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Background: Extracellular regions ECL2 and the N terminus of HIV coreceptor CCR5 mediate HIV-1 entry.
Results: A C-terminal CCR5 ECL2 peptide inhibits HIV-1 entry and binds to gp120 of CCR5- and CXCR4-using strains.
Conclusion: The binding site for CCR5 ECL2 is conserved in CCR5- and CXCR4-using viruses.
Significance:Our data provide new insights into HIV-1 gp120-CCR5 interactions that can be used for inhibitor design.

To initiate HIV entry, the HIV envelope protein gp120 must
engage its primary receptor CD4 and a coreceptor CCR5 or
CXCR4. In the absence of a high resolution structure of a gp120-
coreceptor complex, biochemical studies of CCR5have revealed
the importance of its N terminus and second extracellular loop
(ECL2) in binding gp120 and mediating viral entry. Using a
panel of synthetic CCR5 ECL2-derived peptides, we show that
the C-terminal portion of ECL2 (2C, comprising amino acids
Cys-178 to Lys-191) inhibit HIV-1 entry of both CCR5- and
CXCR4-using isolates at low micromolar concentrations. In
functional viral assays, these peptides inhibitedHIV-1 entry in a
CD4-independent manner. Neutralization assays designed to
measure the effects of CCR5 ECL2 peptides when combined
with either with the smallmolecule CD4mimeticNBD-556, sol-
uble CD4, or the CCR5 N terminus showed additive inhibition
for each, indicating that ECL2 binds gp120 at a site distinct from
that of N terminus and acts independently of CD4. Using satu-
ration transfer difference NMR, we determined the region of
CCR5 ECL2 used for binding gp120, showed that it can bind to
gp120 from both R5 and X4 isolates, and demonstrated that the
peptide interacts with a CD4-gp120 complex in a similar man-
ner as to gp120 alone. As the CCR5 N terminus-gp120 interac-
tions are dependent on CD4 activation, our data suggest that
gp120 has separate binding sites for the CCR5 N terminus and
ECL2, the ECL2 binding site is present prior to CD4 engage-
ment, and it is conserved across CCR5- and CXCR4-using
strains. These peptides may serve as a starting point for the
design of inhibitors with broad spectrum anti-HIV activity.

The chemokine receptors C-X-C chemokine receptor type 4
(CXCR4) and C-C chemokine receptor type 5 (CCR5)4 are
members of a large family of seven-transmembrane G-protein-
coupled receptors (1) that serve as themain coreceptors used by
HIV to gain entry into a target cell in vivo. The envelope of HIV
comprises a trimer of non-covalent heterodimers formed by
the surface envelope glycoprotein gp120 and the transmem-
brane protein gp41 (2–4). HIV entry is initiated by interactions
between gp120 and the target cell receptor CD4. CD4 engage-
ment induces a structural reorganization of gp120 leading to
the formation of a highly conserved coreceptor binding site (5,
6) necessary for binding to CXCR4 or CCR5. Once engaged,
further conformational changes in the viral envelope trigger
gp41 to mediate fusion of host and viral cell membranes (7).
HIV-1 isolates can be classified according to their coreceptor
usage (8). CCR5-using strains, termed R5-tropic, dominate
during the early asymptomatic phase of the disease,whereas the
emergence of CXCR4-using (X4-tropic) isolates or dual tropic
strains (referred to as R5X4), typically coincides with transition
to the symptomatic phase and loss of immune function.
Since the discovery of CCR5 and CXCR4 as obligatory core-

ceptors for HIV-1 entry, a major goal in HIV research has been
to define the precisemolecular interactions between gp120 and
coreceptor. In the absence of a three-dimensional high-resolu-
tion structure of this complex, researchers have used a variety
of alternative approaches to characterize gp120 binding and
other functional aspects of the HIV coreceptors. Examples
include theoretical modeling (9, 10), site-directed mutagenesis
studies, and evaluation of chimeric constructs in which trans-
membrane regions and/or extracellular loops of related chemo-
kine receptors were inserted into the HIV coreceptors
(reviewed in Refs. 9 and 11). In addition, mechanistic studies
using small molecules, monoclonal antibodies, and natural
chemokine receptor ligands with known binding sites on the
HIV coreceptors have portrayed the gp120-coreceptor interac-
tion as a complex, multistep process involving multiple regions

* This work was supported by the Intramural Research Program, National
Institutes of Health (NIDDK and NIAID), and the Intramural AIDS Targeted
Antiviral Program, Office of the Director, National Institutes of Health (to
C. A. B. and G. M. C.).

□S This article contains supplemental “Experimental Procedures,” Figs. S1–S5,
and additional references.

1 Recipient of an Intramural AIDS Research Fellowship award.
2 Present address: CovX Research, Pfizer, Inc., 9381 Judicial Dr., Ste. 200, San

Diego, CA.
3 To whom correspondence should be addressed: Lab. of Bioorganic Chem-

istry, 8 Center Dr., Bethesda, MD 20892. Tel.: 301-594-5187; Fax: 301-401-
4182; E-mail: caroleb@mail.nih.gov.

4 The abbreviations used are: CCR5, C-C chemokine receptor type 5; CXCR4,
C-X-C chemokine receptor type 4; R5, CCR5-using; X4, CXCR4-using; X4/R5,
dual tropic; ; STD NMR, saturation transfer difference NMR; ECL2, second
extracellular loop; TM, transmembrane; sCD4, soluble CD4; DRI, dose
reduction index; CI, combination index.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 18, pp. 15076 –15086, April 27, 2012
Published in the U.S.A.

15076 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 18 • APRIL 27, 2012

http://www.jbc.org/cgi/content/full/M111.332361/DC1
http://www.jbc.org/cgi/content/full/M111.332361/DC1


of the coreceptor, themost important being theN terminus and
the second extracellular loop (ECL2) regions of CCR5 (high-
lighted in red in Fig. 1A) (12–14). Another approach that has
yielded valuable insight into the molecular details of gp120-
coreceptor interactions involves the use of synthetic peptides
corresponding to specific coreceptor regions in biochemical or
functional assays. In the case of the CCR5 N terminus, this
tactic has proven especially useful for defining post-transla-
tionalmodifications and peptide sequences critical for function
as well as inhibition of HIV-1 entry (15–18). They also facili-
tated determination of high-resolution structures of CCR5 N
terminus peptides in complex with gp120, furthering our
understanding of this interaction at an atomic level (19, 20) and
making possible the discovery of small molecule CCR5 N ter-
minus mimetics (21). Such studies demonstrate the value in
using peptide fragments of G protein-coupled receptors as
tools to study coreceptor interactions because appropriate pep-
tides tend to function in part as coreceptor mimics (22, 23).
Extending our earlier structural studies of CCR5(19, 21, 24),

we sought to utilize a similar peptide fragment approach to gain
insight into the molecular interactions of CCR5 ECL2 with
gp120. The importance of this region in mediating viral entry
has been highlighted by various studies. For example, point
mutations onCCR5 identified residues in ECL2 as necessary for
HIV-1 entry (25, 26). Anti-CCR5mAbs whose epitopes include
ECL2 residues potently inhibit HIV-1 fusion and entry (27, 28).
Small molecule CCR5 antagonists that bind the transmem-
brane regions surrounding ECL2 have been suggested to distort
the conformation of ECL2, thereby preventing viral entry (9). A
model for the gp120-CCR5 coreceptor interaction, which
involves ECL2 binding to the V3 region gp120 has been pro-
posed (11, 29); however, there is no evidence for this direct
interaction (30).
A synthetic 24-residue peptide corresponding to CCR5

ECL2168–191 (peptide 1, see Fig. 1B) has been shown to inhibit
infection of R5 HIV-1 strains in cell fusion assays and block the
interaction of a soluble CD4-gp120 (R5) complex with CCR5
expressing cells (9). Using this peptide as a starting point, we
sought to delineate the regions of CCR5 ECL2 responsible for
HIV inhibition by synthesizing various ECL2 peptide con-
structs and evaluating their ability to inhibit viral entry. When
designing constructs we were mindful of the presence of a con-
served disulfide bond present in chemokine receptors as well as
most other class A G protein-coupled receptors that connects
ECL2 with the extracellular end of transmembrane 3 (TM3). In
CCR5, this disulfide bond occurs between TM3 Cys-101 and
ECL2 Cys-178. Although not essential for mediating HIV entry
(31), Cys-178 was of interest because it is located in the approx-
imate center of ECL2 and could thus be envisioned to naturally
segment this extracellular region into two structural units,
namely N- and C-terminal portions (see Fig. 1B). We consid-
ered that synthesizing and evaluating these peptides indepen-
dently would help narrow down the ECL2 epitopes required for
HIV inhibition. In addition, constructing complementary N-
and C-terminally truncated peptides would further reveal
which residues on CCR5 ECL2 interact with gp120.
Here, we report the results of structure-function studies to

identify the CCR5 ECL2 residues required for inhibition of HIV

entry. Through screening of ECL2 truncated peptides in viral
neutralization and fusion assays, we demonstrate that CCR5
residues C-terminal to Cys-178 inhibit entry of both R5 and X4
strains. Furthermore, we use co-operative infectivity assays to
show that these peptides can function independently of CD4
and are non-competitive with CCR5 N terminus. We use satu-
ration transfer difference NMR (STD NMR) experiments to
validate results from our cellular assays and identify the CCR5
ECL2 residues that bind to gp120. Our results suggest the exis-
tence of a site on gp120 that is conserved across R5 and X4
strains, which binds the C-terminal end of CCR5 ECL2.

EXPERIMENTAL PROCEDURES

Peptide Synthesis and Characterization—All CCR5 ECL2
peptides were synthesized on a Liberty microwave peptide syn-
thesizer (CEMCorp.,Matthews,NC)byFmoc (N-(9-fluorenyl)-
methoxycarbonyl) synthesis using CLEAR amide resins (Pep-
tides Intl., Lexington, KY) and capping with acetic anhydride
after each coupling. Peptides were cleaved from the resin by
treatment with TFA:H2O:triisopropylsilane:DTT (95:2.5:1.25:
1.25) for 2.5 h at room temperature and precipitated with ice-
coldmethyl t-butyl ether and centrifuged at 0 °C. Crude precip-
itated peptides were suspended in H2O and purified by
RP-HPLC using a preparative Symmetry Shield RP18 column
(Waters, Milford, MA) with 0.1% aqueous TFA and MeOH as
eluents. Purified peptide solutions were lyophilized, and their
purity (�95%) and compositions were verified by analytical
HPLC and ESI-HRMS. For use in neutralization assays, fresh
solutions of peptides were prepared immediately before use by
dissolving lyophilized peptides in a buffer containing 20 mM

Na2PO4, 70 mM NaCl, pH 6.8 (referred to as NMR buffer) to
yield a final concentration of 2mM.The pHof each solutionwas
measured using a microelectrode and if necessary adjusted by
titrating 0.1mM aqueousNaOHor 0.1mM aqueousHCl to yield
a final pH of 6.8. At this pH, we did not observe oxidation to the
dimeric form of the Cys-containing peptides as detected by
HR-MS. The CCR5 N-terminal peptide comprising residues
2–18 was synthesized using previously reported procedures
(20).
Generation of HIV-1 �V1V2 gp120 Envelope Glycoproteins—

Mammalian codon-optimized genes encoding HIV-1 �V1V2
gp120 envelope glycoproteins from strains YU2, HxB2, and
89.6 were synthesized and cloned into mammalian expression
vector pcDNA2.1 (Invitrogen), followed by transfection into
FreeStyle 293F cells as described previously (32). Detailed pro-
tocols are provided in the supplemental data. After 5 days of
suspension culture post-transfection, the supernatants were
harvested by centrifugation, filtered through a 0.22-�m filter,
and purified through an affinity column of 17b. Purified pro-
teins were concentrated and dialyzed against PBS and charac-
terized with SDS-PAGE.
NMR Sample Preparation—Solutions containing free pep-

tide (800�M), or complexes of peptide (800�M) in the presence
of gp120 (15�M) or a stoichiometric complex of gp120-CD4 (15
�M) were prepared in 20 mM Na2PO4, 70 mM NaCl buffer, pH
6.8, with 10% D2O, and the pH of each solution was adjusted
with 0.1 mM aqueous NaOH or 0.1 mM aqueous HCl. All pep-
tides used in this study were unlabeled, with 13C present at
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natural abundance. Proteins were subjected to a second purifi-
cation step using a Superdex 75 (16 � 600mm) column eluting
with NMR buffer. Sample concentrations were quantitated by
A280 measurements.
NMR Spectroscopy—NMR data were acquired at 298 K on a

Bruker Avance 600 MHz spectrometer equipped with a
z-shielded gradient triple resonance cryoprobe.Water suppres-
sion was carried out using a 3-9-19 WATERGATE sequence.
1H STD NMR experiments were recorded as described previ-
ously (24, 33). Spectra were acquired with 3,072 scans, 32,768
points, and a relaxation delay of 2 s, with on- and off-resonance
carrier frequencies set at �1.5 and 50 ppm, respectively. Pro-
tein saturation (1.8 s) was accomplished using a train of 50-ms
Gaussian pulses followed by 1-ms delays. 1H-13C HSQC STD
NMR experiments were recorded with 512 scans per incre-
ment, saturation and relaxation times of 1.5 s each, and 128 �
1024 complex points in the F1 and F2 dimensions, respectively.
Difference spectra were obtained by subtracting on- from off-res-
onance spectra. NOESY spectra were recorded with 64 scans per
increment, a �m of 150 ms, a relaxation delay of 2 s, and 512 and
1024 complexpoints in theF1 andF2dimensions, respectively. 1H
and 13C chemical shifts of 2C (supplemental Table S1) were
assigned using standard homonuclear and heteronuclear two-di-
mensional NMR experiments. Data were processed using TOP-
SPIN (version 2.1), and peaks were integrated using NMRDraw
(34) or PIPP (35). Relative intensities were obtained by normaliz-
ing peak integrals to the strongest signal/s in each spectrum.
HR-MS spectra of NMR solutions containing 2C showed no evi-
dence of oxidation to the disulfide for periods as long as 2 weeks.
Circular Dichroism—CD spectra were recorded on a Jasco

J-815 CD spectrometer using a quartz cell with an optical path of
1.0 mm on 50 �M solutions of peptides in H2O or 50% tri-
fluoroethanol/H2O at 4 °C. Three scanswere performed from190
to 260 nm at a rate of 20 nm/min, with a 1-nm bandwidth, 2 s
response, and resolution of 0.2 nm. The percentage of �-helical
secondary structure was calculated with the program k2d2 (36).
HIV-1 Neutralization and Fusion Assays—Env-pseudotyped

HIV neutralization assays were performed as described previ-
ously (37) using viral particles pseudotyped with HIV-1 enve-
lopes (38). Serial dilutions of inhibitors were added to pseudo-
virus, followed by TZM-bl cells (which express CD4, CXCR4,
and CCR5) at 37 °C. Forty-eight h post-infection, cells were
lysed, and luciferase activity was measured. Representative
inhibition curves are shown in supplemental Fig. S1. Post
attachment assays used to determine the effect on inhibition by
ECL2 peptides following CD4 binding to viral envelope were

performed using synchronized infections temperature-ar-
rested at the CD4-bound state (39, 40). HIV-1 envelope-medi-
ated cell fusion assays were performed as described previously
(41). A full list of reagents and cell lines is provided in the sup-
plemental data.
Synergy Experiments—Neutralizing activities of multiple

constant-ratio combinations of CCR5 ECL2 peptides, the small
molecule CD4mimetic NBD-556, soluble CD4 (sCD4), and the
CCR5 N terminus were tested in serial dilutions in HXB2 Env-
pseudotyped HIV neutralization assays. Combination effects
were analyzed as described (42, 43). The dose reduction index
(DRI) of inhibitor x in combination with inhibitor y is given by
DRIx � (IC50)x/(IC50)x,y, where (IC50)x and (IC50)x,y are the IC50
values of x alone and in combination with y, respectively. The
combination index (CI) describing the summation of effects of
two inhibitors is given by CI � (DRIx)�1 � (DRIy)�1 �
(DRIxDRIy)�1, where the last term, which makes a small con-
tribution to CI, accounts for the state where both inhibitors are
bound (43).

RESULTS

C-terminal Region of CCR5 ECL2 Comprising Cys-178–Lys-
191 Is Sufficient for Inhibition of HIV Entry by R5 and X4
Strains—Apanel of peptides corresponding to the secondextra-
cellular region (ECL2) of CCR5 was assessed for their ability to
neutralizeHIV-1 entry in single round infectivity assays using viral
particles psuedotyped with CXCR4- and CCR5-using HIV-1
envelopes (Table 1). TZM-bl cells expressing CD4, CCR5, and
CXCR4 were used as target cells. Peptide 1, comprising full-
length ECL2, inhibited R5 strains YU2 and Bal26 in a dose-de-
pendent manner with IC50 values of �140 �M (Table 1, see Fig.
2), a result expected for this CCR5-derived peptide. Neutraliza-
tion assays also showed that peptide1 inhibited viral entry ofX4
strains HxB2 and NL4–3 with comparable potencies (IC50 val-
ues of 90–100 �M) to those observed for R5 strains (Fig. 1 and
supplemental Table S1). Peptide 1 also inhibited the dual tropic
strain 89.6 althoughwith 2-foldweaker potency comparedwith
the X4 and R5 strains (Table 1 and Fig. 2). To narrow down the
region of ECL2 required for neutralization, truncations of pep-
tide 1 lacking two and four amino acids from both the N and C
terminiweresynthesized togivepeptides3and4, respectively (Fig.
1B). Peptide 3 inhibited viral cell entry in a dose-dependent man-
ner but showed dramatically reduced potency across all strains
with IC50 values�200�Mandashigh as 600�M(Table 1). Peptide
4was inactive toward all strains tested.

TABLE 1
IC50 values (�M) for CCR5 ECL2 peptides in neutralization assays

Peptide
R5a

R5/X4a (89.6)b
X4a

YU2b BaL26b HxB2b NL4-3b

1 136 � 49 138 � 36 203 � 54 89 � 31 103 � 37
2N NAc NA NA NA NA
2C 28 � 7 65 � 3 NA 54 � 2 53 � 2
3 237 � 31 612 � 21 NA 374 � 28 600 � 24
4 NA NA NA NA NA

a Virus tropism. R5 and X4 refer to CCR5- and CXCR4-using HIV-1 strains, respectively, and R5/X4 refers to dual tropic strains. Neutralization assays were performed as
described previously (37).

b HIV strain.
c Not active, NA.
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Using Cys-178 as a midpoint, we next dissected peptide 1
into two segments, giving the N-terminal peptide 2N and the
C-terminal peptide 2C. Surprisingly, 2C not only retained
potency but was more potent than full-length ECL2 (peptide 1)
across all X4 and R5 strains tested. 2C, however, was inactive
against the dual tropic strain 89.6. Peptide 2N, on the other
hand, was inactive against all five strains, including R5, X4, and
one dual tropic strain (Table 1 and Fig. 2). Thus, the C-terminal
segment of ECL2 alone is sufficient for inhibiting HIV-1 entry
of R5 and X4 strains.
To test whether the presence of the cysteine sulfhydryl group

contributed to the inhibitory activity of these peptides, we syn-
thesized and tested two additional 2C analogs that lacked a free
thiol. These included C178A and a Cys-S-acetamidomethyl
variant in which the sulfur atom is protected by an acetamido-
methyl group. Each of these peptides inhibitedHIV-1 entry in a
dose-dependent manner with similar potencies (supplemental
Fig. S2), suggesting the Cys side chain is not critical for inhibi-
tory activity. We tested several of the CCR5 ECL2 peptides
against two amphotropic enveloped viruses, murine leukemia
virus (MLV) and vesicular stomatitis virus. None of the pep-
tides inhibited either of these viruses demonstrating specificity
of the ECL2 peptides for HIV-1.
Activity of ECL2 2C-TM5 Peptides—The C-terminal end of

CCR5 ECL2 shown to be critical for inhibition of HIV entry

directly precedes TM5. To determinewhether residues extend-
ing into TM5 might contribute to HIV gp120-CCR5 binding,
we used 2C as a starting point to synthesize a panel of two-
residue incremented peptides following the natural sequence of
CCR5 (Fig. 1C). To assess inhibition of HIV-1 entry by these
2C-TM5 peptides, both viral neutralization (38) andHIV enve-
lope-mediated cell-cell fusion (41) assays were performed. In
neutralization assays, the 2C-TM5 peptides performed simi-
larly to 2C across both R5 and X4 strains (Fig. 3A and supple-
mental Table S2) with IC50 values averaging �20–60 �M. Fol-
lowing a similar trend, in the cell-cell fusion assays 2C was
found to inhibit the R5 strain SF162 and X4 strains III-B and
LAV, albeit with decreased potencies and IC50 values around
100–150�M (Fig. 3B and supplemental Table S3). In contrast to
the neutralization assays, however, 2C was mildly inhibitory in
the cell fusion assays toward the dual tropic strain 89.6 with an
IC50 value of 250 � 30 �M. Interestingly, in the cell-cell fusion
assays, 2C-TM5 peptides were found to be significantly more
potent than 2C against all strains tested, with increases in
potency ranging from 1.5–8� the IC50 values observed for 2C.
A scrambled peptide 2C2S (Fig. 1C) was used as a control in
both viral neutralization and cell-cell fusion assays and was
found to be inactive against all strains tested in both assay
formats.

FIGURE 1. Schematic of CCR5 and ECL2 peptide constructs used in this
study. A, the region of CCR5 corresponding to ECL2 is shown in red, and the
helical N terminus is labeled and shown as a cylinder. B, amino acid sequences
of the ECL2 peptide constructs predicted to reside in the extracellular region
of ECL2. C, C-terminal ECL2 peptide sequences that contain additional resi-
dues predicted to reside in TM5.

FIGURE 2. Relative IC50 values of the extracellular ECL2 peptides (Fig. 1B)
for inhibition of viral entry of R5, X4, and dual tropic HIV-1 strains.
Numerical values are provided in Table 1, and representative inhibition
curves are shown in supplemental Fig. S1. The legend for the HIV-1 strains
used is shown in the inset in each graph. A dramatic reduction in activity can
be seen readily for peptides 2N, 3, and 4.

FIGURE 3. Histograms showing relative IC50 values for 2C-TM5 peptides in
neutralization (A) and cell-cell fusion (B) assays. The legend for the HIV-1
strains used is shown in the inset in A and B. Numerical values are provided in
supplemental Tables S2 and S3.
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Inhibition of HIV-1 Entry by CCR5 ECL2 Peptides Occurs
Independently of CD4 and CCR5 N Terminus—CD4 is the pri-
mary receptor used in HIV entry, and CD4 binding rearranges
the viral envelope protein gp120 allowing for coreceptor bind-
ing. To investigate the effect of this conformational change on
the ability of theC-terminal peptide 2C to inhibitHIV entry, we
performed post-attachment neutralization assays as described
previously (44). Briefly, virus was added to plated TZM-bl cells
followed by spinoculation to aid CD4 attachment. Both steps
are performed at 4 °C to prevent subsequent steps in viral entry
from taking place. Unattached virus was removed and media
that contained 2C at 37 °Cwas added to synchronize the start of
infection.We found 2C to be equally potent in the post-attach-
ment neutralization assay as in the standard neutralization
assay against the R5 strain YU2 (Table 2).
This result prompted us to test for cooperative inhibition of

HIV entry between 2C and two CD4 mimetics, sCD4, and the
small molecule NBD-556, both of which have been shown to
induce conformational changes on gp120 similar to those
induced by cell surface CD4 and to inhibit HIV-1 entry (45–
48). We tested the inhibitors individually and in constant ratio
combinations for their ability to inhibit YU2 HIV-1. Data were
quantitatively analyzed using CI. In this method, CI values that
are equal to, greater than, or less than 1 are indicative of addi-
tive, antagonistic, and synergistic effects, respectively (42, 49).
The results are summarized in Table 3. When 2C was tested in
combination with either sCD4 or NBD-556, CI values of 0.9–
1.1 were obtained, indicating ECL2 2C is additive with each of
these CD4 mimetics, and together, they inhibit HIV entry in a
non-cooperative and non-competitive manner. In contrast, the
CCR5 N terminus was strongly synergistic when combined
with sCD4 showing a mean CI of 0.3 more than three different
constant combination ratios (Table 3). We used the same
method to determine the mode of inhibition of N terminus in
combination with 2C. As seen for the CD4 mimetics, average
CIs of 0.9–1 for the N-terminal peptide and ECL2 were
obtained across three different concentration ratios indicating
that these two extracellular CCR5 peptides inhibit HIV-1 entry
in an additive manner (Table 2). As a control to test for antag-
onism in the neutralization assay, we tested NBD556 and sCD4
in combination because they should compete with one another
for the CD4 binding site on gp120. Indeed, an average CI of 1.5
was measured, indicative of antagonism between these two
CD4 mimetic inhibitors.
Mapping gp120 Binding Site on Peptide 2C Using STD

NMR—To identify which amino acid residues on 2C are critical
for binding to HIV gp120, we used one-dimensional and two-di-
mensional STD NMR. STD NMR is a powerful technique

employed to characterize the binding surface used by a ligand
when binding its macromolecular receptor. It is especially use-
ful because it can be used to characterize binding of different
classes of ligands, including small molecules, peptides and car-
bohydrates, which have a wide range of Kd values from nM to
mM (33), and does not require a 15N- or 13C-labeled ligand or
receptor.When presented as a difference spectrum, signals dis-
playing the highest intensity are in closest proximity to the
receptor, allowing for a detailed description of the binding
epitope used by the ligand. Using standard two-dimensional
homonuclear and heteronuclear NMR experiments, we made
full chemical shift assignments for 2C (supplemental Table S1),
and recorded one-dimensional STD NMR spectra of 2C in the
presence of YU2 g120 (Fig. 4, A and B) and HxB2 gp120 (Fig.
4C). The strongest signals observed in the difference spectra
corresponded to the aromatic side chains of Phe-182, Tyr-184,
Tyr-187, Phe-189, and Trp-190, and to a lesser extent His-181.
STD enhancements were also observed for �- and �-protons of
Gln-186 and Gln-188, and the �-protons of several of the aro-
matic amino acids, but these were much weaker in compar-
ison (Fig. 4A). Thus, interactions with gp120 and ECL2 pep-

TABLE 2
IC50 values (�M) for ECL2-TM5 peptides in standard infectivity and
post-attachment assays
Post-attachment assays were performed using synchronized viral infection, and
temperature was arrested at 4 °C at the CD4-bound state (39, 40).

Peptide Post-attachment assay Standard assay

2C 49 � 10 28 � 7
2C2 20 � 7 17 � 5
2C4 23 � 6 21 � 4
2C6 21 � 8 29 � 7

TABLE 3
Activity of combinations of CCR5 2C, CCR5 N terminus, and CD4
mimetics sCD4 and NBD 556
All experiments were performed as described previously using HIV YU2 Env pseu-
dotypes. The DRI is the ratio of the IC50 in the absence and presence of the second
inhibitor. IC50 values for each of the four inhibitors on their own, measured in
parallel with the combination experiments, were as follows: 2C; 27 � 4 �M; sCD4,
37 � 9 nM; NBD566, 45 � 8 �M; CCR5 Nt, 51 � 7 �M. The CI represents the
combined effect of two inhibitors in combination where CI values of 	1, 1; and �1
correspond to synergistic, additive, and antagonistic effects, respectively (42, 43).
Nt, N terminus.

a The ratio of inhibitor concentrations approximates the ratio of the IC50 values of
the inhibitors alone.
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tide 2C are mediated primarily through the side chains of
aromatic residues. Of note, the STD NMR spectra for 2C in
the presence of gp120 from both R5 and X4 strains appeared
very similar, consistent with its neutralization profiles
against R5 and X4 strains.
Knowing that CD4 binding induces conformational rear-

rangements in gp120 to give rise to a CD4-activated conforma-
tion that is necessary for binding to CCR5, we investigated the
binding of 2C to a CD4-YU2 gp120 complex. This was pre-
pared by combining soluble YU2 gp120 with a 0.5-fold excess
of two-domain CD4 and separating the complex and CD4 by

gel filtration chromatography as described previously (24).
NMR spectra were recorded on solutions containing 2C in
the presence of the CD4-YU2 gp120 complex. As seen in sup-
plemental Fig. S3, the STD NMR spectrum for this sample
appeared very similar to that of 2C in the presence of YU2
gp120 alone. Although surprising at first, these independent
NMR data are entirely consistent with neutralization data from
our combination experiments where ECL2 and sCD4, or ECL2
and NBD-556, inhibited HIV entry in an additive manner. Fur-
thermore, the STD NMR spectrum of a sample containing 2C
and 89.6 gp120 was devoid of signals (supplemental Fig. S4), in

FIGURE 4. STD NMR 1H spectra of peptide 2C in the presence of soluble gp120s. A, difference (DIFF) and reference (REF) spectra for 2C in the presence of R5
strain YU2. Expansions of the aromatic regions of 2C in complex with YU2 and X4 strain HXB2 are shown in B and C, respectively. Reference and difference
spectra are colored black and red, respectively. Proton signals showing enhancements and therefore involved in gp120 binding are labeled. Weak enhance-
ments from the �- and �-protons of Gln and the �-protons of several of the aromatic amino acids appear as an envelope in the full spectra and are labeled
collectively as Q�/� and Ar�. Spectra were normalized to the Trp �3/�2 signal. D, amino acid sequence of 2C with residues involved in binding displayed as large
red letters.
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agreementwith our observation that 2C does not inhibit 89.6 in
neutralization assays.
Analysis of the one-dimensional STD NMR spectra revealed

which residues are involved in 2C binding to gp120, but due to
spectral overlap among 1H chemical shifts, definitive assign-
ments for a number of the protons could not be made. We
resolved this issue by recording two-dimensional 1H-13C
HSQC STD NMR spectra of both complexes. Spectra for
2C:YU2 gp120 and2C:HxB2 gp120 are shown in Fig. 5,A andB,
respectively. These data allowed for a detailed assessment of the
contributions of each proton involved in gp120 binding. Cross-
peak intensitieswere normalized relative to the strongest cross-
peak in each of the spectra (maximum peak volume) to give a
percent enhancement for each proton involved in gp120 bind-
ing as seen in Fig. 5,C andD. As in the one-dimensional spectra,
the strongest signals in the HSQC difference spectra corre-
sponded to the side chains of many (but not all) of the aromatic
residues. The two-dimensional HSQC spectra revealed that
Phe-189 H� displayed the strongest enhancements for both R5
and X4 peptide complexes, a result that was not interpretable
from the one-dimensional spectra due to overlap of 1H signals.
The one-dimensional STD spectra indicated similar contact
trends across peptide 2C for both gp120 strains. However, sev-

eral differences can be seen for the two complexes in the two-
dimensional data sets. Although Phe-182 H� shows a strong
enhancement (57%) for YU2 gp120 (R5), this signal is not seen
in the complex with X4-using strain HxB2 (Fig. 5B). Also, STD
intensities for Trp-190 range from 37–69% for YU2 (R5) com-
pared with 63% to �100% in spectra for HxB2, indicating that
Trp-190 is in closer contact to gp120 of HXB2 than for YU2.
This finding agrees with neutralization results where the loss of
Trp-190 in peptide 3 had a stronger deleterious effect for inhi-
bition of HxB2 compared with YU2.
Conformational Analysis of Peptide 2C in Complex with

gp120—To study the conformation of 2C when bound to
gp120, we recorded two-dimensional NOESY spectra on sam-
ples containing free peptide (800�M) or peptide in the presence
of gp120 (50-fold excess). In addition to confirming binding,
the pattern of NOEs observed in a NOESY spectrum provides
secondary structural information for the bound ligand. As seen
in supplemental Fig. 6A, few cross-peaks are observed in the
NOESY spectrumof free 2C recordedwith amixing time of 150
ms (due to its molecular mass of �1800 Da, falling in the range
where NOE values are small or close to zero (50). In the pres-
ence of gp120, the transferredNOESY spectrum of 2C contains
manymore cross-peaks than that of the free peptide, and nearly

FIGURE 5. Two-dimensional 1H-13C HSQC STD NMR spectra for 2C in the presence of soluble gp120 from YU2 (A) and HXB2 (B) HIV-1 strains. Cross-peaks
are labeled according to Fig. 4C. Histograms showing the relative peak intensities (normalized to H� of Phe-189) for individual aromatic side chain protons
involved in binding to gp120s from YU2 (C) and HXB2 (D) strains. Peak intensities were obtained by integrating peak volumes using the program PIPP (35) and
correspond to cross-peaks within individual spectra. Peaks that remained overlapping in the two-dimensional spectra are labeled as pairs in A and B; and the
average of their combined intensities is plotted in C and D and denoted with asterisks. Cross-peaks for His-181 and Phe-182 are labeled red in C and D to point
out the changes in intensity when binding YU2 and HXB2. All spectra were recorded on solutions containing unlabeled, synthetic peptides.
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all predicted intraresidue C�H/C�H(i)—NH(i) NOEs are
observed (Fig. 6). Several inter-residue correlations were also
observed, but each of these corresponded to sequential
C�H(i)—NH(i � 1) NOEs rather than any long range NOEs
that would be indicative of secondary structure. We used cir-
cular dichroism spectroscopy to assess the conformation of 2C
in solution. As in the bound state, CD spectra recorded on free
2C in water or 50% trifluoroethanol showed no evidence of
regular secondary structure (supplemental Fig. S5). Our com-
bined data therefore suggest that the C-terminal ECL2 peptide
2C lacks regular secondary structure and binds gp120 in an
extended or coil-like conformation.

DISCUSSION
In this study, we used rationally selected synthetic peptides

bearing different sequences derived from ECL2 of CCR5 to
define the regions critical for binding to gp120 and inhibiting
HIV entry. It was shown previously that a synthetic full-length
ECL2 peptide could inhibit HIV entry of R5, but not X4 or

R5X4, strains in cell-cell fusion assays at 50�g/ml, correspond-
ing to �15 �M peptide (51). In single round infectivity assays
employing five different HIV isolates, we found that full-length
ECL2 (1) not only inhibited R5 viruses with IC50 values around
100 �M, but 1 also inhibited X4 isolates and the dual tropic
strain 89.6 with similar potency. Equally surprising, we found
that a peptide comprising only the C-terminal portion of ECL2
(2C) was sufficient for inhibiting both R5 and X4 strains in
neutralization and cell-cell fusion assays, and was two to five
times more potent than full-length ECL2. The complete lack of
inhibition by the N-terminal peptide 2N against all strains,
combined with the dramatic reduction or complete loss of
inhibitory activity observed with peptides 3 and 4, respectively,
revealed the importance of the last four amino acids, QFWK,
for inhibition of viral entry. From a structural perspective, the
neutralization data suggest that the C- and N-terminal regions
of ECL2 likely form separate loops within the receptor that is
facilitated by the presence of the conserved disulfide bond
between Cys -178 of ECL2 and Cys-101 at the top of TM3 and
that the C-terminal portion is recognized by a conserved bind-
ing site on gp120 that is present in both R5 and X4 strains. Our
results corroborate an elegant study by Potnow and Ratner (52)
where they showed that the CXCR4-using virus HXB2 could
gain entry into cells expressing a CXCR4 receptor mutated to
possess the ECL2 sequence of CCR5. From their results, they
proposed that CCR5 contains elements that support usage by
X4 viral strains and suggested that the gp120 interaction sites of
CCR5 and CXCR4 are related structurally (52).
It is known that binding to coreceptor by gp120 requiresCD4

activation. Thus, most biochemical and structural studies with
the CCR5 N terminus utilize a gp120-CD4 complex (19). On
this basis, we did not anticipate finding that CCR5-derived 2C
can interact with gp120 in the absence of CD4. This CD4 inde-
pendence was established through three complimentary sets of
experiments. First, when 2C was added in combination with
sCD4, neutralization assays showed that the two entry inhibi-
tors acted in an additive manner rather than synergistically as
was observed for the CCR5 N terminus and sCD4 (Table 3).
Second, in post attachment assays where 2C was added subse-
quent to gp120-CD4 engagement, no change in potency was
observed indicating that the conformational change associated
with CD4 binding to fusion competent HIV envelope does not
affect inhibition by 2C. This is in contrast to other fusion inhib-
itors where CD4 engagement affects potency (44, 53). Last, we
definitively show byNMR that 2C binds an R5 and an X4 strain
of soluble gp120 in the absence of CD4 and that the binding
epitope used by the peptide to bind gp120 does not differ
whether free gp120 or a gp120-CD4 complex is present. We
note that in the NMR experiments reported here gp120 con-
structs that lack the V1/V2 loop were used; however, results
from the synergy and post-attachment neutralization assays,
which must employ the fusion competent form of gp120, are
consistent with the results of our NMR studies, all of which
point to the ability of 2C to bind non-CD4-activated gp120.
NMR data provided a detailed view of how the C-terminal

region of CCR5 ECL2 interacts with gp120. When binding
gp120, 2C relies on the side chains of its aromatic amino acids,
including Phe, Tyr, and Trp, and to a much lesser extent His.

FIGURE 6. NOESY spectra of ECL2 peptide 2C. A, NOESY spectrum of free 2C.
B, transferred NOESY spectrum of 2C in the presence of YU2 gp120. C, expan-
sion of and assignments for cross-peaks in the NH-C�H/C�H region of the
spectrum for 2C in complex with gp120. In spectra for the complex, only
intraresidue (black labels) and sequential (i to (i�1)) (red labels) correlations
were observed; no long range correlations were detected. Spectra were
recorded on samples prepared under identical conditions (with concentra-
tions of 800 �M peptide for free 2C, and 800 �M peptide/15 �M gp120 for the
complex) and with identical acquisition parameters at 600 MHz; �m � 150 ms.
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Slight differences are seen in the extent of these interactions
among the R5 and X4 isolates. In interactions with the R5 virus
YU2, all of the aromatic amino acids show strong STDenhance-
ments indicating that a substantial portion of 2C is involved in
binding. In interactions with the X4 virus HxB2, however, the
binding surface shifts toward the C-terminal end of 2C, with
interactions involving His-181 and Phe-182 gone or greatly
diminished and thosewithTrp-190 having increased.Given the
reduction in inhibitory activity observed with peptide 3, which
lacks Trp-190, it is possible that the region of the coreceptor
binding site on gp120 that recognizes the C-terminal portion of
2C is highly conserved among X4 and R5 strains. The absence
of binding to, and inhibition of, 89.6 by 2C suggest that the
coreceptor binding site of dual tropic strains on the other hand
may require more extensive contacts with ECL2 that would
include both the N- and C-terminal portions of this loop. It is
important to point out that our results do not preclude the
possibility that the N-terminal region of ECL2 (2N) contacts
the coreceptor binding site on gp120 from R5 and X4 enve-
lopes; rather, they demonstrate that this region is not necessary
for inhibition of viral entry.
With regard to secondary structural features of 2C, although

crystallography has shown that ECL2s in some G protein-cou-
pled receptors form �-hairpins (54, 55) or contain �-helical
regions (56), our NMR (transferred NOESY) data indicate that
2C binds gp120 in an extended conformation, lacking regular
secondary structure even in the bound state. Although peptide
2N does not inhibit HIV entry, it will be of interest to learn
whether this region is structured within the full receptor.
In conclusion, we have identified synthetic peptides derived

from the C-terminal portion of CCR5 ECL2 as inhibitors of
HIV-1 entry. HIV infectivity assays and STD NMR show that
these peptides inhibit viral fusion by binding to gp120 irrespec-
tive of virus tropism. The finding that these peptides bind
gp120 and inhibit viral entry independent of CD4 engagement
and in a non-competitive and non-synergistic manner relative
to the CCR5 N terminus indicates that gp120 must have a sep-
arate binding site that recognizes ECL2, that this site is present
both in the absence and presence of CD4, and is conserved
among X4 and R5 strains. It is remarkable that CXCR4-using
strains that do not require binding to CCR5 for entry can nev-
ertheless recognize part of its extracellular region. These pep-
tides should make valuable probes to study and expand under-
standing of conserved binding sites of gp120 and serve as a
template for the design of molecules for broad spectrum inhi-
bition of HIV-1 entry.
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