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Abstract

The chemokine receptor CCRS is the receptor for several chemokines and major coreceptor for RS human immunodeficiency virus type-1
strains entry into cell. Three-dimensional models of CCRS were built by using homology modeling approach and 1 ns molecular dynamics
(MD) simulation, because studies of site-directed mutagenesis and chimeric receptors have indicated that the N-terminus (Nt) and
extracellular loops (ECLs) of CCRS are important for ligands binding and viral fusion and entry, special attention was focused on disulfide
bond function, conformational flexibility, hydrogen bonding, electrostatic interactions, and solvent-accessible surface area of Nt and ECLs of
this protein part. We found that the extracellular segments of CCRS5 formed a well-packet globular domain with complex interactions
occurred between them in a majority of time of MD simulation, but Nt region could protrude from this domain sometimes. The disulfide bond
Cys20—Cys269 is essential in controlling specific orientation of Nt region and maintaining conformational integrity of extracellular domain.
RMS comparison analysis between conformers revealed the ECL1 of CCRS stays relative rigid, whereas the ECL2 and Nt are rather flexible.
Solvent-accessible surface area calculations indicated that the charged residues within Nt and ECL2 are often exposed to solvent. Integrating
these results with available experimental data, a two-step gp120-CCRS binding mechanism was proposed. The dynamic interaction of CCR5
extracellular domain with gp120 was emphasized.
© 2004 Elsevier B.V. All rights reserved.

Keywords: CCRS; Molecular dynamics simulation; Extracellular domain; Disulfide bond; Interaction; Ligand binding

1. Introduction intracellular loops, and a cytoplasmic C-terminal tail.
The CC chemokine receptor 5 (CCR5) is a member of
such receptors that binds RANTES, MIP-1a, and MIP-1(3
[2] and is expressed by monocytes, memory T-lympho-
cytes, preferentially Thl cells and NK cells [3—5]. It acts
in concert with CD4 to associate with the envelope
glycoprotein of HIV-1 R5 virus strains leading to fusion
of viral and target cell membranes and subsequent viral
entry [6—8]. RS virus strains are largely responsible for
virus transmission, and individuals who lack CCR5 due to
a natural knock-out mutation in the CCRS5 gene (ccrS A32

Chemokines are a family of proinflammatory cytokines
that attract and activate specific types of leukocytes via
interaction with their specific receptors. This type of
receptor belongs to the superfamily of seven transmem-
brane (TM) glycoproteins coupled to a G-protein signaling
pathway [1]. Seven TM G-protein-coupled receptors
(GPCR) have complex membrane topologies consisting
of an N-terminal region, three extracellular and
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allele) are highly resistant to HIV-1 infection [9,10]. The
importance of CCRS5 for viral entry and replication is
further underscored by the observation that individuals
heterozygous for the CCRS5 D32 allele have a 2—4-year
delayed progression to AIDS [8,11], most likely due to
reduced expression levels of CCR5 [12,13].
Characterization of structural and functional determi-
nants of CCRS for its ligand binding activity and HIV-1
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coreceptor function is essential for understanding the
mechanisms of inflammatory diseases, HIV-1 viral entry
and developing novel therapeutic agents against inflam-
matory diseases or HIV-1 infection. To date, CCRS has
been subjected to extensive studies using chimeric
chemokine receptors [14—18], site-directed mutagenesis
[19-21] and monoclonal antibodies (mAbs) competition
binding experiments [22,23], which have revealed regions
in CCRS, important for its interaction with HIV-1 and
natural ligands, e.g. N-terminus (Nt) extracellular region
plays a crucial role for high affinity binding of HIV-1
gpl20, while ECL2 is important for natural ligands
(RANTES and MIP-1B) binding, further, the extracellular
loops (ECLs) are also important for inducing the
conformational changes in gpl120 that lead to membrane
fusion. However, the CCRS interactions with gp120 are a
complex and dynamic process, which requires coopera-
tivity between multiple extracellular domains and with
multiple residues on the chemokine receptor. Although
experimental data are important for understanding the
interactions between coreceptor CCRS and viral glyco-
protein, structural model of CCRS is indispensable to
further explore the dynamic interaction process.

The CCRS5 receptor belongs to the family of seven TM
GPCRs. Unfortunately, structural information about
GPCRs is difficult to get using experimental techniques
because of enormous difficulties in preparation of samples
suitable for subsequent X-ray, NMR or electron micro-
scopic analysis [24]. Thus, despite of considerable efforts,
there is no one 3D structure of CCR5 has been solved to
atomic resolution by experimental methods to date.
Fortunately, large amount of data is available for CCR5
from various biophysical, ligand binding and site-directed
mutagenesis experiments, this information can be used to
help building molecular model of CCRS. Furthermore,
such CCRS structural model can rationalize the phenom-
ena observed in chimera and mutational experiments and
further be employed in designing experiments destined to
goal-oriented alteration of CCRS5 binding activity. In this
study, we have used an approach combining homology
modeling and molecular dynamics (MD) simulation to
propose plausible 3D structural models of CCRS, the
conformational space feature of the extracellular domain
was explored by a high temperature and 1ns MD
simulation. Analysis of the dynamic conformational
characteristics and interactions of extracellular domain in
I ns high temperature MD revealed that there are two
primary conformer families and the Nt region and ECL2
are the most flexible structural elements. Combining the
dynamic conformational features of extracellular domain
of CCRS with the available experimental data, a two-step
mechanism of gpl20 binding was proposed, which will
shed light on the molecular mechanism of the HIV
infection process from the angle of dynamic conformation
transformation of Nt.

2. Materials and methods

2.1. Template-searching and assignment of transmembrane
helix regions

The primary sequence of human CCRS5 was taken from
Swiss-Prot (P51681) [25]. The crystal structures of bovine
rhodopsin (1F88a, 1F88b) at 2.80 A resolution [26] were
obtained as the modeling template of CCRS from the ExPdb
database using Swiss-PdbViewer (spdbv 3.7b2, http://www.
expasy.ch/spdbv/) [27]. The assignment of transmembrane
segments (TMS) of CCRS was made based on the results
proposed by others [28]. Sequence alignment between
CCRS and 1F88a is shown in Fig. 1, where the TMS and
ECLs of CCRS are labeled.

2.2. Homology modeling of CCR5

Transmembrane segments. The structures of TMS
regions of human CCRS5 were built by homology modeling
based on the experimentally determined structure of the TM
core of bovine rhodopsin using Homology module of
InsightIl (Accelrys Inc., San Diego, CA). The alignments
between CCRS and bovine rhodopsin were generated
separately for TMS and loop regions. In the TMS,

1 50
cerh Seq MDYQVSSPIY ..... DINYY TSEPCQKINV KQI...AARL LPPLYSLVFI
— M———++—+Y +—— +§ P—++— +—  ++H L—H-LHH
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e AGEH4N-L++ Hb—tt+KHL+ A—+—++LLNL AHDLF++++ bttt

clf88a_ Seq LGFPINFLTL YVTVQHKKLR TPLNYILLNL AVADLFMVFG GFTTTLYTSL
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cerd Seq . AQWDFGNTM CQLLTGLYFI GFFSGIFFII LLTIDRYLAV VHAVFALKAR
—+FG+T+ CHL——+—++ G—+—t+++—+— +HLATHRY++V +—  ++++
cl1f88a__Seq HGYFVFGPTG CNLEGFFATL GGEIALWSLV VLAIERYVVV CKP...MSNF
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cer5 Seq TVTFGWTSV IT.. WWVAVF ASLPGII.FT RSQKEGLHYT CSSHFPYSQY
H—+ ++  WV+AH +++P—++ —+ R—+BEG+——+ C+—++H—+—+
c1f88a_ Seq RFGEN}MIMG VAFTWVMALA CAAPPLVGWS RYIPEGMQCS CGIDYYTPHE
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cerd Seq QFWKNFQTLK IVILGLVLPL LVMVICYSGI LKTLLRCRNE KKRHRA..

F—t++—HPL +HVHHCY+—+ HT+—+—+++ ++—+A
clf88a_ Seq ETNNESFVIY MFVVHFIIPL IVIFFCYGQL VFTVKEAAAS ATTQKAEKEV

251 —300
cer5 Seq VRLIFTIMIV YFLFWAPYNI VLLLNTFQEF FGLNNCSSSN RLDQAHQVTE
-— ARHHHT HHFHPYH V= —HH — N
clf88a_ Seq TRMVIIMVIA FLICWLPYAG VAFYIFTHQG SDFG...... .. PIFMTIPA

301 350

cerd Seq TLGMTHCCIN PIIYAFVGEK FRNYLLVFFQ KHIAKRFCKC CSIFQQEAPE
——————— HHTHHN P+IV+—++ FRN Ht HC HH——H—+
cl1f88a_ Seq FFAKTSAVYN PVIYIMMNKQ FRN....CMV TT..... LCC GEKNPSTTVSK

351 369
cerb Seq RASSVYTRST GEQEISVGL
- —H+G——t—+

c1f88a_ Seq TETSQVAPA. .........

Fig. 1. Sequence alignment between CCR5 and bovine rhodopsin. The
potential TMS of CCRS and ECLs were labeled. * 4+’ and * — ’ indicate
positive and negative scores for each equivalence, respectively. This
alignment was generated by 3D-pssm program [45].
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the alignments were manually adjusted and special care was
taken to avoid gaps. Finally, residues in the membrane
domain of bovine rhodopsin were replaced by correspond-
ing residues of CCRS.

Loops and N-terminus. There are four extracellular
segments and four intracellular segments in CCRS, out of
them there are six loop regions. The initial structures of
these loops were built by a loop conformational generation
program (Insightll/Homology) that generates alternate loop
regions using random tweak method (Accelrys Inc., San
Diego, CA). In addition to the loops, there are two long
segments in the N- and C-terminus that do not have any
conformational constraint. The initial structures of the N
and C-terminuses were built as an extended peptide chain
conformation using EndRepair function of Homology
module of InsightIl. Because in most of GPCRs the ECL1
and 2 are linked via S-S bridge [29], disulfide bond was
introduced between CyslOl and Cys178. The model
containing only a Cysl01-Cys178 disulfide bond is
denoted the SS model. Considering potential disulfide
crosslink between Cys20 and Cys269 by which the Nt and
loop3 are linked [30,31], another model was built by
connecting Cys20 and Cys269 of the SS model, and is
denoted the 2SS model. For these two models, loop regions
and entire models of CCRS were refined through gradually
structural segments relax to relieve steric contacts: splice
points repairing — Nt residues relaxing — loop side-chains
relaxing — entire loops relaxing — TMS relaxing.

2.3. Molecular dynamics simulation of extracelluar
domain of CCR5 models

All computer simulations were performed on a Silicon
Graphics Fuel workstation. Energy minimization and MD
were carried out with the commercial software package
InsightIl/Discover3 molecular simulation program version
2.98 (Accelrys Inc., San Diego, CA). The Consistent
Valence Forcefield was adopted in calculations. To
approximate the solvation, calculations were carried out
with a distance dependent dielectric constant 1 X r; non-
bond 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.

The SS and 2SS models were first subjected to energy
minimization via 200 steepest descent steps followed by 500
conjugate gradient iterations. The loop structures generated
by loop generation program are alterable to a large extent
and Nt generated by EndRepair is a peptide chain with
randomly extended conformation. So, in order to investigate
the motion tendency in extracellular domain and search
more effectively the conformational spaces of the Nt and
ECLs of CCRS that are important for ligand binding and
HIV entry, a high temperature (1000 K) and a relative long

simulation time (1 ns) were employed with write frequency
steps every 2ps, and during the MD simulation, only
residues in the extracellular domain were allowed to move.
Finally, the extracellular domains of the representative
models of CCRS selected from previous high temperature
MD were subjected to a simulated annealing procedure: the
extracellular parts of the representative models of SS and
2SS CCRS were separately solvated with a layer of waters
15 A thick, the temperature of the systems was fast heated to
1000 K, cooled to 298 K up to 20 ps, and a constant
temperature (298 K) MD for additional 200 ps, followed by
energy minimization. During these processes the TM
helices and the outer 5 A thick water layers were fixed to
prevent diffusion of the inner water molecules away from
the solvation shell. The force field and non-bonded cutoff
are the same as those in the high temperature MD
calculations except for the dielectric value, which was set
to a constant 1.

3. Results
3.1. Structural models of SS CCR5 and 2SS CCR5

Considering the first 40 ps of 1ns MD was the
equilibration phase, the 480 structures of the SS CCRS
and 2SS CCRS, respectively, were extracted from the MD
trajectory in the last 960 ps at a time interval of every 2 ps,
and the extracellular domains of all these structures were
subsequently energy-minimized to optimize their confor-
mations. For 2SS CCR5 models, the 480 structures were
clustered into two primary conformational families accord-
ing to the backbone structural similarity of extracellular
domain. The representative structures for each family were
analyzed according to the known experimental data and
conformational differences of Nt regions, then, two
structures A and B were selected, and the extracellular
domains of which were embedded separately in 15 A thick
water layers and then were, respectively, subjected to
simulated annealing procedure and another 200 ps normal
temperature (298 K) MD simulations with write frequency
steps every 1 ps. Fig. 2 shows the total energies of structures
A and B extracted from the 200 ps normal temperature
dynamics trajectory. Trajectory a reveals that total energy of
representative structure A reaches a plateau with the range
~ — 48,105 to ~ — 47,936 kcal/mol after ~55 ps, and
RMS calculation reveals the RMS value between the Ca
atoms of extracellular parts of sampled structures within the
last 145 ps trajectory is less than 1.2. Trajectory b shows
that total energy of structure B reaches a plateau with the
range ~ — 46,948 to ~ — 46,770 kcal/mol after 75 ps, and
the RMSD value between Ca atoms of extracellular parts of
sampled structures within the last 125 ps is less than 0.9.
Finally, two structures with the lowest total energy in the
MD trajectories a and b were separately selected as the
possible models for 2SS CCRS5 (Fig. 3, models A, B).



136 S. Liu et al. / Journal of Molecular Structure (Theochem) 673 (2004) 133-143

-43500

-44500
1

!

-45500
L

i
ik 1~
|

L MaanA b
Ve Mangy
\I\J‘\’ /

-46500

Potential Energy (Kcal/mol)

p \
W AMAYY . Ao i MY AR A bl
i VTN JV'L‘I L\l W \Y) ‘J‘“w\f\’ \u‘ﬂ'l v U‘Jr
x

-47500

MWWMMWWM\[

0 40

-48500

0 120 160 200
Time (ps)

Fig. 2. The total energies of structures A and B extracted from the 200 ps
normal temperature (298 K) dynamics trajectory. Trajectories a and b are
energy of representative structures A and B during MD, respectively. Two
structures with the lowest energy from the dynamics trajectories as labeled
by cross were selected as possible structural models for 2SS CCRS.

For the 2SS CCRS5 model A, the extracellular domain of
CCRS take on a compact globular state with Nt region
adsorbing on the surface of globular domain. But for the
model B, although the extracellular segments of ECL1-3
pack into a globular domain with a relative compact
conformational state, the Nt 1-19 region stays away from
and locates at the top of this globular domain. The distinct
difference between these two models exists mainly in
conformational variance of Nt regions, it is worthy to point
out that the total energy of model A is also much lower than
that of model B, about 1157 kcal/mol. For SS CCRS5 models,
the 480 structures extracted from the last 960 ps of high
temperature MD have the similar conformational feature
with the ECL1-3 and Nt region separately forming two
inequable domains. The extracellular domain of a repre-
sentative structure of SS CCRS was embedded in 15 thick
water layer and then subjected to simulated annealing
procedure and an additional 200 ps normal temperature
(298 K) MD simulation as treated with 2SS CCRS, and the
structure with the lowest energy was shown in Fig. 3 (model
C). Unlike the models A and B, the Nt region of this SS
CCRS5 model neither closely contacts with ECL1-3 nor
projects from globular domain formed by ECL1-3, it
forms another small globular domain itself and lies beside
ECL1-3 domain.

The CCRS5 models A and B have been deposited in
Protein Data Bank. INDS is for the 2SS CCR5 model B with
the Nt region projecting from extracellular domain, and
INEO for the 2SS model A with the Nt region adsorbing on
the surface of extracellular domain.

3.2. Analysis of MD data

The function of disulfide bond linking the Nt and ECL3.
It has been known that disulfide bonds linking together

the ECLs and Nt are necessary for ligand binding and
coreceptor activation by mutation data [30], and the
disulfide bond function has been presumed to maintain the
structural integrity of extracellular domain [31]. To further
investigate how the disulfide bond between C20 and C269
maintains such conformational integrity, the movement
trajectories of Cys20 dihedral angel phi vs psi for 2SS CCR5
and SS CCRS5 model during high temperature MD
simulation were calculated, respectively (Fig. 4), Fig. 4a,b
show that the motion range of dihedral angel phi is mainly
restricted to — 170 to — 60° with psi angel —90—150°, but
Fig. 4b shows that the phi angel in SS CCRS5 has more
opportunities to go into the range of —60-110° than phi
angle in 2SS CCRS, this is due to the introduction of
disulfide bonds into SS CCRS5 constrains the local
conformation motion of Cys20. Since Cys20 locates at the
two-thirds point of the whole Nt region, we conjectured that
the local conformation change of Cys20 was essential in
influencing the entire conformational state of Nt region. To
further prove this, the geometry center of Nt 1—19 residue
region was defined as a pseudo-atom, the geometry center of
membrane interface binding residues Arg31, Tyr89,
Leul03, Phel66, Val199, Phe260 and Ala278 was defined
as another pseudo-atom, and the distances between these
two pseudo-atoms for SS and 2SS CCRS5 model in the 1 ns
MD were calculated and shown in Fig. 5. Two unexpected
features were found in Fig. 5: (i) the distance vibration
amplitude of 2SS CCRS5 geometry center is wider than that
of SS CCRS; (ii) almost entire trajectory of 2SS CCRS stays
on the top of the trajectory of SS CCRS. The wider vibration
amplitude infers that rather than contracted, on the contrary,
the motion range of Nt 1-19 region is expanded by
introducing C20-C269 disulfide bond. The top location
suggests that the C20-C269 disulfide bond keeps the Nt
1-19 region farther away from cell membrane surface.
Through the animation of the 1 ns MD process, we found
that the Nt region of SS CCR5 formed a compact globular
domain with movement scope restricting at the one side of
ECLs domain throughout the last 960 ps of MD, which
explained the narrow vibration amplitude of distance
change trajectory of SS CCRS5 shown in Fig. 5. However,
the Nt region of 2SS CCRS5 did not form a separate
structural domain itself, it was linked to the ECL3 via
disulfide bond and formed a bigger globular domain with
ECL1-3 in the most of MD process, but sometimes the Nt
1-19 region disengaged from ECLs and extended into the
outer space of this domain. The peak regions (380-510 ps)
in the trajectory for 2SS CCRS shown in Fig. 5 correspond
to these conformers. These results permit the following
conclusions to clarify the significances of disulfide bond
Cys20-Cys269 in maintaining conformational integrity of
extracellular domain. (i) Avoiding the formation of a
separate Nt domain and causing ECLs and Nt together to
form a whole extracellular structural domain; (ii) increasing
structural flexibility of Nt 1-19 region by constraining local
movement of Cys20; (iii) keeping Nt 1-19 region stay on
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Model B

Model A

C20-C269

Nt e—r

ECL2

Model C

Fig. 3. The representative structural models for 2SS CCRS5 (models A, B) and SS CCRS5 (model C). The Nt regions and ECLs 1-3 are labeled. The side chains
of Cys20 and Cys269 are rendered as CPK. Model A shows the Nt region adsorbs on the surface of extracellular domain formed by ECL1-3. Model B shows
that Nt region extends into outer space of extracellular domain. Model C shows Nt region forms a separate domain and lies beside the domain formed by
ECL1-3. The figure was generated by using the MOLSCRIPT program [46].
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the top surface of extracellular domain and offering Nt
opportunity to extend into outer space of extracellular
domain. Thus, the 2SS CCR5 was considered as a more
reasonable structural model than SS CCRS.
Conformational flexibility of extracellular segments.
The extracellular domain includes Nt, ECL1, ECL2 and
ECL3. In this study, the initial structures of Nt and
ECL1-3 were build as extended peptide chain and
alterable loop conformation, respectively. To evaluate
the motion range of ECLs in 2SS CCRS, the geometry
centers of ECL1, ECL2 and ECL3 were, respectively,
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Fig. 5. Distance trajectory between geometry center of Nt 1-19 region and
that of membrane interface binding residues for SS CCRS5 and 2SS CCR5
model in 1 ns MD simulation. The maximum of vibration amplitude for
2SS CCRS5 is about 12 A, while for SS CCR5 is about 7 A. The trajectory of
2SS CCRS stays on the top of the trajectory of SS CCRS.

defined as pseudo-atoms pseatoml, 2 and 3, the geometry
center of membrane interface binding residues (see The
function of disulfide bond linking the Nt and ECL3) was
defined as pseudo-atom X, then the distance trajectory
between pseatoml and X, pseatom2 and X, as well as
pseatom3 and X were calculated, respectively, in the 1 ns
MD (Fig. 6). Fig. 6 shows that the ECL2 behaves the
biggest vibration amplitude with the value scope 9-17,
and ECL1 behaves the smallest vibration amplitude with
value cope 6—10, indicating that ECL2 has the maximal
freedom of motion and ECL1 has the minimal ones.
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MD. The maximums of vibration amplitude for ELC1-3 are about 4, 8 and
6 A, respectively.
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The RMS comparisons between corresponding Ca atoms
of extracellular domain of 480 conformers extracted from
the 1ns MD were performed to further assess the
conformational flexibility of extracellular segments. For
Nt regions and ECL1-3 the RMS value scopes are 0—17.2,
0-7.5, 0—-13.1 and 0-9.22, respectively. In combination
the RMS values with freedom of motion of the extracellu-
lar domain presented above, we concluded that ECL1 and
Nt region represent the most rigid and the most flexible
extracellular segments of 2SS CCRS, respectively, and
ECL2 is the most flexible loop among ECL1-3.
Interaction between extracellular segments. At the
beginning of high temperature MD simulation, the Nt
part was an isolated structural segment that was not
involved in any H-bonding and electrostatic interaction
with other ECLs, and the residues within Nt possessed of
the large solvent-accessible surface. However, along with
the time lapsing, the Nt gradually closed to the ECLs,
about 40 ps later, the Nt was adsorbed on the surface of
ECLs with which a globular domain was formed. Then, the
dynamic and complex interactions were detected between
Nt and ECLs as well as between ECLs during the whole
last 960 ps MD. For the 2SS CCRS model, several
interactions including H-bond, electrostatic, and Van der
Waals contact between extracellular segments were
investigated, the solvent-accessible surface area of extra-
cellular segments was also calculated. The results are: (i)
the high frequency H-bonds could be detected between Nt
region and ECL1 (GIn27-Ala92, GIn27-Asn98), ECL2
(Asn24-Serl79, Asn24-GIn186, Asn24-Ser180, Lys26-
Thr177, Lys26-Ser180, Lys26-Tyrl76, GIn27-Thrl77),
ECL3 (Metl-Ser272, Metl-Asn268, Asnl3-Asn268,
Tyr15-Asn267, Cys20-Ser270, GIn21-Asn268, GIn21-
Ser270, Lys22-Ser270, Lys22-Ser271, Val25-Asn273,
Lys26-Arg274, Lys26-Asp276), between ECLI1 and
ECL2 (Thr99-Tyr176, GInl02-Ile165, GIn102-Glul72,
GIn102-Thr177) and between ECL2 and ECL3 (His181-
Asn268, Serl185-Glu262, GIn188-Glu262, Trpl190-
Glu262). The low frequency H-bonds were observed
between Nt and ECLI1 (Lys22-Thr99, Ile28-Ala90),
ECL2 (GIn4-Lys171, GIn4-Thr177, Asn24-Glnl88,
GIn21-Serl179, Lys22-His181, GIn27-His181, Ile28-
Tyrl176), ECL3 (Ser6-Asn267, Asnl3-Asn267, GIn2l1-
Ser272, Lys22-Ser272, Asn24-Ser271, GIn27-Asn273,
GIn27-Leu275, Tle28-Arg274), between ECL1 and ECL2
(Asn98-His175, Met100-Leul74, Cys101-GIn186, GIn102-
Ser179), and between ECL2 and ECL3 (Ser180-Asn267,
Ser180-Ser271, His181-Ser272, Tyr184-Glu262, Serl85-
Asn267, Glnl188-Phe264). In addition, large numbers of
instantaneous H-bonding interactions could be observed
between extracellular segments. (ii) Electrostatic inter-
actions could often be detected between Nt and ECL2
(Lys22-Glul72, Asp2-Lysl171, Lys26-Glul72, Aspll-
Lys191), ECL3 (Lys26-Asp276, Asp2-Arg274), and
between ECL2 and ECL3 (Lys191-Glu262). (iii) Van der
Waals contacts were measured with pairwise interresidual

distance less than 2.5, we found that residues Asp2, Asn24,
Lys26, GIn27 in Nt could often fall into close contact with
residues Tyrl176, Serl79, Tyrl76, Thr177 in ECL2,
respectively, other large numbers of contacts were also
observed in residue pairs of Nt-ECL3, ECL2-3, and 1-2,
only few contacts were observed between ECL1 and 3. (iv)
The residues that usually exposed to solvent with more
than 70% of the total solvent-accessible surface area are:
Metl, Asp2, Tyr3, Gln4, Pro8, 1le9, Aspl1, Asnl3, Tyrl4,
Tyrl5, Glul8 in Nt, Ala92, GIn93, Phe96 in ECLI,
Argl68, GInl70, Lysl171, Glul72, Leul74, Tyrl76,
Lys191, Asnl92 in ECL2, Phe264, Ser270, Ser271,
Asn273, Leu275 in ECL3. These residues could fall into
interaction with water molecules, some of them might also
be the potential interaction sites with ligands and HIV-1
envelope glycoprotein. Together with the help of disulfide
bridges between Cys20—Cys269 and Cys101-Cys178, the
various interactions described above cause the extracellular
segments to form a complete globular structure domain.

4. Discussions

The fact that none of CC chemokine receptors has been
crystallized and no experimental 3D structures determined
to date made it difficult for us to construct the very valid
3D model of CCRS using the method of homology
modeling. However, although bovine rhodopsin has low
sequence homology with CCRS (the identity is 20.6%), it
belongs to the GPCR family and its crystal structure
displays an explicit conformational feature of a bundle of
seven TM a-helices shared by other GPCRs, and the
sequence identity in the TMS between CCRS5 and
rhodopsin is ~30%, which should be possible to generate
models where ~80% of the Ca atoms are within 3.5 A of
their correct positions [32]. So, it is reasonable to adopt
the seven TMS of bovine rhodopsin as templates to
construct the structure conserved regions (seven TMS) of
CCRS. However, the PRO residue in TMS has long been
known to affect helical stability and steric conflict in the
helix structure [33]. In this study, the local structural
motif containing PRO residues in TMS1, 2, 4-7 were re-
examined and re-relaxed until the steric conflicts are
removed and chirality of PRO residues are correct. At the
same time, the TMS of CCRS5 models were fixed but not
embedded in lipid layer during the MD simulation, which
can be explained as following reasons: (i) the large and
densely packed 7-helix bundles in GPCRs is significantly
screened from lipids and, therefore, protein—lipid contacts
do not play a major role in determined folding of this
domain [34], also, though extracellular domain has
contacts with polar headgroups of lipids, they contribute
little to conformation formation of extracellular protein
part [35]; (ii) the conformational flexibility of multi-
helical membrane bundle is rather lower than that of the
extracellular domain [36]; (iii) there are no precise models
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of the lipid bilayer suitable for including into the system
under study.

The initial structures of extracellular domain were built
as alterable loops for ECLs and an extended peptide chain
for Nt. However, the structures thus obtained might be
considered only as a crude approximation of these protein
parts. Exhaustive conformational search is required to
access as many as possible structures of these protein
parts, to do this in a limited time interval, a high
temperature (1000 K) was used in the MD simulation
because molecular conformation have more chances to get
over higher energy barrier under such temperature. For the
finally selected representative 2SS CCRS structural
models A and B, the geometrical and stereochemical
features have been calculated for validation by the
ProCheck program at http://pdbdep.protein.osaka-u.ac.jp/
validate/, the results show that more than 96% torsions
angles are within the expected Ramachandran regions, all
bond distances and angles lie within the allowable range
about the standard dictionary values, and the atom
chirality of these two models is also correct, which
indicates that our CCRS models are reasonable in
geometry and stereochemistry. At the same time, in the
case of observation on a relative large time scale, the high
temperature MD simulation for CCRS5 model could
provide a wealth of useful information, e.g. rationalization
of the available experimental data, understanding the
relationship between CCRS structure and function,
exploring the HIV infection mechanism.

Huang et al. have built CCRS5 models in complex with
MIP-1 and RANTES to explore the residues critical for
interactions between CCRS and its natural ligands [37],
Paterlini built a structural model of CCRS to explain the
binding and selectivity of the antagonist TAK779 [38],
Arseniev et al. also explored the conformational character-
istic of CCR5 extracellular domain by structural modeling
of CCRS5 [35]. A common feature shared by these studies
above is that the authors explore CCRS5 function from the
static structural models. Here in this study, because studies
with experimental methods on CCRS5 have revealed that
extracellular segments are essentially involved in inter-
action with chemokines and HIV viral glycoprotein, our
primary objective is to investigate the general tendencies in
the dynamic behaviour of the extracellular domain of CCR5
through structural modeling and high temperature MD
simulation, and to explain CCRS function from the dynamic
conformational character and structural flexibility of
extracellular domain.

In addition to the disulfide bond Cysl01-Cysl178
linking ECL1 with ECL2, another disulfide bridge is
predicted to exist between Cys20 in Nt and Cys269 in
ECL3 [39]. Using site-directed mutagenesis, Genoud et al.
[30] mutated the four extracellular cysteines of CCRS
single or in combination to investigate their role in ligand
binding and ability to function as a viral coreceptor, they
found all cysteine mutants were unable to bind detectable

levels of MIP-13, and did not respond functionally to
CCRS5 agonists. Blanpain et al. [31] found that the
mutations of the four cysteine residues had a significant
impact on viral entry, and the coreceptor activity of
mutant C269A was only 10-20% of that of wild-type
CCRS. These results indicate from the angle of biochem-
istry that the disulfide bonds of CCRS5 are required for
maintaining the structural integrity necessary for ligand
binding and coreceptor function. Here, we further
explored the function of extracellular disulfide bonds
Cys20-Cys269 from the angle of CCRS structure, and
found that Nt region will form a isolated globular domain
locating at the side of ECLs with less conformational
flexibility if there was no disulfide bond linkage between
Nt and ECL3, while the Nt region could attached on the
ECLs with which to form a whole extracellular domain if
the disulfide bond between Cys20 and Cys269 existed.
Meanwhile, the orientation of Nt 1-19 region was on the
top of the extracellular domain and its conformational
flexibility was enhanced by the restriction of local
freedom of motion of Cys20. The appropriate orientation
and strong flexibility of Nt make it ready to interact with
CC chemokines and HIV gp120. Our MD simulations for
CCRS rationalize previous mutation experiments [30,31,
39], and show disulfide bonds playing important roles in
maintaining the structural organization of the receptor
outer domains.

Although the ECL1-3 and Nt are the flexible
conformational regions comparing with rigid TMS core
of CCRS, the interaction networks formed by disulfide
bonds, hydrogen bonds, salt bridges and Van der Waal
contacts make these extracellular segments combine into
one well-packed globular domain. However, here we
should stress that the interactions between extracellular
segments are dynamic and complex: on one hand, the
complex interactions maintain the conformational integrity
of the whole extracellular domains, and the compact
packing in extracellular domain is preferable for its
activities because it significantly decreases global flexi-
bility of this protein part and facilitates selection of the
conformer suited for binding; on the other hand, the
dynamic interactions endow individual structure of
extracellular segments (especially for Nt 1-19 region
and ECL2) with strong local flexibility that is involved in
essential functional roles of CCRS.

Nt segment of CCRS5 contains 30 amino acid residues,
among them there are two positively and three negatively
charged and, moreover, all the negative charges are within
the Nt 1-19 region, while the positive charges are close to
the TM domain. Using site-directed alanine-scanning
mutagenesis, Dragic et al. [19] showed that substitutions
of the negatively charged aspartic acid residues at positions
2 and 11 (D2A and D11A) and a glutamic acid residue at
position 18 (E18A), individually or in combination,
impaired CCR5-mediated HIV-1 entry for M-tropic strains,
these mutations also impaired Env-mediated membrane
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fusion and the gp120-CCRS5 interaction. Blanpain et al. [40]
also investigated the role of specific residues in the CCR5 Nt
1-19 region for chemokine and HIV-1 gp120 binding by
using of a panel of truncation and alanine-scanning mutants,
and found the truncations of the Nt region resulted in a
progressive decrease of the binding affinity for chemokines
and R5 Env protein, mutants lacking residues 2-13
exhibited fairly weak responses to high concentrations
(500 nM) of RANTES or MIP-13, and the negatively
charged (D2, D11, E18) and aromatic (Y3, Y10) residues
were identified to play an important role in both chemokine
and Env high affinity binding. However, substitution of the
CCR5 amino-terminal domain with the corresponding
region from divergent receptors, such as CCR1, CCR2b,
CXCR2 or CXCR4, had little effect on chemokine binding
and coreceptor activation [18,41]. Although these chemo-
kine receptors share little primary sequence identity, they
contain similar motifs of hydrophobic and charged residues,
which suggest that the role of the Nt is not receptor specific,
but structurally required, the structural organization and
conformational state of Nt region shared by other receptors
played an important role in the high affinity binding of
chemokines and gpl120. Interestingly, our 1ns MD
simulation of 2SS CCRS5 model displayed that the Nt region
was the most flexible part among the extracellular segments,
and it could adopt two clearly distinct conformational states
with different free energies. One state with the lower free
energy was that it was adsorbed on the surface of ECLs
during a majority of time of MD simulation (Fig. 3, model
A), another state with a higher potential energy was that it
could project from extracellular domain and extend into the
outer space of this domain (Fig. 3, model B) at times.
Comparing the later conformational state of 2SS CCRS with
the former, we found that the solvent-accessible surfaces of
the residues 1—19 were clearly increased when Nt protruded
from extracellular domain. The residues that possessed the
most increasing amount of accessible surfaces are: Metl
(=70%); Val5, Ser6, Pro8 (40-50%); Asp2, Gln4, Tyr10,
Aspll, Serl7 (30-40%); and Tyr3, Ser7, 1le9, Tyrl4,
Tyr15, GIn30 (20-30%). Some of these amino acids are
located in unfavorable environment because their hydro-
phobic side chains are exposed to solvent and, therefore,
tend to change polarity of their microenvironment to the
more favorable one via bind to chemokines or virus, or
adsorb on other part of extracellular domain again. On the
other hand, the exposure of negatively charged amino acids
increases their opportunities to interact with positively
charged surface of ligands or gpl120 [42,43]. Thus, we
speculate the Nt region behaves like an antenna in vivo,
which is able to feel their microenvironment and then
recognize or interact with its ligands, or, it can be used by
HIV-1 envelope glycoprotein.

ECL2 contains 32 amino acid residues, out of them there
are one negative charge and six positive charges. By using
CCRS5-CCR2b chimeras, Samson et al. [18] have shown that
the ECL2 of CCRS is the major determinant for chemokine

binding specificity because the introduction of CCR5 ECL2
into a CCR2b background was able to confer high affinity
binding of MIP-1a, as well as functional responses to MIP-
1B and RANTES. In addition, a number of point mutations
for the charged residues within the ECL2 loop were found to
dramatically affect CCRS function [22,44]. Moreover,
through mAbs competition binding experiments, Lee et al.
[23] found ECL2-specific mAbs were more efficient in
blocking chemokine binding than mAbs directed to other
extracellular segments, and Nt mAbs blocked gp120-CCRS5
binding more effectively than ECL2 mAbs, surprisingly,
ECL2 mAbs were more potent inhibitors of viral infection
than Nt mAbs. These results imply that the binding sites of
chemokines and gp120 on CCRS are distinct but overlap-
ping, and suggest that Nt is more important for gp120
binding while the ECL2 is more important for inducing
conformational changes in envelope glycoprotein that lead
to membrane fusion and virus entry. In this study, the MD
simulation showed that the ECL2 is the most flexible ECL
among the ECLs 1-3. Although the interactions of ECL2
with other ECLs and Nt restrain its conformational changes
to a certain spatial range, the stronger conformational
flexibility provides more motion freedom for ECL2 than for
other ECLs, which endow ECL2 more opportunities to
involve in ligand bindings. The calculation of solvent-
accessible surfaces of positively charged residues for 480
frames indicate that R168, K171 and K191 usually expose
more than 60% surface areas to solvent, moreover, the side
chains of residues169-174 and 192-195 often pointed
away from the backbone of ECL2, such conformational
state seems to be advantageous for ECL2 to interact with
natural ligands or gpl20. Interestingly, the long-range
hydrogen bonds, Van der Waal contacts and electrostatic
interactions between Nt and ECL2 could be often observed
in the 1 nm MD process, and the Coulomb force between the
negatively charged residues in Nt and positively charged
residue in ECL2 could draw Nt close to ECL2. We
speculated these interactions might be involved in the
functional roles of reciprocal communications and
cooperation between Nt and ECL2 in chemokines bindings,
gp120 binding and Evn-mediated membrane fusion.

5. Conclusion

In summary, through a high temperature and long time
MD simulation, we found that the extracellular domain of
CCRS adopted a compact globular conformational state as a
whole, and such conformation was maintained by a complex
interaction network formed by disulfide bonds, hydrogen
bonds, Van der Waals force and salt bridges between
extracellular segments. Particularly, the disulfide linkage of
Cys20-Cys269 between Nt and ECL3 is essential in
maintaining appropriate conformational state of Nt 1-19
region that is necessary for chemokines and gp120 binding.
In addition, the RMS comparisons indicate that Nt 1-19 and
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ECL2 are both of the most flexible protein parts of CCRS,
and the solvent-accessible surface area calculations reveal
that large numbers of residues in Nt and ECL2 are exposed
at receptor surface. Integrating these results with available
experimental data permits us to put forward a two-step
gp120-binding mechanism: the Nt 1—19 region first projects
from the extracellular domain and adopts an appropriate
conformational state being ready to recognize envelope
glycoprotein; then, the binding of gp120 to Nt induces the
conformational change of Nt, which makes gp120 further
interact with ECL2 of CCRS5; finally, the interactions
occurred between ECL2 and gp120 induce conformational
changes in envelope glycoprotein and lead to membrane
fusion and virus entry. Here we should emphasize that the
conformational changes of Nt and ECL2, as well as the
interactions between CCRS and gp120, are a concerted and
dynamic process. In the absence of experimental determined
3D structure of CCRS, our 2SS CCRS5 models derived from
MD explained the structural basis of available biological
data, and the two-step gp120-binding mechanism may aid
the design of selective inhibitors that would specially
antagonize HIV-1 coreceptor activity without impairing the
natural ligands binding abilities. However, to further
investigate how gp120 binds to CCRS5 Nt region and how
ECL2 interacts with gp120 leading to membrane fusion, the
studies of docking gp120-CD4 complex to the CCR5 and
building the complex models of CCR5-gp120 need to be
done.
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