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ABSTRACT: Bone marrow stromal cell antigen 2 (BST-2)
inhibits the release of enveloped viruses from the cell surface.
Various viral counter measures have been discovered, which
allow viruses to escape BST-2 restriction. Human immunode-
ficiency virus type 1 (HIV-1) encodes viral protein U (Vpu)
that interacts with BST-2 through their transmembrane
domains and causes the downregulation of cell surface BST-
2. In this study, we used a computer modeling method to
establish a molecular model to investigate the binding interface
of the transmembrane domains of BST-2 and Vpu. The model
predicts that the interface is composed of Vpu residues 16,
A10, Al4, A18, V25, and W22 and BST-2 residues 123, 126,
V30, 134, V35, 141, 142, and T4S. Introduction of mutations
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that have been previously reported to disrupt the Vpu—BST-2 interaction led to a calculated higher binding free energy
(MMGBSA), which supports our molecular model. A pharmacophore was also generated on the basis of this model. Our results
provide a precise model that predicts the detailed interaction occurring between the transmembrane domains of Vpu and BST-2
and should facilitate the design of anti-HIV agents that are able to disrupt this interaction.

B one marrow stromal cell antigen 2 (BST-2, also known as
tetherin, CD317, or HM1.24) is an integral membrane
protein with a unique topology. BST-2 bears a short
cytoplasmic N-terminal region, a transmembrane domain
(TMD), a disulfide-linked coiled coil ectodomain, and a
glycophosphatidylinositol lipid (GPI) anchor at its C-
terminus." The antiviral activity of BST-2 was first reported
for its ability to block the release of progeny HIV-1 particles
from the cell surface in the absence of the viral protein, Vpu.
Electron microscopy revealed the accumulation of viral particles
at the surface of BST-2-expressing cells, with BST-2 found
between the tethered viral particles and the plasma membrane,
suggesting a direct role of BST-2 in blocking virus release.”
Furthermore, BST-2 may diminish the infectivity of released
HIV-1 particles.’> In addition to HIV-1, a wide range of
enveloped viruses have been reported to be subject to BST-2
restriction, including other retroviruses, filoviruses, arenavi-
ruses, orthomyxoviruses, and rthabdoviruses.'

Viruses have evolved various measures to counteract BST-2.
In the case of HIV-1, Vpu serves as the BST-2 antagonist.”**
Vpu is an 8l-amino acid, type I integral membrane
phosphoprotein. It has an N-terminal transmembrane domain
and a cytoplasmic domain.® It has been long known that in
addition to downregulating CD4 at the endoplasmic reticulum,
Vpu also promotes HIV-1 release. Recent evidence suggests
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that Vpu downregulates BST-2 from the cell surface and
removes BST-2 from the sites of virus budding, thereby
overcoming the anti-HIV activity of BST-2."**° This down-
regulation may result from several actions of Vpu,” ™" such as
sequestration of BST-2 at the perinuclear region, lysosome-
dependent degradation of BST-2 through recruiting the p-
TrCP E3 ligase complex with the resulting addition of ubiquitin
to the cytoplasmic tail of BST-2, and redirecting BST-2
intracellular trafficking. It is noted that all of these Vpu activities
depend on the ability of Vpu to interact with BST-2 through
the transmembrane domains of these two proteins,’'*'*~'®
while the precise mechanism through which Vpu antagonizes
BST-2 requires further elucidation.'>"?

Indeed, sequence disparity in the transmembrane domains of
human and monkey BST-2 renders monkey BST-2 resistant to
HIV-1 Vpu antagonization.”” Detailed mutagenesis studies
further revealed that mutations in the BST-2 transmembrane
domain (for example, amino acid substitutions of 122, 123,
G25, 126, V30, 133, 134, 136, 137, L41, and T4) resulted in a
Vpu-resistant phenotype.'”'® Interestingly, these residues tend
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to be located at the same side of a helical structure predicted in
an initial molecular modeling of the BST-2 transmembrane
domain.'**3 Similarly, mutation of amino acids Al4, A18, and
W22 abrogates the counteraction of Vpu against BST-2, and
they also occupy the same side of the helical structure in the
Vpu transmembrane domain.*'? These residues may therefore
constitute the interface for the Vpu—BST-2 interaction.>'?

Computer modeling is routinely used to investigate the
interactions of biological molecules in membranes. For
example, Yin et al. designed the anti-allb and anti-av peptides
to interfere with the homointeraction of allb or av TMD in
membranes using a computed helical antimembrane protein
(CHAMP) method;***' Rizzo et al. simulated the interaction
of T20 and GP-41 utilizing molecular modeling to verify the
resistance mechanism of HIVgp41 viral entry inhibitor T20.>*
Computer modeling of BST2-TM dimer or Vpu-TM dimer has
also been reported by several groups,”>~>" and the computa-
tional modeling for the interaction of the TMD of Vpu or Vpu-
A18H and BST-2 has been done, predicting the A18H mutant
may lead to an interaction less stable than that obtained with
wild-type Vpu.”® However, a precise molecular model for the
interaction of BST-2 and Vpu remains to be determined to
more clearly understand the mechanism of Vpu antagonism
and provide a structural basis for rational drug design." In this
work, we built and evaluated an interaction model of BST-2
and Vpu at the atomic level, using molecular docking and
molecular dynamics. The binding model is consistent with
biological assay data and the recent results using NMR,* and
such a model should lead to an improved understanding of the
molecular recognition between BST-2 and Vpu, thereby
promoting rational design of drugs that would target the
BST-2—Vpu complex.

B METHODS

Construction of the Initial Structural Models. The
initial structures for the BST2-TM dimer peptide (residues 21—
48, termed BST2-TM) and Vpu-TM dimer peptide (residues
6—21, termed Vpu-TM) were generated as a-helical secondary
structures using Discovery Studio 2.5. In particular, the
constructed peptides were capped with an acetyl group at the
N-terminus and an NH, group at the C-terminus. These initial
structures were then embedded into an explicit DOPC lipid
membrane including explicit solvent using Discovery Studio 2.5
to generate the input structures for the later molecular
dynamics simulation in membranes. The membrane was
generated using the VMD software suite,* followed by the 3
ns pre-equilibrium in AMBER (University of California, San
Francisco, CA). The partial charges on the DOPC monomer
were calculated by fully reproducible ab initio electronic
structure computations with Gaussian 09 (Gaussian, Inc,
Wallingford, CT) using the Hartree—Fock self-consistent field
(HF-SCF) with the 6-31G* basis set after optimizing with
DFT-B3LYP and successively with HF-SCF at the 6-31G*
level. The partial charges were then extracted following the
RESP protocol with the ANTECHAMBER program of the
AMBER suite. The molecular dynamics (MD) simulations were
performed using AMBER version 10, all-atom parm94 force
fields, particle mesh Ewald summation, the SHAKE algorithm,
and a time step of 2 fs. The systems were minimized using the
steepest decent method, followed by the conjugate gradient
method to remove the bad contacts. An equilibrium period of
120 ps was allowed before the MD simulations commenced.
The 10 ns MD simulations were conducted in the NPT

1289

ensemble for both BST2-TM and Vpu-TM, and the constant
temperature (310 K) and constant pressure (1 bar) were
maintained using the Langevin piston coupling algorithm.*'
After the simulation had been completed, a cluster analysis was
performed for the snapshots taken from the period of 3—10 ns,
which amounts to 7000 snapshots for each simulation.
Conformation clustering was performed with a radius of 2 A
using the “Kclust” module implemented in the MMTSB
software suite (The Scripps Research Institute). The obtained
representative structure of the largest cluster family would be
served as the representative conformation for the correspond-
ing peptide.

Construction of the Binding Mode for the BST-TM—
Vpu-TM Complex. The initial binding modes for the BST2-
TM—Vpu-TM complex were generated through molecular
docking using Molecular Operating Environment (MOE,
Chemical Computing Group Inc, Montreal, QC) version
2009.10. In general, docking was performed through the
“DOCK” module in MOE using the alpha triangle placement
method. Refinement of the docked poses was conducted using
the force field refinement scheme and scored using both the
affinity dG and London dG scoring systems. Thirty poses were
returned as the results of docking, for which the cluster analysis
was further performed with a radius of 10 A in the MMTSB
software suite.

Evaluation of the Binding Mode and Calculations of
Binding Energy. To further verify the most favorable binding
mode, we estimated the binding free energy using the single-
trajectory molecular mechanics generalized Born surface area
(MM-GBSA) method® for each representative structure. In
brief, the representative structure was inserted into the built
membrane, and a corresponding simulation was performed as
previously mentioned; the snapshots from the period of 6—9 ns
for each simulation were output as ensembles for the free
binding energy estimation. The overall binding free energy
between the peptides was calculated with the following
equation:

AGpind = AGgys + AGsolvation

gas
= AEle + AEygw + AEjy + AGpolar

+A Gnonp olar

AG,,, was obtained by summing the molecular mechanical
(MM) internal (AE,,,), electrostatic (AE,,), and van der Waals
(AE,q4,) energies. AGqyyion equals the sum of polar (AG,,,)
and nonpolar (AGmnPohr) contributions. AG,,,, was calculated
by the GB model using the parameters developed by Onufriev
et al,** and the values of the interior and the exterior dielectric
constants were set to 1 and 80, respectively. AG, oo Was
calculated from the solvent accessible surface area determined
by the LCPO method:** AG,per = 0.0072 X SASA. No
additional entropic terms were added. It should be emphasized
that all MD simulations employed explicit solvent and explicit
lipid; thus, the ensemble of conformations is representative of
that generated in the condensed phase. The representative
conformation with the favorable binding free energy would be
treated as the favorable binding mode. Next, several mutants
that may cause the elimination or relief of the interaction
between Vpu and BST-2 were examined through the MD
simulation and the free energy estimation using the MMGBSA
method. In particular, single-point mutations were performed
using DS 2.5 based on the obtained favorable binding mode to
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Figure 1. Results of the simulation for Vpu-TM and BST2-TM in a DOPC membrane. The rmsd was calculated by the superimposition of the Car
atoms between the instantaneous MD structure and initial model, and the representative structure was generated by cluster analysis of 7000
snapshots taken from the period of 3—10 ns of the MD simulations in the membrane. (A) rmsd analysis of the BST2-TM simulation (red line,
simulation in aqueous medium; black line, simulation in the membrane). (B) Representative structure for the BST2-TM simulation. (C) rmsd
analysis for the Vpu-TM simulation (red line, simulation in aqueous medium; black line, simulation in the membrane). (D) Representative structure

for the Vpu-TM simulation.

make sure that the mutant complex structures were at the exact
position in the membrane. The MD simulation as well as the
free energy calculation was conducted as previously described.

B RESULTS AND DISCUSSION

Conformational Analysis of BST2-TM and Vpu-TM in a
DOPC Membrane. Because the three-dimensional (3D)
structure of BST2-TM has not yet been resolved, we built a
3D model of BST2-TM through molecular modeling, as
previously described. Notably, the secondary structure of
BST2-TM is thought to adopt a helix conformation, as does
the membrane domain of other proteins similar in sequence to
BST2-TM.*® Therefore, the a-helical conformation was chosen
herein as the initial conformation of the peptide. To investigate
further the conformation of BST2-TM in membranes, the
simulation in a DOPC membrane was performed, and a
simulation in aqueous medium was also conducted as a
comparison using the same initial structure. As shown in Figure
1A, the values of the root-mean-square deviation (rmsd)
between the instantaneous MD structure and initial model for
the simulation in membrane are <3 A, while those for the
simulation in aqueous are largely fluctuating between 2 and 10
A. This indicates that BST2-TM exhibits a much more stable
conformation in the membrane than in aqueous medium. Next,
we performed cluster analysis to identify the most favorable
conformation using the 7000 snapshots taken from the period
of 3—10 ns of the MD simulations in the membrane. As a
result, two families were obtained with a radius of 2 A, and the
largest family was dominant, with 5746 members. The
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representative structure for the largest family was defined by
the snapshot that is closest to the average structure of that
family and is shown in Figure 1B. To our surprise, a turn was
generated at position G38, which splits the peptide into two
helices, and resulted in a very stable conformation during
simulations. Consistent with this result, a similar conformation
of BST2-TM was reported in a molecular modeling study
published recently during preparation of this work.'® Whether
the turn is involved in promoting the antivirus of BST-2 or
takes part in the interaction between BST-2 and Vpu remains
unknown.

Similar simulations were performed for Vpu-TM in the
membrane and aqueous medium, and the results are shown in
Figure 1C,D. rmsd analysis results are comparable to that of
BST2-TM, which indicates that Vpu-TM has a much more
stable conformation in the membrane than that in aqueous
medium. Cluster analysis for the Vpu-TM simulation was also
conducted, and one family was obtained with a radius of 2 A.
The representative structure of the family is shown in Figure
1D. Unlike BST2-TM, Vpu-TM kept an entire single-helix
conformation during the simulation. As the three-dimensional
structure of Vpu-TM has been reported, we compared the
representative structure with the NMR structure (Protein Data
Bank entry 1P17)"? through the alignment of the Ca atoms of
the structures, and the results are shown in Figure S2 of the
Supporting Information. The modeling structure and the
experimental structure (residues 7—25) superimpose with an
rmsd of 0.89 A. Thus, starting from the structure built in DS,
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Table 1. Docking Results of Vpu-TM and BST2-TM*

rank affinity dG cluster rank affinity dG cluster rank affinity dG cluster
Topl —5.74 1 Topll —4.13 2 Top21 -3.14 1
Top2 —547 3 Top12 -392 1 Top22 293 2
Top3 -5.16 2 Topl3 -3.87 1 Top23 —2.92 2
Top4 —5.14 1 Topl4 -3.87 1 Top24 -2.8 1
TopS =S.11 2 Topl$ -3.62 2 Top2S —2.64 2
Top6 —4.97 2 Topl6 —341 4 Top26 —2.62 3
Top7 —4.59 2 Topl7 -3.39 4 Top27 —2.47 2
Top8 —4.45 2 Topl8 =32 1 Top28 —2.45 1
Top9 —426 2 Topl9 -3.15 3 Top29 -2.33 3
Topl0 —4.23 1 Top20 -3.14 2 Top30 —2.14 N

“Both affinity dG and London dG scoring were used to evaluate the docked poses; the ranking number was assigned according to the Affinity dG

value.

we have obtained a high accuracy in predicting the structure of
Vpu-TM, suggesting that our simulation design is reasonable.

It was reported that amino acid residues L22, 123, G2S, 126,
V30, 133, 134, 136, L37, L41, and T4S across the BST2-TM
mi§ht be involved in the interaction between Vpu and BST-
21913 All of these residues are marked in the modeling
structure shown in Figure 1. Similar to the results in previous
reports,"> most of these residues also are located on the same
side of our structural model (Figure 1B, 2). Furthermore,
residues Al4, Al18, and W22 in Vpu-TM, all of which are
critical for the interaction between Vpu and BST-2,® are on the
same face of our simulation peptide model (FigurelD, 2).

The parameters we used here for the DOPC lipid are from
the work of ROSSO,* and the partial charges were calculated
using the Hartree—Fock self-consistent field (HF-SCF) with
the 6-31G* rather than the 3-21g™ basis set. Actually, the
POPC (palmitoyloleoylphosphatidylcholine) membrane was
more prevalent than the DOPC membrane in the recent
reports of the simulations of the membrane protein because
POPC is the most abundant lipid in animal cells. Therefore, an
inspection of whether the diversity of lipids present in the
plasma membrane may influence the results of the simulation is
strongly recommended; the simulations of BST2-TM and Vpu-
TM in POPC* were performed as a comparison, and the
results (Figure S3 of the Supporting Information) are
comparable to those reported in the DOPC membrane. On
the other hand, the effects of the simulation time were also
inspected. As a 10 ns long simulation may be too short for
peptides to generate the final satisfied conformation, a
subsequent simulation for BST2-TM in the lipid membrane
was performed to determine if the conformation is converged
in the previous simulation. The results shown in Figure S4 of
the Supporting Information indicate that the rmsds between
the representative structures at 10—20, 20—30, 30—40, or 40—
50 ns are quite similar to that at 3—7 ns, with the rmsds being
<1.0 A

Mode of Binding of Vpu-TM and BST2-TM. To further
investigate the interaction between Vpu-TM and BST2-TM, we
performed a molecular docking using the representative
structures generated in molecular dynamic simulations as the
respective structure of the receptor (BST2-TM) and ligand
(Vpu-TM). The docking was conducted using MOE, and the
results are reported in Table 1. The top 30 poses ranked by
affinity dG were output and were further clustered into five
families with a radius of 15 A. The families have 13, 10, 4, 2,
and 1 member(s). Notably, we found that the representative
complex structure of the first three most populated families is
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Topl (the representative for cluster 2), Top2 (the
representative for cluster 1), and Top3 (the representative for
cluster 3) in Table 2, respectively. The structures are shown in

Table 2. Binding Free Energy Evaluation for the Three
Binding Modes from the Docking Results

binding mode AGg, AAG, AGying AAGy;q

binding mode 1 —69.09 + 3.95 0.00 —47.01 + 3.23 0.00
binding mode 2 —66.32 + 5.42 2.77 —39.12 + 3.08 7.89
binding mode 3 —44.32 + 4.26 24.77 —46.39 + 2.85 0.62

. N C N C c

& N c NEE N

Topl! Top2) . Top3
(Binding mode 1) (Binding mode 2) (Binding mode 3)

Figure 2. Topology of binding modes derived from the docking
results. The docking job was conducted using MOE. Topl, Top2, and
Top3 docking poses belong to the representative structures of the
three most populated families, which are termed binging mode 1,
binding mode 2, and binding mode 3, respectively.

Figure 2 and differed in their mode of binding. Briefly, BST2-
TM and Vpu-TM adopt the antiparallel binding mode for the
Topl complex structure (affinity dG of —5.74, termed binding
mode 1), and the a-helical secondary structure of residues 2—8
of the Vpu-TM peptide is distorted to some degree as a result
of the force field refinement; they adopt a transplacement
antiparallel binding mode for the Top2 complex structure
(affinity dG of —5.47, termed binding mode 2) and a parallel
binding mode for the Top3 complex (affinity dG of —S5.16,
termed binding mode 3).

The docking job described above and its subsequent
refinement were performed in vacuum, and the complex
structure obtained might differ from that in the membrane. We
next performed an MD simulation starting from the separate
representative complex structure in the membrane. As shown in
Figure 3, the rmsds between the instantaneous MD structure

dx.doi.org/10.1021/bi2015986 | Biochemistry 2012, 51, 1288—1296
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Figure 3. Results of molecular dynamics simulations of three docked complex structures. rmsds were calculated by the superimposion of the Ca
atoms between the instantaneous MD structure and initial model, and the representative structure was generated by cluster analysis. The alignment
between the representative structure and initial structure was conducted in DS. (A) Results of analysis of the binding mode 1 simulation (the initial
structure was derived from the Top1 docking pose). (B) Results of analysis of the binding mode 2 simulation (the initial structure was derived from
the Top2 docking pose). (C) Results of the analysis of the binding mode 3 simulation (the initial structure was derived from the Top3 docking

pose).

and the initial model for the simulation in the membrane are <3
A for all three simulations, which indicates that there is little
deviation from the initial structure during the simulation. The
representative structure for the snapshot from the period of 3—
10 ns of each MD simulation was generated through cluster
analysis, and there is one family obtained for all three
simulations with a cluster radius of 2 A. Next, we aligned the
initial structure and the representative structure of each
simulation (shown in Figure 3). The fitting rmsd values (all
<2.5 A) indicate that the structures fit well. Notably, for the
binding mode 1 simulation, the distorted helix structure of
residues 2—8 of Vpu was restored during simulation compared
to the initial structure.

The binding free energy for each binding mode was
calculated using MMGBSA for a further evaluation, and the
results are listed in Table 2. Binding mode 1 was identified as
the most favorable mode with a calculated binding free energy
of —47.01 kcal/mol, being more favorable than binding mode 2
or binding mode 3 by either 7.89 or 0.62 kcal/mol, respectively.
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Because both BST2-TM and Vpu-TM were buried in the
membrane during the simulations, it would be reasonable that
the binding modes are evaluated without the consideration of a
solvation effect. Accordingly, the free energy without the
solvent effect (AGgas) of binding mode 1 is ~2.77 and ~24.77
kcal/mol more favorable than those of binding modes 2 and 3,
respectively. All analysis described above indicates that binding
mode 1 is the most favorable binding mode of the three.
BST-2 is a type II integral membrane protein, with the N-
terminus in the cytoplasm and the C-terminus in extracellular
space. On the other hand, Vpu is a type I integral membrane
protein with a topology opposite that of BST-2, with the N-
terminus in extracellular space and the C-terminus in the
cytoplasm.® Therefore, considering the different topologies of
BST-2 and Vpu, a putative mode of BST-2 and Vpu was
proposed, in which their transmembrane domains should
interact in the membrane via an antiparallel binding mode,'?
which is consistent with binding mode 1 in our results.
Recently, an NMR study for the interaction of Vpu and BST-2

dx.doi.org/10.1021/bi2015986 | Biochemistry 2012, 51, 1288—1296
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also showed an antiparallel binding mode of BST2-TM and
Vpu-TM.*’

Next, we compared the residues at the binding interface of
binding mode 1 (Figure 4) with the critical residues for the

C

Figure 4. Binding mode for the BST2-TM—Vpu-TM complex. (A)
Overall view of the binding mode (helix as a gray ribbon and
interaction residues as sticks). (B) Interface of Vpu-TM (orange
surface). (C) Interface of BST2-TM (cyan surface).

BST-2—Vpu interaction derived from biochemical data. The
results are listed in Table 3 and shown in Figure 4. The analysis

Table 3. Comparison of the Interface Residues Derived from
Binding Mode Calculations and Biological Data

Vpu-TM BST2-TM

bioassay data  Al4, A18, W22, 124, 122, 123, 126, V30, 133, 134, V35, 136,

V25 137, G38, V39, P40, L41, 142, T45
binding 16, Al4, 117, A18, 123, 126, V30, 34, V35, P40, L41, 142,
mode 1 V21, W22, V25§, T4S
interface Y29

that predicts binding mode 1 indicates that the two peptides
interact mainly via hydrophobic interactions, and the binding
mode is quite consistent with experimental facts. Notably,
residues Al4, A18, and W22 at the interface of the Vpu-TM
peptide are consistent with the recent mutational studies by
Neil et al,’ and residues L23, 126, V30, 134, V35, G38, P40,
L41, 142, and T4S at the interface of the BST2-TM peptide also
are consistent with the bioassay results of the previous
reports.”'>"® The inconsistent residues, 124 of Vpu-TM and
122, 133, 136, L37, and V39 of BST2-TM, were found at
adjacent positions of the interface residues, which might affect
the conformation of the interface residues when such a residue
is mutated and thereby interfere with the interaction between
Vpu and BST-2. Interestingly, besides the reported residues,
residues 16, 117, and V21 of Vpu-TM were found to participate
in the interaction with BST2-TM.

Mutant Analysis via Molecular Simulation. We further
investigated which mutants might abolish the interaction
between Vpu and BST-2 using MD simulation. Cluster analysis
was also performed to generate the representative complex
structure of the largest family during the simulation. For all the
mutant complexes, the conformation of Vpu-TM fits that of the
WT complex very well. Thus, we aligned the representative
structure of the mutant complex with the WT complex through
fitting the Vpu-TM structure, and the alignment results are
shown in Figure S. Also, on the basis of the MD simulation
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trajectory, the binding energies for the mutant complexes were
evaluated using the MMGBSA method, and the results are
listed in Table 4.

Compared to the wild-type (WT) complex, the Al4L or
A18L Vpu mutant resulted in a significantly looser complex
(Figure SA), consistent with the results of the binding energy
calculations [~3.75 or ~2.46 kcal/mol more disfavorable,
respectively, than the WT complex (Table 4)]. Although this
result suggested that both Al4L and AI8L mutations could
disturb the Vpu—BST-2 interaction, calculations from per
residue changes indicate that either one of the mutants may
cause a benefit in the binding energy for the exact mutant
residue but a penalty for the total complex. Thus, it is
reasonable to propose that the Al4L or A18L mutant may
enhance the hydrophobic interaction of the exact residue with
the BST2-TM motif, while the increase in the volume of the
substitute residue may produce a steric clash, thus pushing
BST2-TM away and weakening the interaction of the total. In
contrast to the A14L and A18L mutants, the W22A mutant
does not loosen the complex (Figure S A), while the mutant
may cause penalties in the binding energy [3.61 kcal/mol for
the exact mutant residue and 4.27 kcal/mol for the Vpu—BST-2
complex (Table 4)], indicating that the weak binding of the
mutant residue to BST2-TM should account for the weakened
interaction.

On the other hand, all of the I34A, L37A, and L41A
mutations in BST2-TM could loosen the BST2-TM—Vpu-TM
(Figure SB), which is consistent with the binding energy
calculation (Table 4). The per residue change calculations
indicate that the mutant may cause a penalty in the binding
energy for the exact mutant residue (Table 4.), which means
the replacement of the residue may weaken the exact residue
with Vpu-TM, and such a penalty for a single residue led to the
relief of the overall interaction between the BST2-TM and
Vpu-TM.

In general, our data show that all the mutants tested (Table
4) may cause disfavorable binding energy as a whole, which is
consistent with the reported experimental data.*'® Thus, the
results of the mutant analysis further validate the rationale of
our binding mode. Notably, the binding mode we propose here
does not consider the situation in which both Vpu and BST-2
may be prone to formation of an oligomer. Although the
extracellular domain of BST-2 could form a parallel dimer via
the disulfide linkage at C53, C63, and C91, it is thus far unclear
whether the TMD of BST-2 could directly interact with itself.
The TMD of Vpu likely forms a pentamer, and the
polymerization of Vpu-TM is related to an ion channel
activity.*® It was reported that the ion channel activity of Vpu is
dispensable for the Vpu-mediated downregulation of BST-2.*
In addition, a small molecule, BIT225, was found to inhibit the
ion channel activity but not affect the BST-2 antagonism of
Vpu.*® Together, these experimental facts suggest that the
polymerization of Vpu might be dispensable for the interaction
between Vpu and BST-2. Nevertheless, it is worthwhile to
investigate in the future whether the polymerization of Vpu and
a possible BST2-TM dimer could affect their interaction.

Interestingly, according to Kobiyashi’s study,'® the T45
mutation in Vpu caused the blockage of the Vpu-mediated
antagonism of BST-2 with no effect on the interaction of BST-2
and Vpu. Although T45 was at the binding interface in our
predicted binding mode, this residue, unlike 134, L37, and L41
at the interface, should have a much weaker interaction with the
residues of Vpu because no residue atom of Vpu-TM was found
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Biochemistry

A.

Vpu
L]4

Al4

Vpu (A14L)

BST-2 (134A)

BST-2 Vrl%z
1

Vpu (A18L)

BST-
Mﬁvpu

BST-2 (L37A)

Vpu §8T2

Vpu (W22A)

A4l
BST-2 Vpu

BST-2 (L41A)

Figure 5. Results of molecular dynamics simulations of six mutant complex structures. The representative structure was generated by cluster analysis,
and the alignment of the mutant complexes (red ribbons) with the wild-type complex (binding mode 1, gray ribbons) was conducted in DS. (A)
Influence of the A14L, A18L, or W22A mutation in Vpu-TM on the Vpu—BST-2 interaction. (B) Influence of the 134A, L37A, or L41A mutation in

BST2-TM on the Vpu—BST-2 interaction.

Table 4. Binding Free Energy (kilocalories per mole) Evaluation for the Mutant Complexes

AG,, AAGy,
WT —69.09 + 3.95 0.00
Vpu(Al4L) —39.61 + 10.43 29.49
Vpu(A18L) —51.01 + 327 18.05
Vpu(W22A) —54.44 + 341 14.61
BST-2(I34A) —51.64 + 7.03 17.39
BST-2(I37A) —66.77 + 5.23 227
BST-2(L41A) —48.13 + 6.76 2092

AGying AAGying AAGiinge mutant
—47.01 + 323 0.00 -
—4326 + 294 3.75 -0.96
—44.55 + 3.10 246 -0.30
—42.74 + 3.18 427 3.61
—43.67 + 3.11 334 249
—46.08 + 3.11 093 023
—38.65 + 3.61 8.36 112

within S A of it. Thus, T4S should not act as a key residue for
the interaction between Vpu and BST-2, and this may explain
why a T45 mutation did not significantly affect the association
of these two proteins. It remains unknown whether, in the
antagonism of BST-2, some residues of Vpu-TM may play a
direct or indirect role other than the involvement in the Vpu—
BST-2 interaction, e.g, recruiting TrCP E3 ligase.

Targeting the BST-2—Vpu Interface for Anti-HIV-1
Drug Discovery. It has been proposed that blocking the Vpu-
mediated downregulation process of BST-2 may provide a
promising strategy in the treatment of HIV and AIDS."'?
Because the interaction between the BST2-TM dimer and the
Vpu-TM dimer is critical for this process, the interface between
BST-2 and Vpu becomes a potential target for anti-HIV drug
development.”'®> Mauricio proposed that the peptide decoy
strategy, which has been successfully applied to design the anti-
allb peptide via the CHAMPS (computed helical antimem-
brane protein) algorithm, would be a feasible way to design an
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inhibitor of the BST-2—Vpu interaction.>® Specifically, over-
expression of the TASK-1 TMD that is structurally homologous
to Vpu inhibits Vpu-mediated enhancement of virion release.*'
On the other hand, our experimental data indicate that a
peptide derived from the BST2-TM dimer increases the BST-2
level at the surface of HeLa-Vpu cells (Figure SS of the
Supporting Information). These lines of experimental evidence
collectively support the rationale of an anti-HIV-1 drug
targeting the BST-2—Vpu interface.

Although a peptide decoy might be a promising inhibitor for
the BST-2 downregulation process, peptides are generally not
suitable for drug development because of in vivo stability,
pharmacokinetics, and bioavailability.*” Therefore, the small
molecules or peptidomimetic inhibitors of the Vpu-mediated
BST-2 downregulation are strongly recommended. To ration-
ally design the small inhibitors, knowledge of the binding mode
is desired, to provide the detailed structural information for
designing the pharmacophore. Herein, on the basis of our
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binding mode, a pharmacophore was generated and is shown in
Figure 6. Briefly, there are three hydrophobic features, which

6.3A

20.8A

12.7A

Figure 6. Generated pharmacophore based on the binding mode. (A)
The pharmacophore was mapped to the complex structure (gray
ribbons). (B) Geometric details of the pharmacophore feather (the
hydrophobic feature is shown as blue spheres).

are mapped to the Trp22 and Val2$ residues of Vpu-TM and
the Leu23, Ile26, and Val30 residues of BST2-TM; the Alal4
and Alal8 residues of Vpu-TM and the Ile34 and Val3$
residues of BST2-TM; and the Alal4 and Alal8 residues of
Vpu-TM and the Ile6 and Val10 residues of BST2-TM (Figure
6A). The pharmacophore features constitute a triangle, and the
length of each side between the pharmacophore features is 6.3,
12.7, or 20.8 A. The pharmacophore provided the rather useful
information for further rational drug design, and the virtual
screen for the small molecule and the peptidomimetic design
based on the pharmacophore is ongoing.

B CONCLUSION

In this work, a binding mode for the BST2-TM dimer and Vpu-
TM dimer was generated through molecular modeling. The
model is consistent with previous biological data, and further
binding free energy evaluation of mutant complexes also
supports the rationale of the binding mode. The binding mode
gives an understanding of the interaction of the BST2-TM
dimer and Vpu-TM dimer at the atomic level and will facilitate
the development of an anti-HIV-1 drug targeting the interface
of the BST-2—Vpu interaction.

B ASSOCIATED CONTENT
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Details of molecular dynamic simulations (Table S1), a
description of the model in a membrane (Figure S1), an
alignment of the representative structure and the experimental
structure for Vpu-TM (Figure S2), a comparison of the
simulations in DOPC and POPC membranes of BST2-TM and
Vpu-TM (Figure S3), the SO ns simulation for BST-2 in a
membrane and the alignment of the representative structures
(Figure S4), and a bioassay of the BST2-TM dimer-derived
peptide (Figure SS). This material is available free of charge via
the Internet at http://pubs.acs.org.
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