
ORIGINAL PAPER

The investigations on HIV-1 gp120 bound with BMS-488043
by using docking and molecular dynamics simulations

Liang Li & Hang Chen & Run-Ning Zhao & Ju-Guang Han

Received: 25 September 2011 /Accepted: 30 September 2012 /Published online: 20 October 2012
# Springer-Verlag Berlin Heidelberg 2012

Abstract BMS-488043, like its predecessor BMS-378806,
is a small molecule that can block the interactions between
gp120 and CD4, and has shown good clinical efficacy.
However, the crystal structure of drug-gp120 complexes or
the full-length gp120 free of bound ligand is unpublished
until now. Docking combined with molecular dynamics
simulation is used to investigate the binding mode between
BMS-488043 and gp120. On the basis of the analysis of the
simulated results, the plausible binding mode is acquired,
such as the changes of binding mode in the trajectory and
the calculated binding free energy. Subsequently, a number
of residues which make contacts with the small molecule are
studied by binding free energy decomposition to understand
the mutation experiments, such as Trp427, Ser375, and
Thr257 residues with the help of the acquired binding mode
above. Especially, the importance of the hydrophobic
groove formed by residues Ile371 and Gly472 which bind
BMS-488043 is elaborated, which has not been explored
much. In addition, theoretical investigations on the dynam-
ics behavior of the gp120 associated with BMS-488043
enhanced binding are performed; the results indicate that
the BMS-488043 may be more deeply inserted into the
Phe43 cavity compared with the previous binding mode
acquired by docking.

Keywords AutoDock . Bindingmode . BMS-488043 . Free
energy decomposition . gp120 . MM-GBSA

Introduction

HIV-1, an incurable disease discovered more than 25 years,
has infected about 60 million individuals, with about 20
million killed [1]. The intricate and multi-step HIVattacking
process involves attaching to host cells, binding CD4 and
coreceptor, and fusing membrane. All of these stages are
only regulated by the viral envelope (Env) proteins, an
exterior glycoprotein gp120 and a transmembrane domain
gp41, both of which are processed from the gp160 precursor
and projected from the membrane of the virion [2]. Se-
quence comparisons reveal that the gp120 glycoprotein is
composed of five conserved domains (C1 to C5) [3] and five
variables (V1 to V5). Dramatic conformational changes [4,
5] in the gp120 glycoprotein can be observed during the
initial attachments of gp120 binding to CD4 on the target
cell surface, including two sets of β-sheets, the exposure of
V1/V2 and V3 loop structures, and the orientation changes
of gp120; the changes make two sets of β-sheets spatially
separated in unbound gp120, and bring together upon CD4
wedging into the bridging sheet which consists of a four-
stranded β-sheet minidomain [4, 5]. Also, they expose the
V1/V2 and V3 loop structures, and then change the orien-
tation of gp120 so that the bridging sheet and the V3 loop
are directed toward the host cell membrane. These changes
allow gp120 to interact efficiently with one of the chemo-
kine receptors, CCR5, and CXCR4, which serve as obligat-
ed co-receptors for HIV-1 [6–10] that enable the fusion of
the viral and the host membranes. Figure 1 displays the
gp120 bound with CD4 structure.

BMS-488043 (BMS043) (Fig. 2) and its predecessor
BMS-378806 (BMS806) [11–13], which inhibit the binding
interactions of CD4 and gp120, are low-molecular-weight
attaching inhibitors of HIV-1 entry. With improved pharma-
cokinetic properties, BMS043 demonstrates antiviral efficacy
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and a favorable safety profile in HIV-infected subjects [14,
15], which prohibits HIV-1’s infection via envelope confor-
mational alterations and primarily interfering with cellular
CD4 binding. BMS806 binds to gp120 with a small binding
enthalpy change in a mostly entropy-driven process [16, 17].
The precise gp120 binding site of the two inhibitors is unclear.
However, with the combination of biochemical and genetic
approaches, the potential binding site is mapped to a specific
area within the CD4 binding pocket (Phe43 cavity) of the
gp120 envelope protein [11, 18].

In order to understand the effective mechanism of the
Phe43 cavity as the binding site of BMS806, the binding
modes between the BMS molecules and gp120 have been
investigated by theoretical methods [19, 20]. A docked bind-
ing mode proposed by Kong has been studied by molecular
dynamics simulation [19], but the short time scale (2500 ps) of
production simulation is not long enough to obtain sufficient
sampling, and Teixeira gives a similar binding mode between

BMS806 and gp120 only [20]; furthermore, the crystal struc-
ture of unliganded gp120 is not solved, the structure of gp120
in the CD4 bound state in the docking experiments of the two
studies above is used as a receptor, while the previous research
works [4, 5, 11, 17] have shown that the tertiary structures of
unliganded gp120 and BMS-gp120 complex are not the same
as the structure of CD4-gp120 complex. Consequently, in
order to evaluate the stability and plausibility of the docked
binding modes and investigate the dynamical behaviors of
gp120 upon BMS binding, longer time scales for simulations
are needed. Recently, the intermediate structure of gp120
predicted by Da and colleagues [21] is used as a receptor in
docking studies, a special binding mode [22], in which the
heterocyclic ring of BMS043 is docked into a cleft between
LB and β3-β5 loops, is proposed to explain the prevention of
the bridging sheet formation and interference of the gp41
exposure, but the accuracy of the intermediate structure of
gp120 needs to be verified by experiments. In this paper, the
structure of gp120 in the CD4 bound state is used as the
receptor and the Phe43 cavity is thought to be the target of
BMS043. In order to evaluate the plausibility of the binding
modes, the 36,200 ps molecular dynamics simulations are
performed, we focus on the explanation for the mutation
experiments to the residues in the Phe43 cavity and the dy-
namics behavior of gp120 upon BMS043 binding.

Materials and methods

Structural model preparations

The calculations are based on the X-ray structure of gp120
in the bound state with CD4 and 17b obtained from the
Brookhaven Protein Data Bank (PDB) with the PDB codes
1G9N [23]. The coordinates of the clinical primary YU2
isolate substrate-free gp120 core and the CD4-gp120 com-
plex are used as the MD initial structure, the variable loops
V1/V2 and V3 as well as the N- and C-termini are truncated
in the crystal structure, which are regions extending away
from the main body of the gp120 envelope glycoprotein.
The inhibitor BMS043 structure is obtained from the Pub-
Chem Substance Database and the coordinates of the small
molecule are converted into PDB format by the GlycoBio-
Chem PRODRG2 Server [24].

Automated docking

The gp120 structures are taken every 2000 ps of the trajec-
tory of CD4-gp120 complex, the X-ray structure of gp120 in
the CD4 bound state are used as receptors in the docking
process, and the parameters sets for dynamics simulation of
CD4-gp120 complex in AMBER10 are used for the follow-
ing simulations of the three binding modes; the root-mean-

Fig. 1 Structure of gp120 bound with CD4. Ribbon diagram of the
crystal structure (1G9N) showing gp120 inner domain, bridging sheet,
outer domain, and CD4 colored by red, green, hot pink, and yellow,
respectively. The residue Phe43 of CD4 represented by stick
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Fig. 2 Structure of BMS-488043
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square deviations from the average structure of gp120 in the
trajectory are 1.58 (starting structure), 1.23 (2,200 ps), 1.03
(4,200 ps), 1.27 (6,200 ps), and 1.15 Å (8200 ps), five
docking experiments are carried out totally; the obtained
results show that almost all the clusters’ benzene rings are
inserted into the Phe43 cavity with only a few clusters’
heterocyclic rings being inserted into the cavity. In order
to sample sufficiently, the typical docking results are used as
the starting structures for the following AMBER10 MD
simulations [25, 26] and are rescored by using MM/GBSA
[27, 28] when they arrive at equilibrium states.

The structures of gp120 glycoprotein are used as the
starting structure for AutoDock 4.2 [29] where the Auto-
DockTools package is used to generate all the necessary
input files and the docking grids. The Lamarckian genetic
algorithm (LGA) is employed to search for the optimal
conformation. The atomic affinity grids on the active site
are created by using AutoGrid [29]. Each grid map consists
of a 50×40×40 grid point with 0.375 Å in each dimension.
The center of the grid is set to the position of the neighbor-
hood of the Phe43 cavity by the average coordinates of Cα

atoms of Trp427 and Gly473. The global optimization is
performed with a population of 50 randomly positioned
individuals, with a maximum of 2.5×106 energy evaluations
and a maximum of 2.7×105 generations. The rest of the
parameters are set as default values. At the end of a docking
experiment, docking solutions with a ligand all-atom root
mean square deviation (RMSD) within 2 Å of each other are
clustered together by using the rms_analysis utility. Three
reasonable clusters of them are selected as representative
binding modes based on whether the ligand is bound inside
a pocket of the receptor: mode I, mode II, and mode III
(benzene rings in mode I and mode II penetrated into the
Phe43 cavity, heterocyclic ring in mode III inserted into the
Phe43 cavity). Figure 3 shows their binding modes, and the
heterocyclic rings in mode I and mode II have different
orientations.

MD simulation

The protonation state of the protein is adjusted to mimic
physiological pH conditions. All Lys residues are positively
charged and His residues are modeled as neutral by proton-
ating the Nε2 atom. The rest of the ionizable residues are set
to pH07 protonation state. Additionally, the name of entire
cysteine residues is changed into CYX because all the
cysteine residues in gp120 core are connected by disulfide
bonds which are connected together during AMBER MD
simulations [23], and the monosaccharides’ names can be
recognized by AMBER software. Hydrogen atoms are
added by using the LeaP module in AMBER automatically.
All MD simulations presented in this work are performed by
using the AMBER10 suite of programs [25, 26]. The

AMBER ff03 force field [30] and the GLYCAM06 param-
eter sets [31] are used as the parameters for glycoproteins,
ions, and water molecules; whereas we use the general
AMBER force field (GAFF) [32] to describe the ligands.
Partial charges and force field parameters for the inhibitors
are generated automatically by using the Antechamber pro-
gram [33] in AMBER10. Atomic charges are derived from
the AM1-BCC charge method [34, 35]. An appropriate
number of Cl- counterions are added to neutralize the system
and the molecules are solvated in a box of water by using
the TIP3P water model [36] with at least 10.0 Å of water
around every atom of the solute. A 10.0 Å cutoff is applied
for the evaluation of the non-bonded interactions. Particle
mesh Ewald [37] summation is used to calculate the long-
range electrostatic interactions during minimization and mo-
lecular dynamics.

All structures are minimized by using the sander module
in AMBER10. The minimization procedure is split into two
stages. First the solvent is allowed to relax while the protein
atoms are restrained to their original position with a force
constant of 500 kcal mol−1Å−2. Afterward, the entire system
is relaxed and minimized without any restraints. The first
stage is performed by using the steepest descent minimiza-
tion of 2500 steps, followed by a conjugated gradient min-
imization of 2500 steps, while the second stage consists of
4000 steps of steepest descent, follows by 6000 steps of
conjugated gradient minimization.

The MD simulations are carried out by utilizing the
periodic boundary condition. The SHAKE algorithm [38]
is applied to constrain all bonds involving hydrogen, and the
time step of all MD simulations is 0.002 ps. Atomic coor-
dinates are collected at intervals of 1.0 ps to analyze the
detailed structures. Initial velocities are assigned from a
Maxwellian distribution at the initial temperature. Langevin
dynamics with a collision frequency of 2.0 ps−1 are
employed to increase the temperature of the system gradu-
ally from 0 to 300 K in 20 ps and followed by 200 ps
equilibration to remove steric clashes. Subsequently,
36,000 ps (800 ps for CD4-gp120 complex) MD simula-
tions with standard NPT conditions are performed for data
collection.

Free energy calculations and decomposition

The docking pose from each cluster after molecular dynam-
ics simulations is rescored by using MM/GBSA in AM-
BER10 [27, 28], and the modified GB model [39, 40] is
used. In order to calculate the averaged binding free energy,
200 snapshots are extracted from the trajectory every 10 ps
from 28,000 to 30,000 ps. The averaged binding free energy
is calculated by estimating the free energy change associated
with the sum of molecular mechanical energies in vacuo
plus the solvation free energy and then subtracting the
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product of entropy change and absolute temperature. The
formula is used as the following:

ΔGbind ¼ ΔEMM þΔGsol � TΔS;

where ΔEMM can be further divided into the electrostatic, van
dev Waals, and internal energies contributions, and can be
estimated through molecular mechanics method. ΔGsol

includes the polar solvation free energy calculated with the
generalized Born (GB) approximation model [41–43] and the
non-polar part obtained as a function of the solvent-accessible
surface area (SASA) [44]. The last term in the above equation
(TΔS) is the solute entropy which is usually estimated by
normal mode analysis method [45]. However the normal mode
calculation to estimate the entropy contribution is somewhat
problematic and time-consuming. Furthermore, differences in
the entropy effect can be omitted since the two systems are so
similar, thus the contribution of entropy to binding free energy
is not explicitly taken into account in this work.

The methodology of binding energy decomposition is used
to describe the energy contribution of each residue from the
association of the receptor with the ligand in three parts: the
molecular internal energy in vacuo, the polar contribution of
solvation free energy, and the nonpolar solvation part. In
addition, all the energies are decomposed into backbone and

side-chain atoms, and the key residue contributions to the
binding are analyzed through energy decomposition.

Results and discussion

In order to evaluate the plausibility of the binding modes
(mode I, mode II, and mode III) predicted by AutoDock, the
molecular dynamics simulations are performed; the stability
of BMS043 and gp120 complex and changes of the three
binding modes along their MD trajectories are analyzed;
furthermore, the statistical data of hydrogen bonds and
binding free energies are discussed. Afterward, the binding
free energy decomposition of the most plausible binding
mode is performed for further understanding the interaction-
al mechanism of BMS043 with GP120 compared with the
mutation experiments. Lastly, the dynamics behaviors of
gp120 associated with BMS043 binding are investigated.

Stability of the trajectories during simulations

The root-mean-square deviation (RMSD) from the X-ray
structure provides a direct measurement of the structural
drift from the initial coordinates as well as the atomic

Fig. 3 Three binding modes (a
Mode I. b Mode II. c Mode III)
were extracted from the results
of the docking experiments,
respectively; and three binding
modes (a’ Mode I. b’ Mode II.
c’ Mode III) at 30 ns of
simulations are shown,
respectively. The molecular
ribbon diagram of the YU2
isolate gp120 core in complex
with BMS043 is shown above.
The ligand (BMS043) and
nearby residues were repre-
sented by a stick and colored by
heteroatom. The figures created
by Chimera
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fluctuation over the course of a MD simulation. As men-
tioned above, upon engagement of CD4, the V1/V2 and V3
loop structures of gp120 undergo dramatic conformational
shifts and two sets of β-sheets are brought together forming
the bridging sheet [4, 5], while the formation of a gp120-
inhibitor complex involves relatively small conformational
changes, in other words, BMS043 prevents conformational
changes in gp120 upon CD4 engagement [17, 46]. There-
fore, some structural domains of gp120-inhibitor complex
have several changes relative to the structure of CD4-gp120
complex, especially for the two sets of β-sheets. The avail-
able structure used in the simulations derives from the X-ray
structure of gp120 bound with CD4 and 17b; when the
inhibitor binds to gp120 in the CD4 bound state, theoreti-
cally the structure of the gp120-inhibitor complex will re-
verse into a different tertiary structural shape that may be
more like unliganded gp120; hence, it is quite difficult to get
a very stable phase of the gp120 and BMS043 complex. In
this article, the emphases are not focused on the equilibrium
structure of the bridging sheet that has large fluctuations
during simulations, thus, we calculate the RMSD values of
main chain with respect to the starting structure of mode I,
mode II, and mode III (Fig. 4), in which the residues 119–
203 and 422–435 of the bridging sheet (34 positions) are not
involved in the RMSD calculations.

After a period of 15,000 and 26,200 ps simulations for
mode I and mode III, both the gp120 protein and the small
molecule tend to reach the stable state. The average RMSD
values of backbone atoms of gp120 protein and the small
molecule in the mode I complex are 1.74 and 1.66 Å at the
15,000–36,000 ps intervals. The converged RMSD values
of mode III complex are also observed in the 26,200–
36,000 ps intervals with average RMSD values of 2.50
and 2.16 Å for the protein and small molecule, respectively.
However, the two curves of RMSD values for mode II
complex still do not converge after 36,000 ps simulation.
Especially, the RMSD curve of the small molecule has a
dramatically increase at 8000 ps in the trajectory, which is
actually abnormal, this indicates that the binding mode of
the mode II makes the protein unstable and unsuitable.

Changes of binding mode along the MD trajectories

Indeed, substitutions of Thr257 and Ser375 on the wall of
the Phe43 cavity with larger amino acid residues, like
T257R or S375W, are made in previous experiments [18].
These mutations decrease the BMS806 affinity but stabilize
the CD4-gp120 complex by filling the Phe43 cavity with
Arg and Trp long side chains [18]. It suggests that BMS806
is deeply inserted into this cavity.

Figure 3a’, b’ and c’ show the binding modes of ligand
and gp120 at 30,000 ps of simulations. In order to examine
three binding modes in dynamics trajectories, one compares

the binding modes above with the starting structures, and
finds that the ligand in the mode II diffuses away from the
Phe43 cavity after 26,000 ps simulation, confirming that the
binding mode of mode II is very unstable again, the possi-
bility of binding mode II should be obviated. While it is
observed from Fig. 3a’ and c’ that the ligand in mode I and
mode III is inserted into gp120 binding pocket more deeply
and mode I or mode III are comparatively a more appropri-
ate binding mode. Additionally, whatever the binding mode
is, the benzene ring of mode I or the heterocyclic ring of
mode III is placed in the groove formed by the residues
Ile371 in the α3-helix and the Gly472 after 30,000 ps sim-
ulations, indicating that this groove is very important for the
ligand binding.

Hydrogen bonds analysis between gp120 and BMS043

In order to understand dynamical flexibilities of gp120 and the
interactions between protein and ligand, hydrogen bonds for
mode I and mode III modes are analyzed. The geometric
criterion for the formation of hydrogen-bond is common with
a H-acceptor distance less than 3.5 Å and the donor-hydrogen-
acceptor angle larger than 120°. However, no strong hydrogen
bond is found in mode I and mode II. Aweak hydrogen bond
between the ND2 atom of Asn425 and the OAC atom of
BMS043 in mode I has an occurrence of 35.35 %; while in
mode III there are three weak hydrogen bonds, N-H
(Gly473)…OAB(BMS043), ND2-HD22(Asn425)…OAD
(BMS043) and OH-HH(Tyr384)…N-7(BMS043), whose oc-
cupancy rates are 49.45 %, 33.94 %, and 27.70 %, respective-
ly; generally, it reflects the fact that the interacting strength
between protein and ligand in mode III is stronger than that in
mode I complex. We do not find the hydrogen bond between
the OG atom of Ser375 and the N-7 atom of BMS043 which
exists in the complex of gp120 and BMS806 [19]. The result
may be attributed to the fact that the limit volume of the
binding cavity is hard to accommodate the larger group of
the ligand of the two methoxyl groups on the heterocyclic
ring. As a consequence, the steric clashes are increased corre-
spondingly, which make the distance between the OG atom of
Ser375 and the N-7 atom of BMS043 longer than that in the
previously studied system. In the present model the calculated
distance between the two atoms in mode III at 30,000 ps is
about 6.55 Å, which is far beyond the necessary range of
hydrogen bond.

Binding free energy calculations

Although previous research work suggests that the Phe43
cavity is conserved [23], the ligand can induce and trigger
changes of gp120 to accommodate ligand. The docking
experiments do not sufficiently incorporate the protein flex-
ibility coupled to ligand binding, while molecular dynamics
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simulation in explicit water allows the motion of gp120 and
ligand, this superiority makes them suit each other better, or
fall apart if the binding mode is not appropriate. Therefore,
it is more accurate to predict the binding mode by rescoring
the typical docking pose after molecular dynamics simula-
tions by using MM/GBSA method [27, 28] than by using
the scoring function in AutoDock.

In order to analyze the binding free energies, a total of
200 snapshots are taken at a time interval of 10 ps from

28,000 to 30,000 ns of the MD trajectories. The calculated
binding free energies are averaged from these 200 snap-
shots. Figure 5 shows the binding free energies and energy
components, i.e., electrostatic, van der Waals, nonpolar sol-
vation, and polar solvation components. The van der Waals
and electrostatic terms provide the major favorable contri-
butions to the inhibitor binding, whereas polar solvation
terms are a disadvantageous ingredient. Nonpolar solvation
terms, which correspond to the burial of SASA upon
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chain of gp120 and BMS043
(the bridging sheet was exclud-
ed) were calculated during MD
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docking structure. RMSD of
gp120 is displayed by black
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binding, contribute in a slightly favorable way. The benzene
ring or heterocyclic ring in the ligand being inserted into the
Phe43 cavity results in different effects on the separate
energy components. As can be seen from Fig. 5, the non-
polar solvation terms provide slightly favorable contribu-
tions to the binding of inhibitor to gp120 similarly in both
binding modes, but when the heterocyclic ring is inserted into
the Phe43 cavity (mode III), the electrostatic and van der
Waals terms have larger contributions, while the polar solva-
tion terms have larger positive contributions in comparison
with that of the benzene ring in the Phe43 cavity (mode I).
However, the total binding free energy between BMS043 and
gp120 in mode III is −27.39 kcal mol−1 which is bigger than
that in mode I (−23.21 kcal mol−1). Consequently, mode III is
a better binding mode than mode I energetically, which is in
good agreement with the analysis of hydrogen bonds and the
calculated results by Kong and co-workers [19].

Binding energy decomposition

In order to obtain a detailed insight into the protein-ligand
binding process, the binding free energy of mode III is
decomposed into per-atom contributions which can be
summed over atom groups to obtain different energy con-
tributions arising from residues backbone and side-chain by
using MM/GBSA method. The sum of the electrostatic term
in the internal energy (ΔGTELE) and the electrostatic term in
the solvation energy (ΔGTGB) constitutes the electrostatic
component of the protein-ligand binding free energy, one
can see from Table 1 that this quantity is a positive number
(unfavorable) for most of the residues we have studied.
Apparently, it is because the favorable electrostatic interac-
tions between the protein and ligand do not fully counteract
the unfavorable electrostatic interactions between solute
molecules (the protein and ligand) and solvent molecules.
Similarly, the sum of the van der Waals term in the internal
energy (ΔGTVDW) and the nonpolar term in the solvation

energy (ΔGTGBSUR) constitutes the nonpolar component of
the protein-ligand binding free energy, this quantity is a
negative number (favorable) in all cases. This analysis sug-
gests that the nonpolar interaction is the driving force for the
binding of this inhibitor to gp120.

In the previous studies [11, 18], many mutation experi-
ments have been conducted to investigate the effect of
sensitivity to BMS; the research shows that W427V com-
pletely abates the effect of BMS043 while W427F mutant
does not affect the binding affinity of BMS806 [18]. As can
be seen from Table 1, the interaction of Trp427 with
BMS043 is much stronger in comparison with that of the
other residues; it contributes −2.24 kcal mol−1 to the binding
affinity, in which VDW interaction is the dominating force.
From their relative positions, it can be found that this large
VDW contribution is mainly originated from the interaction
between heterocyclic ring of BMS043 and methylene of
Trp427, the methylene plays an important role in the bind-
ing process. BMS806 can bind to W427F mutant in the
mutant experiment [18], it is possible that the residues
tryptophan and phenylalanine have similar structure of side
chain and both contain a methylene which may be critical
for gp120 binding BMS043, the VDW interaction is not
affected when Trp427 mutated to Phe427. However for
W427V, a hydrogen atom on the methylene is replaced by
a methyl group that can compress the limited volume of
Phe43 cavity and squeeze BMS043 out of the cavity; there-
fore, W427V has completely negated effects for BMS043
binding.

Ser375 and Thr257, another two important residues, are
situated at the bottom of the Phe43 cavity formed by the
outer domain (Fig. 6) and contribute −0.24 and −0.78 kcal
mol−1 to the binding affinity, respectively. By comparison of
the side chain and backbone contributions in Thr257, the
binding free energy contributions mainly come from VDW
interactions of the side chain of Thr257 with heterocyclic
ring of BMS043, while the backbone contribution is very
small; one can see from Fig. 6 that the methyl group of
Thr257 is underneath heterocyclic ring of BMS043, indicat-
ing that the major contribution of VDW interaction comes
from the methyl group of Thr257, this finding can be used to
explain why T257A can slightly affect the sensitivity of
ligand binding and T257G can affect the ligand binding
more seriously [18]. For S375A mutation, the sensitivity
of the small molecule binding is almost not affected [18].
From calculated results involving Ser375, one can find that
the Ser375 side chain or backbone provide very slight con-
tributions, thus S375Awill not affect the ability of the small
molecule binding. Previous experimental studies [47, 48]
indicate that the S375W and T257R diminish the size of the
Phe43 cavity and stabilize the conformation closer to the
CD4-bound state even in the absence of ligands, but these
mutations largely negate BMS806 binding. As seen from
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Fig. 6, one finds that the methoxyl group at C-9 on the
heterocyclic ring of BMS043 is just near the Ser375 and
Thr257 residues. The distance between oxygen atom of
Ser375 side chain and the carbon atom of the methoxyl
group of BMS043 as well as the distance between the
carbon atom of methyl group of Thr257 and the carbon
atom of the methoxyl group of BMS043 are less than
3.5 Å. Large side chain mutations in these two residues
located inside the cavity may make steric hindrance for the
binding.

Figure 6 shows that the phenyl of BMS043 is accommo-
dated by the groove formed by the residues Ile371, Gly367,
and Gly472 which form hydrophobic interactions with the
phenyl group of ligand.

As seen from Table 1, one can find that the total binding
free energy value of the contribution of Ile371 in the groove,
which mainly originates from the van der Waals interaction
between the side chain (the isobutyl group) of Ile371 and the
benzene ring and heterocyclic ring of the ligand, is very
large (−2.55 kcal mol−1). Mutation experiments [11] show
that I371F mutations do not negate BMS806 binding and
reduce the BMS806 affinity by half, the reason can be that
Phe has a longer functional group on the side chain com-
pared with the isobutyl group of Ile and may prevent the

benzene ring of BMS806 from interacting with other hydro-
phobic residues, such as Gly472 and Gly367. However, the
hydrophobic property of the groove is not changed general-
ly; thus, the BMS806 can still be bound to I371F mutant.

Similar to the residue Ile371, the other important residue
Gly472 has a large contribution as well; the favorable inter-
action mostly comes from the VDW interactions between

Table 1 Inhibitor–residue interactions between BMS043 and specific residues of gp120 calculated by using MM/GBSA methods (kcal mol−1) for
mode III

ΔGSVDW ΔGBVDW ΔGTVDW ΔGSELE ΔGBELE ΔGTELE ΔGTGB ΔGTGBSUR ΔGSGBTOT ΔGBGBTOT ΔGTGBTOT

Ser256 −0.03 −0.36 −0.39 −0.02 −0.27 −0.29 0.5 0 0 −0.19 −0.19

Thr257 −0.7 −0.19 −0.89 0.09 −0.06 0.03 0.16 −0.08 −0.72 −0.07 −0.78

Gly367 −0.02 −0.44 −0.46 0.36 −0.32 0.04 0.01 −0.15 −0.11 −0.45 −0.56

Asp368 −0.89 −0.4 −1.3 −2.82 −0.39 −3.21 4.6 −0.2 0.23 −0.34 0.11

Ile371 −2.09 −0.29 −2.38 0.12 0.15 0.26 −0.15 −0.28 −2.39 −0.16 −2.55

Ser375 −0.1 −0.11 −0.21 −0.47 −0.08 −0.55 0.53 −0.01 −0.16 −0.08 −0.24

Phe382 −0.42 −0.01 −0.43 0.05 0.07 0.12 −0.05 −0.03 −0.35 −0.04 −0.39

Tyr384 −0.66 −0.02 −0.68 −1.69 0.02 −1.66 1.93 −0.09 −0.46 −0.05 −0.51

Asn425 −0.63 −0.69 −1.32 −0.91 −0.07 −0.99 1.14 −0.16 −0.87 −0.45 −1.32

Met426 −0.09 −1.07 −1.16 −0.25 1.64 1.39 −0.41 −0.08 −0.1 −0.16 −0.25

Trp427 −1.17 −1.28 −2.45 −0.03 0.42 0.39 0.09 −0.28 −1.16 −1.08 −2.24

Gly472 −0.03 −0.55 −0.58 −0.97 −0.41 −1.38 0.76 −0.13 −0.39 −0.94 −1.32

Gly473 −0.09 −1.31 −1.39 0.43 −2.14 −1.71 2.89 −0.23 −0.09 −0.35 −0.44

Asp474 −0.78 −0.78 −1.56 0.2 −0.48 −0.28 1.52 −0.21 −0.18 −0.35 −0.53

Met475 −0.77 −0.18 −0.95 −0.25 0.07 −0.18 0.3 −0.07 −0.78 −0.11 −0.89

Arg476 −0.13 −0.03 −0.17 −1.29 0.06 −1.23 1.18 −0.03 −0.19 −0.06 −0.24

ΔGVDW van der Waals contribution

ΔGELE electrostatic energy

ΔGGB: electrostatic contribution to the solvation free energy

ΔGGBSUR: nonpolar contribution to the solvation free energy

ΔGGBTOT: final estimated binding free energy calculated from the terms above

S, B and T represent side chain, backbone and total contribution

Fig. 6 The structure-BMS043 of mode III at 30 ns of simulation
surrounded by the vicinal residues. The backbone of gp120 represented
by ribbon and colored as tan. BMS043 and wire representation of the
vicinal residues (the residues in 4.0 Å of BMS043 were selected)
represented by stick and colored as heteroatom
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the backbone of Gly472 and the benzene ring of BMS043.
Gly367 and Asp368 are also involved in this groove, the
hydrophobic residue Gly367 is favorable to the ligand bind-
ing by contacting with the phenyl of BMS043. However, for
the acidic amino acid Asp368, it forms an important elec-
trostatic interaction with Arg59 in CD4 of CD4-gp120 com-
plex and the interaction is critical for CD4 binding.
However, the hydrophilic side chain of Asp368 is adverse
for interacting with hydrophobic benzene ring of BMS043,
which contributes the unfavorable values (0.23 kcal mol−1).
Thus, if this residue is mutated to Gly, or a polar substituent
is added to the phenyl ring, and or the phenyl moiety is
replaced by heterocyclic ring to make contact with the acidic
amino acid, the binding ability between the protein and
BMS043 would become better. In order to demonstrate
whether this binding mode is effective or not, more mutation
experiments to the hydrophobic groove should be done.

As for mode III shown in Table 1, other residues in the
binding mode, such as Ser256, Phe382, Tyr384, Asn425,
Met426, Gly473, Asp474, Met475, and Arg476, have con-
tributions to binding energies with BMS043. As shown in
Fig. 6, the 3-methoxyl groups on the heterocyclic ring have
strong VDW interactions with Asn425 and Met426, while
Phe382, Tyr384, and Ser256 are deeply inserted into the
cavity and interact with the heterocyclic ring. Furthermore,
the sulfur atom of Met475 can strongly interact with the N-
H atom of BMS043, and enhance the interactions between
them. In addition, Gly473 and Asp474 residues, which are
positioned in the vicinity of the methyl-piperazine, contrib-
ute to the binding affinity between inhibitor and gp120.

Changes in the conformation of gp120
during the simulations

In order to investigate the motion of gp120 associated with the
BMS043 binding, the root-mean-squared fluctuation (RMSF)
of the Cα atoms from the backbone of gp120 core over the
whole MD trajectories is calculated, which reflects the mobil-
ity of a certain residue around its average position (Fig. 7a),
the average structure of mode III of the equilibrium state and
its overlaps with the starting structure are exhibited in Fig. 7b.

As seen from the overall curves of RMSF for three struc-
ture states (Fig. 7a), the dynamics behavior of gp120 bound
with CD4 is the most stable, some domains of gp120 in the
CD4 bound state become unstable when CD4 is removed, and
the dynamics behavior of the complex with the Phe43 cavity
binding BMS043 is enhanced. However, in total the fluctua-
tion trends of gp120 in three conditions (three structure states)
are similar, for example, almost all of the residues which have
large fluctuations are located either at the N- and C-termini or
in loops/links regions and α2-helix (335–352) keeps a good
rigidity in the three structural states. The N- and C-termini will
oscillate all the time when the inner domain being linked with

gp41 is truncated, consequently, they undoubtedly have large
RMSF values; the residues 206–215 and 218–247 in the inner
domain and the residues 263–268, 278–282, 351–358, 389–
413, 435–445, and 457–465 in the outer domain have com-
parably large fluctuations in the BMS043-gp120 complex,
most of which are located far away from the binding cavity.
The large fluctuation can also be found in the domains of
CD4-free gp120, thus the largemobility of these domains may
not be associated with the Phe43 cavity binding BMS043. As
far as the stable α2 structure is concerned, Tan and Rader [49]
have pointed out that this domain is a rigid core regardless of
strain or binding CD4 or other mimics, though BMS043 is not
a CD4 mimics, this core in our system is still rigid upon
BMS043 binding, reflecting that the universe character in
the complex of CD4 or its mimics and gp120 is also applicable
for the BMS043-gp120 complex.

A lot of dynamics simulations of glycoprotein have been
studied [21, 22, 48–55], the focus here is placed on the
influence to behavior of the Phe43 cavity and the hydrophobic
groove in mode III upon BMS043 binding. In comparison the
average RMSD values of the residues locate in the Phe43
cavity of mode III with that of CD4-bound gp120, one can
find that the residues 377–382 have lager flexibilities, it is
mentioned above that the heterocyclic ring of BMS043 is
inserted into the Phe43 cavity more deeply in contrast with
the starting structure, therefore, the enhanced dynamics be-
havior may be attributed to the regulation of Phe382 for
accommodating BMS043. In addition, the dynamics behav-
iors of the hydrophobic groove consisting of the residues 472–
473 and 367–371 in mode III have also enhanced. In order to
stabilize the α3-helix (368–371), strong electrostatic interac-
tions are formed between Asp368 and Arg56 in CD4 of the
CD4-gp120 complex, α3-helix is no longer restrained when
CD4 is truncated. Hence, Asp368 and Pro369 in CD4-free
gp120 have large average RMSDs of 1.25 and 1.02 Å as
compared with the values of respective 0.56 and 0.77 Å in
the CD4-gp120 complex. While the residues in mode III
become more flexible (1.30 and 1.36 Å for averaged RMSDs
of Asp368 and Pro369, respectively), indicating that the dy-
namics behavior of α3-helix is further enhanced upon
BMS043 binding. Our results are consistent with the obser-
vation of Shrivastava and LaLonde [50] that the dynamical
behavior of the α3-helix is enhanced in gp120 bound with
NBD-556. As seen from the average structure of mode III
superimposed with the starting structure (Fig. 7b), the α3-
helix has moved toward the outer domain compared with the
original position in the starting structure, consequently, the
entrance size of Phe43 cavity is increased, which is more
beneficial for the ligand to be inserted into the cavity, it
suggests that the BMS043 may be more deeply inserted into
this cavity of BMS043-gp120 structure compared with the
position of BMS043 in mode III and the previous binding
mode by docking [19, 20]. Recently, the crystal structure of
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unliganded gp120 being solved by Kwon (coree gp120) [56]
shows that the unliganded gp120 assumes the CD4-bound
conformation because the conformational equilibrium of unli-
ganded gp120 favors the CD4-bound state when the V1/V2
and V3 loops are truncated, while the full-length wild type and
the more truncated coremin gp120 (10 residues in the V3 loop
are not included in the conformation, which are included in the
conformation of coree gp120) used in our simulations are
more likely to assume the conformation before the induce-
ment of CD4 [56]. The prediction about α3-helix in the
unliganded gp120 and BMS-gp120 complex in this paper is
based on the mobility of the coremin gp120. Although Kwon
[56] solved the crystal structure of the NBD-556-gp120 com-
plex which also assumes the CD4-bound conformation,
BMS043 is more likely to be bound to the conformation close
to the full-length unliganded gp120 [56]. Thus, the mobility

α3-helix in the BMS043-gp120 complex is reasonable, and
our studies do not contradict that of Kwon.

In terms of the behaviors of residues Gly472 and Gly473 in
the hydrophobic groove, they also have enhanced mobility,
which may be attributed to the hydrophobic interaction with
phenyl ring of BMS043 and the inherent flexibilities of link
region (links α5 and β24). In addition, it can be seen from
Fig. 7a that the bridging sheet has very large fluctuations and
theβ2/3 (119–203) havemore fluctuations thanβ20/21 (422–
435) which are consistent with the previous studies [55].

Conclusions

In order to get the plausible binding mode of BMS043 to
gp120, the structure of gp120 core is extracted from the crystal
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Fig. 7 a The Cα root mean
square fluctuations (RMSF) of
gp120 in complex with
BMS043, gp120 bound with
CD4, and CD-free gp120 dur-
ing the entire MD simulation
represented in black, red, and
blue line, respectively. b Over-
lay of the average structure of
BMS-gp120 complex in mode
III (sky blue) from the last 8 ns
of the MD trajectories with the
crystal structure of gp120 (tan)
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structure (1G9N), and the protein-ligand docking is conducted
by AutoDock 4.2, three binding modes of the small molecule
to the receptor are obtained. The small molecule in the three
cases is located in the Phe43 cavity. The dynamical behavior
of the three binding modes of the complex is investigated by
explicit water, unrestrained molecular dynamics (MD) simu-
lations. According to the changes of binding mode and the
previous experimental results [18] which indicated the small
molecule is deeply inserted in the Phe43 cavity. It is found
from our simulated results that the BMS043 in the Phe43
cavity in mode I or mode III are more deeply inserted into
the cavity partly and the other portion of MBS043 outside of
the Phe43 cavity ultimately formed hydrophobic interactions
with the groove composed of Gly367, Ile371, and Gly472.
From the obtained calculated results of hydrogen bonds anal-
ysis and the binding free energies of mode I and mode III by
usingMM/GBSAmethod, we find that bindingmode III is the
more plausible binding mode. Afterward, binding free energy
decomposition of mode III is performed for further under-
standing the interactional mechanism of BMS043, the calcu-
lated results of the residues in the Phe43 cavity are in good
agreement with those of the mutation experiments. It is pro-
posed that more mutation experiments to the hydrophobic
groove composed of Gly367, Ile371, and Gly472 should be
done to determine its importance to drug design.

On the basis of the BMS043-gp120 structure in mode III,
the dynamics behavior of gp120 associated with BMS043
binding is investigated, the overall mobility of gp120 is
enhanced, and α3 keeps a good rigidity during the whole
simulation of BMS043-gp120 complex, which is consistent
with previous studies [49]. As seen from the RMSF of
residues in the Phe43 cavity and the superimposition of
the average structure of mode III with the starting structure,
it is found that the dynamics behaviors of the residues 377–
382 in mode III are enhanced, which may be attributed to
the deeper insertion of BMS043 into the Phe43 cavity, and
that the mobility of α3 toward outer domain increases the
entrance size of the Phe43 cavity. This can explain the
plausibility of the model of BMS043-gp120 complex pro-
posed by Da [22] in which the BMS043 is located in the
bottom of the Phe43 cavity. It is believed that our studies
will be helpful for further understanding the binding mode
of BMS043-gp120 and the drug design.
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