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Vpu is an 81 amino acid type I integral membrane protein encoded by human immunodeficiency virus type 1
(HIV-1). It is identified to support viral release by potentially forming ion and substrate conducting channels
and by modulating the function of host factors. The focus is on the interaction of the transmembrane domains
of Vpu with those of host factors using a combination of molecular dynamics simulations and docking approach.
Binding poses and adopted tilt angles of the dimers are analyzed and correlated with experimentally derived
activity data from literature. Vpu activity is driven by dimerization with the host protein via its alanine rim
Ala-8/11/15/19. Tight binding is shown by an almost parallel alignment of the helices in the dimers. Less parallel
alignment is proposed to correlate with lower activity. This article is part of a Special Issue entitled: Viral
Membrane Proteins — Channels for Cellular Networking.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Viral channel proteins belong to the class of proteins that self-
assemble into homo-oligomers enabling ion and substrate flux across
the lipid membrane [1,2]. The consequence of this is an altered environ-
ment for improved reproduction of the virus. It has been shown that the
mode of action of these proteins is important in the early stage of viral
entry into the host, e.g. for Kcv from PBCV-1 [3], and in the later stage
of the infectivity cycle, e.g. for Vpu from HIV-1 (reviewed in [4]). In the
case of the viral proton conducting channel M2 from influenza A, the
protein is found to be essential during the early stage as well as during
the later stage, while other viral proteins need to be manufactured
[5,6]. In all the stages mentioned it is rather the proton/ion flux which
is thought to trigger downstream molecular mechanical events.

In recent years it has become evident that Vpu from HIV-1 is
interacting with a number of host factors such as CD4, BST-2 and NTB-A
(reviewed in [1]). Similarly, E5 of human papillomavirus 16 has recently
been identified to release ions and substrates using fluorescent dye re-
lease essays with liposomes [7]. E5 is declared as a member of the channel
forming viral proteins and is also known for its interaction with a series of
host factors [8,9]. This sparks thoughts about the importance of the role of
channel formation in comparison to the role of manipulating the host cell
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via interaction with host-factors (for Vpu see [10,11]). How these pro-
teins ‘find’ their partners, and how strong the interaction to the attached
host proteins must be in order to be processed further are still to be
elucidated.

Vpu is an 81 amino acid type I integral membrane protein found in
HIV-1[12,13] and related chimpanzee isolate SIVpz [14]. As an auxiliary
protein it amplifies virus replication [15] (for review see [16-18]).
Shortly after its discovery the mechanism of amplification has been at-
tributed to its capability to oligomerize [19-21], to form channels within
the lipid membrane [22] and to down-regulate the receptor protein CD4
[23]. In the first case channel formation was found to be solely due to the
transmembrane domain (TMD) of Vpu. Randomization of the TMD of
Vpu leads to an abrogation of channel activity [22]. In the second case
the cytoplasmic domain was identified to be essential. In recent years
more host factors have been identified such as CD317/tetherin/BST-2
[24-26],CD74 [27] and NTB-A [28] with which Vpu is supposed to inter-
act. The consequence of the interaction is that these proteins are
redirected to the ubiquitin-dependent proteasome degradation path-
way. In the case of both CD317/tetherin/BST-2 [24-26,29] and NTB-A
[28] the TMD of each of the membrane proteins is the target of Vpu.

NMR spectroscopic experiments of peptides corresponding to the
TMD of Vpu reveal a helix which is kinked around Ile-17 [30-33]. The
kink is also found in molecular dynamics (MD) simulations of the
TMD when embedded into hydrated lipid bilayers and includes Ile-20
to Ser-24 [34]. The physical interaction of the TMDs of Vpu and BST-2
is confirmed by NMR spectroscopy to be driven by hydrophobic interac-
tions between the two helices [35]. The alanine rim of Vpu allows larger
residues within the TMD of BST-2, such as V-30, I-34 and L-37, to
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interact tightly. The alanine rim follows an AxxxAxxxA motif which is
conserved among Vpu isolates [36]. This motif adds up to a series of
known motifs for TMD-TMD interactions [37,38].

Computational protocols are proposed to generate dimeric and olig-
omeric assemblies of membrane proteins and peptides based on the
TMDs using docking based screening of the interhelical interactions
[39-43], (reviewed in [44]). There have been attempts to derive TMD-
oligomerization by allowing full scale protein dynamics by simulating
the process in a lipid bilayer environment [40,45,46].

In this study we focus on the structural features and dynamics of the
TMDs of Vpu and Vpu mutants once assembled into dimers either with
BST-2, CD4 or NTB-A. In each case, the TMDs are known to be the
segments of the proteins relevant for their biological function. While
BST-2, NTB-A and Vpu interact via their TMDs, for Vpu and CD4 they
seem not to be the only contact point. It is investigated whether results
from MD simulations can be correlated with related biological experi-
ments. Vpu is not necessarily co-down-regulated with all host factors
used in this study. It is anticipated that there has to be a structural and
dynamical aspect in the interaction because Vpu needs obviously also
to dissociate from the host-TMD, especially while interacting e.g. with
BST-2.

This study is seen as an attempt to use the tools in a computational
bioanalytical approach. The helical motif of TMDs can easily be modeled
based on bioinformatics tools such as secondary structure prediction
programs. Limiting the study to the TMDs is, besides the biological rele-
vance of these domains as mentioned, also due to minimize calculation
time when screening larger data sets.

2. Materials and methods

Ideal helices (¢ = —65°, y = —39°) of the N terminal side of
Vpu (Vpu HV1H2), including the TMD of the protein as well as the
TMDs of CD4, BST-2 and NTB-A were generated using the program
MOE2008.10 (Molecular Operation Environment, www.chemcomp.
com):

MQPIPIVAIV'® ALVVAIIIAI?® VVWSIVIIEY>® RK
MIPIVIAIIL'® AVAVQAIVIVZ® [VSWIIE

MALI*®° VLGGVAGLLL*'® FIGLGIFF

LLGIGI'® LVLLIIVILG?® VPLIIF

FM?3° VSGICIVFGF?*° IILLLLVIA.

Vpuy_3; (Vpu)

Random Vpu;_,7 (RVpu)
CD4397—418 (CD4)
BST-25_,7 (BST-2)
NTB-Az29-249 (NTB-A)

The sequence of RVpu was taken from [22]. The mutations of the
TMD of Vpu;_3; are done as following A19H, A19L, A19N, A19F, A15L,
A15N, A15F, W23A, 116/17/18T (I3XT), and 116/17/18V (I3xV). This
four letter code is used in the text.

2.1. Preparation of the protein/lipid/water system

Proteins, uncharged at both ends, were embedded into POPC lipid
bilayer patches (POPC: 16:0-18:1 diester PC, 1-palmitoyl-2-oleoyl-
snglycero-3-phosphocholine). Prior to protein insertion, patches of
128 lipids were equilibrated for 70 ns [34] and used for the simulations.

Individual helices and protein assemblies were inserted into the
POPC bilayer patches using the MOE software package. Lipids were
manually removed to avoid an overlapping with the proteins. Finally,
the patches consisted of 122 lipids (6344 atoms). The protein/lipid
system was hydrated with about 3655 water molecules.

All MD simulations were carried out using GROMACS 4.0.5 with
the Gromos96 (ffG45a3) force field. Peptides, lipids, and the water
molecules were separately coupled to a Berendsen thermostat at
310 K with a coupling time of 0.1 ps. The compressibility was set
to 4.5 x 107> bar™ . The monomers were simulated using a semi-
isotropic pressure coupling scheme. Long range electrostatics was
calculated using the particle-mesh Ewald (PME) algorithm with grid di-
mensions of 0.12 nm and interpolation order 4. Lennard-Jones and

short-range Coulomb interactions were cut offat 1.4 and 0.9 nm, respec-
tively. Water molecules were represented by the SPC model. The pro-
tein/lipid/water system was energy minimized (1000 steps steepest
descents, 5000 steps of conjugate gradient) followed by a total of
1.9 ns (122 lipid patch) of equilibration MD simulation. The following
equilibration protocol was used: (i) the temperature was gradually in-
creased from 100 K to 200 K and 310 K. The system was run for
200 ps for the first two temperatures and 1.5 ns for the latter (500 ps
for the patch containing 122 lipids). During these simulations the pro-
tein remained fully restraint (k =1000 kJ mol~'). At 310 K the re-
straints kept on the protein via the force constant k, were released in 2
steps from k = 500 k] mol~!' nm~2 to k = 250 kJ mol~! nm~2 Each
step was run for 1.5 ns. For the system containing 122 lipids, 2 steps
(k =500 k] mol~ ! nm~2 and k = 250 k] mol~! nm~2) were used
each running for 500 ps.

2.2. Assembly

The starting structure for the assembly of TMDs was the average
structure over the backbone atoms of the 100 ns MD simulations. Rota-
tional and translational motions were removed by fitting the peptide
structure of each time frame to the starting structure. The program
g_covar from the GROMACS-3.3.1 and 4.0.5 packages was used for the
calculations [42].

The dimers were assembled using a program based on the scripting
language ‘scientific vector language’ (SLV) of the MOE suit as reported
earlier [42,43]. For energy calculations the AMBER 94 force field was
used. To simulate the assembly within the lipid bilayer the dielectric
constant (g) was set as € = 2. The helical backbone structures were
aligned along the z-axis. The conformational space of the assembly
was screened by keeping one helix fixed but free to rotate around its
own axis while the second helix was able to move in respect to the
interhelical distance, its tilt in respect to the other helix and to rotate
as well around its own axis. All dimers were generated by screening
the interhelical distance in steps of 0.25 A, the tilt and rotational angles
in steps of 2° and 5°, respectively. Interhelical distances were varied
between 8 and 13 A for each peptide, and the tilt was varied between
+36°. The assembly protocol usually generated about 350,000 con-
formers which were stored in a data base for further analysis.

Plots of the root mean square fluctuation (RMSF) of the Cat atoms of
each residue as well as calculations of the tilt and kink angles were gen-
erated over the last 70 ns of the 100 ns simulation and over the entire
duration of the 200 ns simulation run. The tilts and kink are measured
using the coordinates of the center of mass calculated from the back-
bone of residues 5-8, 20-23 and 24-28.

The simulations were prepared on a DELL T7500 workstation and
submitted to the National Center for High Performance Computing
(NCHC), Hsinchu, TW using 24 cpu's in parallel for 168 h for the produc-
tion run of 200 ns.

Plots and pictures were made with VMD-1.8.7, Origin 8.5 and Pymol.

3. Results

The helical motif of each of the TMDs of Vpu, CD4, BST-2, NTB-A,
A19H, I3xT and W23A remains intact during a 100 ns MD simulation
(Fig. 1A). The RMSD shows the general pattern of a rise which is
plateauing off after the first ns (Fig. 1B). The RMSF values express a w-
like shape for all the TMDs (Fig. 1C). Mutant A19H shows the highest
dynamics around Ile-16 and the mutated His-19 (Fig. 1C, II) compared
with the other peptides. Residues from the middle of the helix towards
the C terminus exhibit a gradual increase in fluctuation for BST-2. The
respective values for any mutant Vpu;_3, show the same trend for
both RMSD and RMSF values as shown in Fig. 1 (data not shown).

While assembling the TMDs mentioned above and those of other
mutant of Vpu,_3, with BST-2 using the docking software, the distance
between the dimers ranges between 9.5 and 12.75 A (Table 1, Suppl.
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Fig. 1. Graphical representation of the individual TMDs after 100 ns MD simulation (A). The TMDs are shown from left to right Vpu, BST-2, CD4, NTB-A, A19H, I3xT, and W23A. The peptides
are shown with their backbone highlighted in yellow. Amino acids are shown in stick modus and colored as the following: alanine (blue), leucine (green), isoleucine (red), histidine (dark
red), cysteine (light pink), and threonine (dark green). Phosphorous atoms are shown as dark spheres to mark the boundaries of the lipid membrane. Water molecules are shown in blue
(oxygen)/white (hydrogen) stick-ball modus. Lipid molecules are omitted for clarity. Calculations of the root mean square deviation (RMSD) (B) and fluctuation (RMSF) (C) of the Cat
atoms. I: traces for Vpu (black, I), CD4 (red, I), BST-2 (blue, I), NTB-A (green, I), A19H (red, II), I3xT (black, I) and W23A (black, III) are shown.

Fig. 1A). The largest distance between the TMDs is recorded for Vpu-
Vpu and Vpu-CD4 (12.75 A). Both dimers adopt large tilts of 12° and
—28°, respectively (Table 1, Suppl. Fig. 1B). Dimers with the closest dis-
tance are BST-2-BST-2 and Vpu-BST-2 with 9.5 and 9.75 A, respective-
ly. The former dimer together with I3XT and Vpu-CD4 adopts the
largest tilt of + and —28°. The net interaction energy is for BST-2-
BST-2 the highest with + 4.8 kcal/mol followed by Vpu-Vpu with
+2.0 kcal/mol. Values for dimers of Vpu with CD4, BST-2 and NTB-A
range from — 7.2 to — 1.7 kcal/mol.

In the docked lowest energy structure of Vpu-BST-2, BST-2 is posi-
tioned so that Leu-11/14/19/23 (green) and Ile-10/15/18 (red) match
the alanine rim (Ala-8, Ala-11, Ala-15, Ala-19) of Vpu (Fig. 2A, ). In con-
trast, Vpu-CD4 shows that CD4 interacts with its Leu-419 (green) and
Ile-416 (red) closely with residues of Vpu almost opposite the alanine
rim (Fig. 2A, II). NTB-A is oriented so that its Cys-235 (light pink),
Phe-238 (yellow), Ile-242 (red) and Leu-243/245/246 (green) also
face the Vpu alanine rim (Fig. 2A, Ill). Embedding these structures into
a hydrated lipid bilayer the binding motifs remain unchanged for Vpu-

BST-2 and Vpu-CD4 during a 200 ns MD simulation (Fig. 2B, [ and II, re-
spectively). The MD simulation of Vpu-NTB-A unravels a movement
away from the alanine rim, making the assembly almost similar to the
Vpu-CD4 assembly (Fig. 2B, III).

Mutant A19H resembles the binding orientation with BST-2 asin WT
in both the docked assembly structure and the structure after MD sim-
ulation (Fig. 2A and B, IV, respectively). Residue His-19 is positioned be-
tween the two helices interfering with tight and wild type-like packing
of the two helices. In Vpul3xT-BST-2, BST-2 is placed in the assembly
just on the opposite site of the alanine rim (Fig. 2A and B, V). In Vpu-
Vpu one TMD partially blocks the alanine rim in the lowest energy
structure after assembly (Fig. 2A, VI). During the simulations the alanine
rims of two helices approach each other and one TMD fully blocks
the N-terminal part of the rim of the other TMD (Fig. 2B, VI). BST-2-
BST-2 shows a tight packing motif (Fig. 2A and B, VII). All other mutants,
including RVpu, pack along the mutated alanine rim except for A19L, in
which BST-2 packs similar to the motif shown for I3xT (data not
shown).
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Fig. 2. Graphical representation of the lowest energy dimers from the docking approach (A) and after a 200 ns MD simulations of these lowest energy dimers (B). The following dimers are
shown in a surface shape modus as Vpu-BST2 (I), Vpu-CD4 (II), Vpu-NTB-A (III), A18H-BST-2 (IV), I3xT-BST-2 (V), Vpu-Vpu (VI) and BST-2-BST-2 (VII). The following amino acids are
shown: alanine (blue), glycine (light blue), leucine (green), isoleucine (red), histidine (dark red), serine (dark pink), cysteine (light pink), threonine (dark green) and phenylalanine (yel-
low). The structures of the MD simulations are shown without water and lipid molecules. All other residues are shown in white.

3.1. Tilt, kink and distance values over time

Monitoring the distance over time shows that the averaged values
for all dimers remain within a range of 9-12 A and a standard deviation
below 1 A (Table 2). A histogram analysis of the distribution of the dis-
tances adopted during the MD simulations reveals that in some dimers
the data can be fitted with a single Gaussian (Vpu-CD4, Vpu-NTB-A,
Vpu-Vpu, BST-2-BST-2) while in other cases two Gaussians are needed
reflecting two adopted positions being screened (Vpu-BST-2, A19H-
BST-2, I3xT-BST-2, W23A-BST-2) (Suppl. Fig. 2).

The average tile angle calculated for each of the two helices in each
of the simulations (tiltyp) spreads considerably (Table 2, Suppl. Fig. 3).
In some cases tilts are as large as (33.7 & 8.1)° (Vpu in I3XT-BST-2)
and as low as (7.9 &+ 3.5)° (Vpu-Vpu). The differences between the
averaged tilt angles calculated over time (Atilt) are within a range of
(18.9 + 8.3)° (BST-2-BST-2) and (—0.4 + 5.9)° (Vpu-Vpu) (Table 2).
The respective averaged kink angles are calculated as small as
(134.5 + 12.6)° for I3xT in I3xT-BST-2 and as large as (173.5 + 3.3)°

of Vpu in Vpu-NTB-A or Vpu-CD4 (173.2 4 3.7)°. A histogram analysis
of the adopted tilt angles (tilty;so) reveals in some cases up to three po-
sitions that are screened using a Gaussian fit to the data (Table 3 and
Fig. 3). The bold values in Table 3 indicate those tilt angles which are
taken from the largest Gaussian (see Fig. 3). Curve fitting has been limited
to a maximal number of 3 Gaussian. The free energy AG is calculated from
the area spanned by the Gaussian. A correlation between the known
biological activity of the dimers and the number of positions screened
could not be observed. Estimating the free energy between the positions
identifies all of them within a range of 0.5 + 0.3 kcal/mol (Vpu-Vpu)
to 7.8 £ 0.8 kcal/mol (RVpu-CD4) (Table 3). In BST-2-BST-2 the energy
is higher (4.1 £0.4 kcal/mol) compared to the energy necessary to
screen different tilt angles in the Vpu-Vpu (1.7 + 0.5 kcal/mol). The en-
ergies follow the sequence Vpu-CD4 (6.7 + 1.2 kcal/mol) > Vpu-BST2
(3.9 + 0.3 kcal/mol) > Vpu-NTB-A (2.7 + 1.0 kcal/mol) for the
heterodimers.

Visualizing all the tilt angles from Tables 1 to 3 (tiltyp (Table 2),
tiltyisco (Table 3) and tiltyop (Table 1)) for the dimers investigated
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Table 1

Distance (distanceyog), tilt (tiltyor), and energy values (energyyor) for the assemblies of
the TMDs of Vpu, either as hetero- or homodimers. The total energy and the interface en-
ergy are given. The interfacial energy is calculated as the difference between the energy of
the respective complex and the energy of the individual structures.

distanceyop tiltpor energymoe interface energynor

[A] [°] [kcal/mol] [kcal/mol]
Vpu-BST-2 9.75 0 —586.6 —53
Vpu-CD4 12.75 —28 —57.8 —72
Vpu-NTB-A 10 4 —7742 —-1.7
A19H-BST-2 11 16 —689.88 —32
[3XT-BST-2 10.25 —28 —594.5 —128
Vpu-Vpu 12.75 12 —745.5 +20
BST-2-BST-2 9.5 28 —3438 +438
W23A-BST-2 11.25 6 —567.6 —63
RVpu-BST-2 11.25 -8 —6204 —12.2
RVpu-CD4 85 36 —418.2 —10.6
A19L-BST-2 9.75 —8 —657.7 —104
A19N-BST-2 115 20 —572.7 —81
A19F-BST-2 12.0 4 —621.1 —57
A15L-BST-2 10.75 —4 —6634 —-11
A15N-BST-2 12 0 —652.5 —5.8
A15F-BST-2 11 24 —620.5 —84
[3xV-BST-2 115 16 —6314 —12.7

reveals that the values for the mutants dimers A19H-BST-2 and I3xT-
BST-2 are the highest (Fig. 4A). These two mutants abrogate Vpu's capa-
bility to induce down-regulation. Vpu-BST-2 has lower values, with
Vpu-Vpu showing the lowest values. Taking the Vpu-BST-2 value as
the margin, Vpu-CD4 and Vpu-NTB-A adopt values similar to those
for Vpu-BST-2 with a tendency of the Vpu-CD4 values being the highest
among the three types of heterodimers. All mutant Vpu's investigated
show larger values than those for Vpu-BST-2 but not as high as those
for A19H-BST-2 and I3xT-BST-2. BST-2-BST-2 and RVpu-BST-2 show
also large tilts. The patterns mentioned are independent of the plotted
type of tilt angle. Values derived from calculated differences of the indi-
vidual tilt and kink angles (A values) resemble the same pattern in re-
spect to the dimers as mentioned above (Fig. 4B). There is a positive
correlation between the tight binding of Vpu to its host partners and
the low tilt within the membrane. Abrogation of tight binding results
in larger tilts and kink angles adopted at least in one of the TMDs. It is
concluded that binding induces a straightening of the helices. The de-
gree of straightening can be used as an analytical tool to predict the
binding properties of two helices within the lipid membrane.

Table 2

4. Discussion

A docking approach is used in combination with MD simulations
to derive hetero-dimers [42,43]. The protocol has been validated by as-
sembling the TMDs of M2 into a tetramer and comparing the data with
experimentally derived structures [42]. The docking approach is seen as
to facilitate the computational handling of the time scales which are
found experimentally for the dynamics of membrane proteins and pep-
tides in lipid membranes [47,48].

In this study the structural features are monitored via the tilt angles
adopted by the homo- and hetero-oligomers. Two analysis pathways
are compared, either by simply averaging the tilt and kink angles over
the entire simulation or by using the most populated tilt and kink angles
adopted during the simulation. In the latter case the population is ex-
plored by applying a Gaussian curve fit routine on the histogram analy-
sis of the adopted tilt and kink angles.

A Gaussian fit is seen as an approximation of the distribution of the
dynamics of the tilt angle of the TMD. It is assumed that any pose
could rather equally tilt in either direction around a mean position, an
assumption which may not be necessarily true. Comparing the results
using the averaged tilt angle with those calculated from the histogram
analysis shows that either value could be used for analysis.

The key feature in this study is that the tilt and consequently the
crossing of the two TMDs are based on a docking approach which is in-
dependent of the lipids. The data presented show the lowest energy
structures. It is anticipated that interaction within the hydrophobic
core is highly relevant. Longer segments of the proteins would be neces-
sary to investigate the dependency of the results, here the tilt, on lipid
thickness (see [49,50]). Since lipid thickness changes through to the
Golgi apparatus the ‘proper’ conformation and consequently the mode
of action could be triggered by lipid thickness [51].

4.1. Relation to experimentally derived structural and functional data

In a cysteine crosslinking study residues on either TMD from Vpu
and BST-2 have been identified to be in very close contact [29]. In this
study, at the N terminal side Vpu-Ala-7 [Ala-8] links with BST-2-Leu-
41 [Leu-23] (see Fig. 3 in [29], values in squared brackets refer to nota-
tion in this study) to mention some of the residues which are found to
crosslink with each other related to residues. Towards the C terminal
side Vpu-Val-21 [Val-22] links with BST-2-Leu-29 [Leu-11] and BST-2-
Ile-28 [lle-10]. Further towards the C terminus, residues Vpu-Val-25/
lle-26/27 [Val-26/1le-27/28] crosslink with residues BST-2-Leu-24/23

Distance (distanceyp), tilt (tiltyp), and kink (kinkyp) values for the assemblies of the TMDs of Vpu either as hetero- or homodimers. Values are derived from 200 ns MD simulations. The
values are given for Vpu and the respective second TMD denoted as ‘X', listed in the left column. ‘A’ is the difference value and refers to the blue curves (see e.g. Suppl. Fig. 3 for the Atilt

angles).
MD distanceyp [A] tiltmp [°)] kinkyp [°]
Vpu X A Vpu X A

Vpu-BST-2 99 £+ 0.7 131 £ 58 14.7 £ 5.7 —16 £ 46 169.8 + 4.3 160.6 + 59 92 + 69
Vpu-CD4 10.6 & 04 178 + 45 17.2 + 44 0.6 + 3.6 1732 £ 37 1678 £ 5.2 54 +58
Vpu-NTB-A 106 + 0.3 12.5 £ 6.0 9.8 + 46 27 £39 1735 £33 1714 £ 42 21+ 49
A19H-BST-2 10.7 £ 0.1 195+ 72 33.0 + 22 —135+ 64 162.6 + 6.9 162.0 £ 55 05+ 7.7
I3XT-BST-2 9.9 + 0.07 33.7 £ 8.1 223 + 6.1 113 £ 45 1345 + 12.6 160.7 £+ 8.6 26.2 + 10.8
Vpu-Vpu 109 + 0.04 79 + 35 83 + 49 —04 £+ 59 166.5 + 5.1 164.6 + 4.1 19 + 6.1
BST-2-BST-2 9.2 + 0.04 2954+ 53 10.6 £+ 4.3 189 £+ 83 145.0 + 83 167.1 £ 6.2 —220 + 123
W23A-BST-2 11.6 + 0.07 179 £ 54 19.7 £ 5.1 —18 £57 169.7 + 5.2 169.7 + 5.6 —0.04 £ 81
RVpu-BST-2 105 + 0.1 213+ 36 199 + 47 13+ 49 160.6 + 5.9 165.5 £+ 5.1 —49 + 8.1
RVpu-CD4 9.2 + 00 11.6 £+ 4.7 17.8 £ 55 —63 £ 85 161.7 £ 5.8 172.6 + 4.8 —109 + 6.7
A19L-BST-2 12.7 + 0.09 159 £+ 5.8 10.1 + 4.8 58 + 46 1585 + 9.1 169.5 + 5.8 —11.1 £ 107
A19N-BST-2 109 £+ 0.0 112 + 44 193 £ 69 —81+78 164.1 + 44 160.1 + 8.9 39+ 103
A19F-BST-2 10.7 £+ 0.1 163 £+ 43 10.2 £+ 4.0 6.1 + 38 168.6 + 4.4 170.8 £ 5.0 —22 £+ 67
A15L-BST-2 116 + 0.1 81439 99 £ 55 —18 £ 6.1 163.9 + 4.8 159.5 £ 9.1 45 + 100
A15N-BST-2 9.0 £ 0.0 16.7 + 4.6 262 + 54 —94 + 43 168.5 + 3.9 1596 + 7.1 89+ 75
A15F-BST-2 10.0 £+ 0.1 123 + 64 85+ 43 38+78 166.3 + 4.7 168.6 + 6.1 —-19+75
3XV-BST-2 113 £ 0.1 85+ 38 122 £ 5.0 —3.6 +£58 1733 £ 36 1624 + 5.7 109 £ 7.0
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Table 3

Tilt (tiltyisco), the respective difference tilt (Atiltyyseo) and energy values for the dimers of Vpu either as hetero- or homodimers. The values are derived from a histogram analysis and curve
fitting (Gaussian fit). The bold values indicate those tilt angles which are taken from the largest Gaussian (see Fig. 3). Curve fitting has been limited to a maximal number of 3 Gaussian.
The free energy AG is calculated from the area spanned by the Gaussian. Negative signs are put in brackets since as such the direction of the tilt is not further considered. ‘A’ refers to the
Gaussian calculated from the histogram of the A-values from the MD simulations. In the case of three tilty;sto Values, the AG values in the first line refer to calculations with the first two
tiltyisto values and the values in the second line refer to calculations with the second and third tilty;s, values.

Tiltyiseo Tiltysco Tiltyisco AG ATiltyisto ATiltyisto AG
[’ [°] [°] [k]/mol] [’ [’ [k]/mol]
Vpu-BST-2 113 + 42 209 —39+03 (—)21+39
124 + 40 208 —24+04
Vpu-CD4 255 182 + 35 13.0 67 + 12 13+ 26
—44+ 14
185 + 34 13.0 —39+08
Vpu-NTB-A 64 139 + 2.8 216 06+ 1.0 32+ 31
—27+10
86 154 + 49 —40 + 41
A19H-BST-2 20.1 369 + 38 44 4+ 02 105 + 1.8 16.2 23 4+ 0.1
89 227 + 2.7 29.7 —48+01
40 + 0.1
I3XT-BST-2 139 + 42 26.1 —06+06 (=)115 + 42 (—)255 8.1+ 04
365 321+ 34 27 + 09
Vpu-Vpu 55+ 2.1 10.7 —05+03 (=)29 £ 5.0 48 —19+02
58+ 24 13.0 —17+05
BST-2-BST-2 293 298 + 2.0 41+ 04 1.7 203 + 64 69 + 04
117 + 36 64 —35+12
W23A-BST-2 106 204 + 32 35417 (=)3.7 £ 51 06 05+ 12
41 182 + 36 226 62 + 02
—414+04
RVpu-BST-2 155 222+ 25 51+ 02 11+ 42
180 + 35 242 —19 407
RVpu-CD4 123 114 + 44 78 + 08 0.1+ 60 (—)115 —05+06
125 185 + 4.8 58 + 04
A19L-BST-2 8.1 186 + 32 28 + 0.1 59+ 34 103
131 + 30 50 —13 402
A19N-BST-2 74 133 + 34 17+ 03 ()83 + 67
182 + 46 338 —63 +02
A19F-BST-2 44 108 + 1.6 169 19 + 09 63 + 32
71+ 07
97 + 32
A15L-BST-2 99 + 3.0 20.1 —29410 (-)05 + 37 (—)13.9 —56+ 04
78 + 34 19.1 —40+01
A15N-BST-2 171 + 39 (—)9.5 + 36
229 293 + 29 06+ 03
A15F-BST-2 97 + 39 20.1 —29+10 (—)1.0 £ 49 104 —08+03
39 98 + 33 30403
I3XV-BST-2 5.0 99 + 3.0 25+ 08 09 + 30 (—)83 00+ 0.1
5.1 125 + 44 76 + 05

[Leu-5/6], but do not match findings in this study. This lack of matching
could be due to the fact that for the reported residues full-length pro-
teins have been used. The missing information about interacting part-
ners within the core of the bilayer is eventually related to the non-
accessibility of the site by the reagents [29].

Evidence for the role of tilt angles on experimental data has been re-
ported [35]. Mutations within the TMD of BST-2 induce strong tilts
based on NMR spectroscopic experiments [35]. These mutations are re-
ported to escape down modulation in vivo. The tilt angles of Vpu have
been reported to be 28° independent of the presence of BST-2. An
angle of 21° has been measured for solely BST-2, 24° in the presence
of Vpu. Thus, antiparallel Vpu-BST-2 leads to an increased tilt of one
of the partners, here BST-2, with the consequence of lowering the differ-
ence between the two TMDs. In an effort to synchronize the data of this
study with those from the experiments, despite the differences in the
experimental set-ups in respect to amino acid sequence and lipids
used, it is stressed that the Atilt values for Vpu-BST-2 are low. The
values for Vpu-Vpu are in the same range, whereas those of BST-2-
BST-2 are larger than the values for Vpu-BST2. The large values for
BST-2-BST-2 are rather lowest energy structures, and it is possible
that these tilts cannot be adopted in the experiments. Thus, it is rather
proposed that the NMR data in respect to BST-2 represent most

likely loosely assembled peptides. Only minimal chemical shift changes
are reported for the triple mutant Vpu-AAA/FFF when measured in
the presence of BST-2. The data are interpreted as a weak binding be-
tween two TMDs. According to the present study, larger tilts should be
expected. The NMR data further confirm the important role of the ala-
nine rim in Vpu-BST-2 binding.

The mutants used in this study are all chosen based on available ex-
perimental data on these mutants. A comparison of the activity of Vpu
A19N and A15N to down-regulate BST-2 shows slightly higher activity
for the latter (Fig. 1, C and E in [11]). The findings corroborate the
presented data in this study: comparison of A1I9N-BST-2 and A15N-
BST-2 reveals that the latter is screening a larger tilt at least for one of
the TMDs than A19N-BST-2. A19H-BST-2 adopts larger tilt angles
than W23A-BST-2, which appears parallel with the same trend in
BST-2 down regulation [10]. Comparison of Vpu-BST-2 and W23A-
BST-2 tilt angles of this study (tilt 11.3/12.4° of Vpu-BST-2 < 20.4/
18.2° of W23A-BST-2) reveals that the values can be correlated with
the experimental data for monitoring particle release, which is about
50-60% lower for the mutant than for WT [35]. A15F-BST-2 and
A15L-BST-2 compared with W23A behave in this study similar than in
the experimental study [35,52] with the former two being less active
than the latter. A triple mutation of Ile-15, Ile-16 and Ile-17 each into
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Fig. 3. Histogram analysis of the tilt angles calculated from 200 ns MD simulations for Vpu-BST-2 (), Vpu-CD4 (II), Vpu-NTB-A (III), A19H-BST-2 (IV), I3XT-BST-2 (V), Vpu-Vpu (VI), BST-
2-BST-2 (VII) and W23A-BST-2 (VIII). The angles for Vpu are shown in red, those for the other TMDs in green. The difference between the two tilt angles (Atilt) is shown in blue. The
respective Gaussian fits are shown in light red (Vpu) and light blue (other TMDs) and black (Atilt).

threonine has found to abrogate the interaction of the Vpu mutant with
BST-2 [53]. In the data presented here, it is found that, I3xT leads to a
large alteration of the tilt angle compared to WT data.

Full length Vpu with a randomized sequence of the TMD is able to in-
duce CD4 degradation [22]. Thus, RVpu-CD4 serves as a ‘control’ regard-
ing the Vpu-CD4 data. The data set for RVpu-BST-2 and Vpu-BST-2 is
almost similar to the data set for RVpu-CD4/Vpu-CD4. There is a slight
trend for the tilt in the RVpu-BST-2 dimer to be larger than in the Vpu-
BST-2 dimer, suggesting that the RVpu-BST-2 interaction and activity
should be less than that for Vpu-BST-2.

4.2. Predictions — Vpu with BST-2, and with CD4 or NTB-A

Structural features of the dimers indicate that BST-2 binds with iso-
leucine/leucine residues within its TMD to the alanine rim of Vpu

[35,54]. Any distortion of this binding site reduces interaction activity.
The loss of the interaction appears to correlate with larger tilts and
kinks of the helices within the dimer complex in the lipid membrane.
Vpu-BST-2 and Vpu-NTB-A show marginal smaller tilt angles and
energies between different positions than Vpu-CD4, but all three of
them show larger tilt and energy values than Vpu-Vpu. Vpu-CD4
should have the lowest degree of interaction. Experimentally it has
been shown that the TMD of Vpu is dispensable for CD4 down-
regulation and that it is rather an interaction within the cytoplasmic
domain of Vpu which is responsible for the interaction [11]. Thus, higher
values than those for Vpu-Vpu and its dimers with BST-2 and NTB-A are
reasonable. In respect to BST-2, it is still a debate whether Vpu is co-
down-regulated. According to this study the tilt is low, which could be
interpreted that there would be some chance for co-down-regulation.
The same stands for the interaction of Vpu with NTB-A, Vpu retains
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Fig. 4. Visualization of the different tilt angles tilty;p (blue), tilt;seo (red), and tiltyor (orange) taken from the tables (A). For a set of columns, the first of two bars for each dimer (blue and
red) represents values for Vpu (and its mutants), the second set of two bars (blue and red) represents the corresponding TMDs. The calculated difference values between the individual tilts
of the two TMDs are shown as Atiltyp (blue) and Atilty;seo (red) as well as the difference in the kink angles (Akinkyp, green) (B). The dimers are from left to right Vpu-BST-2, Vpu-CD4,
Vpu-NTB-A, A18H-BST-2 (A18H), I3XT-BST-2 (I3xT), Vpu-Vpu, BST-2-BST-2, W23A-BST-2 (W23A), RVpu-BST-2 (RV-B), RVpu-CD4 (RV-C), A19L-BST-2 (A19L), A19N-BST-2 (A19N),
A19F-BST-2 (A19F), A15L-BST-2 (A15L), A15N-BST-2 (A15N), A15F-BST-2 (A15F), and I[3xV-BST-2 (I3xV).

NTB-A within the Golgi apparatus and affects the glycosylation pattern
of NTB-A [28,55]. Thus, a tight binding similar to the Vpu-BST-2 binding
could be possible.

BST-2 is found to be a dimer [56]. According to the tilt angle analysis
the large values would support experimental findings, and that dimer-
ization should not be driven by the TMD but rather by its ectodomain
[54].

Vpu's activity within the lipid membrane depends on the dynamics
it shows with the host target. MD simulations are used as an analytical
tool to address the dynamics of the TMDs and to describe the correlation
between the adopted tilt and the biological interaction activity of the
proteins. Tight binding, or irreversible binding is shown by screening
an almost parallel alignment. If the alignment becomes less parallel
the interaction activity is lower. If the biological activity requires tight
binding, ‘crossed’ TMDs should not show an optimum biological activi-
ty. With the alanine rim as the potential binding site the binding pose is
supposed to be a fairly straight alignment of the two helices.

5. Conclusions

The alanine rim is considered to be an important host binding site.
Monitoring the dynamics of the tilt angle between two helices can be
used for predicting not only the activity but also the degree of the activ-
ity. Classical MD simulations in combination with docking approaches
can be used to identify potential binding motifs within the lipid mem-
brane. The data suggest the protocol to be a highly potential tool in com-
putational bioanalytics to screen target-host interactions of membrane
proteins focusing on their TMDs.
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