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Chemokines and their receptors play important roles in normal physiological functions and the pathogeneses of
a wide range of human diseases, including the entry of human immunodeficiency virus type 1 (HIV-1). However, the
use of natural chemokines to probe receptor biology or to develop therapeutic drugs is limited by their lack of
selectivity and the poor understanding of mechanisms in ligand-receptor recognition. We addressed these issues by
combining chemical and structural biology in research into molecular recognition and inhibitor design. Specifically,
the concepts of chemical biology were used to develop synthetically and modularly modified (SMM) chemokines that
are unnatural and yet have properties improved over those of natural chemokines in terms of receptor selectivity,
affinity, and the ability to explore receptor functions. This was followed by using structural biology to determine the
structural basis for synthetically perturbed ligand-receptor selectivity. As a proof-of-principle for this combined
chemical and structural-biology approach, we report a novel p-amino acid-containing SMM-chemokine designed
based on the natural chemokine called viral macrophage inflammatory protein II (vMIP-II). The incorporation of
unnatural p-amino acids enhanced the affinity of this molecule for CXCR4 but significantly diminished that for
CCRS or CCR2, thus yielding much more selective recognition of CXCR4 than wild-type vMIP-II. This p-amino
acid-containing chemokine also showed more potent and specific inhibitory activity against HIV-1 entry via CXCR4
than natural chemokines. Furthermore, the high-resolution crystal structure of this p-amino acid-containing
chemokine and a molecular-modeling study of its complex with CXCR4 provided the structure-based mechanism
for the selective interaction between the ligand and chemokine receptors and the potent anti-HIV activity of p-amino

acid-containing chemokines.

Protein-protein interactions play important roles in a wide
variety of physiological and pathological processes. The inhi-
bition or promotion of these interactions, by either small or
relatively large synthetic molecules, is of great interest for
understanding the mechanism of biological recognition and
developing novel therapeutic agents. In this regard, much
progress has been made in recent years (3, 8, 29). This type of
chemical research in protein-protein interactions is becoming
increasingly important, especially in the postgenomic era, as
chemically synthesized regulators of protein-protein interac-
tions can be used to study the functions of new proteins un-
covered by genomic-research efforts.

One of the most important and challenging questions in the
field of protein-protein interactions and development of inter-
vening agents is selectivity in protein-protein interactions. Spe-
cifically, what are the mechanisms that dictate how one protein
recognizes another out of a myriad of biological molecules,
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especially when the interacting partners in the same protein
family share structural or functional homology? Alternatively,
the question can be asked in terms of how some proteins can
interact with multiple protein partners from the same protein
family, leading to the functional cross-activity and redundancy
that, like monospecificity, is also commonly observed in pro-
tein-protein interaction networks involved in biological recog-
nition or signal transduction. Understanding the mechanism
for such selectivity or nonselectivity in protein-protein interac-
tions at the structural and chemical levels is crucial if one seeks
to engineer de novo selectivity into natural, nonselective pro-
tein-protein interfaces to develop protein functional probes or
therapeutic inhibitors for which high selectivity is of the utmost
importance. Here, the interactions among chemokines and their
receptors were used as model systems to address the issue of
selectivity in protein-protein interactions. An integrated approach
combining chemical and structural biology was utilized to probe
the chemical and structural bases of selectivity versus nonselec-
tivity of chemokine ligands for their receptors and to design de
novo ligand molecules with higher receptor selectivity.
Chemokines and their receptors play important roles in nor-
mal physiology and the pathogeneses of a wide range of human
diseases, including multiple neurological disorders, cancer, and
most notably AIDS (3, 4, 8, 29, 35). Chemokine receptors
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belong to the superfamily of G-protein-coupled receptors
(GPCRs). As the natural ligands of chemokine receptors, che-
mokines act as chemoattractants of various types of leukocytes
to sites of inflammation and to secondary lymphoid organs,
and they can be divided into two main subfamilies, CXC and
CC proteins, based on the positions of two conserved cysteine
residues in the amino (N) terminus (3, 4, 29, 35). Two chemo-
kine receptors, CXCR4 and CCRS, act as the principal core-
ceptors for human immunodeficiency virus type 1 (HIV-1)
entry (16, 20, 44, 46). While M-tropic strains of HIV-1 primar-
ily use CCRS as an entry coreceptor during the asymptomatic
stage of disease (1, 12, 14), in 40 to 50% of HIV-infected
individuals, T-tropic strains that use CXCR4 eventually re-
place M-tropic strains, which is associated with rapid disease
progression (7, 38, 41). Natural chemokine ligands of CXCR4
or CCRS can inhibit HIV-1 infection (5, 32) by blocking virus-
binding sites on the receptor and/or inducing receptor inter-
nalization (2, 16).

Due to the importance of chemokines in numerous physio-
logical and pathological processes, the use of these ligands as
research probes to analyze the functions of their receptors and
as potential therapeutic agents to prevent relevant disease pro-
cesses has been the subject of intense research. However, such
efforts are greatly hindered by a number of intrinsic limitations
of natural chemokines. Most notably, there is a lack of selec-
tivity in chemokine-receptor interactions. With the exception
of some natural chemokines, such as stromal cell-derived fac-
tor la (SDF-1a), which is specific for its receptor, CXCR4,
many of the 50 identified natural chemokines recognize more
than one receptor among the known chemokine receptors (8,
35). The lack of selectivity is best exemplified by viral macro-
phage inflammatory protein II (vMIP-II), which recognizes a
variety of CC and CXC chemokine receptors, including
CXCR4, CCRS, and CCR2 (28). Thus, the cross-activity of
natural chemokines makes it difficult to use them to analyze
and dissect the roles of a particular ligand-receptor pair among
the complicated chemokine and receptor networks. Due to the
lack of receptor selectivity, natural chemokines may have un-
wanted side effects in clinical applications, as they may react
with multiple receptors. Also, there is cause for concern re-
garding undesired side effects of blocking the normal CXCR4
function, since knockout mice lacking either CXCR4 (40, 50)
or its only natural ligand, SDF-1a (30), die during embryogen-
esis, with evidence of hematopoietic, cardiac, vascular, and
cerebellar defects. Consequently, the development of new in-
hibitors engineered with higher selectivity for specific regions
of CXCR4 that are selective for HIV-1 coreceptor function
only, but not the normal function of SDF-1a, is clearly desir-
able. In fact, we have recently reported potentially different
determinants for CXCR4 interactions with HIV-1 gp120 and
SDF-1a, which provided a basis for the development of new
inhibitory agents that modulate the functional sites or confor-
mations of CXCR4 for the purpose of reducing or avoiding the
limitations and side effects caused by nonselective inhibitors of
this important coreceptor (9, 42). Although a number of nat-
ural chemokines have been shown to inhibit human diseases,
such as HIV-1 infection (5, 22, 32), these natural chemokines
may not be suitable for clinical applications unless they are
modified to increase the target receptor selectivity and to re-
duce side effects.
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To address this issue of selectivity in chemokine ligand-
receptor interactions, we have developed a chemical and pro-
tein structure-based strategy that employs synthetically and
modularly modified (SMM) chemokines (8, 9, 13, 23). In this
approach, synthetic chemistry is applied to introduce unnatural
amino acids or novel chemical modifications into the important
functional-sequence modules of native chemokines, such as
vMIP-II and SDF-1q, to yield new molecules with high recep-
tor selectivity and other improved biological and pharmaco-
logical properties. To demonstrate a proof of the principle, we
applied this SMM chemokine approach to convert the nonspe-
cific vMIP-II into a highly selective ligand of CXCR4 by re-
placing the first N-terminal (amino acids 1 to 10) sequence
module of vMIP-II with unnatural p-amino acids. This new
molecule, termed RCP168, displayed enhanced selectivity and
potency for binding CXCR4 and inhibiting HIV-1 infection via
this coreceptor. The high-resolution crystal structure of
RCP168, compared with that of vMIP-II, revealed that the
enhanced selectivity of RCP168 was associated with structural
changes, not only at the N terminus due to the p-amino acid
modification, but also, surprisingly, in the 30s loop through a
mechanism involving conformational changes in the 30s loop
propagated from the N terminus by a disulfide bridge linking
these two sequentially distal regions. This provided a structural
mechanism for the enhanced selectivity of the ligand for
CXCR4 and suggested new approaches in designing receptor-
selective chemokine analogs. Finally, molecular-modeling
studies were performed on possible models of RCP168-
CXCR4 and SDF-1a—CXCR4 complexes to determine the or-
igin of differential binding requirements for RCP168 and SDF-
la. These studies may explain the enhanced anti-HIV-1
potency of RCP168 over SDF-1a.

MATERIALS AND METHODS

Total chemical synthesis of SMM chemokines. The automated stepwise in-
corporation of protected amino acids was performed using an Applied Biosys-
tems 433A peptide synthesizer (Foster City, CA) with a CLEAR amide resin
(Peptides International, Louisville, KY) as the solid support, as described pre-
viously (9, 13, 23). 9-Fluorenylmethoxy carbonyl chemistry was employed for the
synthesis (13, 23). 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexaflu-
orophosphate and N-hydroxybenzotriazole were used as coupling reagents in the
presence of diisopropylethylamine. In certain coupling steps with potentially low
reaction rates, double coupling, followed by capping of the unreacted amino
functional groups, was performed. After incorporation of the 50th residue, 2%
(vol/vol) dimethyl sulfoxide was introduced into the solution to enhance the
coupling reaction. After N-terminal 9-fluorenylmethoxy carbonyl protection was
removed, the protein was cleaved from the resin support by adding a cleavage
cocktail comprised of phenol (4% [wt/vol]), thioanisole (5% [vol/vol]), water (5%
[vol/vol]), ethanedithiol (2.5% [vol/vol]), triisopropylsilane (1.5% [vol/vol]), and
trifluoroacetic acid (TFA) (82% [vol/vol]). The protein was precipitated by
adding ice-cold fert-butyl methyl ether and washed repeatedly in cold ether. The
crude protein was dissolved in 25% CH;CN in water containing 0.1% TFA
before being lyophilized, and it was dissolved in water and purified using semi-
preparative reverse-phase high-performance liquid chromatography. Folding of
the purified protein was performed in 1 M guanidinium hydrochloride and 0.1 M
trisma base at pH 8.5 (1 mg protein/ml folding buffer) and was monitored by
analytical reverse-phase high-performance liquid chromatography using a Vydac
C,g column (0.46 by 15 cm; 5 wm) with a flow rate of 1 ml/min (solvent A, water
with 0.1% TFA; solvent B, 20% water in CH5CN with 0.1% TFA) and a linear
gradient of 30 to 70% B over 30 min. Protein desaltation and purification were
then performed. The purified protein was characterized by matrix-assisted laser
desorption ionization-time of flight mass spectrometry.

Single-round virus inhibition assay. 293T human embryonic kidney and
Cf2Th canine thymocytes (ATCC, Manassas, VA) were grown at 37°C and 5%
CO, in Dulbecco’s modified Eagle’s medium (CAMBREX, Walkersville, MD)
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containing 10% fetal bovine serum (CAMBREX) and 100 wg/ml penicillin-
streptomycin (CAMBREX). Cf2Th cells stably expressing human CD4 and
CXCR4 (15) were grown in the medium supplemented with 0.4 mg/ml G418
(CAMBREX) and 0.15 mg/ml hygromycin B (Roche Diagnostics, Basel, Swit-
zerland). The 293T cells were cotransfected with vectors expressing the
pCMVAP1Aenv HIV Gag-Pol packaging construct (34), the envelope glycopro-
teins of HIV-1 isolates (HXBc2 or JR-FL), and a firefly luciferase reporter gene
at a DNA ratio of 1:1:3 ug using Effectene transfection reagent (QIAGEN,
Valencia, CA). Cotransfection produced single-round, replication-defective vi-
ruses. Virus-containing supernatants were harvested 24 to 30 h after transfection,
filtered (0.45 wm), aliquoted, and frozen at —80°C until further use. The reverse
transcriptase activities of all the viruses were measured as described previously
(37). To determine infection by single-round luciferase viruses, Cf2Th-CD4-
CXCR4 target cells were seeded at a density of 6 X 10° cells/well in 96-well
luminometer-compatible tissue culture plates (Dynex, Chantilly, VA) 24 h before
infection. On the day of infection, synthetic chemokines were added to the target
cells and incubated for 1 h at 37°C. Following incubation, recombinant viruses
(10,000 RT units), to a final volume of 50 pl, were added to the chemokine-cell
mixtures and incubated for 48 h at 37°C. The medium was removed from each
well, and the cells were lysed with 30 wl passive lysis buffer (Promega, Madison,
WI) and by three freeze-thaw cycles. An EG&G Berthold Microplate Luminom-
eter LB 96V was used to measure the luciferase activity of each well after the
addition of 100 pl luciferin buffer (15 mM MgSO,, 15 mM KPO,, pH 7.8, 1 mM
ATP, and 1 mM dithiothreitol) and 50 pl of 1 mM p-luciferin potassium salt (BD
Pharmingen, San Diego, CA).

Virus infection assay. To assess the inhibition of replication-competent HIV-1
infection by RCP168, virus infection assays were performed using MAGI X4 cells
(Division of AIDS, National Institute of Allergy and Infectious Disease, National
Institutes of Health). MAGI X4 cells express high levels of CXCR4 and contain
one copy of the HIV-1 long terminal repeat promoter that drives the expression
of the B-galactosidase gene upon Tat transactivation. A day before the assay,
MAGI X4 cells were plated on 96-flat-well plates. On the day of the assay, the
media were removed while RCP168 and a known titer of virus (HIV-1y;;3) were
added to the cells. The cells were incubated for 48 h, after which they were
washed with phosphate-buffered saline. B-Galactosidase enzyme expression was
determined by chemiluminescence (Perkin-Elmer Applied Biosystems) accord-
ing to the manufacturer’s instructions. Also, to determine cell viability and the
toxicity of RCP168, the cells were stained with MTS (Promega, Madison, WI) at
the termination of the assay. The conversion of MTS into soluble formazan is
accomplished by dehydrogenase enzymes found only in metabolically active cells.
Thus, the quantity of the formazan product (solubilized MTS) is directly pro-
portional to the number of living cells in culture. The plates were incubated at
37°C for 4 to 6 h. The plates, sealed with adhesive plate sealers, were inverted
several times to mix the soluble formazan before being read spectrophotometri-
cally at 490/650 nm with a Molecular Devices Vmax or SpectraMax Plus plate
reader. Antiviral compounds, AMD-3100 and Chicago Sky Blue, were used as
positive controls.

Crystallization, data collection, and structure determination. RCP168 was
crystallized by the hanging-drop vapor diffusion method, and its structure was
solved using the molecular-replacement method. The reservoir solution was 0.2
M (NH,),HPO, (pH = 7.9), 20% (wt/vol) polyethylene glycol 4000. RCP168 (15
mg/ml) was mixed with an equal volume of reservoir solution and 10% (vol/vol)
polyethylene glycol 400. The plate was incubated at 15°C. Crystals began to form
after 2 to 3 weeks. To collect the diffraction data, the crystals were first briefly
soaked in cryoprotectant (35% sucrose) and frozen in liquid nitrogen. The data
were collected at the SBC 19BM beamline of the Advanced Photon Source at
Argonne National Laboratory (Argonne, IL) and processed with HKL.2000 soft-
ware (33). The data were 96.9% complete in the resolution range of 30.0 to 2.0
A. The coordinates of residues 11 to 71 from the A chain of yMIP-II dimer
(Protein Data Bank code, 1ICM9.pdb) (18) were used as the search model.
Rigid-body refinement was applied to the model using AmoRe (31), which was
followed by structural refinement with ShelxI-97 (39). After the refinement, the
coverage of residues by electron density was checked on a 2F,-F. map. The
backbone atoms of most residues were well covered by the electron density,
except the residues in the 30s loop region (such as GIn®? and Leu*), which were
partially or not covered. The positions of these residues were manually adjusted
in program O (21). The structure was then refined in Shelx]-97. To determine the
electron density for the p-amino acid residues, the omit map was generated using
the coordinates of residues 11 to 71. The backbone atoms of residues Trp’ to
Arg’ and all the atoms of Pro® to Lys!” were added according to the electron
density on the omit map. The structure was further refined by simulated anneal-
ing with XPLOR (6) in the resolution range of 10.0 to 2.0 A. Solvent molecules
were added and verified by the electron density map. After the temperature
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factor refinement, solvent molecules with B factors greater than 70 were re-
moved. The final structure of RCP168 gave an R factor of 0.235 and an Ry, of
0.290.

Molecular modeling of ligand-CXCR4 interactions. Molecular-modeling stud-
ies of ligand-CXCR4 complexes were carried out using a set of procedures
previously developed by our group (19, 47, 49). The same protocol was used to
develop the homology model. The molecular-dynamics (MD) simulation was
performed using Sybyl 7.2 and a Tripos force field (43). During the MD simu-
lations, only residues in the extracellular loops of CXCR4 and all residues in
ligands were allowed to move, whereas the rest of the CXCR4 residues were
frozen to their positions in the homology model. A distance constraint of ~1.35
A was applied to the amide bonds at the interface between the atoms that were
allowed to move and atoms that were frozen. In each MD simulation, the
temperature of the complex was initially increased from 0 K to 300 K in 600 fs.
The system was equilibrated at 300 K for an additional 200 fs. Finally, the MD
simulation was performed for 200 ps while the temperature of the system was
maintained at 300 K. The X-ray structures of RCP168 as reported here and
wild-type SDF-1a (11) were used to generate complexes with the CXCR4 model.

RESULTS

RCP168 selectively binds CXCR4 as an antagonist and po-
tently inhibits HIV-1 entry via CXCR4. To demonstrate the
concept of SMM chemokines and develop nonselective natural
chemokines into both receptor-selective inhibitors and mech-
anistic probes of ligand-receptor interactions, we used vMIP-II
as a template, as the engineering of selectivity into the nonse-
lective vMIP-II would provide a proof of principle. We previ-
ously found that p-amino acid-containing peptides derived
from the N terminus of vMIP-II displayed selective binding to
CXCR4 and not to other chemokine receptors (48), suggesting
that p-amino acids in this region might increase selectivity for
CXCRA4. Therefore, we synthesized RCP168, a new analog of
vMIP-II with the first 10 N-terminal residues changed from L-
to p-amino acids (VMIP-II, LGASWHRPDKCCLGYQKRPL
PQVLLSSWYPTSQLCSKPGVIFLTKRGRQVCADKSKD
WVKKLMQQLPVTAR; RCP168, LGASWHRPDKCCLGY
QKRPLPQVLLSSWYPTSQLCSKPGVIFLTKRGRQVCAD
KSKDWVKKLMQQLPVTAR [the p-amino acids are shown
in italics]). Interestingly, despite the incorporation of p-amino
acids and the expected conformational changes, RCP168 dis-
played very high binding affinity for CXCR4 (50% inhibitory
concentration [ICs,] = 5 nM in competition with radioisotope-
labeled SDF-la), about four times stronger than vMIP-II
(ICsy = 22 nM), as reported previously (23). Similar results
were obtained from antibody competition binding assays using
a CXCR4 monoclonal antibody, 12G5, where RCP168 dis-
played higher binding affinity for CXCR4 (ICs, = 5 nM) than
VMIP-II (ICs, = 10 nM) (data not shown). More importantly,
in sharp contrast to vMIP-II, which binds multiple chemokine
receptors, including CXCR4, CCRS, and CCR2, RCP168
showed drastically improved CXCR4 selectivity, as RCP168
had much lower binding activities toward CCRS (IC;, = 43
nM) and CCR2 (ICs, = 513 nM), as we previously reported
(23). As for the signaling activity, like the parent molecule,
vMIP-II, which is a known antagonist of CXCR4, RCP168
induced neither calcium (Ca®") mobilization nor CXCR4 in-
ternalization, as we previously reported (23). This is in contrast
to the natural CXCR4 ligand, SDF-1a, which is capable of
inducing both, suggesting that RCP168 acts as an antagonist of
CXCR4.

The ability of RCP168 to inhibit HIV-1 entry via CXCR4
was previously examined in our laboratory (23) using a panel of
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FIG. 1. Antiviral activity of RCP168. (A) RCP168 was more potent in blocking HIV-1 entry than SDF-1a and was highly selective in blocking

T-tropic HIV-1 strains by single-round virus inhibition assays. (B) The strong antiviral activity of RCP168 was also demonstrated by virus infection
assays. (C) RCP168 showed antiviral effects comparable to those of the T20 peptide, a recently approved drug targeting viral gp41l protein-
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mediated HIV-1 entry. The error bars indicate standard deviations.

HIV-1 strains resistant to commonly used reverse transcriptase
inhibitors, such as zidovudine. Here, we further tested the
activity of RCP168 in inhibiting additional HIV-1 isolates and
compared the potency of RCP168 with that of the natural
chemokine SDF-1a or an approved HIV-1 drug, T20, which
inhibits HIV-1 entry by targeting the viral gp41 glycoprotein.
In single-round virus inhibition assays, RCP168 was very active
in blocking HIV-1 entry and more potent than SDF-1a (Fig.
1A). The anti-HIV activity of RCP168 was also demonstrated
in different antiviral assays, namely, virus infection assays,
which gave the ICs, of RCP168 as 50 nM (Fig. 1B). Consistent
with its receptor selectivity, RCP168 did not block a CCRS5-
preferring, M-tropic HIV-1 strain from infecting target cells
(Fig. 1A). Note that the inhibitory activity of RCP168 was not
due to its toxicity, as it did not have any effect on cell viability
at concentrations up to 100 wM (23). To further assess the
potential of RCP168 for clinical applications, we compared its
antiviral activity with that of the HIV-1 entry inhibitor drug
T20. As shown in Fig. 1C, RCP168 showed antiviral activity
comparable to that of T20.

A

Cysl1-Cys3s
disufide bond

N-terminus

30°s loop

Structural basis for the CXCR4 selectivity of RCP168. To
understand the structure-based mechanism of action of
RCP168, we determined the crystal structure of RCP168. The
structure includes residues 5 to 71 and 23 water molecules.
Residues 1 to 4 were missing in the structure, as the electron
density for these four residues was not visible on the density
map. The tertiary structure of RCP168 displayed the typical
chemokine fold, consisting of a flexible N terminus followed by
three antiparallel B-strands (residues 25 to 30, 39 to 44, and 49
to 53) arranged in a Greek key motif with one C-terminal
a-helix (residues 57 to 65) laid on the top (Fig. 2A). The
overall structure is stabilized by two disulfide bonds (Cys'!-
Cys® and Cys'>-Cys’') and a conserved hydrophobic core
formed around the side chain of Phe** (18). Most L-amino acid
residues (80.4%) are distributed in the most favored regions on
the Ramachandran space, while the rest of the L-amino acids
are in the additional allowed regions. As for the p-amino acids,
Pro® and Lys'® are located in the “invert beta” area on the
Ramachandran space, while His® and Arg’ are located in the
vicinity of the invert beta area. None of the p-amino acids

Lys10
Tyrl5s
{_i: Gly39 gum
N ome ¢
/=
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Leul3 o | ) c
Lys37 . GIn33
Leu34
vMIP-11
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FIG. 2. (A) Superposition of the crystal structures of 2.1-A yMIP-II (green) and RCP168 (blue). (B) Structural comparison of the N termini
of vMIP-II (green) and RCP168 (blue). (C) Structural comparison of the 30s loops of vMIP-II and RCP168. Only the backbone atoms of residues
Lys'® to Tyr!® and Pro® to Gly*® are shown for clarity.
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FIG. 3. (A) Schematic illustration of the locations of residues found to be important for RCP168 or SDF-1a in CXCR4 TM and ECL2 domains
(9). The residues selectively involved in SDF-1a binding are shown as white spots, while those that are selectively involved in RCP168 binding are
shown as black spots. Reprinted from reference 9. (B) Cartoon view of CXCR4 from the extracellular domain displaying two regions, site A (red
circle) and site B (yellow circle), inside the TM domain of CXCR4. The residues in site A (Tyr'?!, Trp*?, Tyr*>, and Glu?*®) that are important
for CXCR4 binding of RCP168 are shown in cyan, whereas residues in site B (Phe®” and Phe®’?) that are important for CXCR4 binding of SDF-1a

are shown in green.

occupied the “inverted a-helix (L)” region around —60° and
—45°, which is consistent with the alpha helix-destabilizing
properties of pD-amino acids and the propensity of pD-amino
acids to promote B-turn formation (27, 45). All of the amino
acid residues, including both p and L forms, adopt the frans
conformation for the amide bond. The flexibility of the
polypeptide chain is reflected in the average B factors of the
backbone atoms in the crystal structure. Comparing the B
factor of RCP168 with that of the previously reported 74-
residue vMIP-II, the average B factor for the main chain of
RCP168 is significantly lower than that of vMIP-IIL.

To understand why RCP168 containing D-amino acids at its
N terminus displays higher affinity and selectivity for CXCR4
than wild-type vMIP-II, we compared the crystal structure of
RCP168 as described above to that of vMIP-II, previously
reported by others and our laboratory (18, 24, 25), to find the
structural difference between the two ligands that could ac-
count for their different selectivities for CXCR4. Although
RCP168 and vMIP-II adopt similar folds in their core struc-
tures, as displayed by the well-superimposed C-terminal helix
and three antiparallel B-strands, significant structural differ-
ences were found in the N-terminal and the 30s loop regions
(Fig. 2A). As shown in Fig. 2B, the incorporation of D-amino
acids in RCP168 induced significant changes in both main and
side chain torsional angles of the N terminus compared with
vMIP-II. In RCP168, Lys'® to Cys"! is the transition point from
D- to L-amino acids. The structural changes in p-amino acid
residues 5 to 10 also affected the conformation of the adjacent
residues, Cys'!, Cys'?, and Leu'? to Tyr'®, within the N-termi-
nal region.

Besides the structural changes for the modified N-terminal
region, it was interesting to find the conformational changes in
the 30s loop of RCP168 (residues Thr' to Lys*”), which is
distal from the p-amino acid region of residues 1 to 10 (Fig.

2C). These changes in the 30s loop can be related to those in
the p-amino acid region through the disulfide bridge between
Cys'! at the N terminus and Cys™ in the 30s loop. As discussed
above, a structural change was seen in the main chain and side
chain of Cys'' in RCP168. As a result, the orientation of the
disulfide bond connecting Cys'' to Cys®*> was also changed,
which could lead to the movement of the 30s loop in RCP168.
Note that Thr*' and Lys®” are flanked on each end by two
proline residues, Pro®® and Pro®®. Proline is known to have
more restricted conformational freedom than other amino ac-
ids. This may explain why the structural impact relayed from
the N terminus to the 30s loop through the Cys'!-Cys* disul-
fide bond is localized within the Thr*!-to-Lys®’ region.
Molecular modeling of RCP168-CXCR4 and SDF-la-
CXCR4 complexes. The experimental result that RCP168 is
very active in blocking HIV-1 entry with higher potency than
SDF-1a prompted us to investigate the mechanism of the rec-
ognition of RCP168 by CXCR4. Our previous mutagenesis
study showed that RCP168 and wild-type SDF-1a interact with
CXCR4 very differently (9) (Fig. 3A). The study revealed that
mutations at CXCR4 residues Tyr*®, Phe®’, Asp”’, Tyr'?!,
Asp'™!, Trp??, Tyr*>, Glu¥, and Phe**? diminish the affinity
of RCP168 by 30 to 100%. While most of these mutations have
no effect on SDF-1a binding, mutations at Phe®’, Asp'”!, and
Phe?*? drastically reduce the binding activity of SDF-1a. In-
terestingly, visual inspection of the CXCR4 model shows that
four of the residues (Tyr'?', Trp®?, Tyr*>, and Glu®*®) that
affect RCP168 binding are located in a region defined as site A
inside a groove in the transmembrane (TM) domain (Fig. 3B).
Furthermore, Phe®” and Phe®*?> in CXCR4, which affect
SDF-1a binding, are located in the same groove in the TM
domain but in a different region defined as site B (Fig. 3B).
Thus, the mutational data (9), together with analysis of the
CXCR4 model, suggest that the N termini of both ligands
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FIG. 4. Snapshots from the MD simulations of RCP168 (A) and SDF-1a (B) in complex with CXCR4. These snapshots are representative of
other states predicted during the MD simulations of the ligand-CXCR4 complexes, and they reveal that the N terminus of RCP168 (green) assumes
different orientations from that of SDF-1a (red). In the case of RCP168, the N terminus populates site A (blue), whereas in the case of SDF-1a,
the N terminus populates site B (cyan) in CXCR4.

possibly bind CXCR4 differently, as the N terminus of RCP168
binds to site A whereas that of SDF-1a binds to site B. The
conformational change introduced by the incorporation of un-
natural pD-amino acids in the N terminus of wild-type vMIP-II
probably resulted in a binding mode of the N terminus of
RCP168 different from that of SDF-1a. In order to probe the
conformational properties of the N termini of RCP168 and
SDF-1a, we conducted MD simulations of RCP168 and
SDF-1a in complex with CXCR4.

While X-ray crystallography is of limited use in exploring the
interactions of ligands with GPCRs like CXCR4 due to the
difficulties in crystallizing membrane proteins, the X-ray struc-
ture of RCP168 combined with the homology model structure
of CXCR4 provided an opportunity to predict the mode of
interaction between RCP168 and CXCR4, particularly in the
context of the N terminus of the ligand. CXCR4 belongs to
family A of GPCRs, which represents proteins homologous to
rhodopsin. The X-ray structure for bacteriorhodopsin has been
reported (19, 26), and it has been the basis for the development
of homology models for GPCRs belonging to family A. In the
case of chemokine receptors, the structure of bacteriorhodop-
sin was used as a template by our group to develop possible
CXCR4 and CCRS homology models (47, 49). Here, we have
used homology modeling and MD simulation to predict the
interactions between RCP168 and CXCR4.

Initially, the N terminus of RCP168 was manually docked
into the groove between site A and site B. The complex was
minimized and subjected to a 200-ps MD simulation. During
the entire MD simulation, RCP168 displayed some flexibility,
with an average root mean square deviation of 4.14 A from the
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starting structure. As the simulation progressed, the N termi-
nus moved toward site A. This movement seemed to be the
result of the hydrophobic interactions between the side chain
of Leu! in RCP168 and those of His'!?, Val''4, and Ile** in
site A of CXCR4 (Fig. 4A). This orientation of the N terminus
is also stabilized by different interactions by some of the resi-
dues in the N terminus of RCP168. For instance, Ser* in
RCP168 forms a hydrogen bond with the main chain oxygen of
Tyr*® in RCP168, while His® in RCP168 forms van der Waals
interactions with I1e**” in site A of CXCR4. According to the
mutational data (9), at least four TM domain residues (Tyr'?!,
Trp*?, Tyr*>, and Glu*®) in site A affect the binding affinity
of RCP168. Thus, the tendency of the N terminus of RCP168
to populate site A, as suggested by the modeling study, is in
agreement with the previously reported mutational data.

In addition to the N terminus of RCP168, some of the
interactions by residues in the 30s loop of RCP168 with resi-
dues in the second extracellular loop 2 (ECL2) of CXCR4
were present during the MD simulation. The interactions in-
volved are primarily hydrophobic interactions: Lys*’, Pro’®,
and Gly* in RCP168 interacting with Tyr'*® and Pro'®! in
CXCRA4. As stated above, the 30s loop of RCP168 exhibited a
different conformation than the 30s loop of vMIP-II. This
conformational difference may bring the 30s loop of RCP168
closer to the ECL2 of CXCRA4. Interestingly, the mutations at
Asp'®, Phe'®, and Pro'®' in the ECL2 drastically reduce
HIV-1 entry (30 to 100%) (9). Thus, the interactions between
the 30s loop of RCP168 and the ECL2 of CXCR4, as predicted
from the MD simulation, may be important for blocking HIV-1
entry into the target cell.
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FIG. 5. Analysis of the movement of the N termini of RCP168 and SDF-1a« in complex with CXCR4. (A) In the case of RCP168, the distance
of the CG atom of Leu' from the center of site A (blue) is shorter than that from the center of site B (magenta), suggesting that the N terminus
of RCP168 primarily populates site A. (B) A similar analysis of the trajectory of the SDF-1a—CXCR4 complex suggests that the N terminus of
SDF-1a mainly populates site B, as the distance of the NZ atom of Lys' from the center of site B is shorter than that from site A.

To probe the structural basis for the different binding be-
haviors of RCP168 and SDF-1a as revealed by our previous
mutational study (9), we also modeled SDF-1a using a similar
procedure. Initially, we superimposed the N terminus of
SDF-1a onto that of RCP168 bound to CXCR4 to ensure very
similar starting geometries of the N termini of both ligands.
Subsequently, the complex was minimized and subjected to a
200-ps MD simulation. As the MD simulation progressed, the
N terminus of SDF-la attained a different orientation than
that in the RCP168-CXCR4 complex, even though we started
from a similar geometry. In the case of SDF-1a, the N termi-
nus populates site B (Fig. 4B). This orientation of the N ter-
minus is stabilized by several interactions between the N-ter-
minal residues and the residues in site B of CXCR4. The
interactions include the hydrogen bond between the NH of
Lys' in SDF-1« and the hydroxyl oxygen of Ser®®® in CXCR4
and the hydrogen bond between the carbonyl oxygen of Lys' in
SDF-1a and the hydroxyl oxygen of Thr''”. Furthermore, the
side chain of Lys' in SDF-1a forms van der Waals interactions
with the side chain of Leu'? in site B in CXCR4. It must be
noted that Phe®” and Phe?°?, which are located in site B, affect
the binding of SDF-la. These residues form a hydrophobic
binding pocket with Leu'?°. During the entire MD simulation,
the side chain of Lys' in SDF-1a lay in close proximity to this
binding pocket, suggesting that the N terminus of SDF-la
probably makes favorable interactions with residues in site B of

CXCR4. The mutations at Phe®” and Phe?°? potentially disturb
the three-dimensional structure of this binding pocket, thereby
hampering the affinity of SDF-1a for CXCR4 (9). In this re-
spect, the preferential movement of the N terminus of SDF-1a
to interact with residues in site B, as suggested by the modeling
studies, is consistent with the experimental results.

To have a quantitative measure of the movements of the N
termini of both ligands during the MD simulations, as de-
scribed above, we measured the distance of the CG atom of
Leu' in RCP168 and the NZ atom of Lys' in SDF-1a from the
centers of sites A and B. As shown in Fig. 5, this analysis clearly
shows that the N terminus of RCP168 primarily populates site
A, with an average distance of 7.7 A for CG atoms in Leu'
from the center of the site. On the other hand, the N terminus
of SDF-1a mainly populates site B, as the average distance of
NZ in Lys' from the center of the site is 4.7 A. These differ-
ential binding profiles of the N termini of the two ligands are
also evident from the superimposition of average structures
derived from the MD simulations of the ligand-CXCR4 com-
plexes (Fig. 6).

DISCUSSION

Understanding the structural and chemical bases of selectiv-
ity in protein-protein interactions and developing methods to
engineer selectivity in these interactions are of great impor-
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FIG. 6. Superimposition of the average structures obtained from
the 200-ps MD simulations of RCP168-CXCR4 and SDF-1a—CXCR4
complexes. The superimposition displays the difference in the binding
of the N termini of ligands. In the case of RCP168 (green), the N
terminus populates site A (blue), whereas in the case of SDF-1a (red),
the N terminus populates a hydrophobic region in site B (cyan) in
CXCRA4. The first N-terminal residue for either ligand is displayed in
a stick model.

tance in studying protein functions and intervening in disease
processes mediated by these protein-protein interactions.
Here, we investigated these issues using chemokines as the
model systems. All the chemokines with known structures
adopt similar three-dimensional folding patterns, which in-
clude three antiparallel B-strands packed against a C-terminal
a-helix (17). However, the interaction of chemokines with their
corresponding receptors has not yet been fully revealed due to
the difficulty in crystallizing membrane receptors. Mutagenesis
studies of chemokines in combination with structure determi-
nations through nuclear magnetic resonance, crystallization,
and molecular modeling revealed that the flexible N-terminal
residues, including the N loop, a short fragment immediately
after the first two conserved cysteines, are thought to be the
primary determinants of receptor binding affinity and specific-
ity (10). Another important functional determinant was hy-
pothesized to be the 30s loop, the region between the first and
second B-strands of the chemokine (36). However, it has yet to
be determined whether and how the N terminus (including the
N loop) and the 30s loop might be structurally connected and
participate in receptor recognition in a coordinated manner.
Here, we investigated this question by combining chemistry
and structural biology to generate RCP168, which has the N
terminus of vMIP-II replaced with p-amino acids.

The crystal structure of RCP168 revealed that significant
structural changes at the N terminus due to the p-amino acid
replacement can exert a long-range effect on the distal 30s loop
through the disulfide bridge connecting the N terminus and the
30s loop. While this disulfide bridge, which is highly conserved
among all chemokines, was previously thought to stabilize the
structures of chemokines, our new finding suggests another
important role of the disulfide bridge in structurally coordinat-
ing the N terminus and the 30s loop, two key modules for the
recognition of chemokines by their receptors. In light of this
finding, one may rationalize a structural basis for the confor-
mational-change cascade in chemokine-receptor interactions,
which might include (i) the initial binding of the N terminus of
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a chemokine to the receptor; (ii) the resulting conformational
changes in the N terminus (including the N loop) and subse-
quently the 30s loop, as facilitated by the disulfide bridge; and
finally, (iii) the triggered recognition between the 30s loop and
the receptor, leading to the multipoint (at least including the N
terminus and the 30s loop) contact between the chemokine
and its receptor. This mechanism is consistent with the exper-
imental observations made in this study.

The crystal structure of RCP168, compared with that of
wild-type vMIP-II, also revealed a structure-based mechanism
for ligand-receptor selectivity. As vMIP-II is highly nonselec-
tive in binding many chemokine receptors (28), it was most
interesting to find that RCP168, by virtue of incorporating only
10 p-amino acid residues at its N terminus, selectively lost its
binding to other receptors while gaining higher affinity for
CXCRA4. There were only two regions, the N terminus and the
30s loop, that showed concerted conformational changes due
to the p-amino acid incorporation. While the N terminus has
been shown to be the major binding site for CXCR4, the N
terminus seems to have a less prominent role in binding to
other receptors, such as CCRS and CCR2, since the N-termi-
nally truncated vMIP-II analog still retains reasonable binding
affinity for CCRS and CCR2, which is in sharp contrast to its
complete loss of binding to CXCR4 (23). This suggests that
another domain(s) of the ligand may be important for recog-
nizing CCRS or CCR2. The 30s loop, as revealed in this study,
may be such a critical domain for ligand binding to CCRS and
CCR2, since the conformational changes in the 30s loop of
RCP168, either alone or together with those of the N terminus
of RCP168, seem to be a major cause of the loss of CCRS or
CCR?2 binding. To further investigate the receptor binding
mechanism of RCP168 compared with SDF-1a, we conducted
MD simulation studies for RCP168-CXCR4 and SDF-la-—
CXCR4 complexes. These studies suggested that the N termi-
nus of RCP168 occupies a binding site different from that of
SDF-1a. This is consistent with our previous findings of the
differential binding profiles of RCP168 and SDF-1a by muta-
tional studies (9).

In addition to suggesting a potential mechanism for ligand-
receptor selectivity based on the conformational changes of the
ligand at the N terminus and the 30s loop, the present study
unveiled an interesting property of CXCRA4, i.e., the flexibility
of the CXCR4 surface in recognizing ligands of different
chiralities or, more precisely, different conformations. We pre-
viously found that all p-amino acid peptides derived from the
N terminus of vMIP-II selectively bind CXCR4 (48). The re-
sults with RCP168 provide further support for the notion that
CXCR4 is capable of interacting with diverse conformations of
a ligand. The fact that CXCR4 can recognize both p- and
L-amino acid-containing ligands is unprecedented in the
GPCR superfamily, as we are not aware of similar cases re-
ported in the literature. Our previous studies to map the re-
ceptor binding sites using site-directed mutants of CXCR4
have shown distinctive regions involved in D- versus L-ligand
binding (9). Interestingly, p-amino acid-containing ligands,
such as RCP168, recognize sites on CXCR4 shared by HIV-1
gp120, but not by SDF-1a. In light of these results, the unusual
flexibility of the CXCR4 ligand binding surface raises an in-
triguing question about whether HIV-1 gp120 might exploit
this feature of CXCR4-ligand interaction for its entry into the
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target cell. It is well known that gp120 can frequently mutate
itself, especially in the V3 loop region that is thought to rec-
ognize the coreceptor. The sequence mutations presumably
bring about changes in the conformation of gp120, which could
serve as a strategy for the virus to evade recognition by HIV-
1-neutralizing antibodies. However, it is puzzling that despite
these changes, gp120 retains the ability to recognize host cell
receptors, such as CXCR4. Our findings may shed some new
light on a possible mechanism through which the varied struc-
tures of gp120 could be accommodated by the flexible CXCR4
ligand binding surface.

RCP168 is a prototype molecule for a novel family of SMM
chemokines that are highly selective and potent CXCR4 re-
ceptor inhibitors compared with the natural chemokines. An
important goal of the SMM chemokine approach is to engineer
de novo receptor selectivity into nonselective natural chemo-
kines. This was clearly demonstrated by the generation of
RCP168. In contrast to the broad activity of vMIP-II, RCP168
has higher selectivity and affinity for CXCR4 binding. As a
result, RCP168 is more potent in inhibiting HIV-1 infection
than SDF-1a. In addition, the anti-HIV activity of RCP168 is
also comparable to that of T20, a currently marketed anti-HIV
drug targeting a gp41-mediated HIV entry mechanism. Fur-
thermore, we previously reported that RCP168 has much
weaker activity in interfering with SDF-1a signaling, in con-
trast to its potent anti-HIV activity (23). These disparate in-
hibitory-activity profiles of RCP168 in differentiating HIV-1
coreceptor function versus the normal function of CXCR4
suggest that this chemically engineered molecule may be used
to selectively disrupt the coreceptor activity of CXCR4 without
inducing unwanted Ca®" signaling or interfering with SDF-1a
signaling important for normal physiological functions at the
concentrations used for inhibiting HIV-1 infection. In fact, the
mechanistic basis for the disparate activities of RCP168 was
recently investigated and shown by our mutational-mapping
analysis of binding sites of RCP168 and other p-amino acid-
containing SMM-chemokines on CXCR4, revealing that
RCP168 binding sites on CXCR4 overlap significantly with
HIV-1 but differ from SDF-1a (9, 42). These results strongly
suggest that RCP168 may serve as a prototype molecule for the
development of highly selective and effective anti-HIV agents
to be used in combination with other currently available drugs,
such as T20 and/or drugs targeted to HIV-1 protease or re-
verse transcriptase.
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