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The cellular entry of HIV-1 into CD4� T cells requires ordered interactions of HIV-1 envelope glycoprotein with C-X-C chemo-
kine receptor type 4 (CXCR4) receptors. However, such interactions, which should be critical for rational structure-based dis-
covery of new CXCR4 inhibitors, remain poorly understood. Here we first determined the effects of amino acid substitutions in
CXCR4 on HIV-1NL4-3 glycoprotein-elicited fusion events using site-directed mutagenesis-based fusion assays and identified 11
potentially key amino acid substitutions, including D97A and E288A, which caused >30% reductions in fusion. We subse-
quently carried out a computational search of a screening library containing �604,000 compounds, in order to identify potential
CXCR4 inhibitors. The computational search used the shape of IT1t, a known CXCR4 inhibitor, as a reference and employed
various algorithms, including shape similarity, isomer generation, and docking against a CXCR4 crystal structure. Sixteen small
molecules were identified for biological assays based on their high shape similarity to IT1t, and their putative binding modes
formed hydrogen bond interactions with the amino acids identified above. Three compounds with piperidinylethanamine cores
showed activity and were resynthesized. One molecule, designated CX6, was shown to significantly inhibit fusion elicited by X4
HIV-1NL4-3 glycoprotein (50% inhibitory concentration [IC50], 1.9 �M), to inhibit Ca2� flux elicited by stromal cell-derived fac-
tor 1� (SDF-1�) (IC50, 92 nM), and to exert anti-HIV-1 activity (IC50, 1.5 �M). Structural modeling demonstrated that CX6
bound to CXCR4 through hydrogen bond interactions with Asp97 and Glu288. Our study suggests that targeting CXCR4 resi-
dues important for fusion elicited by HIV-1 envelope glycoprotein should be a useful and feasible approach to identifying novel
CXCR4 inhibitors, and it provides important insights into the mechanism by which small-molecule CXCR4 inhibitors exert
their anti-HIV-1 activities.

Over the last 30 years, human immunodeficiency virus 1
(HIV-1) has become responsible for more than 30 million

deaths worldwide, and approximately 35 million people are esti-
mated to be currently infected with the virus (1). Major innova-
tions and advancements have led to the current availability of
many anti-HIV-1 inhibitors; however, continued discovery and
development of novel inhibitors against existing and newly dis-
covered targets are needed to overcome a number of inherent
problems in current antiretroviral therapy (ART), including tox-
icities and the acquisition of drug resistance by HIV-1 (2).

C-X-C chemokine receptor type 4 (CXCR4) and C-C chemo-
kine receptor type 5 (CCR5) are essential coreceptors for the entry
of HIV-1 into host cells. Both CXCR4 and CCR5 are G-protein-
coupled receptors (GPCRs) with structures containing seven
transmembrane (TM) helices. Maraviroc is the only small-mole-
cule, FDA-approved, therapeutic agent targeting CCR5. Com-
pared to CCR5 inhibitors, fewer CXCR4 inhibitors have been
reported as potential therapeutic agents for treating HIV-1 infec-
tions. In fact, to date no CXCR4 inhibitor has been approved for
clinical use as an anti-HIV-1 agent, and there is an urgent need for
novel small-molecule inhibitors targeting CXCR4. Such a mole-
cule, by itself or particularly in combination with a CCR5 antag-
onist, should greatly improve the treatment options available for
patients predominantly infected with X4 or dual-tropic HIV-1
strains.

Initial reports identified several peptides (such as T140) and
macrocycles (such as AMD3100) that targeted CXCR4 (3–5). To
improve oral bioavailability, attempts to replace or to decrease the

size of the macrocycles while retaining anti-HIV-1 potency were
made. One such effort led to the discovery of AMD070, a molecule
with benzoimidazole and tetrahydroquinoline groups (6, 7).
AMD070 is orally bioavailable and has good safety and pharma-
cokinetic profiles (8, 9). Jenkinson et al. reported on the anti-
HIV-1 and pharmacological profiles of GSK812397, a molecule
with some structural similarity to AMD070 (10). Thoma et al.
identified several isothiourea derivatives that bind to CXCR4 and
inhibit HIV-1 infection (11). The crystal structures of CXCR4 in
complex with a small molecule (IT1t) and with a 16-residue cyclic
peptide (CVX15) were determined (12). The structures demon-
strated important features of CXCR4, but further understanding

Received 29 October 2014 Returned for modification 17 November 2014
Accepted 2 January 2015

Accepted manuscript posted online 12 January 2015

Citation Das D, Maeda K, Hayashi Y, Gavande N, Desai DV, Chang SB, Ghosh AK,
Mitsuya H. 2015. Insights into the mechanism of inhibition of CXCR4:
identification of piperidinylethanamine analogs as anti-HIV-1 inhibitors.
Antimicrob Agents Chemother 59:1895–1904. doi:10.1128/AAC.04654-14.

Address correspondence to Debananda Das, dasd@mail.nih.gov.

* Present address: Yasuhiro Hayashi, Faculty of Pharmaceutical Sciences, Teikyo
University, Tokyo, Japan.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/AAC.04654-14.

Copyright © 2015, American Society for Microbiology. All Rights Reserved.

doi:10.1128/AAC.04654-14

April 2015 Volume 59 Number 4 aac.asm.org 1895Antimicrobial Agents and Chemotherapy

http://dx.doi.org/10.1128/AAC.04654-14
http://dx.doi.org/10.1128/AAC.04654-14
http://dx.doi.org/10.1128/AAC.04654-14
http://dx.doi.org/10.1128/AAC.04654-14
http://aac.asm.org


of the mechanisms of antiviral activity exerted by small-molecule
inhibitors is required for rational structure-based design of new
CXCR4 inhibitors. Moreover, only a limited number of studies
have utilized the recently determined crystal structures of various
GPCRs in the discovery of novel chemotypes or in the optimiza-
tion of existing candidates. This might be partly because inhibitors
may bind to the binding sites of GPCRs in an orthosteric or allo-
steric fashion. The orthosteric inhibitors directly bind to the active
site and competitively inhibit the natural substrate or ligand, while
the allosteric modulators show their effects distal from their bind-
ing locations (13). Thus, the functional significance of each bind-
ing site residue and which residues need to be selectively targeted,
based on the mechanism of action, need to be elucidated for de-
sign and discovery of new inhibitors.

The interaction of the HIV-1 envelope glycoprotein gp120
with CXCR4 enables the virus to gain entry into cells. We wanted
to better understand the structural and functional importance of
CXCR4 residues implicated in gp120-elicited fusion and to deter-
mine whether preferential interactions of an inhibitor with such
residues may give rise to inhibition of the fusion event and anti-
HIV-1 activity. In the current study, we first introduced a variety
of amino acid substitutions in CXCR4 to determine residues that
are important for the interaction of CXCR4 with the gp120 enve-
lope protein. We then hypothesized that molecules that formed
critical polar interactions with such potentially key residues would
be likely to interfere with the binding and interactions of CXCR4
with gp120, exerting antiviral activity. To identify such molecules,
we utilized the crystal structure of CXCR4 in complex with IT1t
(12), as follows. First, we carried out a computational search that
identified molecules that had high shape similarity with IT1t. The
putative interactions of such molecules with CXCR4 were exam-
ined by docking simulations with the crystal structure of CXCR4.
Sixteen molecules that had hydrogen bond interactions with at
least two CXCR4 amino acid residues determined to be important
for gp120-elicited fusion were selected for assays. Three piperidi-
nylethanamine (PEA) derivatives were identified as exhibiting
binding to CXCR4 in Ca2� flux assays with MOLT-4 cells and
showed anti-HIV-1 activity against X4 HIV-1NL4-3. The PEA de-
rivatives also inhibited the fusion of HIV-1NL4-3 envelope gp120
with CXCR4. We subsequently synthesized several PEA deriva-
tives, and assays confirmed their activity and specificity as anti-
HIV-1 inhibitors targeting CXCR4. Our study provides important
insights regarding the mechanism of inhibition and suggests that
study of the interactions of molecules with CXCR4 residues that
are important for gp120-elicited fusion might be a worthwhile
strategy for discovering new inhibitors of CXCR4. The present
study should provide a useful platform for structure-based discov-
ery of inhibitors of CXCR4. Similar strategies, based on residue-
specific interactions responsible for a given mechanism, may be
used for the discovery of novel chemotypes for other GPCRs.

MATERIALS AND METHODS
Cells and viruses. MT-4 cells were grown in RPMI 1640 culture medium
supplemented with 10% fetal calf serum (FCS) (Gemini Bio-Products).
The multinuclear activation of the galactosidase indicator (MAGI) cell
line (14) and the U373-MAGI cell line (15) were provided by the NIH
AIDS Research and Reference Reagent Program and were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
FCS, 200 �g/ml G418, and 100 �g/ml hygromycin B. The 293T cells were
cultured in DMEM with 10% FCS. Peripheral blood mononuclear cells
(PBMC) were isolated from buffy coats from HIV-1-seronegative individ-

uals and were activated with 10 �g/ml phytohemagglutinin (PHA) prior
to use, as described previously (16). Two HIV-1 strains, i.e., HIV-1NL4-3

(17) and HIV-1BaL (18), were employed for drug susceptibility assays.
HIV-1 gp120-elicited cell-cell fusion assay. The HIV-1-gp120-elic-

ited cell-cell fusion assays using a panel of CXCR4 mutants were con-
ducted as reported previously (19), with minor modifications. The
CXCR4 expression vector pcDNA3.1-CXCR4 (Missouri University of Sci-
ence and Technology cDNA Resource Center, Rolla, MO) was employed,
and a variety of plasmids carrying a mutant CXCR4-encoding gene
(pcDNA3.1-CXCR4MT) were subsequently generated by employing the
site-directed mutagenesis technique. The HIV-1 envelope expression vec-
tor pCXN-NL4-3env was generated by replacing the JRFL envelope gene
of pCXN-JRenv (20) with the NL4-3 envelope gene.

The envelope expression vector (pCXN-NL4-3env) and Tat expres-
sion vector (19) (0.5 �g each) were cotransfected into 293T cells (2 � 105

cells, 3 ml in 6-well microculture plates) using Lipofectamine 2000 (Invit-
rogen), while the wild-type or mutant CXCR4 expression vector and
pLTR-LucE (0.5 �g each) were cotransfected into U373-MAGI cells (2 �
105 cells, 3 ml in 6-well microculture plates), since they do not endoge-
nously express CXCR4. On the next day, the two types of cotransfected
cells were harvested and mixed in wells of 96-well plates (2 � 104 cells
each). The cotransfected cells were incubated further for 6 h, and the
luciferase activity in each well was detected using the Bright-Glo luciferase
assay system (Promega); luminescence levels were measured using a Ve-
ritas microplate luminometer (Turner BioSystems, Sunnyvale, CA). Non-
specific luciferase activity was determined in wells containing control
Tat� Env� 293T cells and Luc� CXCR4� U373-MAGI cells, and the value
of the nonspecific luminescence was subtracted from each experimental
luminescence value. The inhibition of cell-cell fusion by the test com-
pounds was determined under the same conditions but with various drug
concentrations, and the 50% inhibitory concentration (IC50) values were
determined.

Computational screening. We searched the screening libraries from
ChemBridge (http://www.chembridge.com) to identify potential small-
molecule inhibitors of CXCR4. In brief, the computational search identi-
fied potential molecules with the following two simulations: (i) initial
identification of molecules with high shape similarity to IT1t (12), a
known CXCR4 inhibitor, and (ii) subsequent determination of the puta-
tive binding mode and interactions of these molecules with potentially key
CXCR4 amino acid residues. A flow diagram of the screening protocol is
shown in Fig. 1. Initially, known aggregators, molecules with more than 20
rotatable bonds, and molecules of �350 Da or �750 Da were eliminated
from consideration. In order to determine the molecules with high shape
similarity to IT1t, the possible stereoisomers and three-dimensional con-
formations were generated using Omega (version 2.3.2; OpenEye Scien-
tific Software, Inc., Santa Fe, NM), and the shape overlay program ROCS
(version 3.0.0; OpenEye Scientific Software) was used (21, 22). The crystal
structure conformation of IT1t (12) was used as the query template
against which molecules from the chemical database were aligned. Mole-
cules whose Tanimoto coefficients for IT1t shape similarity were at least
0.7 were retained for molecular docking. In order to eliminate lack of
compatibility between software suites from different sources, the possible
ionization states at pH 7 	 2, tautomers, stereoisomers, and ring confor-
mations of these molecules were generated again with LigPrep (version
2.4; Schrödinger, LLC). These structures were docked into CXCR4 using
Glide (version 5.6; Schrödinger, LLC) (23, 24). The crystal water mole-
cules were removed, the docking grid around the binding site of IT1t
binding to CXCR4 was generated, and molecules were docked. Molecules
that did not form hydrogen bond interactions with at least two of the
following residues determined to be important for the fusion of gp120
envelope protein to CXCR4 were eliminated: Asp97, Tyr116, Phe174,
Ala175, Asp182, Asp187, Arg188, Tyr190, Asp262, Glu288, and Phe292.
Selection of the candidate molecules was made by analyzing the putative
binding mode and interactions with CXCR4 residues, without explicit
consideration of the Glide docking scores.
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Determination of inhibition of chemokine binding to CXCR4. In
order to determine whether the selected compounds bound to CXCR4,
calcium flux binding inhibition assays were conducted using the Fluo-4
Direct calcium reagent (Invitrogen), according to the manufacturer’s pro-
tocol. In brief, MOLT-4 cells (5 � 105 cells) were exposed to Fluo-4 Direct
calcium reagent for 60 min at 37°C in RPMI 1640 medium containing 5%
FCS. A test compound was added at various concentrations, the mixture
was incubated for 30 min, and the cells were exposed to stromal cell-
derived factor 1
 (SDF-1
) at a concentration of 1 nM. Relative increases
in cytosolic Ca2� levels after SDF-1
 exposure were determined by fluo-
rescence-activated cell sorting (FACS) analysis with a FACSCalibur sys-
tem (BD Biosciences), and IC50s for cytosolic Ca2� mobilization (Ca2�

flux) by test compounds were determined by comparison with the Ca2�

flux levels in drug-free control samples.
Drug susceptibility and cytotoxicity assays. The susceptibility of

HIV-1 strains to various drugs was determined as described previously
(16, 25), with minor modifications. In the 3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-2H-tetrazolium bromide (MTT) assay, MT-4 cells (5 � 104

cells/ml) were exposed to 100 times the 50% tissue culture infective dose
(TCID50) of HIV-1 in the presence of various concentrations of drugs, in
96-well microculture plates, and were incubated at 37°C for 5 days. After
culture, 10 �l of cell-staining solution (Cell Counting Kit-8; Dojindo Mo-
lecular Technologies, Inc., Japan) was added to each well in the plate,
followed by incubation at 37°C for 1 to 2 h, and the optical density at 450
nm was measured in a microplate reader (model 3550; Bio-Rad). All as-
says were performed in duplicate, and data shown represent mean 	 1
standard deviation values derived from the results of at least two indepen-
dent experiments.

PHA-activated PBMC (1 � 106 cells/ml) were exposed to 50 times the
TCID50 of HIV-1NL4-3 in the presence or absence of various concentra-
tions of drugs in 10-fold serial dilutions, in 96-well microculture plates.
All assays were performed in triplicate. The amounts of p24 antigen pro-

duced by the cells were determined on day 7 in culture using a commer-
cially available enzyme-linked immunosorbent assay (ELISA) kit
(PerkinElmer). Drug concentrations that resulted in 50% inhibition
(IC50) of p24 antigen production were determined by comparison with
the p24 production levels in drug-free control cell cultures. Antiviral as-
says using MAGI cells (MAGI cell assay) were also conducted, as reported
previously (16).

The cytotoxicity of compounds in MT-4 cells was also determined
using the MTT assay. Cells were plated in 96-well plates, exposed to var-
ious concentrations of the compound, and cultured under the same con-
ditions as for the anti-HIV-1 assay. The number of viable cells in each well
was determined using the Cell Counting Kit-8.

Synthesis of piperidinylethanamine derivatives. The synthesis of a
PEA derivative (inhibitor CX6) is shown in Fig. 2. Reductive amination of
ethylpiperdine-3-carboxylate with cyclopentanone provided amine 1 in
81% yield. Dibal-H reduction at �78°C afforded aldehyde 2 in 75% yield.
Amine 4 was prepared by alkylation of piperidine with commercially
available bromide 3. Reductive amination of aldehyde 2 with amine 4 in
the presence of titanium tetraisopropoxide furnished secondary amine 5.
Amine 5 was then subjected to reductive amination with 3-hydroxyben-
zaldehyde to provide compound 6 (CX6) in 78% yield and 97% purity, as
determined by high-performance liquid chromatography (HPLC). The
detailed experimental procedure and characterization are described in the
supplemental material. The characterization of other synthesized PEA
derivatives (CX6, CX21, CX22, CX23, CX24, CX25, and CX27) is de-
scribed in the supplemental material.

RESULTS
Effects of amino acid substitutions in CXCR4 on cell fusion in-
duced by HIV-1 envelope glycoprotein. The HIV-1 envelope gly-
coprotein gp120 interacts with CXCR4 for entry to CD4� T cells.

FIG 1 Flow diagram of the computational screening protocol. Starting from over 600,000 compounds from a general screening library, molecules that were too
flexible or did not meet our desired molecular weight range were eliminated. The three-dimensional shape similarities of molecules with respect to IT1t, a known
inhibitor, were determined, and molecules with Tanimoto coefficients of at least 0.7 were retained. The interactions of these molecules with CXCR4 were
determined by molecular docking. Sixteen molecules were selected based on their ability to form hydrogen bonds with at least two critical residues, as determined
by fusion assays with mutant CXCR4 and HIV-1 envelope protein and by their binding modes and locations in the active site. Ca2� binding, cell-cell fusion, and
antiviral assays identified three compounds with PEA cores that bound to CXCR4 and were active against X4 HIV-1.
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The gp120-CXCR4 interaction is described by a two-site model in
which the N terminus of CXCR4 interacts with the base of the
hypervariable region 3 (V3) loop of gp120 (site 1) and CXCR4
residues in transmembrane (TM) helices and extracellular loop 2
(ECL2) interact with the tip of V3 (site 2) (12). The two-site model
suggests that certain transmembrane and extracellular residues
are important for gp120 binding, and we hypothesized that small
molecules that bind to such residues in the orthosteric binding site
would likely inhibit the CXCR4-gp120 interactions. To determine
these residues, 56 amino acid residues in the extracellular and
transmembrane regions of CXCR4 were selected for introduction
of amino acid substitutions and the HIV-1 gp120-elicited cell fu-
sion levels were determined and compared to those of wild-type
CXCR4. The intracellular residues are important for signal trans-
duction but do not seem to directly affect anti-HIV-1 inhibitor
binding or gp120-elicited fusion; hence, they were not considered.
The significance of some of the residues selected for substitution is
as follows. Asp133, Arg134, and Tyr135 in TM3 are the conserved
Asp-Arg-Tyr motif in various GPCRs and are reportedly impor-
tant in triggering ligand-induced conformational changes that
lead to receptor activation (26). Asp171 (TM4), Gly207 (TM5),
Asp262 (TM6), Asp187 (ECL2), Arg188 (ECL2), Tyr190 (ECL2),
and His281 (ECL3) are important in the binding of T140,
AMD3100, or AMD3465 to CXCR4 (27–29). The second extracel-
lular loop (ECL2) is known to be important for the structure and
function of CXCR4, CCR5, and other GPCRs (30–32); therefore,
several residues in ECL2 were selected. Cys109 located in the ex-
tracellular region of TM3 forms a disulfide bond with Cys186 in
ECL2. This disulfide linkage is conserved for class A GPCRs and is
known to be important for their structures and functions (12, 32).
The effects of substitution of some of these residues on HIV-1

glycoprotein-elicited fusion were reported previously (33); the
coverage was partial, however, and we carried out a comprehen-
sive analysis of the effects of CXCR4 amino acid residues on virally
induced fusion.

Figure 3A shows the changes in cell-cell fusion levels with wild-
type versus mutant CXCR4. Eleven amino acid substitutions
(D97A, Y116A, F174A, A175F, D182A, D187A, R188A, Y190A,
D262A, E288A, and F292A) resulted in substantial reductions
(more than 30%) in the levels of fusion elicited by HIV-1 envelope
protein. Amino acid substitutions C109A, D133A, C186A, and
D193A drastically reduced CXCR4-gp120 fusion; however, they
also caused critical decreases in the levels of CXCR4 expression on
the cell surface, as determined by FACS analysis. Therefore, we
could not determine whether these reductions were because of
functional importance or because of decreased expression levels.
Substitutions of Asn176 (in ECL2) had no effects on the fusion
levels, in agreement with the data of Brelot et al. (33). It is note-
worthy that there are a number of negatively charged acidic resi-
dues (D97A, D182A, D187A, D262A, and E288A) whose substi-
tutions significantly decreased gp120-elicited fusion (Fig. 3A).
These acidic residues may interact with the basic residues of gp120
to affect coreceptor selectivity. Negatively charged acidic residues
have also been shown to be important for the binding of SDF-1
and for CXCR4 coreceptor function in HIV-1 entry (33).

We analyzed the crystal structures of CXCR4 (12) to under-
stand the interactions and orientations of the residues whose sub-
stitutions adversely affected the interactions of CXCR4 with the
HIV-1 envelope protein (Fig. 3B). Six amino acid substitutions
(F174A, A175F, D182A, D187A, R188A, and Y190A) that affected
the fusion event were identified in or near ECL2 (Fig. 3B), strongly
suggesting that this region as a whole probably affects fusion more
than any other loop or transmembrane region of CXCR4. Asp187
and Arg188 have hydrogen bond interactions with each other
through their side chains and form part of the binding cavity.
However, Phe174, Ala175, and Tyr190 are not part of the ligand
binding pocket of IT1t. Asp262, located in TM6, is not close
enough to the ligand binding pocket of IT1t but forms hydrogen
bond interactions with the much larger 16-residue peptide CVX15
(12). Site-directed mutagenesis studies have suggested that
Asp262 is important for the binding of AMD3100 (27). Glu288 (in
TM7) has a hydrogen bond with the side chain of Tyr116 (in TM3)
and an intrahelical hydrogen bond with Phe292 (in TM7), and
these three residues form part of the binding pocket within the
transmembrane domain. The side chain of Asp97 forms part of
the binding pocket for small molecules, whereas the carboxylate
side chain of Asp182 is oriented toward the extracellular region
and away from the binding pocket located inside the transmem-
brane domain. Substitutions of residues in TM5 or ECL3 did not
affect the fusion event in the assay (Fig. 3A), indicating that these
regions are not involved in the interaction of CXCR4 with the
HIV-1 envelope protein.

Computational examination of molecules for identification
of CXCR4 inhibitors. We searched a general screening library
from ChemBridge, which contains more than 600,000 molecules,
to select molecules for assays as potential inhibitors of CXCR4.
Known aggregators and molecules that did not have molecular
weights between 350 and 750 were eliminated (Fig. 1), and the
possible stereoisomers and conformations of the rest were deter-
mined with Omega (version 2.3.2; OpenEye Scientific Software,
Inc., Santa Fe, NM) (21). Previous studies showed that determi-

FIG 2 Synthesis of inhibitor 6 (CX6). AcOH, acetic acid; DMF, dimethylfor-
mamide; EtOH, ethanol.
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nation of molecular similarity plays a critical role in the analysis of
large databases of compounds in chemical and pharmaceutical
research (34). Therefore, using the software tool ROCS (22), we
determined the shape similarity of the molecules from the Chem-
Bridge library with respect to IT1t, a molecule that binds with high
affinity to CXCR4 and demonstrates anti-HIV-1 activity (11, 12).

The highest Tanimoto coefficient for IT1t shape similarity from
the database was 0.85. A total of 753 unique molecules with 1,005
configurations/conformations had shape overlap Tanimoto coef-
ficients of at least 0.70. The binding modes and interactions of
these molecules with CXCR4 were determined by molecular
docking using Glide (version 5.6; Schrödinger, LLC) (23, 24). To

FIG 3 (A) Effects of CXCR4 amino acid substitutions on cell fusion elicited by the HIV-1 envelope glycoprotein. Tat� X4 Env� 293T cells were cocultured with
U373-MAGI cells expressing long terminal repeat (LTR)-luciferase and CXCR4 (wild-type [WT] or mutant) in a 96-well plate for 6 h. The luciferase activity (y
axis), which indicated cell-cell fusion activity, was measured. The value in wells with U373-MAGI cells with wild-type CXCR4 is shown as 100% (black bar). For
U373-MAGI cells with mutant CXCR4, activities of less than 70%, compared to that of the wild-type control, are shown by magenta bars, whereas activities of
more than 70% are shown by blue bars. The white bars indicate substitutions that had both low cell expression and low luciferase activity. The data shown
represent mean 	 1 standard deviation values derived from results of at least two independent experiments. (B) Locations of CXCR4 amino acids whose
substitution decreased cell fusion elicited by HIV-1 envelope glycoprotein. A ribbon and van der Waals surface diagram of CXCR4 with the locations of residues
whose substitution resulted in more than 30% decreases (magenta bars in panel A) in cell fusion elicited by HIV-1 envelope glycoprotein is shown. Red spheres,
alpha carbons of the residues. The diagram was generated using Maestro (version 9.3; Schrödinger, LLC).
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avoid any issues that might arise through the use of conformations
generated by Omega with Glide docking, LigPrep was used to
generate molecular configurations and conformations for dock-
ing, and it generated 14,226. These configurations/conformations
were docked to the crystal structure of CXCR4 to determine their
possible binding modes. Since it had been determined that
CXCR4 transmembrane residues Asp97, Tyr116, Asp262, Glu288,
and Phe292 and ECL2 residues Phe174, Ala175, Asp182, Asp187,
Arg188, and Tyr190 appeared to be important for the cell fusion
event (Fig. 3A), we hypothesized that molecules that bound
around the active site, as determined in the crystal structure, and
formed hydrogen bond interactions with at least two of these res-
idues would be likely to competitively inhibit the interactions of
CXCR4 with gp120. Our candidate molecule selection was based
on shape similarity to a known inhibitor (IT1t) and putative bind-
ing modes and interactions with residues that were determined to
be important for the HIV-1 gp120-elicited cell fusion event with
CXCR4. Of note, we did not use any energy-based or empirical
scoring functions for estimation of relative affinities for the selec-
tion of compounds. Based on the hypothesis described above, we
selected 16 compounds (named CX1 to CX16) from the Chem-
Bridge general screening library for biological assays. Three com-
pounds were piperidinylethanamine derivatives, and four com-
pounds were tetrahydro-�-carboline derivatives. The other
compounds contained quinoxaline, indole, indane, imidazole,
imidazopyridine, imidazothiazole, piperazine, morpholine, and
diazepane moieties. In computational examinations of screening
libraries, completely different cores are selected for assays in some
instances, but we chose multiple piperidinylethanamine and tet-
rahydro-�-carboline derivatives, as their binding modes were
thought to be most substantive. While there are certain advan-
tages to selecting only one compound for each core, we decided
not to take that approach because we did not want to eliminate an
active core if the only compound we chose happened to be inac-
tive.

Inhibition of chemokine binding to CXCR4 by piperidinyle-
thanamine derivatives. We investigated whether the 16 selected
compounds bound to CXCR4 by blocking the intracellular Ca2�

mobilization induced by SDF-1
, whose primary receptor is
CXCR4. One of the compounds, described as CX6 (Fig. 4),
blocked the SDF-1
-induced Ca2� mobilization in MOLT-4 cells
with an IC50 of 92 nM (Table 1; also see Fig. S1 in the supplemental
material). In the same assay, AMD3100 showed inhibition of SDF-
1
-induced Ca2� mobilization with an IC50 of �10 nM (see Fig.
S1 in the supplemental material). Two other compounds, namely,
CX11 and CX13, both of which are piperidinylethanamine (PEA)
derivatives like CX6 (Fig. 4), blocked SDF-1
-induced Ca2� mo-
bilization in MOLT-4 cells with IC50s of 161 and 149 nM, respec-
tively (Table 1). None of the other compounds (see Fig. S2 in the
supplemental material) bound to CXCR4. Of note, all three PEA
derivatives (CX6, CX11, and CX13) failed to block the Ca2� mo-
bilization induced with RANTES, whose receptor is CCR5, indi-
cating that these compounds did not bind to CCR5. When we
investigated whether these three compounds had agonistic effects
to induce Ca2� mobilization in CXCR4� cells, none induced Ca2�

mobilization, suggesting that CX6, CX11, and CX13 were antag-
onists of CXCR4 (see Fig. S3 in the supplemental material). In
summary, the data presented above strongly suggested that the
PEA derivatives bound to CXCR4 with specificity and were antag-
onists of CXCR4. Subsequently, we newly synthesized CX6 (Fig. 2;
also see the descriptions in the supplemental material). Other PEA
derivatives were also synthesized in high purity, and their charac-
terization is described in the supplemental material.

Inhibition of fusion elicited by HIV-1NL4-3 envelope protein
interactions with CXCR4 by piperidinylethanamine deriva-
tives. The fusion event elicited by the interactions of HIV enve-
lope glycoprotein with CXCR4 enables the virus to gain entry into
cells, eventually leading to viral replication. The 16 compounds
were selected through docking simulations that suggested that
they bound to a potential orthosteric binding site of CXCR4.

FIG 4 Structures of CXCR4 inhibitors. The structures of IT1t (11), a known inhibitor, and CX6 are shown. The newly identified inhibitors have a cyclopen-
tylpiperidinylmethylpiperidinylethylamine (CpPMPEA) pharmacophore. The R-groups and anti-HIV-1 activities of the other derivatives are shown.
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These compounds formed hydrogen bonds with at least two
amino acid residues most likely to be important for the fusion
event and thus have the potential to competitively inhibit the fu-
sion event. We thus assessed whether the compounds were actu-
ally able to inhibit the interactions of the HIV-1NL4-3 envelope
protein with CXCR4 and to block the fusion event in the HIV-1
gp120-elicited cell-cell fusion assays with wild-type CXCR4. Both
CX6 and CX11 blocked the fusion, with IC50s of 1.9 �M and 7.9
�M, respectively (Table 1). Moreover, none of the compounds,
including CX6 and CX11, inhibited the fusion event, as examined
with the HIV-1 gp120-elicited cell-cell fusion assay, with cells ex-

pressing wild-type CCR5 derived from HIV-1BaL (R5 HIV-1), as
described previously (19, 30). This finding suggested that CX6 and
CX11 inhibited the fusion event associated with CXCR4 but not
that associated with CCR5.

Interactions of piperidinylethanamine derivatives with
CXCR4. The three-dimensional shape overlay of CX6 (shown in
gray sticks) with IT1t (shown in green sticks), as determined by
ROCS (version 3.0.0; OpenEye Scientific Software), is shown in
Fig. 5A. The molecules have an excellent Tanimoto coefficient of
0.73 for shape overlap. The imidazothiazole ring of IT1t overlays
the cyclopentylpiperidinyl group of CX6. The interactions of the

TABLE 1 Anti-HIV activities, SDF-1
 binding inhibition, and cytotoxicity of selected CXCR4 inhibitors

Compounda

Anti-HIV activity IC50 (mean 	 SD) (�M)

IC50 (mean 	 SD) (�M)
in fusion assay with
HIV-1NL4-3 Env (X4)

Binding IC50

(mean 	 SD) (nM)b

CC50 (mean 	 SD)
(�M)c

MTT assay with
HIV-1NL4-3 (X4)

p24 assay with
HIV-1NL4-3 (X4)

MAGI cell
assay with
HIV-1LAI (X4)

MAGI cell
assay with
HIV-1BaL (R5)

CX6 1.5 	 0.4 3.0 	 0.8 3.0 	 1.5 �10 1.9 	 0.4 92 	 20 58 	 25
CX11 2.6 	 0.3 4.6 	 2.0 5.2 	 3.0 �10 7.9 	 1.1 161 	 6 96 	 22
CX13 2.6 	 1.0 6.7 	 2.2 7.8 	 1.3 �10 �10 149 	 19 �100
CX20 0.6 	 0.5 1.0 	 0.5 1.2 	 0.5 �10 1.5 	 0.2 76 	 10 40 	 3
CX26 2.6 	 1.3 2.6 	 1.1 7.3 	 1.1 �10 2.9 	 0.5 159 	 20 36 	 3
AMD3100 0.02 	 0.01 NDd 0.011 	 0.008 �10 ND 12 	 1 �10
AMD11070 0.026 	 0.01 ND ND ND ND 32 	 4 �10
a CX6, CX11, and CX13 were among the 16 compounds initially selected from the general screening library. CX20 and CX26, containing the CpPMPEA pharmacophore, were
subsequently analyzed. Anti-HIV activity and binding data for the known CXCR4 inhibitors AMD3100 and AMD11070 are included for comparison. All assays were conducted in
duplicate, and data shown represent mean 	 1 standard deviation (SD) values derived from the results of at least two independent experiments.
b Binding IC50 values were determined in Ca2� flux assays with MOLT-4 cells.
c CC50 values were determined in MTT assays with MT4 cells.
d ND, not determined.

FIG 5 (A) ROCS shape overlap and similarity of the query molecule (IT1t) and an identified lead molecule (CX6). The figure shows a representation of the
three-dimensional shape (volume) overlap and similarity between IT1t (green carbons) and the identified lead molecule CX6 (gray carbons). The surface of IT1t
is shown in gray and that of the identified inhibitor CX6 is shown in orange. The molecules are structurally different but have a shape overlap Tanimoto coefficient
of 0.73. (B and C) Model of the interaction of CX6 with CXCR4. CXCR4 TM helices are shown by a ribbon representation in panel B. CX6 is represented by tubes
with gray (B) and green (C) carbons. The model suggests that CX6 forms polar interactions with Asp97 and Glu288, residues important for the fusion elicited by
HIV envelope protein interactions with CXCR4. (D and E) Side view (D) and view from the top (E) of the molecular surface of CX6 bound in the active site of
CXCR4. The diagrams were generated using Maestro (version 9.3; Schrödinger, LLC).
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identified compound (CX6) with CXCR4 were deduced by mo-
lecular docking analysis. The interactions of CX6 with CXCR4 are
illustrated in Fig. 5B to E. The following amino acid residues of
CXCR4 were seen to form the active site (�4 Å from the inhibitor)
for the binding of CX6: Glu32 of the N terminus of CXCR4;
Phe36, Asn37, Leu41, and Tyr45 of TM1; Trp94, Asp97, and Ala98
of TM2; Trp102 of ECL1; Val112, His113, and Tyr116 of TM3;
Cys186 and Arg188 of ECL2; and His281, Ile284, Ser285, and
Glu288 of TM7. Thus, the molecule CX6 bound in the active site
predominantly formed by residues from TM1, TM2, TM3, TM7,
and ECL2. As expected, no amino acid residues of TM4, TM5, or
TM6 had interactions with CX6. The nitrogens of both piperidine
groups were determined to be protonated (LigPrep version 2.4;
Schrödinger, LLC). For CX6, the protonated nitrogen of cyclo-
pentylpiperidinyl had hydrogen bond interactions with Glu288,
and the protonated nitrogen of piperidinylethanamine had hy-
drogen bond interactions with Asp97. The phenol group of CX6
interacted with Glu32 located in the N terminus of CXCR4. Asp97
has been shown to be important for the binding of AMD070 as
well as for CXCR4-gp120 fusion. Glu288 is important for the fu-
sion event, as it has been shown that substitution of Glu288 with
alanine results in loss of the CXCR4-gp120 fusion. Sequence
alignment indicated that the residue corresponding to Glu288 of
CXCR4 is Glu283 of CCR5. Therefore, E283 in CCR5 should be
important for the binding of the CCR5 antagonist aplaviroc and
its analogs, in line with previously published results (19, 30). In-
deed, substitutions of E283 in CCR5 resulted in loss of the CCR5-
gp120 fusion event, as described previously (19, 30).

E283 of CCR5 and E288 of CXCR4 represent the 6th residue of
TM7 in both chemokine receptors. Glutamic acid at position 6 in
TM7 is a highly conserved amino acid residue in chemokine re-
ceptors and has been demonstrated to be important for the bind-
ing of nonpeptidic ligands to chemokine receptors CCR1 and
CCR2 (35). Our current study suggests that Glu288 is an impor-
tant residue to target for rational structure-based design and dis-
covery of CXCR4 inhibitors.

Binding of PEA derivatives to CXCR4 and antiviral activity
against X4 HIV-1. Finally, we determined the anti-HIV-1 activity
and cytotoxicity of CX6 with the MTT assay using X4 HIV-1NL4-3

and MT4 cells as target cells. CX6 suppressed the infectivity and
replication of HIV-1NL4-3 with a good dose-response relationship
(Fig. 6). As shown in Table 1, CX6 exerted substantial activity
against HIV-1NL4-3 and HIV-1LAI, both of which are X4 HIV-1
strains, with IC50s of 1.5 and 3.0 �M, respectively. The 50% cyto-
toxic concentration (CC50) of CX6 was 58 �M, with a therapeutic
index of 39. CX6 blocked the fusion event, as examined in the
fusion inhibition assay using HIV-1NL4-3-derived envelope pro-
tein. In the Ca2� flux inhibition assay, in which SDF-1
-elicited
Ca2� flux levels are determined in the presence or absence of a
potential small-molecule inhibitor, CX6 was found to block the
flux with an IC50 of 92 nM (Table 1). As expected, however, CX6
failed to block the infectivity and replication of R5 HIV-1 (HIV-
1BaL; IC50, �10 �M), as examined in an anti-HIV assay using
HIV-1BaL and MAGI cells. CX11 and CX13 similarly exerted ac-
tivity against X4 HIV-1NL4-3 and X4 HIV-1LAI but failed to block
the infectivity and replication of R5 HIV-1BaL (Table 1). Of note,
CX13 was least active among the three PEA derivatives initially
examined, and it only marginally suppressed the fusion event (25
to 27% reduction at 10 �M), as examined using the HIV-1NL4-3-
derived envelope protein. Cyclopentylpiperidinylmethylpiperidi-

nylethylamine (CpPMPEA) is the pharmacophore of these PEA
derivatives (Fig. 4). Substitution of the cyclopentanepiperidinyl
group with an m-methoxybenzene moiety abolished activity, con-
firming that CpPMPEA is critical for the observed activities.

After establishing the activity and specificity of the PEA deriv-
atives as described, we examined the activity of other PEA deriv-
atives with the CpPMPEA pharmacophore (Fig. 4). CX20 and
CX26 similarly exerted substantial activity against X4 HIV-1NL4-3

and X4 HIV-1LAI but failed to block the infectivity and replication
of R5 HIV-1BaL (Fig. 4 and Table 1). Of note, CX20 exerted the
most potent activity against X4 HIV-1NL4-3 and X4 HIV-1LAI, had
a therapeutic index of 67, and most potently inhibited CXCR4-
associated fusion and SDF-1-induced Ca2� flux among the eight
PEA derivatives examined. In this regard, a docking analysis dem-
onstrated that the larger benzimidazole group of CX20, compared
to the phenol moiety of CX6, forms a better hydrophobic contact
with CXCR4, thus probably giving rise to its more potent anti-
HIV-1 activity and greater binding affinity. It is also of note that
CX26 and CX6 are isomers and differ in the position of the alcohol
group in the phenol (CX26 has o-phenol, while CX6 has m-phe-
nol). CX26 had comparable anti-HIV-1 activity, with an IC50 of
2.6 �M, with respect to CX6, suggesting that the phenol moiety
should have good interactions with CXCR4 receptors. We synthe-
sized six other PEA derivatives (CX21, CX22, CX23, CX24, CX25,
and CX27) and determined their anti-HIV-1 activities. As assessed
in the MTT assay, the compounds had activity against X4 HIV-
1NL4-3, with IC50s between 0.6 and 2.9 �M (Fig. 4), confirming
that the CpPMPEA pharmacophore plays significant roles in the
interactions and activities of these derivatives with CXCR4.

DISCUSSION

As of this writing, maraviroc, which is active against R5 HIV-1, is
the only CCR5 inhibitor in clinical use. Many infected patients
carry both R5 HIV-1 and X4 HIV-1 strains, and no small-mole-
cule inhibitor specifically targeting CXCR4 is in clinical use.
Moreover, X4 HIV-1 may become predominant when HIV-1 dis-
ease progresses. Thus, the availability of a CXCR4 inhibitor would
greatly increase the treatment options for patients infected with
X4 and dual-tropic X4/R5 HIV-1 (2). In vitro studies suggest that

FIG 6 Antiviral activities of PEA derivatives against HIV-1NL4-3 (X4 HIV-1).
The dose-response curves for the antiviral activities determined by MTT assays
using MT4 cells and HIV-1NL4-3 are shown. All assays were conducted in du-
plicate, and the data shown represent mean 	 1 standard deviation values
derived from the results of at least two independent experiments.

Das et al.

1902 aac.asm.org April 2015 Volume 59 Number 4Antimicrobial Agents and Chemotherapy

http://aac.asm.org


CCR5 and CXCR4 inhibitors together provide greater synergistic
effects (36). Therefore, the use of CCR5 and CXCR4 inhibitors
together should have significant potential to provide greater ben-
efits to patients, particularly over the use of maraviroc alone.

CCR5 has been actively pursued as a promising target, as some
patients with a natural deletion of the CCR5 gene are apparently
physiologically normal. CXCR4 belongs to the family of chemoat-
tractant cytokines and is reportedly functionally important for
angiogenesis, angiostasis, embryogenesis, cancer, and inflamma-
tory diseases (37). These putative functions indicate the challenges
involved in developing safe CXCR4 antagonists for clinical use. In
fact, clinical trials of AMD3100 for HIV-1 treatment were discon-
tinued due to toxicity, although the compound was later approved
as a stem cell mobilizer. An ideal solution to CXCR4 inhibitor-
induced toxicity would be to create a molecule that, when bound
to CXCR4, could prevent HIV-1 fusion without interfering with
normal CXCR4 functions. Besides discovering a molecule with a
high selectivity index, an optimal dosage might need to be deter-
mined. It is quite possible that determining a specific dose of a
CXCR4 inhibitor could lead to effective HIV interventions while
minimizing toxicity. If these challenges are overcome, then
CXCR4 inhibitors are likely to play significant roles in ART regi-
mens.

Besides inhibitors targeting CCR5 and CXCR4, inhibitors such
as AR177 (Zintevir) that target gp120 and demonstrate anti-HIV
activity have been reported (38). Virtually all inhibitors of
CXCR4-gp120 interactions previously reported in the literature
were discovered and optimized before the crystal structure of
CXCR4 became available. The CXCR4 crystal structure reported
by Wu et al. (12), showing an orthosteric binding site, opened the
possibility of the discovery of novel inhibitor chemotypes and
rational optimization of inhibitors. We performed a comprehen-
sive examination of the effects of amino acid substitutions in the
transmembrane and extracellular domains of CXCR4 on HIV-1
gp120-elicited cell fusion and identified 11 residues important for
preserving the interaction of CXCR4 with the gp120 protein. We
hypothesized that molecules that formed hydrogen bond interac-
tions with at least two of these residues might competitively in-
hibit the interaction of CXCR4 and gp120 and exert antiviral ac-
tivity. A general screening library was searched to identify
molecules that exhibited high three-dimensional shape similarity
to a known CXCR4 inhibitor and formed hydrogen bond interac-
tions with at least two of those 11 residues. Using a computational
search that took into account the residue-by-residue interaction
analysis of CXCR4, we identified piperidinylethanamine deriva-
tives as a novel CXCR4 antagonist family. The most promising
PEA derivative (CX20) inhibited SDF-1
-induced Ca2� influx
with CXCR4 in MOLT-4 cells with an IC50 of 76 nM and exerted
anti-HIV-1 activity with an IC50 of 600 nM. AMD3100 and
AMD11070 inhibited SDF-1
-induced Ca2� influx with CXCR4
with IC50s of 12 nM and 32 nM, respectively (Table 1). The PEA
derivatives did not have any activity against R5 HIV-1BaL. In sum-
mary, our Ca2� flux, fusion, antiviral activity, and cytotoxicity
assays demonstrate that PEA derivatives exert their activities
through strong specific interactions with CXCR4 and not with
CCR5. The current study provides a platform for structure-based
discovery of CXCR4 inhibitors. The study also provides important
insights into the mechanism of the antiviral activity of inhibitors
targeting CXCR4, and our approach may be useful in exploring

antagonists against other novel targets through understanding the
mechanisms of action.
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