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Abstract Vpu is an 81 amino acid protein encoded by HIV-1.
Its role is to amplify viral release by two mechanisms: (i) dock-
ing to CD4 with the consequence of targeting CD4 for ubiqui-
tine-mediated degradation, and (ii) formation of ion channels to
enhance particle release. The intensive research on its in vivo
function, combined with structural investigations, makes this
viral membrane protein one of the better characterised mem-
brane proteins. The wealth of structural information enables
the use of computational methods to elucidate the mechanisms
of function on an atomic scale. The discovery of Vpu and the
development of structural models in a chronological order is
summarised and ¢rst e¡orts on investigating the mechanics
are outlined.
* 2003 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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1. Introduction

The viral genome of HIV-1 encodes a series of essential
enzymes such as reverse transcriptase, protease and integrase
[1]. Besides these principal proteins, a large number of non-
structural proteins such as Tat (trans-activator), Rev (regula-
tor of expression of virion protein), Nef (negative factor), Vif
(virion infectivity), Vpr and Vpu (virus protein R and U,
respectively) are encoded by the RNA of the virus [2]. The
latter four proteins are called auxiliary proteins.
Vpu has been found to have a dual role, one which is

achieved via protein^protein interaction, the other via a func-
tion as an ion channel. Other viruses also encode short mem-
brane proteins of around 100 amino acids for which ion chan-
nel activity is established or at least suggested (e.g. M2 from
in£uenza A [3,4], NB from in£uenza B [5], 6K protein from
alphavirus [6], p7 from Hepatitis C [7]).
Vpu is a highly conserved protein. Strains from several

isolates show a high level of sequence identity and homology
over the entire sequence (Fig. 1), making the protein a poten-
tial drug target. Recently, a derivative of amiloride has been
found to suppress the function of Vpu as an ion channel [8].

Besides its important medical relevance, Vpu may also serve
as a test case for biophysical investigations on structure^func-
tion correlation in general. It has taken just 15 years from its
discovery to the generation of reasonably good structural
models which can even be used for in silico drug screening
and to investigate the role of individual amino acids on an
atomic level.
The basis of this review is to report the gain of knowledge

in a chronological order. The order demonstrates the impor-
tant role of each technique in every step of the discovery of
Vpu, its function and its mechanisms.

2. Discovery and function

In 1988 two groups independently identify an unknown (U)
virus protein (VP) in the genome of HIV-1 with a length of 81
amino acids and a molecular weight of 9 kDa [9,10,12]. This
protein, named Vpu, is unique to HIV-1 and not found in
HIV-2 and SIV [10]. According to the hydrophobicity of the
encoded amino acids, a single highly hydrophobic stretch of
27 amino acids at the N-terminus is proposed and the protein
consequently de¢ned as ‘membrane-associated’ [9] (Fig. 2).
Following the N-terminal hydrophobic amino acids, the re-
maining amino acids towards the C-terminal end include 15
charged residues. The presence of Vpu leads to a 10-fold am-
pli¢cation of virus replication. However, the absence of Vpu
does not a¡ect the cytopathicity and the kinetics of viral rep-
lication. Within the cytoplasmic part Vpu contains two phos-
phorylation sites at two serine residues (Ser-52 and Ser-56)
[11,12].
Vpu is involved in the enhancement of particle release [13].

This function involves two distinct e¡ects: Vpu initiates the
degradation of CD4 molecules in the endoplasmic reticulum
via its cytoplasmic domain [14^16]. The phosphorylated resi-
dues (Ser-52 and Ser-56) on the cytoplasmic site seem to be
non-essential for Vpu to bind to CD4. However, these resi-
dues are crucial for directing the Vpu^CD4 complex to the
ubiquitin-dependent proteasome degradation pathway [17^
20]. The regions responsible for the docking of Vpu to CD4
are found to include residues 28^47 [19] and residues at the
C-terminal end [21], especially residues 76^81 [19].
Another function of Vpu has been discovered which is to

enhance the release of particles from the infected cells [16].
This role is allocated to the transmembrane (TM) domain.
The topology of Vpu is identi¢ed as to be a type-I integral
membrane protein which is capable of oligomerisation into
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higher molecular-weight structures of up to 80 kDa in the
presence of membranes and 85 kDa in the absence of mem-
branes [22]. These values suggest at least a tetramer as a
putative oligomerisation state in vivo. The results imply that
one of the functions is to alter the intracellular environment
probably via ion channel formation. Vpu expressed in Esche-
richia coli [23] or Xenopus oocytes [24] and reconstituted into
lipid bilayers indeed induces the formation of an ion channel
with preference for cations [23] and a minor indication of
permeability of divalent cations [24]. Proton conductance via
a £uorescence-quenching experiment is not detected [23].
Channel activity is found to be due solely to the TM region
of Vpu; channel activity of a peptide corresponding to the
TM segment and reconstituted into lipid bilayers has been
found [16]. Other studies with Vpu expressed in Xenopus oo-
cytes reveal a decrease in membrane conductance which is
found to be associated with the capability of Vpu to down-
modulate membrane protein expression [25].
It is also suggested that Vpu mediates the e⁄cient mem-

brane association of other proteins with the consequence of
enhancing the particle release [26]. Expression of Vpu in BHK
cells leads to an increase of permeability of the cells to hydro-
philic molecules, leading to the suggestion that Vpu may also
act as a viroporin [27]. However, the ultimate e¡ect of a

viroporin, leading to cell death by uncontrolled increase of
permeability, has not been found so far [26].
Mutants within the TM region [28] as well as deletions of

some of the hydrophobic amino acids within this region [29]
seem to reduce the capability of Vpu to enhance the release of
virus particles. Since the mutants show normal translocation
patterns and are capable of oligomerisation with wild-type
Vpu it is supposed [29] that structural integrity is another
key factor for the TM segment to ful¢l its role. A single mu-
tant, in which Trp-22 is shifted two positions towards the
C-terminal end (replacing Ile-24), is not able to induce CD4
degradation, indicating that there might not be a strict sepa-
ration in mechanism of function between the two domains
[28].
The mechanisms of Vpu function are via protein^protein

interaction and ion channel activity. Both functions seem to
be independently allocated with either one of two distinct
structural elements: the cytoplasmic domain or the TM do-
main.

3. Spectroscopic investigations

The discovery that the two functional roles are attributed to
the two structural domains provides the opportunity to per-

Table 1
Proposed secondary structural elements of Vpu and their putative lengths, including the techniques used to derive the data

TM helix (helix-1) Helix-2 Helix-3 Turn (T)/Helix (H) Reference

NMR/CD 42^50 57^69 74^77 (T) [30]
CD 5/6^29 [35]
NMR 37^51 57^72 73^78 (T) [31]
NMR 40^50 60^68 75^79 (H) [33]
SSNMR/NMR 9^29 30^49 58^70 ^ [34]
MD simulations 5^25 [39]

Positions for the residues that de¢ne the start and the end of the secondary structural element have been taken from the references. NMR
stands for solution NMR, SSNMR denotes solid state NMR.

Fig. 1. Multiple sequence alignment (Clustal X (1.82)) of 10 strains
of Vpu. ‘*’ denotes fully conserved residues, ‘ :’ denotes strong simi-
larity, ‘.’ stands for weak similarity and ‘-’ indicates a gap. Since
not all the strains start with methionine (M) or leucine (L) the ¢rst
residue is set to glutamine (Q). Regions with series of fully con-
served residues appear from residue Ile-8 to Asp-39, Glu-47 to Gly-
58, and Val-68 to Leu-81. These regions do not necessarily de¢ne
helical regions (Table 1) but also include interconnections between
helical segments. Trp-22 and the EYR motif (Glu-28, Tyr-29, Arg-
30) are completely conserved, whilst Ser-23 can be exchanged by a
threonine. It may be assumed that with this high sequence identity
all Vpu proteins adopt the same secondary and tertiary structure.
Thus, the structure-based function of Vpu allows very little compro-
mise.

Fig. 2. Compromised sketch of the putative structure of a Vpu pro-
tein. Blue balls denote the phosphorylation sites at Ser-52 and Ser-
56. Helix-1 at the N-terminal end (N) is often referred to as TM he-
lix. H-2 and H-3 are helix-2 and helix-3, respectively. The remaining
parts towards the C-terminal end (C) include either a short turn or
a helix. For down-regulation of CD4 Vpu acts probably as a mono-
mer, whilst for enhancing particle release it acts by forming an ion
channel. The quaternary structure of the cytoplasmic form is un-
known whether it is for the form in a monomer or as a homo-oligo-
mer. Ion channels are formed by a self-assembly process of the
monomers within the TM region. In this ¢gure just two opposing
Vpu proteins de¢ning a pore are shown.
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form structural analysis with each of the domains and even
parts of them individually.
One of the earliest spectroscopic investigations attempting

to achieve a structural model on the cytoplasmic site has been
done by circular dichroism (CD) spectroscopy [30]. Nine over-
lapping 15 amino acid fragments starting from Vpu28�42 to
Vpu67�81 were synthesised using standard solid-phase peptide
synthesis (SPPS). The frames overlapped to avoid any erro-
neous interpretation of the data due to chain end e¡ects. For
three constructs, Vpu41�58, Vpu52�74, Vpu63�81, 1H nuclear
magnetic resonance (NMR) spectra were recorded, revealing
a helical motif for residues 42^50 (Vpu41�58) and 57^69
(Vpu52�74) (Table 1). The C-terminal end includes a reversed
turn for residues 74^77 (Vpu63�81).
Studies have then been extended using longer constructs :

Vpu32�81 also synthesised by SPPS [31]. Solution NMR data
recorded in distilled water (H2O or D2O) containing 50%
TFE-d2 by volume and processed with Xplor 3.1 can be sum-
marised as follows: a helical motif from residues 37^51, an
interconnecting loop from residue 52^56, a second helix from
residue 57^72 followed by a turn motif from residues 73^78
(Table 1). In a non-bilayer environment, replacement of the
two phosphorylation sites (Ser-52 and Ser-56) by asparagines
seems not to a¡ect the overall structure in these experiments.
However, for a Vpu41�62 construct it has been found by so-
lution NMR that the absence of the phosphorus groups de-
stabilises the helical motif [32].

Solution NMR spectra using the cytoplasmic domain of
Vpu dissolved in an electrolyte solution (100 mM NaCl) re-
veals a similar secondary structural arrangement [33] as de-
scribed above [31]. The data suggest a well-de¢ned amphi-
philic helix between residues 40 and 50 and a less well-
de¢ned helix between residues 60 and 68. Towards the C-ter-
minal end, another short helix is formed by residues 75^79
(Table 1). The Vpu construct used is an expression product
from BL21(DE33) cells carrying the pET16b plasmid.
Solution NMR on two Vpu constructs, Vpu2�37 and

Vpu28�81 from E. coli reconstituted into vesicles, de¢nes the
sequence of the secondary structural elements as the follow-
ing: a 20 amino acid helix from residues 30^49, a linker region
from residues 51^57, a helix from residues 58^70 (13 residues),
followed by a C-terminal region, which is not further speci¢ed
[34].
Despite the apparent similarity of the investigations regard-

ing the secondary structural elements, the constructs vary in
tertiary structure. Whilst studies in H2O/TFE [31] and in
vesicles [34] reveal a more extended cytoplasmic domain, the
study undertaken in an electrolyte solution suggests a more
compact arrangement of the helices [33].
The TM segment of Vpu reveals a helical motif character-

ised mostly by solid state NMR (SSNMR) spectroscopy
[35,36] (Fig. 3). Spectra obtained by SSNMR of uniformly
15N-labelled full-length Vpu, a truncated construct including
the TM domain and the amphiphatic helix-2 (Vpu2�51), as
well as a construct of purely the cytoplasmic domain
(Vpu28�81), show that the ¢rst two constructs reveal a helix
perpendicular to the membrane surface with a tilt angle of
approximately 15‡ [36]. These measurements establish that
the second and the third helix are aligned parallel to the
membrane surface. All constructs are derived from expression
systems.
SSNMR spectra of solely TM constructs of Vpu (Vpu1�39)

derived from SPPS with labelled alanine residues are in agree-
ment with an overall tilt of a helix close to 20‡ [35]. It is
suggested that the helical motif also includes the aromatic
residues Trp-22 and Tyr-29. Solution NMR data on
Vpu1�39 reveal a stable folded tertiary structure which can
be summarised as a U-shaped fold with an N-terminal turn
(1^6), a linker (7^9), short helix (10^16) and a loop to another
helix extending from residue 22^36. A bend is found at Tyr-
29, which leads to the conclusion that Trp-22 and Tyr-29 are
within the TM helix. It is suggested that the helical motif is
not apparent before residue 5 or 6.
Solution NMR spectra monitoring H/D exchange on full-

length Vpu expressed (E. coli) and reconstituted into micelles
have revealed the ¢rst experimental evidence for the putative
length of the TM helix [34]. Residues Ala-9 to Arg-29 show
hindered exchange.
Recent investigations have used SSNMR [37] on lipid bi-

layer systems or synchroton radiation-based X-ray re£ectivity
measurements on lipid monolayers [38] to analyse the associ-
ation of helix-3 with the bilayer. It is suggested that helix-3 is
loosely bound to the lipid bilayer [37] or at least its contact
with the surface of a bilayer is dependent on low lateral pres-
sure of the bilayer [38]. Whilst the ¢rst study is achieved with
a synthetic Vpu construct (Vpu51�81), the latter is performed
with full-length Vpu. In both investigations a backpack for-
mation of helix-3 riding on top of helix-2 is suggested as a
possible site of helix-3.

Fig. 3. Single TM helix (Vpu1�32 : MQPIPVAIV10ALVVAIII-
AI20VVWSIVIIEY30RK) in Van der Waals representation (DSView-
erPro50) after 3 ns of molecular dynamics simulations in a fully
hydrated lipid bilayer. In this simulation 128 lipid molecules (1-pal-
mitoyl-2-oleoyl-sn-glycerol-3-phosphatidyl-choline, POPC) are sur-
rounding the peptide. The system is then embedded in a water bath
containing ca. 40 water molecules per lipid and several counter ions
to obtain an uncharged box for the simulation. In total the simula-
tion is undertaken with around 20 000 atoms. In the ¢gure lipids
and water molecules are omitted. Tyrosine and tryptophan residues
are highlighted in dark and light brown, respectively, serine in or-
ange and arginine in blue. Glu-28 (red) and Lys-31 (dark blue) are
covered by the helix in this perspective. All other residues, mainly
hydrophobic, are shown in yellow, including Gln-1, Pro-2 and Pro-
4. The section between Trp-22 and Arg-30 de¢nes the part of the
protein which is embedded in the phospholipids headgroup region.
The helix adopts a considerable kink and tilt. C and N denote the
C- and N-terminal ends, respectively.
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4. MD simulations bridge the gap towards investigations on an
atomic scale

MD simulations have been performed on a bundle of par-
allel-aligned helices corresponding to the TM part of Vpu.
The length of the helix is de¢ned by the number of hydro-
phobic residues present in the sequence. Recent molecular
dynamic simulations on single helices embedded in a fully
hydrated lipid bilayer suggest the length of the TM helix to
be from residues 5 to 25 [39].
Channel activity of Vpu has been investigated by generating

a putative pore with assembled parallel TM helices (bundles)
based on the sequence Ac-IVAIVALVVAIIIAIVVWSIVII-
NH2 [40]. The helical motif is in accordance with ¢ndings
for the TM domain of the viral proton channel M2 from
in£uenza A based on NMR spectroscopic investigations at
that time [41]. It is assumed that Vpu shares this topology
because of the homology in amino acid length and its function
(enhancement of viral release). Bundles of four, ¢ve and six
TM helices are hydrated with explicit water molecules
(TIP3P). The relative orientation of the segments to each oth-
er is such that all the serines are facing the putative pore of
the bundle. The representation of the bilayer potential is
based on a residue by residue hydrophobicity in the simula-
tion protocol. All results emerge from 100 ps MD simulations
using the Charmm force ¢eld. Restraints have been imposed
on the water molecules at the two ends of the bundles to
prevent evaporation and the TM helices have been held to-
gether so that they remain in a helical conformation. Long-
range electrostatics have been truncated (cut o¡ with shift
function) beyond a radius of 1.3 nm. An assessment of ion
conductivity based solely on the pore radius using the pro-
gramme HOLE [42] has revealed about 60 pS for the pen-
tameric bundle. Comparison with experimental results makes
this assembly the most favourable model for a putative ion
channel to date. Potential energy pro¢les of Naþ and Cl3

within the pentameric pore support the experimental ¢nding
of a slight preference of the Vpu channel for cations, which is
taken to further strengthen the argument for this bundle to be
the most likely pore.
In another study simulations are performed with an unre-

strained pentameric bundle embedded in a solvated (with ex-
plicit water molecules based on the £exible SPC/E model)
bilayer mimetic slab of octane [43]. The model is based on
the sequence: Ac-IVAIVALVVAIIIAIVVWSIVII-NH2. Sim-
ulations have been run with a Charmm force ¢eld for up to
1 ns, using the Ewald method to account for long-range elec-
trostatics in the simulation box. Models have been investi-
gated with either Ser-24 or Trp-23 facing the pore. In both
cases the bundles adopt a conical shape with a larger opening
on the C-terminal end. All simulations uncover rotational
motions of individual helices. The bundle based on the ori-
ented Trp-23s shows kinks in two of the helices at the end of
the simulation. In addition, no continuous water column was
observed in either of the models. It is interesting to note that a
tilt angle of 4.2‡ is reported with no supercoiling, in agreement
with earlier simulations [40].
In a combined experimental and computational approach

the number of helices forming a pore in vivo has been ex-
plored on an extended TM sequence: MQPIPVAIV10ALV-
VAIIIAI20VVWSIVIIEY30RK [44] (Fig. 4). For the simula-
tions the Gromacs force ¢eld is used and the long-range elec-

trostatics have been truncated beyond 1.4 nm (cut o¡). Bun-
dles of four, ¢ve and six helices are embedded in a fully
hydrated (SPC water model) lipid bilayer of 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphatidylcholine (POPC) molecules.

Fig. 4. A view inside the pore of a pentameric bundle of TM helices
(Vpu1�32) (top panel). The conditions for the simulations are identi-
cal to those mentioned in Fig. 3, except for a lower number of lip-
ids (96 molecules) forming the bilayer. The lower number of lipids
is necessary to allow the bigger peptide structure to be inserted into
the lipid bilayer without increasing the size of the simulation box
and the overall number of atoms for the simulation. For the dis-
play, two helices are omitted to obtain a view inside the pore. Argi-
nines (Arg-30, blue) and serines (Ser-23, orange) form rings of hy-
drophilic residues, separated by a ring of isoleucines (Ile-27, yellow
and indicated by the line). The pore towards the N-terminal and
(N) is lined by purely hydrophobic residues. A view of the outside
wall formed by the three helices is shown in the lower part of the
¢gure (bottom panel). Tyrosines (dark brown) from one helix and
the glutamates (red) and lysines (dark blue) from an adjacent helix
are shown. They are forming a clamp-like arrangement, possibly
stabilising the bundle assembly. In addition, the tryptophans (light
brown) and the line of alanines (dark green) are highlighted. Their
role in the function of Vpu can only be speculated as to be impor-
tant for either protein^lipid contact or protein^protein interaction.
C and N denote the C- and N-terminal end, respectively.
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Conductance values calculated for the models, assuming that
they are hydrated by a 0.5 M KCl solution, after a 1 ns
simulation (tetramer: (12.2 V 4.1) ps, pentamer: (52.2 V 5.0)
ps, hexamer: (51.9 V 2.5) ps; Table 2), are in support of a
pentameric or possibly a hexameric assembly, since experi-
ments con¢rm the conductance of approximately 60 pS (re-
corded for a 0.5 M KCl solution [44]). The similar conduc-
tance found in the calculations for the pentamer and hexamer
are caused by the partial occlusion of the pore by the side
chain of Arg-30, which also points into the pore (Fig. 4, top
panel). In the bundle, these arginines form a positive ring
followed by a ring of isoleucines (Ile-27) and serines (Ser-
23). In comparison, calculations for NB, an ion channel-form-
ing protein of in£uenza B sharing approximately the same
sequence length and topology as Vpu (see [45]), shows con-
ductance of 22, 56, and 88 pS for the tetrameric (NB-4),
pentameric (NB-5) and hexameric bundle (NB-6), respectively
[46] (Table 2). Compared with experimental ¢ndings [5,46] the
values for the tetramer do not exclude this bundle from its
possible contribution to channel activity of NB. Calculations
of the conductivity of the bundles calculated in [40] support
the overall trend. However, they do not allow a direct com-
parison in this context since the water molecules have been
restrained at the mouth of the pore.
In a tetrameric bundle of Vpu, hardly any water molecules

(Vthree; Table 2) are discovered at the end of the simulation,
which is taken as an indication for excluding this assembly as
a putative pore [44]. The pore narrows down to a minimum
radius of about 0.7 AW for a stretch of about 20 AW towards the
N-terminal end. In contrast, NB-4 still allows 16 times more
water molecules (approximately 49; Table 2) within its pore.
The pore radius in NB-4 gradually reduces towards the
C-terminal end with a minimum value of 1.1 AW for a short
stretch of approximately 5 AW . This radius would allow at least
for single-¢led water within this short narrow pass (see e.g.
gramicidin A with a pore radius between 1.5 and 2.0 AW across
the full length of the bilayer [47^50]). Thus, pore radius for
Vpu-4 is de¢nitively too small for water to be almost perma-
nently present in this part of the pore. The length of this
narrow pass of almost 20 AW makes it energetically more de-
manding to open under physiological conditions. Averaged
tilt and kink angles of the Vpu bundles are calculated as
15.3‡/14.5‡/6.0‡ (tetramer/pentamer/hexamer) and 16.9‡/19.9‡/

12.7‡ (tetramer/pentamer/hexamer), respectively (Table 2).
The tilt angles seem to decrease with an increasing number
of helices forming the bundle. For a hexamer, tilt angles of
Vpu and NB are indistinguishable. Thus, for pentameric bun-
dles the amino acid sequence strongly drives the packing of
the bundle. It is important to note that one of the helices of
the tetramer moves away from the bundle whilst another helix
adopts an unusual kink of about 32.1‡. Arg-30 at the C-ter-
minal end of the bundle is responsible for the conical-like
shape of the pore. Another reason for a putative pentameric
structure of Vpu, responsible for ion conductance, might be
the alignment of the glutamates and lysines of one helix with
the tyrosines on the adjacent helix (Fig. 4, bottom panel).
These residues form a clamp based on favourable electrostatic
and hydrogen-bonding interactions. The role of the line of
alanines (Fig. 4, bottom panel) needs still to be elucidated.
Simulations on a single helix in a lipid bilayer reveal a kink

of about 15‡ [39]. Thus, the TM segment of Vpu might not be
a straight helix, which is indicated also experimentally by so-
lution NMR [35]. A reason for this might be the long hydro-
phobic stretch towards the N-terminal end of the bundle
which allows for a more tidy association of the helices com-
pared to the C-terminal part with its serines and arginines.
This hydrophobic stretch might form a hydrophobic lock or
gate for channel activity.
Simulations using both an octane slab to mimic the lipid

bilayer and an explicit lipid bilayer also suggest that the pen-
tameric assembly is the most likely form of a Vpu channel
[51]. Large translational movement of an individual helix
within the hydrophobic octane slab is taken as an indication
of the repulsion of a sixth helix in favour of the pentameric
assembly. In addition, water seems to ¢ll only the N-terminal
half of the bundle. The bundle has been built such that the
hydrophilic residue serine is facing the hydrophobic part of
the bilayer rather than the lumen of the pore. This leaves the
tryptophans at the helix/helix/bilayer interface in the initial
starting structure.

5. What is left to be done?

5.1. Is there a gating?
The role of tryptophans in the mechanism of Vpu function

has been investigated using MD simulations in a fully hy-

Table 2
Structural and functional features of tetrameric (Vpu-4, NB-4), pentameric (Vpu-5, NB-5) and hexameric bundles (Vpu-6, NB-6) of Vpu and
the viral ion channel forming protein NB from in£uenza B [46]

Vpu-4 Vpu-5 Vpu-6 NB-4 NB-5 NB-6

Calculated conductivity (pS), 0.5 M KCl 12.2V 4.1 52.2V 5.0 51.9V 2.5 ca. 22 ca. 56 ca. 88
0.5 M NaCl* 21* 57* 93*
No. of water molecules V3 V92 V108 V49 V105 V145

139* 257* 381*
Minimum pore radius (AW ) 0.7 V 0.1 2.5V 0.5 2.3V 0.6 ca. 1.1 ca. 2.8 ca. 3.9

ca. 0.7* ca. 1.5* ca. 2.5*
Kink angle (‡) 16.9V 10.0 19.9V 7.8 12.7V 7.7 20.6V 6.8 13.8V 5.9 8.8V 4.04

(32.1 V 1.9)
Tilt angle (‡) 15.3V 5.0 14.5V 3.4 6.0V 2.1 4.8 V 1.3 9.2 V 2.8 6.2V 1.8

Values with standard deviation derive from averaging the last 250 ps in steps of 50 ps of the trajectory. Conductivity and minimum pore radius
are calculated using the programme HOLE [42], which does not take electrostatics into account and may be used for an assessment of pore
conductivity. Conductivity is scaled by a factor of 0.5 [44] and 0.2 for values denoted by ‘*’ [40]. Kink and tilt angles are also averages over
the number of helices for each bundle. The number of water molecules in each bundle is estimated from the structure after 1 ns of simulation.
For Vpu-4 a single helix out of the four shows a large kink angle, which is shown in brackets. Values indicated by ‘*’ are obtained by Grice et
al. [40]. Values for which no standard deviations are available are indicated by ‘ca.’.
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drated lipid bilayer using the Gromacs package [52]. Simula-
tions have been run with a pentameric bundle based on ex-
perimental ¢ndings in combination with a global search pro-
tocol [53], which suggest that the energetically favourable
bundle is the one in which the TM helices of Vpu (AIVALV-
VAIIIAIVVWSIVIIE) have all tryptophans facing the pore.
The data are compared to those with newly generated bundles
using a simulated annealing protocol combined with short
MD simulations (SA/MD) using the programme XPLOR.
Whilst the bundle based on experimental data is falling apart,
the computationally derived bundle retains a bundle-like as-
sembly. Thus, having tryptophans facing the pore might be a
putative closed form of the pore and in accordance with other
¢ndings of rotational-like motion, a gating mechanism could
be due to rotation of one or more helices, thereby moving the
Trp-22 into the pore to achieve closure.

5.2. What is the role of other parts of Vpu and do they a¡ect
the TM helix?

To address these questions a larger model of Vpu is gen-
erated (using XPLOR) including the ¢rst 52 amino acids
(Vpu1�52) [54] (Fig. 5). The model is built by generating a
helix including the 52 residues and bending it around residues
Glu-28 to Ile-32, which are assumed to form the bend so that
the C-terminal end comes to align as a helix with its long axis
parallel to the membrane surface (Fig. 5AI). Subsequent 9 ns
simulations reveal a fairly stable helical region up to residue
Tyr-29 (Fig. 5BI). According to the P and i angles Arg-30
and Lys-31 and Ile-32 strongly deviate from a helical confor-
mation. Helix-2 is rolling over, enabling Glu-28, Lys-31 and
Arg-34 to form a complex salt bridge. Helix-2 remains in a
helical environment because of its unique position in the bi-
layer. A ridge of alternating positively and negatively charged
amino acids (Asp (red)/Arg (blue) and Glu (red)/Arg (blue),
Fig. 5) in helix-2 form another extended complex salt bridge,
whereas the underlying hydrophobic part (isoleucines, leu-
cines) is embedded in the hydrophobic slab of the lipid bilayer
(Fig. 5AII,BII). The tilt angle of the TM helix versus the
membrane normal (23.3‡ V 2.1‡) is in support of the experi-
mental ¢ndings from NMR spectroscopy. Also, a consider-
able kink (from 7‡ to sometimes 15‡) in the TM helix is ob-
served in the simulations. The TM helix and helix-2 span an
approximate angle of 100‡. As a conclusion, only parts of the
EYR motif (Glu-28, Tyr-29, Arg-30) are involved in the bend.
Helix-2 seems to be a fairly stable unit that can be described
as a peptide £oat functioning as a spacer, separating the TM
helix from the C-terminal part. Thus, Vpu is a construct of a
series of functional modules: an ion channel-active TM helix
linked via a clamp (Glu-28, Lys-31, Arg-34) to a rigid peptide
£oat (helix-2) acting as spacer between the TM helix and the
rest of the cytoplasmic domain beyond helix-2.

6. Other viral ion channels

M2, the viral proton channel from in£uenza A, is also a
well-characterised viral membrane protein. Driven by the im-
mediate medical relevance of this protein, detailed structural
models of the TM domain have been generated using SSNMR
spectroscopy [41,55] and re¢ned by molecular dynamics sim-
ulations [56]. Plausible models for the mechanisms of function
of this channel have been developed by computational simu-
lations [57^59]. With its known channel blocker, amantadine,

M2 comprises one of the best-characterised model to date.
First attempts have been made to derive full-length M2 by
solid-phase peptide synthesis [60], which makes it only a mat-
ter of time until more structural detail of its extramembrane-
ous domains will emerge. In the meantime, for example se-
quence similarities and structural analogies with Vpu can be
used to predict the structural motifs of the cytoplasmic do-
main of M2 [61].

Fig. 5. Side view (left side (I)) and view on top of helix-2 (right side
(II)) of the kinked model of Vpu (Vpu1�52) at the beginning (panel
A) and end (panel B) of a 9 ns MD simulation. All hydrophilic resi-
dues are highlighted in blue (basic residues) and red (acidic residues)
including Gln-1, Ser-23 (all red) within the TM helix and Ser-52 in
helix-2. All the hydrophobic residues are shown in yellow. The bend
has been accomplished around residues Glu-28 to Ile-32 (intercon-
necting region) so that the residues are held as best as possible in a
helical conformation [54]. This places helix-2 so that it comes to lie
on top of the bilayer. Ser-23 of the TM helix faces away from he-
lix-2. The rationale behind this positioning is that in an oligomeric
assembly of parallel TM helices these serines are facing into a pore
rather than pointing under helix-2. When placed into a lipid bilayer
more lipid molecules have been taken away from the lea£et which
embeds helix-2 than for the lea£et which harbours the N-terminal
end of the TM helix. To close the gap underneath helix-2, 600 ps of
equilibration have been undertaken with the peptide position re-
strained, which allows the hydrophobic tails of the lipid molecules
to crawl underneath helix-2 before the whole system is used for the
simulation (production phase) (panels AI and AII). After the 9 ns
simulation, the TM helix is considerably kinked (panel BI) and he-
lix-2 has undertaken an almost 90‡ revolution accompanied by an
unwinding of the interconnecting region (panel BII). The hydro-
philic residues on helix-2 de¢ne a ridge based on an alternating as-
partate and glutamate to either arginine or lysine repeat (i,i+1 and
i,i+3), which forms a complex salt bridge stabilising the helix struc-
ture (panels AII and BII). This arrangement leads to a a slight left-
handed twist. C and N denote the C- and N-terminal end, respec-
tively.
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All other viral ion channels have yet to reach an equivalent
state where plausible experimental based structural models
can be generated.

7. Conclusions

Our knowledge about Vpu seems to be more advanced
compared to the structural information available on the M2
proton channel from in£uenza A. While there is a lot of in-
formation about the function of Vpu, so far structural infor-
mation has enabled us to draw a moderately detailed structure
and has provided enough information for performing MD
simulations on an ‘all atom’ basis. As a ¢nal stage, and prob-
ably just as exciting and time-consuming, is the determination
of the mechanism of Vpu activity and the roles played in it by
the individual amino acids. In this respect we are just at the
beginning of the journey. It may appear to be an unnecessary
‘hunt for details’ ; nevertheless, these studies will give us a clue
of the workload when dealing with more complex proteins or
on a larger scale in biochemical proteomics to fully under-
stand a whole array of proteins on an atomic scale.
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