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Abstract The entry of human immunodeficiency virus
(HIV) into cells depends on a sequential interaction of the
gpl120 envelope glycoprotein with the cellular receptors
CD4 and members of the chemokine receptor family. The
CC chemokine receptor CCRS5 is such a receptor for
several chemokines and a major coreceptor for the entry
of R5 HIV type-1 (HIV-1) into cells. Although many
studies focus on the interaction of CCRS with HIV-1, the
corresponding interaction sites in CCR5 and gp120 have
not been matched. Here we used an approach combining
protein structure modeling, docking and molecular dy-
namics simulation to build a series of structural models of
the CCRS in complexes with gp120 and CD4. Interactions
such as hydrogen bonds, salt bridges and van der Waals
contacts between CCR5 and gpl20 were investigated.
Three snapshots of CCR5-gp120-CD4 models revealed
that the initial interactions of CCRS5 with gpl20 are
involved in the negatively charged N-terminus (Nt) region
of CCRS5 and positively charged bridging sheet region of
gp120. Further interactions occurred between extracellu-
lar loop2 (ECL2) of CCRS and the base of V3 loop
regions of gpl20. These interactions may induce the
conformational changes in gp120 and lead to the final
entry of HIV into the cell. These results not only strongly
support the two-step gpl20—CCRS5 binding mechanism,
but also rationalize extensive biological data about the
role of CCRS5 in HIV-1 gp120 binding and entry, and may
guide efforts to design novel inhibitors.
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Introduction

The entry of HIV'-1 into the target cell is mediated by
CD4 as the primary receptor [1, 2], as well as by
chemokine receptors such as CCRS5, CXCR4, CCR3 and
CCR2b as obligatory coreceptors [3, 4, 5, 6]. These
chemokine receptors belong to the superfamily of G-
protein-coupled receptors (GPCR) that possess seven
transmembrane (TM) helices [7], among which CCRS is
of special importance for HIV pathogenesis because R5
virus strains are largely responsible for virus transmission
and individuals who lack CCRS due to a natural knock-
out mutation in the CCRS5 gene (ccr5 A32 allele) are
highly resistant to HIV-1 infection [8, 9, 10]. All the
biochemical and structural information available up to
now permits us to propose a putative molecular mecha-
nism of HIV-1 entry into cells: [11, 12, 13, 14, 15]. First,
the HIV-1 glycoprotein gpl20 recognizes the CD4
receptor on the cell surface, and binds to the most
amino-terminal of the four immunoglobulin-like domains
of CD4. Secondly, CD4 binding induces conformational
changes in the gpl20 glycoprotein, which forms or
exposes the binding site for specific chemokine receptors.
Thirdly, the binding of CCRS to the gp120-CD4 complex
triggers additional conformational changes in the enve-
lope glycoprotein complex that ultimately lead to the
fusion of the viral and target cell membranes. Among
these steps, the interaction of CCRS with the viral
glycoprotein gp120 is critical for membrane fusion and
virus entry because blockade of such binding can inhibit
HIV-1 infection efficiently [15]. For this to occur,
molecular events accompanying coreceptor-virus recog-
nition and binding, and the precise mechanism for the
engagement of CCR5 by the CD4-activated gp120 should
be understood. Unfortunately, structural information of
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GPCR is difficult to obtain using experimental techniques
because of enormous difficulties in the preparation of
samples suitable for subsequent X-ray, NMR or electron
microscopic analysis [16]. Thus, despite considerable
efforts, no 3D structure of CCR5 has been solved to
atomic resolution by experimental methods to date.
However, a large amount of data is available for CCRS
from various experiments such as the chimeric chemokine
receptors [17, 18, 18, 19, 20, 21], site-directed mutagen-
esis [22, 23, 24] and monoclonal antibody (mAb)
competition binding experiments [25, 26], which have
revealed the regions in CCRS important for its 1nteract10n
with HIV-1 and natural ligands. For instance, the Nt*
extracelluar region plays a crucial role for high affinity
binding of HIV-1 gpl120 while ECL is important for
natural ligands (RANTES* and MIP>-18) binding, be-
sides, the extracellular loops are also important for
inducing the conformational changes in gp120 that lead
to membrane fusion. These available experimental data
can also be used to help build molecular models of CCRS.

Recently, a structure was solved for a truncated core
gp120 protein in a ternary complex with soluble CD4 and
an antigen-binding fragment (Fab) of the neutralizing
antibody 17b [13]. In this complex, gpl120 is organized
into an inner and an outer domain connected by a bridging
sheet. The gpl120 third variable (V3) loop has been
implicated in chemokine receptor binding [11]. However,
the use of the CCRS chemokine receptor by diverse
primate immunodeficiency viruses suggests the involve-
ment of an additional, conserved gpl20 region. The
extended conformation of the bridging sheet constitutes
key elements of the chemokine receptor binding site [15].
The core structure of CD4-gp120-17b reveals that these
conserved gpl20 regions form discontinuous structures
important for the interaction with the coreceptors on the
target cell.

Although the regions in CCRS important for gp120
binding have been identified by various experiments, and
crystallographic data have provided an important snap-
shot of the structures involved in the CD4-gp120-17b
complex, the corresponding interaction sites in CCRS and
gp120 have not been matched yet because no structure of
CD4—gp120-CCRS has been resolved. Furthermore, a
more complete understanding of molecular events ac-
companying coreceptor—virus recognition and binding,
and of the precise mechanism for virus entry, requires
building the structure of the CCRS complexes with gp120
and CD4. In our latest paper, we built structural models of
CCRS through the approach of protein structure modeling
and molecular dynamics simulation, the template selected
for constructing the CCRS structure is the crystal
structures of bovine rhodopsin at 2.80 A resolution.
Although bovine rhodopsin has a low sequence homology
with CCRS (the identity is 20.6%), it belongs to the
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GPCR family and its crystal structure displays an explicit
conformational feature of a bundle of seven TM a-helices
shared by other GPCRs. Also, the sequence identity in
transmembrane segment (TMS) between CCRS and
rhodopsin is about 30%. We found that in the CCRS
model with two disulfide linkages Cys20-269 and
Cys101-178 formed, the Nt region could adopt two
primary conformational states: it can either adsorb on the
surface of the domain formed by extracellular loop1-3
(ECL1-3) or extend into the outer space of this domain
(Liu S.Q. and Shi X.F. et al., submitted). In this paper,
based on the CCRS models and the crystal structure of
gp120-CD4-17b [13], we try to build gp120-CD4-CCRS
models by docking and molecular dynamics, testing the
two-step gp120—-CCRS5 binding mechanism proposed by
us (Liu S.Q. and Shi X.F. et al., submitted) and other
research groups [27] from the structural view.

Materials and methods

All computer simulations were performed on a Silicon Graphics
Fuel workstation. Energy minimization and molecular dynamics
were carried out with the commercial software package InsightIl/
Discover3 molecular simulation program version 2.98 (Accelrys
Inc, San Diego, CA). The consistent valence force-field (CVFF)
was used. To approximate solvation, calculations were carried out
with a distance-dependent dielectric constant 1xr. The nonbonded
part of the energy calculations was carried out employing a group-
based summation method for van der Waals interactions with cut-
off 13 A, and for electrostatic interactions with cut-off 20 A, spline
width 1.0 A and buffer width 1.0 A, respectively. All hydrogen
atoms were included in the calculations.

Docking gp120-CD4 complex onto models of CCRS

The high-resolution crystal structure of HIV gpl120 envelope
glycoprotein in ternary complex with the CD4 receptor and
neutralizing human antibody 17b (PDB ID 1G9M) [13] was
obtained from the PDB [28]. The antibody 17b was then removed
from the ternary complex and only the complex of gp120-CD4 was
retained as the ligand to dock to both CCR5 model B (PDB ID
INDS), where the Nt region stays away from and locates at the top
of the extracellular domain formed by ECL1-3, and model A (PDB
ID INEO), where the Nt region adsorbs on the surface of the
extracellular domain. The initial structures of gp120-CD4-CCRS
were generated by employing the simulated-annealing-docking
(SA-Docking) method of Insightll/Affinity program, the total SA
stage was set as 100 (100 fs per stage) and the system temperature
was cooled from 1,000 K to 300 K in 10 ps. The extracellular
domains of CCR5 were defined as the docking targets for gp120—
CD4. The complex of gp120-CD4 was separately docked to two of
the CCRS5 models (models A and B) with different orientations of
the Nt regions. Finally, two models of CCRS in complex with
gp120-CD4 were obtained. Further, the two structures were
extensively energy minimized, and further high temperature
(1,000 K) and long time (200 ps) molecular dynamics simulations
were subsequently performed to search the possible interaction
conformations of the coreceptor—gp120 complex more efficiently.
Since the extracellular domains of CCRS are the interface for
gpl120 binding, the structures of the transmembrane helices of
CCR5 were fixed during the dynamics simulation, and the
conformation of gpl120-CD4 was also tethered throughout the
calculation to maintain its original crystal structure. These proce-
dures proved to be efficient in searching the interaction sites
between CCRS and gp120.



Fig. 1la—c The electrostatic po-
tential map of the CCR5 and
gp120. Red indicates —3 and
blue +3.The extracellular do-
main of CCRS dominated by
strong negative potential (red
color) is located towards the top
of the diagram in a and b. a
Electrostatic potential map of
CCRS model A with Nt ad-
sorbing on the extracellular do-
main. b Electrostatic potential
map of CCRS model B with Nt
protruding out from extracellu-
lar domain. ¢ Electrostatic po-
tential map of the gp120 crystal
structure, the most negative re-
gion (red) is mainly located at
the interfacial cavities for CD4
contact and binding, the regions
of bridging sheet and theV3
loop base dominated by positive
electrostatic potential is located
at the diagram base (blue).
These figures were generated
by Swiss-pdbViewer Version
3.7 [29]

Result

Evaluation of electrostatic properties for CCRS5 and gp120

CCRS5 consists of 352 residues, out of which 37 are basic
(R+K) and 17 are acidic (D+E). Thus, CCRS5 is a basic
protein and shows a strong net positive charge (+20) in
neutral solution (all His are considered as neutral).
Interestingly, the charged residues show polar distribu-
tions in the CCRS molecule because there are seven
negatively charged and seven positively charged groups
in the extracellular domain, whereas 21 positively
charged and six negatively charged groups are located
in the cytoplasmic part. Electrostatic potential maps were
calculated for the two models of CCR5 by Swiss-
pdbViewer Version 3.7 [29], and are shown in Fig. la
and b. The polar distributions of the charged groups can
be seen on the electrostatic potential map: the red color
indicating —3 dominates over the extracellular part with a
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few blue (indicating +3) balls caused mainly by K22,
K26, R168 and K171 exposed on the red surface, this
indicates the strong negative potential distributed in the
extracellular domain. In contrast, a big blue ball surrounds
the cytoplasmic part with only a few red balls scattered,
indicating the strong positive potential there.

The core gp120 comprises 25 B-strands, 5 o-helices and
10 defined loop segments, and the polypeptide chain of
gp120 is folded into two major domains: an inner domain
and an outer domain, and a third element, the “bridging
sheet” [13]. Out of 305 residues in the gp120 core, 33 are
basic (R+K) and 25 are acidic (D+E), which indicates that
the core of gpl20 is a basic protein, too. An electrostatic
potential map of core gpl20 was also calculated and is
shown in Fig. 1c, which reveals an uneven distribution of
electrostatic potential on the surface of core gp120. The
most negative center (red color) is located mainly at the
interfacial cavities for CD4 contact and binding [13], while
the regions of the bridging sheet, V3 loop base and other
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Fig. 2a—c Three structural Model 1 -‘ =2 Model III
models of CCRS in complex 2 .ﬁ:’ 7 120 ARl
with gp120-CD4, which re- CD4 =\ P v

<, \

present snapshots of different
intermediates of the complex
that characterize the dynamic
interaction process of CCRS
with gp120. The ribbon diagram
shows gp120 in red, the two N-
terminal domains of CD4 in
yellow, and the CCRS in blue.
The Nt, ECL1, 2, and 3 in
CCRS, as well as the bridging
sheet and V3 loop base of
gp120 are labeled. a Model I
shows Nt as it begins to interact
with bridging sheet, the ECLs
of CCR5 make no interaction
with gp120 and there is a big
gap between them; it is a snap-
shot of the initial recognition of
CCRS with gp120. b Model IIT
shows the ECL2 begins to in-
teract with V3 loop base in a
addition to the interaction be-
tween Nt and bridging sheet; it
is a snapshot of the transition
state of the binding process. ¢
Model II shows the full inter-
action between CCRS5 and
gp120, more residues within Nt
interact with bridging sheet,
ECL2 and ECL3 interact with
V3 base loop and bridging sheet
respectively; it is a snapshot a
"fusion-active" state prior to
virus entry. The interaction in-
tensities between CCRS5 and
gp120 are model I<model III
<model II. These figures were
drawn by Molscript program
[34]

Model 1T

parts were dominated by positive electrostatic potential (blue
color), although a few small red balls (negative potential) are
scattered there. In addition, the regions possessing of strong
positive potential make up the binding sites for 17b [13].
According to the potential map of the gp120 core and the
available experimental data [15], the negatively charged
regions that are located at the bottom of gpl120 (Fig. 1lc)
were deduced to be the interaction regions of gp120 with the
extracellular domain of CCRS5 for the following docking.

Structural models of gp120-CD4-CCRS5

SA-docking separately generated two groups of structural
models of gp120—CD4 in complex with CCR5 model A or

B, and each group comprised 10 gpl120-CD4-CCRS
complexes. Out of each group, one structure was selected
according to two criteria, the interaction energy between
coreceptor and virus gp120, and the available experimen-
tal data [13, 15, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26].
Concretely, for each group, five structures with the lower
interaction energy were selected, then the interaction sites
between CCRS and gp120 were checked according to the
available experimental data (for details, see the discussion
below) and finally two complex models were obtained
from each group. In both representative models, the
gpl20-CD4 is located at the top of the extracellular
domain of CCRS. In gpl20-CD4-CCRS5 model I
(Fig. 2a), the Nt region of CCR5 points at and has
contacts with the bridging sheet region of gp120, and a
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Fig. 3 Interaction energy between CCRS5 and gp120 extracted from
the 200 ps dynamics trajectory. Energy calculation was performed
by using InsightIl/Discover3. A series of structures were extracted
from the 200-ps molecular dynamics simulation. The interaction
energy was used as one of the criterions to selected possible model
of the complex because a lower interaction energy may indicate a
more favorable interaction between receptor and ligand. The
conformer at simulation time 56 ps has the lowest interaction
energy of about —152 kcal mol™! between CCR5 and gp120 and is
highlighted in this figure

large gap exists between the V3 loop base of gp120 and
the tip of the ECLs of CCRS. However, in gp120-CD4-
CCRS model II (Fig. 2c¢), there is no large gap between
gp120 and the extracellular domain of CCRS. The gp120—
CD4 complex covers CCRS just like a lip, the Nt and
ECL3 of CCRS are close to the bridging sheet of gp120,
while the ECL2 is close to the V3 loop base.

Since the Nt and ECL2 are two of the most flexible
parts among the extracellular segments of CCRS (Liu
S.Q. and Shi X F. et al., submitted), their conformations
should not remain invariable during the process of gp120
binding to CCRS5. To simulate the dynamic binding
process and investigate the general tendencies in behavior
of the CCRS extracellular domain interaction with core
gp120, a 200-ps high temperature (1,000-K) molecular
dynamics simulation was performed on the complex of
gp120-CD4—-CCRS. The initial structure for the molec-
ular dynamics simulation was model II with the distance
of the interfaces between CCRS and gp120 enlarged to
allow the CCRS extracellular domain to search the
possible interaction conformations more efficiently. 500
structures of the complex gpl120-CD4-CCRS5 were
extracted from the molecular dynamics trajectory at a
time interval of 400 fs. All structures were energy
minimized, and the interaction energy between core
gpl20 and CCRS5 was calculated for each structure
(Fig. 3). These structures were clustered into about three
conformational families based on the backbone structural
similarity of Nt and ECL2. The representative structures
for each family were analyzed according to available
experimental data and interaction energy. One structure
with the most favorable binding energy was finally
selected as a possible model for the complex (Fig. 2b,
model IIT). The structural organization of model III is
similar to that of model II (Fig. 2c): the Nt region of
CCRS5 makes contact with bridging sheet of core gp120
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and ECL2 direct at the V3 loop base. However, the
difference between complex model II and II exists
mainly in the structural orientation of Nt and ECL2 of
CCRS, the Nt and ECL2 project from the extracellular
domain to reach gp120 in model III, while in model II, the
extracellular domain of CCRS5 is comparatively packed,
the Nt interact with gp120 without evident conformational
extending. Thus, three models of CCRS5 in complex with
gp120-CD4 were obtained, they represent snapshots of
different intermediates of coreceptor—gpl20 that may
characterize the dynamic interaction process of CCRS
with gp120.

Interaction analysis of CCRS with gp120-CD4

For all these three complex models, the hydrogen
bonding, electrostatic interaction, van der Waals contact,
and interaction energy between extracellular domain of
CCRS and gpl120 were investigated. The results are as
follows. (i) Hydrogen bond formation between CCRS5 and
gp120 was observed in all of these models, but the regions
and residues involved in hydrogen bond formation are
different. For example, hydrogen bonds between Nt of
CCRS and the bridging sheet of gp120 could be found in
all models, but those between ECL2 and V3 loop base
could only be detected in model II and III. In model I, the
residues involved in hydrogen bond formation are Asp2,
Val3, Ser6 and Tyr10 in Nt of CCRS5 and Thr202, Thr198,
Lys432 and Met434 in bridging sheet of gp120. In model
I1, the residues involved in hydrogen bond formation are
Asp2, Val5, Ser6, Ser7, Aspll, GIn2l in Nt, Tyrl176 in
ECL2 of CCRS, and Ser199, Val200, Thr202, GIn203,
Cys205, Lys432 in bridging sheet and Ala299 in V3 loop
of gpl120. In model III, the hydrogen bond residues are
Asp2, Tyr3, Aspll, Tyrl4 in Nt of CCRS, Cysl19,
Thr202, GIn203, Lys207, Pro438 in the bridging sheet of
gpl120. (i1) All the complex models show that the basic
gp120 surface (Fig. 1c) complements the acidic CCRS
surface (Fig. 1a and b), but only a few salt bridges are
observed. In model I, no salt bridge was observed
between CCRS and gpl120; in model II, there are two
salt bridges: Asp2-Lysl17and Glul8-Lys421, and in
model III, only one salt bridge exists between Aspll—
Ly5207 (ii1) Van der Waals contacts were measured with
pa1rw1se interresidual distances less than 2.5 A. The Nt
region has a few close contacts with the bridging sheet in
all three models. ECL2 has no contacts with the V3 loop
base in model I, few contacts with it in model III, and a
few contacts in model II. Contacts were also observed
between ECL3 and bridging sheet in model II. (iv) The
interaction energy between each extracellular segment on
CCRS with gpl120 was calculated for each of the three
models, which revealed the relative contributions of
different regions on CCRS to gp120 binding. For model I,
IT and II1, The interaction energies between gp120 and Nt
are —80.1, —127.9 and —104.2 kcal mol~!, between gp120
and ECL2 are —0.88, —63.0 and —46.1 kcal mol~!, and
ECL3 are —0.22, —18.0 and —0.28, respectively. The
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Table 1 Potential interaction
sites between CCRS5 and gp120
as predicted from structural
analysis of the models of
CCRS5-gp120-CD4 complex

Nt of CCR5

ECLI1 of CCRS5

ECL2 of CCRS

ECL3 of CCR5
Bridging sheet of gp120
V3 loop base of gp120

Asp2, Tyr3,Val5,Ser6, Tyr10, Aspll, Tyrl4, Tyrl5, Glul8, Gln21

Not found

His175, Tyr176, Ser180, Pro183

Leu266, Ser270

Lys117,Lys121, Leul25, Ser199, Val200, GIn203, Thr202, Lys207, Lys432
Pro417, Arg419, 1le420, Lys421, Gln422

ECL1 of CCRS contributes almost no interaction energy
to gp120 binding in all three models. These results reveal
that the Nt and ECL2 are important regions involved in
gpl120 binding, which is in agreement with available
experimental data [17, 18, 19, 20, 21, 22, 23, 24, 25, 26].
In addition, the loss in solvent-accessible surface (SAS)
area was calculated for each residue in the three models.
In model I, residues with loss more than 40% in SAS area
upon the formation of the gpl120-CCRS complex are
Asp2, tyr3, Val5 and Pro8 in Nt of CCRS5 and Lys121 and
I1e201 in bridging sheet of gp120; In model II, residues
with substantial SAS area loss are Asp2, Tyr3, Val5, Ser7,
Tyrl10, Aspll, Tyrl4 and Glul8 in Nt, Hisl75 and
Tyr176 in ECL2, Lys117, Lysl121, Leul25, Serl99,
Thr202, Lys207 in bridging sheet, and Pro417, Arg419,
Lys421 and GIn422 near the base of V3 loop. In model
III, such residues are Asp2, Tyr3, Val5, Asplland Tyrl4
in Nt, His175 in ECL2, Lys117, Thr202, Cys205 in
bridging sheet and Arg419 near the base of the V3 loop.
These residues were selected as the potential binding
sites. Together with the interaction information of
hydrogen bond, van der Waals contact and electrostatic
interaction between CCRS and gp120, the residues that
are most likely to be involved in interaction between
CCRS and gpl120 in the complex were finally obtained
(Table 1).

Discussion

In our latest study [Liu S.Q. and Shi X.F. et al,
submitted], two models of CCRS were constructed by
means of molecular modeling and molecular dynamics.
The molecular dynamics simulation for the extracellular
domain of CCRS5 revealed that when two disulfide bonds
Cys20-269 and Cys101-178 were retained, there were
primarily two conformational states in Nt region. In one
state, the Nt region projects from and stays on the top of
the extracellular domain (activated state). In the other
state the Nt adsorbs on the surface of the ECLs (ground
state). Integrating the feature of Nt conformational motion
with available experimental data, a two-step gpl120-
CCRS5 binding mechanism was proposed: first, the Nt
region of CCRS projects from the extracellular domain
and adopts an appropriate orientation being ready to
recognize envelope glycoprotein. Second, the binding of
gpl120 to Nt induces the conformational change of Nt,
which makes gp120 interact further with ECLs of CCRS,
resulting in virus entry. Here we further test this
mechanism through the approaches of SA docking and
molecular dynamics simulation. The gp120-CD4 struc-

ture used for docking was extracted from the X-ray crystal
structure of an HIV-1 gp120 core in ternary complex with
CD4 and the Fab fragment of the CD4 induced antibody
17b. The gp120 core has deletions of 52 and 19 residues
from the N and C termini, respectively, Gly—Ala—Gly
tripeptide substitutions for 67 V1/V2 loop residues and 32
V3 loop residues, and the removal of all sugar groups
beyond the linkages between the two core N-acetylglu-
cosamine residues [13, 14]. Despite these modifications,
the capacity of core gpl20 to interact with CD4 and
antibodies against CD4 induced epitopes is preserved at
or near wild-type levels [30], so the core gpl120 retains
structural integrity [14], and can be used for generating
structural model in complex with CCRS. Three complex
models of gp120-CD4-CCRS5 in different interaction
intermediates were built to explore the dynamic nature of
gp120 binding to CCRS. In the absence of an experi-
mentally determined structure, these models provide
alternative templates for understanding the dynamic
process of virus entry and structural details of the
coreceptor—virus glycoprotein interaction. As discussed
later, the models of CCRS5 complex in gpl120-CD4
proposed here are also useful both for explaining
available data and for matching the interaction sites in
CCRS with those in gp120.

Electrostatic analysis reveals the dipole characteristics
of CCRS and core gp120. For CCRS, the negative pole is
located in the extracellular domain, but a strong positive
pole is found in the cytoplasmic domain (Fig. 1a and b).
For gp120, the strong negative region flanks the left side
of the molecule and covers the interface for CD4 binding
(Fig. Ic), while the basic region is located at the right side
and the bottom of the molecule, and the bottom part faces
away from the virus envelope and toward the target cell
membrane (Fig. 1c). Electrostatic forces are long-range
effective forces; we therefore guess that the extracellular
acidic region of CCR5 may play a role in the initial
attraction and interaction with the basic region of gp120.
On the basis of electrostatic potential maps, the probable
binding interface between CCRS5 and gp120 for docking
was established. Actually, our docking results revealed
that the acidic Nt region of CCRS is crucial in gp120
binding because it makes contact with the bridging sheet
region in all the three complex models, which is
consistent with experimental data [22, 31].

It has been shown in studies using CCR5 chimeras that
multiple extracellular regions of CCRS are involved in
HIV-1 binding and entry [18, 32]. However, among a
large number of point mutations in these regions of
CCRS, only a few were found to impair gp120 binding
significantly [22, 23, 24]. For examples, previous exper-



iments using chimeras constructed between human CCR5
and either murine CCRS or CCR2b indicated the impor-
tant functional role of the Nt of CCRS in HIV-1 binding
[18, 33]. Recently, studies using site-directed mutagenesis
[22], truncation and deletion [31] of residues within the
Nt region revealed that the charged aspartic acid residues
at positions 2 and 11 (D2A and D11A) and a glutamic
acid residue at position 18 (E18A), as well as aromatic
residues Tyr3, Tyrl0, Tyrl4 and Tyrl5 are involved in
CCRS coreceptor function. These results are in general
consistent with our structural models, which also indicate
the importance of these acidic residues and tyrosine-rich
site (Table 1). On the other hand, in gp120, the site of
interaction with CCRS induced by CD4 binding involves
the highly conserved residues of gpl120, mutational
analysis showed that the basic or polar gp120 residues
near or within the bridging sheet and the V3 loop are
important for CCRS5 binding [15]. Specifically, in our
three complex models of gp120-CD4-CCRS, the Nt of
CCRS is close to or lies a cross the base of the four-
stranded bridging sheet and the Nt of each models has
interaction with some basic or polar residues within the
four strands of gp120 (Table 1). However, the interaction
intensities between Nt and gp120 are different among the
three models. In complex model I (Fig. 2a), only a few
direct interatomic contacts are observed between four
residues of CCR5 Nt region and five residues of the
gpl20 bridging sheet, including 12 van der Waals
contacts and four hydrogen bonds. In complex model II
(Fig. 2c), six residues within the Nt are involved in direct
interatomic contacts with nine residues of bridging sheet.
The number of van der Waals contacts and hydrogen
bonds is 14 and eight, respectively. In complex model III
(Fig. 2b), the number of residues involved in direct
contacts between CCRS and gp120 is five in Nt and six in
bridging sheet. These results indicate that models I and 1T
have the weakest and the strongest interaction intensity
between CCRS5 Nt and gp120 bridging sheet, respectively,
while model III has moderate interaction intensity.
Using monoclonal antibody (mAbs) competition bind-
ing experiments, Lee B et al. [26] found ECL2-specific
mAbs were more efficient in blocking chemokine binding
than those mAbs directed to other extracellular segments,
and Nt mAbs blocked gpl20-CCR5 binding more
effectively than ECL2 mAbs, but surprisingly, ECL2
mAbs were more potent inhibitors of viral infection than
Nt mAbs. These results imply that the binding sites of
chemokines and gpl20 on CCRS are distinct but
overlapping, and suggest that Nt is more important for
gpl20 binding while the ECL2 is more important for
inducing conformational changes in envelope glycopro-
tein that lead to membrane fusion and virus entry.
Interestingly, in our modeling studies on gp120-CD4-
CCRS, only ECL2 and ECL3 can make contacts with
gpl120 among the three extracellular loops of CCRS
ECL1-3 in model II, and ECL2 contributes more core-
ceptor—gp120 interaction energy than ECL3, while ECL1
contributes almost no interaction energy and none of the
ECLI1 residues is involved in direct contact with gp120 in
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all three models. These results suggested that, in addition
to Nt, the ECL2 also participates in interaction with
gp120. Like the interaction between Nt and gpl20, the
interaction intensities between ECL2 and gp120 are also
different among the three complex models. In model I
(Fig. la), although the Nt contacts with bridging sheet,
ECL2 makes no direct contact with gp120 and a large gap
exists between ECL2 and gp120. In model II (Fig. 2c),
interatomic contacts are observed between two CCRS5
residues in ECL2 and three gp120 residues near or within
the V3 loop base. In model III (Fig. 2b), ECL2 is close to
the region around the V3 loop base but few van der Waals
contacts and hydrogen bonds are observed between them.
These results indicate that the initial recognition of CCRS
with gp120 involved no interactions between ECL2 and
gp120. Gradually, the interaction between them occurred
and was enhanced by conformational changes of Nt and
ECL?2. Furthermore, the solvent-accessible area excluded
upon interaction is 334, 516, 421 A2 from CCR5 and 344,
530, 428 A? from gpl20 for model I, II and III,
respectively, which come mainly from the Nt (334, 425,
and 375 A2 for model I, II and III, respectively) and ECL2
(0, 79, 46 for model I, II and III, respectively) in CCRS,
and the regions near or within bridging sheet (344, 441,
382 A?) and V3 loop base in gpl20 (0, 89, 46 A?),
indicating the formation of large interface are mainly
between Nt and the bridging sheet, as well as between
ECL2 and the V3 loop base. Models II displayed the most
significant loss in SAS area that appeared to be consistent
with its most favored coreceptor—gp120 interaction ener-
gy. The loss in SAS area for these three models is also
consistent with their interaction intensities between CCR5
and gp120: model I<model III<model II.

To summarize, we have built structural models of
CCRS in complex with gpl20 and CD4 through the
approaches of protein structure modeling, docking and
molecular dynamics simulation. Three models provide
snapshots that represent different intermediates of CCR5—
gp120 interaction: the first intermediate represented by
model I, in which the Nt of CCRS recognizes and binds to
the bridging sheet of gpl20, is the initial state of
recognition of CCRS5 with gp120. The second intermedi-
ate represented by model III, in which the ECL2 of CCRS
begins to interact with the V3 loop base of gp120, may be
a snapshot of the transition state of the binding process.
The third intermediate represented by model II, in which
CCRS interacts fully with gpl20, including the full
interactions between Nt and the bridging sheet, ECL2 and
the V3 loop base, and a few contacts between ECL3 and
bridging sheet, probably represents a “fusion-active” state
prior to virus entry. The three snapshots of the gp120—
CD4-CCRS5 ternary complex described here reveal many
molecular aspects of HIV-1 entry, including the atomic
resolution structure of CCRS5, the sites on CCRS5 and
gp120 involved in interaction with each other, and the
dynamic interaction process of CCRS with gp120. On the
basis of these models, the infection process of HIV-1 can
be proposed as the following: the binding of CD4 to
gp120 induces a conformational change in gpl120 and
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makes a full formation or exposure of the binding site for
CCRS. The extended acidic Nt region in CCRS first
interacts with the basic bridging sheet in gpl20, this
interaction induces conformational changes of Nt and
leads the V3 loop region of gpl20 close to ECL2. The
further interactions between ECL2 and the V3 loop base
make conformational changes in gpl20 that alter the
relation between gpl20 and gp4l, resulting in the
exposure of the gp41 ectodomain and interaction with
the target cell membrane, which leads to membrane
fusion and ultimate virus entry. It is worth pointing out
that the electrostatic interactions between CCRS5 and
gp120 are important for the initial recognition of Nt with
gp120 and the inducement of conformational changes in
CCRS5 and gpl20. In the absence of experimental
determined 3D structural complex of gpl120-CD4-
CCRS, our complex models explained the structural basis
of available biological data about CCR5 and gp120, and
support the two-step gpl20—CCRS5 binding mechanism.
The separate interaction of the two sites (Nt and ECL2) in
CCRS with gp120 may assist the development of selective
inhibitors to intervene in virus—coreceptor interactions.

PDB access IDs

10PN is for the complex structure of gp120-CD4—CCRS
model I, IOPW for model II, and 10PT for model III.
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