66). In contrast to M2, the Vpu
ion channel activity is not sensitive to amantadine and is
not activated by pH (10). Thus, while polar residues are
centered in the middle of M2TM (Ser-31 and His-37) they
are shifted toward the C-terminal end in VpuMA (Trp-22 and
Ser-23). This may explain the unusual tertiary fold observed
for Vpu1-39 in solution and the differences in the electro-
physiology of both channel proteins (10, 11, 63).

Careful inspection of Figure 4 indicates that the linker and
loop regions have the same backbone turn direction as those
of the well-defined helices and suggests that the structure
has undergone distortion away from a linearly extended
R-helix incorporating at least residues 9-31 to accommodate
the intramolecular hydrophobic interactions that favor the
compact structure. This folded structure observed in aqueous
TFE for Vpu1-39 is clearly not maintained when VpuMA was
analyzed by solid-state NMR in the strong hydrophobic
environment of the bilayer. Our data point to the peptide
being immobilized by its interactions with the membrane;
otherwise, no15N spectrum would be obtained by cross
polarization, or the signals would be very close to the
isotropic value. In contrast, the chemical shifts for all three
15N-labeled peptides are close to the downfield edge of the
static chemical shift anisotropy (>200 ppm) and, therefore,
are indicative of a helical domain oriented approximately
parallel to the bilayer normal. If it is assumed that the
U-formed structure established in solution also exists in
membranes, then the individually15N-labeled alanine residues
in positions 10, 14, and 18 of VpuMA should have different
orientations with respect to the bilayer surface, irrespective
of the orientation of the total structure in the bilayer. The
15N chemical shifts, however, are indicative of only one
single helical conformation in VpuMA involving residues 10-
18. This helix is almost orthogonal to the bilayer surface
without any evidence of a dynamic conformational equilib-
rium, including a folded structure such as the one shown in
Figure 4. The simplest rationale would be that the molecule
has adopted a single linear or near-linear transmembrane
helix.

This general structure established for VpuMA is similar to
that recently found experimentally by Kovacs and Cross for
the influenza A virus M2TM under membrane conditions
using a very similar solid-state NMR approach. As with Vpu,
the 15N chemical shift data of M2TM indicate the molecule
assumes a uniform trans-orientedR-helix in lipid bilayers
with a tilt angle of approximately 33° (55). Hence, the
monomer has the same orientation as and a tilt angle similar
to that of the ones found here for VpuMA. On the basis of
previously reported biochemical data for disulfide bond
formation and oligomerization of M2 (64, 68), the authors
further argued that this motif exists as a left-handed four-
helix bundle (55). Currently, this model differs from that of
VpuMA where a pentameric bundle without the possibility

of disulfide bond formation has been suggested from
modeling (24, 25). In addition, modeling studies with a
VpuMA sequence that excluded the first five polar N-terminal
residues suggest the existence of a conical helix bundle that
would be unable to support a continuous water column
necessary for forming an ion channel in the opened state
(25). Indeed, the ion channel function of Vpu (10, 11, 13)
was recently challenged by the findings of Coady et al. (67),
suggesting that Vpu expressed in amphibian oocytes exerts
its effect on membrane currents most likely by modulating
the stability of host cell membrane proteins rather than
through direct ion channel formation. Hence, further studies
on the molecular structure and function of full-length Vpu
in artificial and natural membranes are necessary to clarify
the mechanisms by which Vpu’s unusual VpuMA domain
affects membrane conductance and thereby augments virus
particle release from the cell membrane of HIV-1-infected
cells (13).

It should also be noted that the solid-state data presented
here indicate the peptide is immobilized by its interactions
with the lipid bilayer. Additional information about the
dynamics are difficult to deduce from these data, and
therefore, little can be concluded concerning the oligomer-
ization of VpuMA in membranes. Oligomerization would
reduce the extent of diffusion around the transmembrane
helix axis (that is the bilayer normal/magnetic field direction)
and, therefore, hardly influence the spectra. In the current
state, our experiments do not afford the conformation of the
peptide in the pore structure, although the conformation and
topology of the monomer might be close to its structure in
the oligomeric state.

The question now arises as to the length and extent of the
transmembrane helix. The solution data suggest that the helix
does not begin before residue 5 or 6 in the N-terminus but
is present by or before residue 10. This is supported by the
solid-state NMR data that require an immobilized conforma-
tion to be present in which the NH vectors exhibit a similar
well-defined orientation between at least residues 10-18.
This requires the loss in the membrane of the loop region
found in solution between residues 17 and 21. Thus, the helix
could now extend in the membrane to at least residue 29
and include the well-defined helical region between Trp-22
and Tyr-29 found in solution. A disruption and change in
orientation at this latter residue are supported by the bend
in the helix observed for the C-terminus of VpuMA in the
solution structure. Thus, although our data from solution and
solid-state NMR are not unequivocal, they are compatible
with a transmembrane helix approximately 20-23 residues
in length that, in the case of full-length Vpu, places the
aromatic residues near to (Trp-22) and at (Tyr-29) the
membrane-cytoplasm interface. It also places the hydro-
philic and charged residues in this region at the periphery
or outside the membrane. As a peptide sequence of 17-20
amino acids is required to span the lipid bilayer in an
R-helical conformation, the tilt angle deduced from our
oriented solid-state NMR experiments is in good agreement
with the above considerations and ensures that the maximum
number of hydrophobic residues are in contact with the lipid
bilayer core.

Thus, the model of the N-terminal domain described here
can now be correlated with that of the cytoplasmic domain
of full-length Vpu in which the first helical region was found
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between residues 37 and 51 (27, 28). The increased flexibility
apparent in the solution structure for residues 32-37 that
are predominantly positively charged would afford a linker
region between the strictly hydrophobic VpuMA helix (R1 in
Figure 8) and an initial amphipathic helix in VpuCYTO (R2
in Figure 8). It is conceivable that the first cytoplasmic helix
R2 could extend N-terminally as its amphipathic character
could be maintained to residue 32 on the basis of our
previous NMR studies with peptides of VpuCYTO (27, 28).
Our present experimental observations indicate thatR1 spans
the bilayer with its main axis perpendicular to the membrane
surface whileR2 probably swims in the interfacial region
of the bilayer with its axis parallel to the membrane surface
as this is characteristic of such amphipathic helices (69) and
is commonly encountered in membrane-binding peptide
antibiotics (49, 70). The position of the third helix,R3, and
C-terminal loop with respect to the cytosolic face of the ER
membrane is more difficult to predict and must await further
studies. However, this arrangement (Figure 8) of anchor helix
R1 and the previously characterized cytoplasmic helixR2
would allow independent mobility of these helices that would
not hinder oligomerization of VpuMA in forming ion-
conductive membrane pores (24, 25). Clearly, future solid-
state NMR studies with sequences comprising both domains,
VpuMA and VpuCYTO, will provide more insight into the
topology of full-length Vpu in membranes.
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