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Abstract CCR2b, a chemokine receptor for MCP-1, -2,
-3, -4, plays an important role in a variety of diseasesin-
volving infection, inflammation, and/or injury, as well as
being a coreceptor for HIV-1 infection. Two models of
human CCR2b (hCCR2b) were generated by homology
modeling and 1 ns restrained molecular dynamics (MD)
simulation. In one only C113-C190 forms a disulfide
bond (SS model); in another the potential C32—-C277 di-
sulfide bond was formed (2SS model). Analysis of the
structures and averaged displacements of Co atoms of
the N-terminal residues shows that the main differences
between the SS and 2SS models lie in a region D25Y D-
Y GAPCHKFD36; in the extracellular part of the 2SS
model the accessible surfaces of N12, F23, Y26, Y28
and F35 are obviously raised and a more stable H-bond
net is formed. The potential energy of the 2SS-water as-
sembly finally fluctuated around —43,020 kJ mol-L,
which is about 302 kJ mol-1 lower than that of the
SS-water assembly. All these results suggest that the
2SS model is more favorable. The CCR2b genes of 17
primates were sequenced and four CCR2b models for
primates Ateles paniscus (A. pan), Hylobates leucogy-
neus (H. leu), Papio cynocephalus (P. cyn) and
Trachypithecus francoist (T. fra) were generated based
on the 2SS model. A comparison of hCCR2b with pri-
mate CCR2b also supports the importance of the region
D25YDY GAPCHKFD36. Electrostatic potential maps of
human and primate CCR2b all display the dipolar char-
acteristics of CCR2b with the negative pole located in
the extracellular part and a strong positive pole in the cy-
toplasmic part. Based on the CCR2b model, we suggest

X.-F. Shi - J. Xiangyu - Y. Zhang - J. Huang - S. Liu ([])
C.-Q. Liu

Cellular and Molecular Evolutionary Key Laboratory,
Kunming Institute of Zoology, Chinese Academy of Sciences,
Kunming, Yunnan, P.R. China, 650223

e-mail: tbrg@public.km.yn.cn

Tel.: +86 871 5195183, Fax: +86 871 5191823

S. Liu
Modern Biology Center, Yunnan University, Kunming, Yunnan,
PR. China, 650091

that the main functional residues fall in the D25YD-
YGAPCHKFD36 region, and the negative electrostatic
feature is a non-specific, but necessary, factor for ligands
or gp120/CD4 binding.
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Introduction

Chemokines are a family of proinflammatory cytokines
that attract and activate specific types of leukocytes via
interaction with their specific receptors. This type of re-
ceptor belongs to the family of 7-transmembrane glyco-
proteins coupled to a G-protein signaling pathway. [1]

The CC chemokine receptor 2 (CCR2) is such a re-
ceptor for the chemokines monocyte chemoattractant-1,
-2, -3 and -4 (MCP-1, -2, -3 and -4). [2] Two isoforms,
CCR2a and CCR2b, produced by alternative splicing of
the carboxyl terminal tails, have been identified. [3]
MCP-1 and its receptor CCR2 have been shown to play a
significant role in the pathology of inflammatory diseas-
es, such as in resistance to Mycobacterium tuberculosis,
in lung transplantation, in lipopolysaccharide-induced
death and in delay-type hypersensitivity in the skin.
CCR2 has also been demonstrated to be one of the core-
ceptors for human immunodeficiency virus type | (HIV-1)
infection. [4]

Understanding the mechanism of ligand binding and
the interaction between HIV-1 and CCR2 is essential for
developing novel therapeutic agents against inflammato-
ry diseases or HIV-1 infection. Experiments using chi-
meric chemokine receptors demonstrated that the amino
terminal extracellular domain of CCR2 plays a crucial
role for high affinity binding of MCP-1 and all three ex-
tracellular loops, especially the first one, are required for
optimal signaling. [5, 6] Site-directed mutagenesis re-
vealed the importance of N104 and E105 for high affini-
ty agonist binding and the vital role of H100 for initia-
tion of transmembrane signaling. [7] Studies on the ef-
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fect of MCP-1 and of a panel of CCR2-specific mono-
clonal antibodies on the suppression of HIV-1 replication
suggested that the binding site with HIV-1 is located in
the N-terminus of CCR2. [4] Mirzadegan and coworkers
indicated that E291 is the binding site for CCR2b antag-
onists. [8]

Characterization of structural and functional determi-
nants of CCR2 for its ligand binding activity and HIV-1
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. Studies suggested
that HIV may originate from SIV. Kuhmann et a. have
used African green monkey as a highly informative mod-
el in research of immunodeficiency virus infections. [9,
10] In our laboratory Zhang and Xiangyu have se-
guenced the entire CCR5 and CCR2b genes for 17 pri-
mates, and studied these sequences from the evolution-
ary aspect. Based on these sequences and the known hu-
man CCR5 sequence, Yang has built 3-D structures of
CCR5 of human and primates via molecular modeling,
and discussed possible different features between human
and primates in CCR5 serving as a coreceptor for
HIV/SIV infection. [11] In this paper, we focus on the
generation of a reasonable 3D structures of human
CCR2b (hCCR2b) via molecular modeling and molecu-
lar dynamics (MD). Then based on the hCCR2b model
we generate primate CCR2b (pCCR2b) models. Analys-
es of the extracellular characteristics of these models
provides a structural basis for many experimental results
and for research on new therapeutic agents against in-
flammatory diseases or HIV-1 infection.

Material and methods

Template-searching and prediction of transmembrane
(TM) helices

The primary sequence of human CCR2b (hccr2b) was
taken from Swiss-Prot (P41597). The crystal structures
of bovine rhodopsin (1F88A, 1F88B) at 2.80 A resolu-
tion was obtained as the modeling template of hCCR2b
from the ExPdb database using Swiss-PdbViewer (spdbv
3.7b2, http://www.expasy.ch/spdbv/). [12] Blast results
of hCCR2b and bovine rhodopsin (BLASTP V2.2.1, ma-
trix: BLOSUM®62) showed score: 166; identities. 21%;
positives: 40% and gaps. 11%. Unfortunately, the se-
guence homologies between hCCR2b and bovine rho-
dopsin are not strong enough for building a 3D model
straightforwardly. To help to define the TM regions,
the secondary structure was predicted by Psi-Pred
(http://globin.bio.warwick.ac.uk/psipred/) and the loca-
tion of seven TM helices was predicted by TMHMM
(v.2.0) (http://www.cbs.dtu.dk/services TMHMM-2.0/)
and HMMTORP (v.2.0) (http://www.enzim.hu/hmmtop/in-
dex.html). Finaly, 3D-pssm (http://www.bmm.icnet.uk/
servers/3dpssm/), which uses 1D and 3D sequence pro-
files coupled with secondary structure and solvation in-

formation to recognize the protein fold, [13] was used
for alignment and fold recognition.

Homology modeling

A homology model of hCCR2b was generated using
spdbv 3.7b2 (http://www.expasy.ch/spdbv/). [12] The
alignment was manually adjusted referring to the 3D-
pssm alignment, prediction of secondary structure and
TM helices. Loop-searching and primary energy optimi-
zation were performed with Swiss-Model, an automated
homology modeling server developed at Glaxo Welcome
Experimental Research in Geneva.

hCCR2b contains 13 cysteines, of which only
C113-C190 forms a disulfide bond based on homologi-
cal comparability with the template bovine rhodopsin.
The model containing only a C113—C190 disulfide bond
is denoted the SS model. By taking the potential disul-
fide bond C32—C277 into account, another model was
built by connecting C32 and C277 of the SS model, and
is denoted the 2SS model.

Molecular mechanics and molecular dynamics
simulations

The SS and 2SS models were first optimized using mo-
lecular mechanics, force field: Amber; van der Waals
(VDW). cutoff: 9.5 A; dielectric value: 1xr; summation
method for electrostatic energy: cell-multipole; algo-
rithms: steepest descent followed by conjugate gradient
method; line-search precision: 0.100; final-conver-
gence:10.0.

The extracellular and the cytoplasmic regions of the
SS and 2SS models were embedded separately in 10 A
thick water layers, forming two assemblies: SS-water
and 2SS—water, then further optimized by 1 ns molecular
dynamics (MD) with TM helices and the outer 5 A thick
water layers fixed to prevent vaporization of the inner-
layer water moleculesin the MD process. The force field
and non-bonded cutoff are the same as those in the mo-
lecular mechanics calculations except for the dielectric
value, which was set to a constant 1. Rattle bond was
adopted to allow for a 2 fs time step. The temperature
was 300 K. 1 ns MD was run for each model.

Molecular mechanics and molecular dynamics simu-
lations were performed using Insightll and Discover3 (v
98) software on a SGI O2 workstation.

Generation of primate CCR2b models

Primate CCR2b (pCCR2b) models were generated based
on the 2SS model (PDB 1KP1) of hCCR2b using sPdbv.
Optimization of pCCR2bs was performed by molecular
mechanics under the same conditions as that for
hCCR2b.
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Fig. 1 The 3D-pssm aignment of hCCR2b and bovine rhodopsin

Table 1 Thealignment of 7-TM helices and predicted TM
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Results
7-TM helix regions

The alignment given by 3D-pssm (Fig. 1) shows that the
predicted helix regions of CCR2b are essentialy com-
patible with bovine rhodopsin, although the sequence ho-
mologies are not strong. So mainly based on this align-
ment (E=0.0027, highly confident) and referring to the
other two TM predictions, the final 7-TM regions were
obtained (see Table 1). Figure 1 and Table 1 show that
the TM regions of our model are mainly in agreement
with those predicted, and the alignment is essentially
consistent with that in Fig. 1 except for the 7th TM helix.
The main differences are in the starting positions of
TM1, 3, and 5. According to the helix lengths of 1F88,
the lengths of TM1, 3, and 5 in our model are alittle lon-
ger than predicted, and consequently N-terminus and ex-
tracellular loop land 2 are slightly shorter.

MD analysis

1 ns MD simulations were performed for SS-water and
2SS-water assemblies. In each case the potential ener-
gies of each assembly reached a plateau after ~500 ps,
fluctuating around —42,718 and —43,020 kJ mol-1, re-
spectively. 50 frames were extracted from the last 500 ps
for analysis.

For the SS and 2SS models, the displacements of each
Ca. of the N-terminal residues (1-39) with respect to the
average structure of the SS and 2SS models, respective-
ly, were calculated for each frame. The values averaged
over their respective 50 frames are shown in Fig. 2a and
b, respectively. In the SS model the displacements of
most Cas are between 0.3 and 0.9 A, while in the 2SS
model they are between 0.3 and 0.6 A smaller than those
of SS model (see Fig. 2a and b). This is expected from

TM no Temp. model Sequence? Sequence no Predicted TMP
1 1F88 WQFSMLAAYMFLLIMLGFPINFLTLYVTVQ

CCR2B IGAQLLPPLYSLVFIFGFVGNMLVVLILIN 40-69 4868, 4668
2 1F88 YILLNLAVADLFMVFGGFTTT

CCR2B IYLLNLAISDLLFLITLPLWA 79-99 79-99, 81-99
3 1F88 CNLEGFFATLGGEIALWSLVVLAIERYVV

CCR2B CKLFTGLYHIGYFGGIFFIILLTIDRYLA 113-141 126-143, 118-136
4 1F88 NHAIMGVAFTWVMALACAAPPL

CCR2B TFGVVTSVITWLVAVFASVPGI 155-176 154-177, 166-178
5 1F88 NESFVIYMFVVHFIPLIVIFFCYG

CCR2B NNFHTIMRNILGLVLPLLIMVICYS 199223 208-225, 208-230
6 1F88 VTRMVIIMVIAFLICWLPYAGVAFYIF

CCR2B VRVIFTIMIVYFLFWTPYNIVILLNTF 246-268 244265, 243-265
7 1F88 IFMTIPAFFAKTSAVYNPVIYI

CCR2B LGMTHCCINPIIY AFVGEKFRR 293-314 292-309, ND

a|dentical residues are indicated in bold face
bND Indicates no predicted data
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Fig. 2 The average displace-
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the restraint due to forming the C32-C277 disulfide
bond. Unexpected, however, are the rising flexibilities of
G29 and F35, forming two peaks with C32 at the valley
in Fig. 2b. The reduction of most Ca’s flexibility, espe-
cialy of the ionic residues like R8, R11, D25, D27, of
the N-terminus in the 2SS model reflects the possible
formation of stable H-bond nets among ionic residues.

Examining the extracellular regions of the SS and
2SS models by superimposing their TM regions for all
50 frames of the SS- and 2SS-water assemblies, we
found that the main differences were located in the re-
gion from D25 to D36 (DYDYGAPCHKFD) (see
Fig. 3). The accessible surfaces measured for each N-ter-
minus residue of each frame show significant increases
for the following residues of the 2SS model compared
with the SS model: N12 and F23 increase from 30-40%
up to above 50%; Y 26 from 22—25% up to 37-40%; Y 28
from 26-32% up to 42-45%; F35 from 9-12% up to
44-50%.

model (red) and the 2SS model (black), showing the conformatio-
nal changes when the C32—-C277 disulfide bond formed (circles
and lines represent C32—C277 of the 2SS model). Sidechains of
Y 26 and Y 28 of the 2SS model are shown



Fig. 4 The electrostatic potential map of the hCCR2b 2SS model.
Red indicates —3 and blue +3. K114, R11 and R6 form the three
blue balls exposed on the red surface

Evaluation of electrostatic properties of hCCR2b

hCCR2b consists of 360 residues, out of which 33 are
basic residues (R+K) and 22 are acidic (D+E), so
hCCR2b is a basic protein and shows a strong net posi-
tive charge (+11) in neutral solution (all His are consid-
ered as neutral). Interestingly, the charged residues show
polar distributions in the hCCR2b molecule, there are 13
negatively charged and nine positively charged groupsin
or close to the extracellular region, whereas 21 positively
charged and seven negatively charged groups are located
in or close to the cytoplasmic part. Ten electrostatic po-
tential maps were made for randomly selected ten frames
of the 2SS model, one of which is shown in Fig. 4. The
distribution characteristics of the charged groups, which
are shared by the ten maps, can be seen on the electro-
static potential map (Fig. 4): the red color indicating —3
dominates over the extracellular part with only a few
blue (indicating +3) balls caused by R6, R11 and K114,
exposed on the red surface. In contrast, a big blue ball
surrounds the cytoplasmic part, indicating the strong
positive potential there.

Comparison of hCCR2b with pCCR2b

The entire CCR2b genes for 17 primates were sequenced
in our laboratory. The identities of the amino acid se-
guences between hCCR2b and the CCR2b of each pri-
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mate are above 95%. There are altogether 32 residue mu-
tation sites, including a deleted site 14: R6H, N14—,
E15G, G17S, F23I, F35Y, 154T, C73S, E105G,
M112V/A, 1122V, F125L, V158A, V173, 179V, K180E,
C181S, K183E, V189l, N200S, 1217V, V244L, 1263V,
N266S, G273S, S281R, V319M, T325A, R327H, V334,
G352A, A358V. There are seven, six and five mutation
sites in the C- and N-termini and the 2nd extracellular
loop, respectively; no mutation site found in the 2nd and
7th TM regions. Models for four primates. A. pan, H.
leu, P. cyn and T. fra, which are relatively far from hu-
man beings from the evolutionary aspect, were built
based on the 2SS model of hCCR2b. The loss of N14 in
CCR2b of A. pan causes an obvious deviation of the
backbone from the hCCR2b in the region from R11 to
S16 (RANTES), making the exposure of R11 rise from
20% up to 40%, of Y28 from 44% to 48% due to N12
moving near to N14. In H. leu, P. cyn and T. fra, the mu-
tation involved a few charged groups, but the basic fea-
tures of hCCR2b in electrostatic potential maps, the
strong dipole with R11, K38 and K114 exposed on the
red surface, still remained.

Discussion

It is difficult to build a very valid 3D model of a protein
molecule if no suitable template with strong sequence
homology can be found, as in the case of CCR2b. The
definition of the 7-TM regions in this model does not
seem accurate enough. However, considering the essen-
tial agreement of 7-TM alignment (Table 1) with the 3D-
pssm alignment (Fig. 1) and the potentia functional resi-
dues proposed by experiments, such as H100, N104,
E105 and E291, are all contained in the extracellular
part, the 2SS model is basically correct.

Experiments have demonstrated the importance of the
N-terminus in high affinity binding with MCP-1 [5, 6]
and in serving as a coreceptor for HIV-1 [4]. Prediction
of the secondary structure of the N-terminal sequence
suggests that there is no regular secondary structure, i.e.
very flexible, the flexibility being reflected clearly in the
MD simulations. The N-terminus contains five basic res-
idues (R+K) and six acidic residues (D+E), which form a
multiple H-bond network with the charged groups in the
extracellular loops and reduce the average displacement
of these charged groups in the course of the MD simula-
tion, especially for the 2SS model (compare Fig. 2a with
b.). This suggests that stronger H-bond interactions exist
in the 2SS model. The potential energy of the 25S—water
assembly averaged over the last 500 ps in the 1 ns MD
simulation is also much lower than that of the SS—water
assembly, about 302 kJ mol-1. The 2SS model is thus
more favorable than the SS model from the angle of sta-
bility, supporting the mutation experiments. mutation of
either C32 or C277 to A resulted in a complete loss of
binding activity. [4]

Electrostatic analyses reveal the dipole characteristics
of hCCR2b and pCCR2b, the negative pole is located in
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the extracellular part, while a strong positive pole is
found in the cytoplasmic region. Oligomeric modeling
and electrostatic analysis of HIV gpl120 revealed a basic
region that faces away from the virus, toward the target
cell membrane, and is conserved on core gpl20. It is
conjectured that nonspecific electrostatic interactions
may play arole in the binding of viruses to polyanions.
[14] We noticed that all the native ligands of CCR2,
MCP-1, -2, -3, -4, are basic proteins, with +5, +5, +9, +8
electron net charges, respectively. In contrast, RENTAS,
whose receptors are CCR1, CCR3 and CCR5, is a weak-
ly acidic protein, with —1 electron net charge. The elec-
trostatic potential maps of MCPs and RENTAS display
different features although their 3D structures show sim-
ilarity (not shown here). Electrostatic forces are long-
range effective forces. We therefore guess that the extra-
cellular acidic region may play arolein attracting certain
kinds of chemokines and in the interaction with gp120.
Residue-mutation experiments showed that two clusters
of primarily basic residues (R24, K35, K38, K49, and
Y13) of MCP-1 are crucia for binding to CCR2, [15]
suggesting the role of the acidic region of receptors in
chemokine binding. Of course, further exploration of the
binding sites by theoretical modeling is necessary.

Tyrosine sulfation of proteins occurs widely in multi-
cellular eukaryotic organisms. It was reported that the
sulfation of N-terminal tyrosines of CCR5 and CCR2b is
crucial for binding with their ligands or with HIV-1
gp120/CD4 complexes. [16, 17] Comparing the 2SS
model with the SS model, we found that the accessible
surfaces of Y26 and Y28 are clearly increased when the
disulfide bond C32—-C277 is formed. This may facilitate
tyrosine sulfation and ligand contact.

The N-terminus of CCR2 is essential for ligand bind-
ing and serves as a coreceptor for HIV-1 infection. Anal-
ysis of frequent substitution polymorphisms in African
green monkey (agm) CCRS reveals that substitutions of
D13N, Y14N, Q93R, and Q93K, of which the Y 14N
substitution eliminates a tyrosine sulfation site that isim-
portant for infections, al strongly inhibited infections by
the SIVagm isolates in vitro. [10, 16] In the N-terminus
of the 17 pCCR2b sequenced in our lab there are alto-
gether six residue mutations, none of which, however,
fallsin the region from F24 to K34 (FDYDY GAPCHK).
The similarity of the region F24 to K34 with the region
D25 to D36, where the main differences between SS and
2SS models are shown (see section on MD analysis), fur-
ther suggests the potential importance of the region D25
to D36 for function. However, the potentially functional
residue E105 indicated by experiment [7] was found to
be replaced by G in the primate H. leu, but we also no-
ticed another mutation K183E in H. leu CCR2b, as well

as E105 within 6 A. We guess that E183 may function as
E105 in binding with ligands.

The CCR2b model presented here provides some use-
ful information. But considering the main limitation of
lacking a suitable template, further modeling, e.g. with
variable 7-TM regions, even their orientations, testing
their functions by docking to see how well they agree
with experimental results, may need to be done.

PDB access ID

1KAD isfor the SS model and 1KP1 for the 2SS model,
both were selected with the lowest potential energy
among the 50 frames of SS-water and 2SS-water assem-
blies, respectively.
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