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Abstract

Vpu is an 81 amino acid integral membrane protein encoded by HIV-1. Its a-helical transmembrane (TM) domain (residues ¨6–28)

enhances virion release by oligomerizing into bundles and forming ion-conducting channels across the plasma membrane. Its cytoplasmic

domain (residues ¨29–81) is also a-helical and binds to the transmembrane protein CD4, inducing its degradation. Mutations within the TM

domain have been found to abrogate enhanced particle release from the infected cell (Tiganos et al. Virology (1998) 251 96–107). A series of

computational models of monomeric, pentameric and hexameric Vpu1–31 mutants have been constructed, embedded in fully hydrated lipid

bilayers and subjected to a 3 ns molecular dynamics (MD) simulation. None of the mutations has any destabilizing effect on the secondary

and tertiary structure. One of the mutants, in which the position of a tryptophan residue within the TM domain is altered, is known not to

induce CD4 degradation; an extended kinked model of this mutant has been generated (Vpu1–52IVW-k) and during subsequent MD

simulations, the bend between the TM and a part of the cytoplasmic domain is found to unwind and a complex salt bridge involving Lys-37 is

formed.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Computational methods such as molecular dynamics

(MD) simulations can be used to assess whether any

mutation in a protein has an effect on the structure and

function of the protein before more time consuming

experiments have been performed. Recently, MD simula-

tions have been used to perform a computational alanine

scanning experiment on the 1:1 human growth hormone–

receptor complex [1]. It was shown that the simulation

results are in good agreement with the experimental findings

of binding free energy differences. In another study, the
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structural impact of mutations in the fusion domain of the

fusion protein gp41 from HIV-1 on its fusogenic activity has

been explored [2]. As a result of the simulations, conforma-

tional flexibility was suggested as the key factor which

might be responsible for the experimental findings [3].

Here, mutants of the viral membrane protein Vpu from HIV-

1 are used to evaluate possible implications of these

mutations on the structural integrity.

Vpu is a type I integral membrane protein of 81 amino

acids with a N terminal transmembrane (TM) domain and a

larger cytoplasmic domain ([4–6], reviewed in [7]). The

protein acts in two ways: (i) by interaction of its

cytoplasmic domain with CD4 which leads to a degradation

of CD4 [8–11], (ii) by self-assembly which induces ion

channel activity to amplify the release of immature virions

from the infected cell [12,13]. The structure of Vpu is

reasonably well resolved by NMR [14–17], CD- [18] and

FTIR-spectroscopy [19], enabling the generation of working
cta 1716 (2005) 1 – 10
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a model for Vpu which can be summarized as follows: a

TM helix approximately from residue 6 to 29, a second

helix (helix-2) from residue 40 to 50 and a third helix

(helix-3) from residue 60 to 70. Another short helix or turn

is proposed for residues 75 to 78. Using this information,

models can be produced for computational analysis.

In this study, experimental investigations on TM

domain mutants of Vpu and the consequences of these

mutations on its structure are explored using MD

simulations. Mutations within the TM domain have been

found to modulate the ability of Vpu to enhance particle

release [20]. The present exploration serves as a test case

to assess the mechanism of this function on an atomic

scale. For all of the mutants investigated, membrane

integration ability and subcellular translocation was iden-

tical to wild type (WT) Vpu [20]. In addition to a

modulation of particle release, one mutant also abrogates

CD4 degradation. The structural integrity of the TM helix

has been found to be essential for both functions of Vpu

[20]. Generation of computational models with solely the

TM domain (TM helix), either as a single entity or as a

pentameric or hexameric assembly embedded in a hydrated

lipid bilayer, aims to assess whether these mutations would

affect local conformation of the TM domain of the protein.

An extended model of Vpu including the first 52 amino

acids of one of the mutants is generated because of the

dual effect of this mutant: reducing particle release and

failing to induce CD4 degradation [20]. The simulation

time is held short to enable a large number of models to be

produced on a computationally low-cost level.
2. Materials and methods

Wild type Vpu1–31 (HV1H2) and a series of mutant

single helices consisting of the first 31 residues of Vpu (for

simplicity referred to as WT-1, FV-1, respectively) and

bundles consisting of five (WT-5, FV-5) and six of these

helices (WT-6, FV-6) were generated. For one mutant, Vpu-

IVW, an extended model with 52 amino acids, referred to as

IVW-k, was generated.

The sequences used for the models are:
WT QPIQIAIVA10 LVVAIIIAIV20

VWSIVIIEYR30 K

FI mutant QPIQIAFIA10 LVVAIIIAIV20

VWSIVIIEYR30 K

KSL mutant QPIQKASLA10 LVVAIIIAIV20

VWSIVIIEYR30 K

FV mutant QPIQIAIVA10 LVFVIIIAIV20

VWSIVIIEYR30 K

IVW mutant QPIQIAIVA10 LVVAIIIAIV20

IVSWVIIEYR30 K

IVW-k mutant QPIQIAIVA10 LVVAIIIAIV20

IVSWVIIEYR30 KILRQRKIDR40

LIDRLIERAE50 DS
The mutations are highlighted in bold and the sequence

was adapted from [20]. For model building, a protocol was

used which combines a simulated annealing (SA) proce-

dure with short molecular dynamics (MD) simulations

based on the program Xplor [21]. This procedure is

described in detail elsewhere [22]. The protocol can be

briefly summarized as being a two-stage procedure in

which in the first stage idealized helices with a rise per

residue of 0.15 nm and 3.6 residues per turn were

constructed. The tilt angle was set to be 5- for all the

helices, either as single entities (see for example [23,24])

or as bundles of five or six helices (see, for example,

[23,25]). All atoms of a side chains from a particular

residue were superimposed on the Ca-atom. Gradually, the

side chain atoms emerge from the position of the Ca-

atoms which were restrained in position. During the

annealing step (1000 K) weights for bond length, bond

angles, planarity and chirality increased. After an initial

delay, a repulsive van der Waals term was gradually

introduced. Having reached a final scaling factor for the

van der Waals term, the structures were cooled to 300 K in

steps of 10 K/0.5 ps. To avoid trapping of the side chain

atoms in unwanted conformations, the van der Waals radii

were reduced to 80% of their full value. This part of the

protocol was repeated five times to derive 5 different

structures. Each repeat was performed with the different

initial velocities needed for a short MD run at 1000 K

derived from a Maxwellian random number distribution

function. Each of these structures was used in the second

stage of the protocol to run 5 short MD simulations at 500

K which differ in their randomly chosen (see above) initial

starting velocities. Electrostatic interactions based on the

PARAM19 parameter set were introduced at this stage.

Harmonic restraints were used to hold the Ca-atoms.

These restraints were gradually relaxed while the temper-

ature was reduced from 500 to 300 K. Partial charges on

the side chain atoms of the polar side chains were scaled

up to a maximum of 0.4 of their full value. At 300 K, a 5

ps MD simulation followed by a 1000-step conjugate

gradient energy minimization was performed. The values

for the partial charges were also held constant during the 5

ps simulations and minimizations. Distant electrostatic

interactions were truncated with a switching function. At

the end of the second part of the protocol, 25 structures

were generated from which the straightest helix, (in case of

the single entities), or the most symmetric model, (for the

pseudo five or six fold axes in the bundles), were selected.

In general, the bundles were generated by copying a single

helix around a central axis holding an inter-helix distance

of 0.94 nm.

The extended kinked model, IVW-k was generated from

an a-helix as described previously [24] including all the

residues, by bending (using SwissPDB viewer software) the

helix around residues Glu-28 to Leu-33 so that they adopted

the following values at the start of the simulation: / =

�59.0-, w =�25.5- for Glu-28; / =�59.2-, w =�36.1- for
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Tyr-29;/ =�74.5-,w =�36.5- for Arg-30;/ =�63.5-,w =

�24.4- for Lys-31; / = �25.8-, w = �54.3- for Ile-32; / =

�46.7-, w = �57.3- for Leu-33. The generated helix-2 was

placed in such a way that Glu-39 was pointing into the

phospholipid headgroup region and Arg-48 out of it.

All models were placed in a preequilibrated lipid bilayer

of POPC (1-palmitoyl-2-oleoyl-sn-glycerol-3-phosphoryl-

choline) molecules with a cylindrical hole of radius of 0.7

nm and 1.1 nm, for the insertion of the single helix and the

bundles, respectively, following the protocol as in [26–28].

Lipid bilayers consisted of 127 and 96 lipid molecules for

the simulations of the single TM helix and of the bundles,

respectively. The uneven number of lipids in both leaflets

for the larger lipid patch has no destabilizing effect on the

peptide structure despite the potential for asymmetrical

stress to occur in the bilayer [27]. The protein/lipid bilayer

system was minimized with the protein coordinates

restrained to avoid unfavorable interactions. This was

followed by hydration of the system with more than 30

water molecules per lipid and neutralization of the

simulation box by the addition of counter ions. After short

equilibration runs of about 100 ps with the protein

coordinates restrained, the production run was started

without any restraints. The total number of atoms in each

box was about 20,000 for all the simulations. For IVW-k a

bilayer of 261 lipids with 125 for the leaflet, in which

helix-2 was embedded, and 136 lipids in the opposing

leaflet was used. The Fvacuum_ generated by removing the

lipids underneath helix-2 was refilled during a 600-ps

equilibration phase with the protein restrained in its

position within the bilayer. After hydration of the system

and addition of counter ions, the simulation box contained

a total of ¨60,000 atoms. In all models the titratable

residues were used in their default ionization state.

For the simulations, GROMACS 3.01 was used, includ-

ing the simple point charge (SPC) water model. Simulations

were run at 300 K in an isothermal-isobaric ensemble

(NPT). A constant pressure (sP = 1.0 ps independently in all

three directions) and temperature (sT = 0.1 ps) coupling was

applied [29]. Trajectories were calculated in time steps of 2

fs using periodic boundaries and anisotropic pressure

coupling. Long range electrostatics were calculated using

the particle-mesh Ewald (PME) algorithm with grid

dimensions 0.12 nm and interpolation order 4. Lennard–

Jones and short-range Coulomb interactions were cut off at

1.0 and 0.9 nm, respectively. The box size typically was

within a range of 5.5�5.5�7.5 nm (8�10�10 nm for the
Fig. 1. The structure of the mutant helix KSL-1 at 0 and 3 ns with residues

highlighted as indicated (A): Gln-2, -5, Lys-6, -31, Arg-30 (all in light

grey); Trp-22, Glu-28 and Tyr-30 (all in dark grey). I and II define the

hydrophobic slab and the phospholipid head group region, respectively, of

the lipid bilayer. Lipid bilayer and water molecules are omitted. Pentameric

models of the mutants FI-5, KSL-5, FV-5 and IVW-5 (B). For FI-5 to FV-5,

the view is from the N terminal end, while for IVW-5, the view is from the

C terminal end. The mutant residues are highlighted in different grey scales

and marked with their names.
simulation with the kinked model). Simulations were run at

300 K. Simulations have been performed on Dell work-

stations with either dual 1 GHz PIII processors or a 1.4 GHz

P4 processor.



Fig. 2. Root mean square deviation (RMSD) of the Ca atoms of the single

helices and the bundles. The graphs contain either WT (black line), FI (grey

line) and KSL (dashed black line) for single helix (A), pentamer (C) and

hexamer (E), orWT (black line), FV (grey line), and IVW (dashed black line)

for single helix (B), pentamer (D), hexamer (F). Data are shown every 20 ps.
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3. Results

3.1. Orientation of the mutant residues

A representative single helix of one of the mutants (KSL)

is shown in Fig. 1A. During bundle formation, for the FI

and KSL bundles, the mutant residues Ile-9 (FI) and Leu-9

(KSL) face the pore (Fig. 1B). Mutated residues, other than

those mentioned, do not face the interior of the pore (Fig.

1B). The phenylalanine residues in bundles of FI and FV, as

well as the mutant tryptophans in IVW, all point towards the

lipid/helix/helix interface. A similar alignment is found for

tryptophans in the WT bundle [25,30,31]. All hydrophobic

mutated residues point totally towards the hydrophobic slab

of the lipid bilayer. The mutant residue Lys-6 in KSL points

towards the phospholipid headgroup region, while the

mutant residue Ser-8 is located at the helix/helix interface,

rather than facing into the pore.

Within the timeframe of a 3-ns production phase of all

MD simulations, the displacements of the Ca-atoms of all

the consecutive structures from the starting structure do not

exceed approximately 0.15–0.25 nm (Fig. 2). Values for all

models level off after approximately 500 ps. This level

seems to increase with an increasing number of helices

involved in the simulations: single helix (Fig. 2A, B) <

pentamer (Fig. 2C, D) < hexamer (Fig. 2E, F). Three models

deviate from the general behavior in as much as their values

do not reach an equilibrated stage (KSL-1, Fig. 2A, dashed

black line), or level off at slightly lower (FI-5, Fig. 2C, grey

line) or higher values (IVW-5, Fig. 2D, dashed black line)

than the other models in their group. In case of KSL-1 this is

due to development of a strong kink and an unwinding

along residues Ile-27 to Arg-30 at the C terminal end during

the simulation (Fig. 1A, right hand side). An unwinding of

the C terminal end has also been occasionally observed in

simulations of Vpu bundles [25]. One of the helices of IVW-

5 is also unwinding at its C terminal end, whereas another

helix adopts a strong kink (Fig. 1B). Overall, the bundle

seems to Fflatten_. For FI-5 (Fig. 1B), the model seems to

represent a structure which has adopted a low energy

conformation (see RMSD in Fig. 2C, grey line) because of

proper helix–helix packing.

The data for the Fmacroscopic_ analysis of the models

regarding tilt, kink and helix crossing angles, as well as the

inter-helical distances, are listed in Table 1. Large tilt angles

are found for the single helices. The largest value 19.2- was
found for WT-1. All other single helices experience changes

with respect to the initial value of about 7–10-. FI-1 seems

to remain fairly straight (4.1T2.3-) within the bilayer

whereas in all bundles the average tilt angle is considerably

larger and comparable to the values found for the mutant

bundles. The helices in the pentameric and hexameric

bundles adopt angles of around 10-–11-. Large average

kink angles are found for the single helices IVW-1

(14.6T2.2-), KSL-1 (32.1T4.3-), FI-1 (16.4T5.1-) and the

hexameric bundles FV-6 (17.0T6.0-), KSL-6 (19.5T8.9-).



Table 1

Averaged tilt, kink, helix crossing angles and averaged inter helical

distances

Tilt [-] Kink [-] Helix crossing

[-]

Interhelical

distance [nm]

WT-1 19.2 T 2.3 9.4 T 2.8

WT-5 8.0 T 2.7 12.3 T 7.8 9.3 T 3.4 1.1 T 0.0

WT-6 10.7 T 2.9 16.6 T 3.8 8.6 T 6.0 1.0 T 0.1

FI-1 4.1 T 2.3 16.4 T 5.1

FI-5 13.0 T 6.9 11.4 T 4.8 10.4 T 2.2 1.0 T 0.0

FI-6 10.2 T 3.7 13.8 T 5.2 9.7 T 3.4 1.0 T 0.0

KSL-1 10.7 T 3.1 32.1 T 4.3

KSL-5 13.5 T 6.3 15.5 T 4.5 12.7 T 2.9 1.0 T 0.0

KSL-6 8.6 T 3.2 19.5 T 8.9 7.8 T 3.5 1.1 T 0.1

FV-1 9.4 T 1.1 9.9 T 4.7

FV-5 12.4 T 5.2 12.3 T 5.5 11.2 T 3.2 1.1 T 0.1

FV-6 12.2 T 4.9 17.0 T 6.0 8.8 T 3.3 1.04 T 0.0

IVW-1 14.1 T 2.0 14.6 T 2.2

IVW-5 8.9 T 3.8 16.6 T 7.0 9.7 T 1.7 1.1 T 0.1

IVW-6 10.1 T 4.0 13.1 T 3.9 9.3 T 3.2 1.0 T 0.0

IVW-k H1 3.1 T 1.5 12.3 T 1.6

Averages have been taken from the last five frames in steps of 100 ps of the

trajectories. 1, 5 and 6 denote the number of helices used in the simulation.

H1 stands for the TM helix.

Table 2

Traversing water molecules for the WT and mutant bundles

Traversing water molecules

Number Direction

WT-5 1 j

WT-6 3 j,,

FI-5 1 j
FI-6 0 –

KSL-5 0 –

KSL-6 0 –

FV-5 2 j,
FV-6 2 ,,

IVW-5 0 –

IVW-6 2 jj

, = water moves from C to N terminus, j = water moves from N to C

terminus.

Fig. 3. Averaged pore radius for FV-5 (A) and FV-6 (B) at the beginning

(grey trace) of the simulation and at the end (black trace). Arrows from left

to right mark the minima in the pore radius caused by residues Gln-5, Ile-16

and -19, as well as Arg-30.
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The exceptionally large kink observed for KSL-1 is due to

the interaction of the charged residues Lys-6, Glu-28 and

Arg-30 residues with the phospholipid headgroup region of

the lipid bilayer to achieve a suitable orientation to match

the hydrophobic slab of the bilayer. However, when they are

assembled to form bundles, the average kink angles of KSL-

5 and -6 are within the range found for the other mutant

bundles. Hexameric bundles adopt slightly larger average

kink angles than the other models. The crossing angles for

all bundles are around 10-. The averaged inter-helical

distance remains almost the same (¨1 nm between the

helical axis) for all models.

The analysis of the /- and w- angles of the individual

mutant amino acids reveal that these values are within the

margins typically found for a-helices (data not shown).

Thus, the mutations do not have an affect on the local

helical conformation of the single strands and the bundles.

The starting structures of all bundles contain a water

column. The GROMACS program fits some water mole-

cules into the available space. During the early stage of each

simulation, these water molecules disappear and the centre

of the pore remains Fempty_ for the rest of the simulation. At

either end, water pockets are found penetrating about 0.8 nm

into the pore. However, several water molecules rapidly

cross the Fempty_ space (Table 2). There is no obvious

directional preference for the water molecules to pass

through the pores. In simulations using a cut-off distance

for the treatment of the non-bonded long range electrostatic

interactions Fempty_ pores are not observed. In such

simulations, a continuous water column is present for the

entire duration of the simulations (data not shown, see also

[23,25]).

A typical pore radius profile of the Vpu bundles (WT and

mutants) is shown in Fig. 3 for FV-5 (Fig. 3A) and FV-6
(Fig. 3B). For all bundles, including WT, there is a common

narrowing of the pore at both the N and C terminal ends,

though to a larger extent at the N terminal side. The

narrowing is caused by Gln-5 (N-terminus) and Arg-30 (C-

terminus). In addition, a narrow region is also found in the

middle of the pentameric pores especially around the bulky

pore-facing residues Ile-16 and Ile-19. Analysis with the

program HOLE [32] reveals that the pore radius, r, would

allow only single-file water molecules (1.15 Å<r<2.3 Å),

especially in the narrow regions within the centre of the pore
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and at the pore mouths. Thus, there is a region in the middle

of the pore generating a kind of hydrophobic barrier or

Flock_ for ion permeation [33–37]. In the hexameric

bundles, this narrow part for the middle of the pore is not

observed, allowing for a continuous water column all the

way through. The restrictions on the ends still remain but to

a lesser extent in the hexameric bundles. In case of the KSL

and FI mutants, a narrowing of the pore due to mutant Leu-9

(KSL) and Ile-9 (FI) is not observed (based on calculations

with HOLE). Thus, replacing Val-9 with leucine or

isoleucine should affect the hydrophobicity within the pore

rather than the overall pore geometry.

3.2. The kinked mutant IVW-k

The kinked model IVW-k is constructed in such a way

that the helix is bent around residues Glu-28 to Leu-33

keeping them as far as possible in a helical conformation

[24]. The part of the long helix lying on top of the bilayer

after the bend is called helix-2. The bend was performed so

that helix-2 would not interfere with bundle formation and

that the hydrophilic residue Ser-23 would face into the pore.
Fig. 4. Root mean square deviation (RMSD) of the Ca-atoms of the kinked muta

shown in a side view (B, left hand side) and from the C terminal end along the helix

Trp-24, Glu-28, Gln-35 are shown in dark grey. Lys-31, Arg-34 and Lys-37 are sho

SwissPDB viewer software) around residues Glu-28 to Leu-33. Helix-2 is consequ

away from helix-2.
The uneven number of lipids taken out from the two leaflets

of the bilayer causes a perturbation in the system [24]. The

hydrophobic tails of the lipid molecules crawl underneath

helix-2, leading to a reduced lateral pressure in the hydro-

phobic slab of this leaflet. Since any protein– lipid

interaction would induce this membrane perturbation of

moving more lipids away in one leaflet than in the other, this

model is one which most closely resembles the natural

environment: helix-2 has all its hydrophobic residues facing

the bilayer and the interaction with the hydrophobic tails of

the lipids rather than with the polar headgroups would be

energetically favorable while the hydrophilic residues of

helix-2 point towards the aqueous phase.

The RMSDs of the Ca atoms of the simulation on IVW-k

level off after approximately 500 ps at a higher level (around

0.4 nm, Fig. 4A) than found for the bundle simulations (Fig.

2C–F). This difference is due to a heavy unwinding beyond

the region of the bend including residues in helix-2 up to

Lys-37/Ile-38. Unwinding is initiated by the mutant Trp-24

which is located just underneath the bend of helix-2 at the

start of the simulation (Fig. 4B). At this position, it clashes

with residues in helix-2 such as Glu-28 and Lys-31. In the
nt IVW-k (A). Data are shown every 20 ps. Starting structure of IVW-k is

axis of helix-2 (B, right hand side). Lipids and water molecules are omitted.

wn in light grey. IVW-k is generated from a single helix which is bent (using

ently lies on top of the lipid bilayer. Ser-23, within the TM helix, is pointing
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starting configuration, Glu-28, Lys-31, Arg-34, Gln-35 form

a complex salt bridge (Fig. 5, 0 ns), while Lys-37 faces the

aqueous phase. Throughout the simulation (Fig. 5, 1 and 2

ns), the unwinding of the N terminal part of helix-2 is

accompanied by a replacement of Arg-34 by Lys-37 within

the formation of the complex salt bridge (Fig. 5, at 3 ns). In

the simulation, Tyr-29 and Arg-30 approach each other

forming hydrogen bonds (data not shown). The disruption

of parts of the helical structure of helix-2 can also be

visualized by the percentage of the simulation time a residue

remains in a helical conformation (Fig. 6). Residues Glu-28
Fig. 5. Expanded view of the bend region of IVW-k shown in Fig. 4B at 0,

1, 2 and 3 ns. Trp-24, Glu-28, Gln-35 are shown in dark grey. Lys-31, Arg-

34 and Lys-37 are shown in light grey. The evolution of structural changes

is shown in a side view. The complex salt bridge formed by Glu-28, Lys-31,

Arg-34 and Gln-35 at the beginning of the simulation (0 ns) is replaced by a

complex salt bridge formed by the same residues except for a replacement

of Arg-34 by Lys-37.

Fig. 6. Relative helicity (in %) of the residues in IVW-k based on their C a

coordinates. The entire range of the simulation is contributing for the

calculations. Residues Glu-28 to Arg-36 are less then 30% of their time in a

helical conformation. Every tenth residue is indicated by a bar, dotted lines

indicate the residues placed directly at the ordinate.
to Ile-38, which are part of helix-2 in the WT model [24],

spend a very low percentage of the simulation time in a

helical conformation in the mutant model.

The overall effect of the structure of the second helix in the

extended model on the tilt angle of the TM helix is moderate

(Table 1). Starting with 7.2T3.9-, the tilt angle passes a

maximum angle of approximately 12–14- at around 500 ps

and remains tilted at around 3.1T1.5- until the end of the

simulation. The angle between TM helix and helix-2 adopts a

value of around 100- towards the end of the simulation,

which is in agreement with the results of a simulation with a

kinked Vpu (Vpu1–52) model reported in an earlier study

[24]. The kink angle of the TM helix remains almost constant

with starting and final values of 10.3T1.6- and 12.3T1.6-,
respectively. Because of the large scale unwinding of helix-2,

kink and tilt angles cannot be measured.
4. Discussion

4.1. The TM domains

The bundles are built in such a way that they match our

current knowledge of water-filled ion-conducting membrane

proteins. Hydrophilic residues, such as serines, within a

hydrophobic TM helix face the lumen of the pore. Any

aromatic residues, especially tryptophans, should help to

anchor the protein within the lipid bilayer and would be

located at the putative ends of a TM helix and facing a

helix–helix–lipid interface. Investigation of the mutants

demonstrates the integrity of the single helix, the pentameric

and hexameric bundles embedded in a lipid bilayer. In one

example (IVW-5), the bundle adopts a flattened structure.

Such non-ideal bundles seem to result from unfavorable

interactions which occur during the energy minimization

and short equilibration runs prior to the production phase.

Similar flattened bundles have also been observed recently

in simulation of hexameric Vpu bundles [31].
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WT and mutants adopt tilt angles perfectly matching

experimental findings of the WT peptide [38]. Any bio-

logical effect of the mutations mentioned by Tiganos et al.

[20] may not be caused by large structural disturbance.

Any mutation within the TM helix can potentially

abrogate channel activity. The data presented here suggest

that most of the mutations do not affect the environment of

the interior of the pore, and consequently it is assumed that

channel activity is not affected. The only exceptions might

be the FI and KSL mutants, both of which have the mutant

residue pointing into the lumen of the pore.

The experimentally observed effect of the mutations in

[20] may also be due to interaction with other membrane

proteins, e.g. ion channels (such as TASK-1 [39]), at the site

of the plasma membrane. Thus, Vpu might also be indirectly

involved in altering electrochemical gradients [39]. From

the simulations presented in this study, it seems likely that

the mutations should not interfere with ion channel activity.

Experiments with the mutants would need to be performed

to validate this claim.

4.2. Water within the pore

A series of computational studies of water molecules in

narrow geometries have revealed that the presence of water

is dependent on a series of parameters such as pore length,

diameter and polarity of the lining residues [37,40–43]. In

the case of Vpu, diameters of less than 0.6 nm are adopted

which account for the absence of single-file water molecules

observed in gramicidin A [44–47]. The pore radius does not

increase even in longer simulations of more than 50 ns

(Lemaitre, Fischer, unpublished results).

4.3. PME versus cut off

In earlier simulations, any long range electrostatic

interactions after the cut off distance were neglected [25].

Vpu bundles with water-filled pores were observed.

Calculations with electrostatic force truncation have shown

an increased structuring of water [48] and an decrease of

translational and rotational motion [49]. These effects may

also be present at the single water level as found in the

narrow pores leading to the artificially prolonged presence

of water molecules in the pore at least for the times spans

covered in the simulations reported earlier [25]. The use of

PME in the present study ejects water from the beginning of

the simulation, even though the pore is wide enough to

allow solvent molecules to be situated within it. There is

only a small pocket of water molecules left at the C terminal

mouth of the bundles. PME is now widely used for

simulations on biomolecules [50–52] since simulations

result in stable protein structures [53]. The method can also

be used independent of the size of the system if it is slightly

modified [54]. The method is not free of artefacts such as,

e.g., the biasing of the rotation of biomolecules due to

artificial periodicity [55]. However, it has been shown that
high relative permittivity of the solvent permits these

artefacts to be ignored when simulating biomolecules [56].

Simulations on K+-channel models using PME rather than

cut-off for the long range electrostatic interactions appear to

show little difference in the dynamics of the water mo-

lecules [57]. Thus, the disappearing of the water molecules

may represent a more accurate picture of the channel

behavior.

4.4. Hydrophobic gate

The TM helix of Vpu contains a long hydrophobic

sequence which causes a constriction around Ile-16 and Ile-

19 in a homo-oligomeric bundle. These residues probably

establish a hydrophobic barrier for ions and water molecules

and might represent a Fhydrophobic gate_ [33,58]. Hydro-
phobic barriers or locks are established features in the

nAChR [59,60], the mechanosensitive channel MscL [35]

and the potassium channel KcsA [58,61–63].

4.5. The extended kinked model

The IVW mutant is the only mutant which not only

abrogates particle release but is also unable to induce CD4

degradation [20]. In the light of the present data, it is

suggested that the mutant cannot adopt a functional

conformation especially for the cytoplasmic domain. The

chosen conformation is created by the partial unwinding of

helix-2, which probably leads to further conformational

disruption towards the C terminal end. It is also possible,

however, that initially the mutant would not adopt such a

conformation and instead would remain in a non-functional

conformation. This strengthens the idea of a well-defined

conformation between the TM helix and helix-2 as

suggested in [24], which is essential for Vpu to fulfill its

role of inducing CD4 degradation.

4.6. Short versus long simulations

In this study, the emphasis has been on screening a large

number of mutants in a short time. Therefore, relatively

short simulation time frames have been chosen. In

comparison with data from longer simulations of selected

mutants (Lemaitre and Fischer unpublished results), no

major differences regarding the overall structural analysis of

the data have been found.
5. Conclusions

Computer simulations will play a major part in future

investigations on the understanding of protein mechanisms

of function (biochemical proteomics), especially when

structure based information is necessary for the develop-

ment of novel drugs. In this study, we have tried to correlate

experimental findings on the function of Vpu mutants with
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structural alterations which occur in the protein. Within the

boundaries of our current MD simulations, the helicity of all

mutants and their integrity in a bundle do not show major

deviation from the WT structure. Correlating this to the

functioning, the effect of the mutant as reported in Tiganos

et al. [20] may be looked for at the site of the TASK-1–Vpu

interaction. In case of one of the mutants, in which the only

tryptophan in the TM region is shifted up in the sequence,

there is an impact on the structure of the second helix in the

protein. This result can be related with the experimental

findings of the inability of this mutant to degrade CD4.
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