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ABSTRACT
CXC chemokine receptor (CXCR)4 is an HIV coreceptor and
a chemokine receptor that plays an important role in several
physiological and pathological processes, including hemato-
poiesis, leukocyte homing and trafficking, metastasis, and an-
giogenesis. This receptor belongs to the class A family of G
protein-coupled receptors and is a validated target for the
development of a new class of antiretroviral therapeutics. This
study compares the interactions of three structurally diverse
small-molecule CXCR4 inhibitors with the receptor and is the
first report of the molecular interactions of the nonmacrocyclic
CXCR4 inhibitor (S)-N�-(1H-benzimidazol-2-ylmethyl)-N�-(5,6,7,8-
tetrahydroquinolin-8-yl)butene-1,4-diamine (AMD11070). Four-
teen CXCR4 single-site mutants representing amino acid
residues that span the entire putative ligand binding pocket
were used in this study. These mutants were used in binding

studies to examine how each single-site mutation affected
the ability of the inhibitors to compete with 125I-stromal-derived
factor-1� binding. Our data suggest that these CXCR4 inhibi-
tors bind to overlapping but not identical amino acid residues in
the transmembrane regions of the receptor. In addition, our
results identified amino acid residues that are involved in
unique interactions with two of the CXCR4 inhibitors studied.
These data suggest an extended binding pocket in the trans-
membrane regions close to the second extracellular loop of the
receptor. Based on site-directed mutagenesis and molecular
modeling, several potential binding modes were proposed for
each inhibitor. These mechanistic studies might prove to be
useful for the development of future generations of CXCR4
inhibitors with improved clinical pharmacology and safety
profiles.

CXCR4 is a chemokine receptor and a coreceptor for
T-tropic (CXCR4-using) HIV viruses. The developments of
drug resistance and toxicities in the current drug classes
have prompted the investigation into novel antiretroviral
agents with unique targets of action. Inhibition of viral entry
by coreceptor blockade has been a target under active inves-
tigation (Moore and Doms, 2003).

CXCR4 belongs to the class A family of seven transmem-
brane G protein-coupled receptors (GPCRs), which also in-
cludes a significant portion of proven drug targets (Klabunde
and Hessler, 2002). CXCR4 is expressed on a multitude of
tissues and cell types and has been shown to be involved in
the homing and trafficking of leukocytes and hematopoietic
progenitor cells, brain development, vascularization, neo-
natal development, T-cell activation and migration at sites of

inflammation, and hematopoiesis (Murdoch, 2000). SDF-1
(also known as CXCL12) is the only known ligand that binds
to CXCR4. In addition to its physiological roles, the SDF-1�-
CXCR4 axis has been suggested to play an important role in
the progression of different types of cancer, including breast
cancer, small cell lung cancer, chronic lymphocytic leukemia,
and neuroblastoma (Burger and Kipps, 2006),. The effects of
the SDF-1�-CXCR4 axis on tumor progression are thought to
be mediated through a combination of promoting tumor cell
survival, metastasis, and/or angiogenesis. The blockade of
CXCR4, either by neutralizing antibody or small-molecule
inhibitor, has been shown to have antimetastatic effects on
many cancers (Burger and Kipps, 2006).

AMD3100 (plerixafor) is the first nonpeptide, small-mole-
cule CXCR4 inhibitor reported in the literature (Bridger et
al., 1995). Clinical studies of AMD3100 in HIV-infected pa-
tients have provided proof of concept for CXCR4 blockade in
HIV therapy (Hendrix et al., 2004). AMD3100 is currently
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in late-stage clinical trials as a stem colony mobilization
agentin combination with granulocyte colony-stimulating
factor (Flomenberg et al., 2005). AMD3465 is a monocyclam
CXCR4 inhibitor with reduced molecular size and charge
compared with AMD3100 (Hatse et al., 2005). In addition to
its antiviral activity, a recent report has shown that it could
abrogate T-helper 2-mediated hypersensitivity-type inflam-
mation, indicating a potential application of CXCR4 antago-
nism for the treatment of chronic hypersensitivity diseases
(Hu et al., 2006). AMD11070 is the first orally bioavailable
small-molecule CXCR4 inhibitor. In a phase Ib/IIa dose-
escalating proof-of-concept clinical study for the treatment of
HIV-infected patients carrying X4-using viruses, AMD11070
demonstrated activity in the first dose cohort (Moyle et al.,
2007; Saag et al., 2007).

The evolution from the macrocyclic and positively charged
AMD3100 to the monocyclam AMD3465 and to the non-
cyclam AMD11070 not only represents a progressive reduc-
tion in both molecular size and charge but also, more impor-
tantly, the gain of oral bioavailability. All three compounds
have been shown to bind to CXCR4 in a specific and revers-
ible manner, with no cross-reactivity with other chemokine
receptors, including CCR1, CCR2b, CCR4, CCR5, CCR7, and
CXCR3 (Schols et al., 2003; Hatse et al., 2005; Fricker et al.,
2006). In addition, they have been shown to inhibit SDF-1�
ligand binding to CXCR4, and SDF-1�-mediated calcium
flux, G protein activation, chemotaxis, and receptor internal-
ization, as well as the SDF-1�-independent viral replication
of T-tropic HIV viruses. Because all three compounds are
structurally diverse yet demonstrate similar patterns of
CXCR4 inhibitory activity, it is of interest to examine their
modes of interaction with the receptor.

An interesting structural feature of the bicyclam molecule
AMD3100 is the four protonated nitrogens (two per cyclam
ring) present at physiological pH. This suggests the possibil-
ity for interactions with negatively charged amino acids such
as aspartate and glutamate. This has been demonstrated in
a series of elegant experiments (Gerlach et al., 2001; Hatse et
al., 2001; Rosenkilde et al., 2004). In this study, we compare
and investigate the binding modes of the bicyclam AMD3100,
the monocyclam AMD3465, and the noncyclam AMD11070.
We used site-directed mutagenesis to generate single-site
mutants of the cloned human CXCR4 (hCXCR4) gene. The
mutants were used to investigate how each selected amino
acid affected the ability of the inhibitors to compete with
125I-SDF-1� binding to the receptor. Taking these experi-
mental data into account, molecular modeling was used to
dock these inhibitors into the receptor to suggest the possible
binding modes of these structurally diverse compounds.
Based on the data from these studies, we propose that each
molecule has the potential to bind in more than one mode to
the CXCR4 receptor. Understanding the interactions be-
tween the receptor and its inhibitors will probably assist in
the development of future generation therapeutics with dif-
ferent resistance profiles and improved pharmacological and
safety properties.

Materials and Methods
Cell Lines and Reagents. All compounds were chemically syn-

thesized at AnorMED as described previously (Bridges et al., 1995;
Hatse et al., 2005). SDF-1� was provided by the late I. Clarke Lewis

(University of British Columbia, Vancouver, BC, Canada). 125I-SDF-1�

was purchased from PerkinElmer Life and Analytical sciences (Boston,
MA). Cell culture media and reagents were purchased from Invitrogen
(Carlsbad, CA).

CCRF-CEM cell line (CCL-119), which endogenously expresses
hCXCR4, was obtained from American Type Culture Collection (Ma-
nassas, VA) and maintained in RPMI 1640 medium containing 1 mM
sodium pyruvate, 2 mM L-glutamine, and 10% FBS. P4-R5 MAGI
cells and pDOLHIVenv plasmid were obtained through the AIDS
Research and Reference Reagent Program (Division of AIDS, Na-
tional Institute of Allergy and Infectious Diseases, National Insti-
tutes of Health, Bethesda, MD): pDOLHIVenv from Drs. Eric Freed
and Rex Risser (Freed et al., 1989). P4-R5 MAGI cells were main-
tained in DMEM, 10% FBS, supplemented with 1 �g/ml puromycin.
CHO-K1 cells were maintained in F-12 K media with 10% FBS.
Canine thymus (Cf2Th) cells were obtained from American Type
Culture Collection and maintained in DMEM containing 1 mM so-
dium pyruvate, 4 mM L-glutamine, and 20% FBS.

Site-Directed Mutagenesis of hCXCR4 cDNA. CXCR4 single-
site mutants were generated by site-directed mutagenesis of the
cloned hCXCR4 in pcDNA3.1 using the QuikChange mutagenesis kit
following the supplier’s protocol (Stratagene, La Jolla, CA). Mu-
tagenesis primers were purchased from Operon Biotechnologies
(Huntsville, AL). DNA sequencing was performed on all the mutants
to confirm that the target sequence was obtained. DNA sequencing
was performed by the Nucleic Acid Protein Service Unit at the
University of British Columbia. Mutants D171N, V196A, D262N,
H281A, and E288A were obtained from M. Rosenkilde and T.
Schwartz (Panum Institute, Copenhagen University, Copenhagen,
Denmark).

CXCR4-Mediated Cell Fusion. Plasmid pDOLHIVenv contains
a 3108-base pair SalI-XhoI fragment encompassing the open reading
frames of the env, tat, rev coding regions from pNL4-3. P4-R5 MAGI
cells express endogenous CD4 and CXCR4 on the cell surface and
have also been stably transformed with a �-galactosidase that is
under the control of HIV-long terminal repeat, which is transacti-
vated by HIV or simian immunodeficiency virus Tat protein.
CHO-K1 cells (�95% confluent) were transiently transfected with
endotoxin-free preparation of the plasmid pDOLHIVenv using Lipo-
fectamine 2000 accordingly to supplier’s protocol (Invitrogen). Twen-
ty-four hours after the transfection, cells were lifted and resus-
pended at 4 � 105 cells/ml and mixed with P4-R5 MAGI cells (1:1
ratio) in white 96-well plates in the presence of CXCR4 inhibitors.
Cells were incubated for 16 to 20 h at 37°C, 5% CO2. Interaction of
CXCR4 expressed on P4-R5 MAGI cells and gp120 on the transiently
transfected CHO-K1 cells induced fusion of the two cell types and
resulted in the transactivation of the �-galactosidase gene. Fusion
level was monitored using the Galscreen substrate (Applied Biosys-
tems, Foster City, CA), with luminescence measured by Victor2
spectrophotometer (PerkinElmer Wallac, Gaithersburg, MD). IC50

values were calculated using Prism 4.0 software (GraphPad Soft-
ware Inc., San Diego, CA).

125I-SDF-1� Competitive Binding. Competitive binding studies
for hCXCR4 were performed in either CCRF-CEM cells or Cf2Th
cells transiently transfected with hCXCR4 cDNA. Expression of
hCXCR4 was confirmed by flow cytometry using a fluorescein iso-
thiocyanate-labeled anti-CXCR4 antibody, 12G5 (R&D Systems,
Minneapolis, MN). A concentration range of CXCR4 inhibitors was
incubated for 3 h at 4°C in binding buffer (phosphate-buffered saline
containing 5 mM MgCl2, 1 mM CaCl2, and 0.25% bovine serum
albumin, pH 7.4) with 5 � 105 cells and 100 pM 125I-SDF-1� (2200
Ci/mmol; PerkinElmer Life and Analytical sciences) in Durapore
filter plates (Millipore Corporation, Billerica, MA). Unbound 125I-
SDF-1� was removed by washing with 50 mM HEPES and 0.5 M
NaCl, pH 7.0, at 4°C. The bound radioactivity was counted using a
1450 MicroBeta liquid scintillation counter (PerkinElmer Wallac).
The data were analyzed by nonlinear regression using Prism 4.0
software (GraphPad Software Inc.). In most cases, binding studies
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with Cf2Th cells transiently transfected with mutant hCXCR4 were
performed at least twice. Wild-type hCXCR4 was included as a
comparative control in all experiments. In all cases, there was �3-
fold difference in replicates.

Calcium Flux Signaling Experiments. The potency of the
CXCR4 inhibitors was examined in calcium flux signaling assays.
CCRF-CEM cells were resuspended (7 � 106 cells/ml) in serum-
reduced media (RPMI 1640 medium containing 2% FBS) and
loaded with the ester form of the calcium indicator, Fluo-4 (1 �M;
Invitrogen), for 30 min at 37°C. The dye-loaded cells were washed
twice with Hanks’ balanced salt solution containing 20 mM
HEPES, 0.2% bovine serum albumin, and 2.5 mM probenecid, pH
7.4. The cells were resuspended in the same buffer (7 � 106

cells/ml) followed by a 20-min incubation at room temperature in
the dark. The cells were then incubated in the dark at 37°C for 15
min with CXCR4 inhibitors. Changes in intracellular calcium
concentration upon SDF-1� addition (15 nM) were monitored us-
ing the FLEXstation (Molecular Devices, Sunnyvale, CA) at 525
nm (excitation �, 485 nm). The fluorescence data were analyzed
using the program Softmax PRO 4.0 (Molecular Devices), and
EC50 values were calculated using Prism 4.0 software (GraphPad
Software Inc.).

To examine the calcium signaling of the mutated hCXCR4, Cf2Th
cells (70–90% confluent) were transiently transfected with the cloned
cDNAs of mutated CXCR4 and chimeric G protein Gqi5 using Lipo-
fectamine 2000 (Invitrogen). Forty-eight hours after transfection,
Cf2Th cells were resuspended (1 � 107 cells/ml) in serum-reduced
media (DMEM and 2% FBS) and loaded with the ester form of the
calcium indicator Fluo-4 (4 �M) as indicated above. After washing,
cells were resuspended at 4 � 106 cells/ml and incubated for 15 min
in the dark at 37°C with CXCR4 inhibitors. Changes in intracellular
calcium concentration upon SDF-1� addition were monitored using
the FLEXstation and analyzed by Prism 4.0 software (GraphPad
Software Inc.) as described above.

Molecular Modeling. Modeler within Insight2000.1 (Accelrys,
San Diego, CA) was used to generate the CXCR4 homology model.
Bovine rhodopsin (1HZX.pdb) was used as the template (Teller et al.,
2001). The alignment followed general rules for GPCRs to allow no
gaps in the helix regions as well as to align residues conserved across
most of the GPCR class A family (Onuffer and Horuk, 2002). The
extracellular loops (ECLs) and intracellular loops were not included.
Several models of CXCR4 were generated, and the model with the
lowest probability density function value and energy was used for
further geometry optimizations during which the helical C� coordi-
nates of the transmembrane region of CXCR4 were kept fixed to keep
the helices position as closely as possible to the crystal coordinates of
bovine rhodopsin (Oliveira et al., 2004). Nevertheless, the region of
helix II close to the extracellular region had to be adjusted. CXCR4
has in this region a TXP motif compared with the GGF motif of
bovine rhodopsin. To accommodate this change, the procedure de-
scribed in Paterlini (2002) was used. The Ramachandran plot of the
final homology model shows all of the residues in the allowed region.
The structures of the CXCR4 inhibitors included in this study (Fig. 1)
were generated with Insight2000.1 and subjected to energy minimi-
zation with Discover module (Accelrys, San Diego, CA). The struc-
tures were manually docked into the CXCR4 receptor model based
upon the experimental data from the CXCR4 mutants/inhibitors
binding studies, followed by geometry optimizations with Discover
keeping backbone atoms of the transmembrane region of the receptor
fixed. In addition, MOE2005.06 (Chemical Computing Group, Mon-
treal, QC, Canada) was used to manually dock the inhibitors into the
binding site of the CXCR4 homology model in order to explain
CXCR4 mutants/inhibitors binding data. The ligand-receptor com-
plexes were geometrically optimized with the MMFF94x force field
within MOE software system. Likewise, backbone atoms of the
transmembrane region of the receptor were kept rigid during geom-
etry optimizations.

Results
Characterization of CXCR4 Inhibitors. AMD3100 and

AMD3465 have been described previously (Bridger et al.,
1995; Hatse et al., 2005; Fricker et al., 2006). AMD11070 was
discovered during the AnorMED in-house CXCR4 inhibitor
drug research and discovery program to develop an orally
bioavailable compound (Schols et al., 2003). The chemical
structures of these inhibitors are shown in Fig. 1. All com-
pounds were potent inhibitors of CXCR4-mediated cell fusion
(Fig. 2) and demonstrated inhibitory effects on 125I-SDF-1�
binding (Fig. 3) and SDF-1�-induced calcium flux in CCRF-
CEM cells (Table 1). The IC50 rankings of the three inhibitors
are the same in 125I-SDF-1� competitive binding assay and
SDF-1�-induced calcium flux signaling using the CXCR4
receptor expressed endogenously on CCRF-CEM cells. The
IC50 values of AMD3100 were �600 nM in these two assays,
whereas those of AMD3465 and AMD11070 were �10 to 40
nM and �10 nM, respectively. It is noteworthy that although
AMD3100 was �10-fold less potent than the other two com-
pounds in the inhibition of calcium flux signaling and 125I-
SDF-1� binding, it was as effective in anti-cell fusion activity
as these inhibitors, with an IC50 value in the nanomolar
range. All these compounds have been shown to have antivi-
ral activity in the 1 to 10 nM range (Schols et al., 2003; Hatse
et al., 2005). The wide range in inhibitory potency of
AMD3100 in different assays has been observed previously
(Fricker et al., 2006). Possible explanations are differences in

Fig. 1. Chemical structures of CXCR4 inhibitors; for docking, the proto-
nation states have been adjusted to pH 7.0.
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cell type, experimental conditions, and divergent signaling
pathways for different receptor-mediated events. An alterna-
tive, and more likely, explanation for the differences in ac-
tivity observed between these assays may also be in part due
to the tight binding of AMD3100 to CXCR4, and to the
differences in the relative time course of the different assays.
This is supported by previously reported studies from our
laboratory investigating the time course of compound/recep-
tor association and dissociation (Fricker et al., 2006).

Site-Directed Mutagenesis of CXCR4 Receptor. Be-
cause the three CXCR4 inhibitors are structurally diverse
and seem to exhibit similar but distinct profiles of inhibition
on calcium flux signaling, 125I-SDF-1� competitive binding,
and cell fusion, it was of interest to study their interactions
with the CXCR4 receptor at the molecular level. Nine single-
site mutants spanning the entire putative small-molecule
inhibitor binding site of CXCR4 receptor were generated in
this study. In addition to the five single-site mutants kindly
provided by M. Rosenkilde and T. Schwartz, a total of 14
mutants were used for the investigation. Figure 4 shows the
amino acid sequence alignment of human CXCR4 with the
other chemokine receptors and indicates the residues mu-
tated in this study.

Characterizations of CXCR4 Single-Site Mutants.
The Cf2Th cell line was used for the expression of the CXCR4
mutants because this cell line did not show any significant

background CXCR4 activity in SDF-1� binding and SDF-1�-
induced calcium flux signaling experiments (data not shown).
All three inhibitors exhibited very similar IC50 values in the
SDF-1� competitive binding assay conducted in the recombi-
nant Cf2Th system using wild-type hCXCR4 (Table 3), and
they showed the same ranking of inhibitor activity compared
with the CCRF-CEM cell line, suggesting that the conforma-
tion of the recombinant wild-type hCXCR4 expressed in
Cf2Th cells is similar to that of the endogenous CXCR4 in
CCRF-CEM cells (Table 1).

Expression of each mutant hCXCR4 was confirmed quali-
tatively by flow cytometry; however, because of the inherent
nature of the transient transfection, the signal was low,
thereby not allowing for quantitative comparisons with this
technique. The relative expression of the mutant hCXCR4
with wild-type receptor after transient transfection was
evaluated by comparing the Bmax of the mutant receptor with
the Bmax of the wild-type receptor control performed for the
respective mutant. The expression of six of the mutants,
N176A, R183A, V196A, H203A, and Y255A, were similar to
the wild type (�80%); Y45A, D97N, and Y121A were ex-
pressed at a slightly lower level (60–80%); and W94A,
D171N, D262N, and E288A exhibited consistent low expres-
sion (�50%), whereas Y116A and H281A were overexpressed
compared with the wild-type receptor (Table 2).

The single mutants were characterized in terms of their
affinity and response to SDF-1�. Table 2 summarizes the
SDF-1� binding Kd values and calcium flux signaling EC50

values of the mutants. Receptor expression was confirmed by
125I-SDF-1� binding. The 125I-SDF-1� binding Kd values of
the mutants ranged from 6.9 to 86.2 nM (wild-type Kd � 35.8
nM). The SDF-1� EC50 value in calcium flux signaling of the
mutants ranged from 26.1 to 138.2 nM (wild-type EC50 � 34
nM). The SDF-1� EC50 values in calcium flux signaling and
Kd values in homologous competitive binding of these mu-
tants were within 3- to 4-fold compared with those of the
wild-type receptor. The findings that all these mutants dem-
onstrated close to wild-type Kd values in the binding assay
indicate that the mutations did not significantly alter the
conformation of the receptor.

The maximal signaling response of the mutants was mea-
sured by monitoring the intracellular calcium flux in re-
sponse to 200 nM SDF-1�, a concentration that is �5-fold
higher than the EC50 value (34 nM) obtained in our labora-
tory. Seven mutants showed �60% of the wild-type signaling
response at 200 nM SDF-1�, four mutants showed �20 to
40% response, and three mutants (D97N, Y116A, and E288A)
showed no response to SDF-1�.

TABLE 1
Inhibition of 125I-SDF-1� binding, SDF-1�-induced calcium
mobilization in CEM cells, and CXCR4-mediated cell fusion by CXCR4
inhibitors
Results are expressed as mean � S.E.

IC50

125I-SDF-1�
Binding

SDF-1�-Induced
Calcium Flux

CXCR4-Mediated
Cell Fusion

nM

AMD3100 651.0 � 37.0 572.0 � 190 0.9 � 0.5
AMD3465 41.7 � 1.2 12.1 � 2.4 0.4 � 0.2
AMD11070 12.5 � 1.3 9.0 � 2.0 1.5 � 0.3

Fig. 2. Inhibitory effect of CXCR4 inhibitors on CXCR4-mediated cell
fusion.

Fig. 3. Competitive binding curves of CXCR4 inhibitors for the binding of
125I-SDF-1� on wild-type CXCR4 expressed endogenously in CCRF-CEM
cells.
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Fig. 4. Amino acid sequence alignment of CXCR4 with other human chemokine receptors. The alignment was performed with CLUSTALW (1.83). The
amino acids changed by site-directed mutagenesis are indicated in bold. Transmembrane segments are assigned as predicted by TMPred. The coding
regions of the nucleotide sequences with the following accession numbers were used: CXCR4 (AF005058) (Wegner et al., 1998), CXCR3 (U32674)
(Marchese et al., 1995), CCR2b (U80924) (Wong et al., 1997), CCR5 (NM_000579) (Brands et al., 1986), CCR1 (NM_001295) (Neote et al., 1993), CCR4
(X85740) (Power et al., 1995), and CCR7 (NM_001838) (Birkenbach et al., 1993).

Interactions of Small-Molecule CXCR4 Inhibitors 1489
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Effects of Single-Site Mutations on Inhibitor Affinity
for the CXCR4 Receptor. The effects of CXCR4 single-site
mutations on inhibitor binding were examined by 125I-
SDF-1� competitive binding with CXCR4 inhibitors (Table
3). Each of the three inhibitors was affected differently by the
single mutations. For AMD3100, E288A mutant affected the
Ki value most severely, increasing it by 35-fold compared
with that of the wild type (0.84 �M versus 29.4 �M). Muta-
tions Y45A, W94A, Y116A, D171N, and D262N all resulted in
�10- to 20-fold increase in Ki values. For AMD3465, muta-
tions D262N and H281A increased the Ki values by �100-
fold; mutations W94A and E288A increased the Ki values by
50- to 100-fold; and mutations Y45A, Y116A, and D171N
affected the Ki values by �10- to 30-fold. For AMD11070, four
mutations (W94A, D97N, D171N, and E288A) increased the
Ki values of AMD11070 by �100-fold, whereas 2 of them
(Y45A and D262N) increased the Ki values by 10- to 50-fold.

Among all mutations, Y45A, W94A, D171N, D262N, and
E288A, affected the Ki values of all three inhibitors, although
by different degrees. D97N and H281A affected only the
binding of AMD11070 and AMD3465, respectively. One mu-

tation in TMIII (Y121A), all three mutations studied in the
ECLII (N176A, R183A, and V196A), and one mutation each
in TMV and TMVI (H203A and Y255A, respectively), had no
significant impact (�5-fold) on the binding of the inhibitors.
Figure 5 shows a schematic diagram of the receptor depicting
the approximate positions of the mutated amino acids in the
transmembrane segments, with the mutated amino acids
coded in different colors according to their effects on the
affinity of the inhibitors.

Interactions of Small-Molecule CXCR4 Inhibitors with
hCXCR4 Based on Molecular Modeling. Based on experi-
mental results presented here, acidic amino acids (Asp97,
Asp171, Asp262, and Glu288) have been used as “anchor points”
to determine potential binding modes for the small-molecule
inhibitors. Each compound has been docked into the small-
molecule binding site to enable some of these ionic H-bond
interactions while trying to explain as many additional mutant
Ki -fold changes as possible. It should be noted that none of the
binding modes could account for all of the amino acid residues
that have been shown to affect the binding of the inhibitors. To
accommodate all the amino acid residues indicated by the mu-

TABLE 2
Characterization of hCXCR4 mutants by 125I-SDF-1� binding and SDF-1�-induced calcium flux signaling in transfected Cf2Th cells

125I-SDF-1� Binding Kd Mean Relative Bmax
a � S.D. SDF-1� Calcium Flux

Signaling EC50

Wild-Type Response in
Presence of 200 nM SDF-1�

nM % nM %

WT 35.8 100 34.0 100
Y45A 22.8 70.8 � 3.7 33.9 25.6
W94A 54.9 43.4 � 2.8 45 19.8
D97N 47.6 72.6 � 24.8 N.R. N.R.
Y116A 33.7 170.7 � 7.9 N.R. N.R.
Y121A 86.2 58.4 100 64.9
D171N 73.6 39.7 � 1.1 137.9 60.1
N176A 15.1 80.8 � 26.7 59.4 68.0
R183A 16.4 79.2 � 20.7 42.9 71.6
V196A 22.7 89.2 � 8.7 138.2 105.6
H203A 42.3 97.9 � 22.9 26.1 103.8
Y255A 11.8 96.7 � 3.3 42.0 41.3
D262N 80.3 32.5 � 2.1 96.5 60.0
H281A 6.9 133.2 � 10.0 136.3 18.5
E288A 44.1 53.1 N.R. N.R.

N.R., no response.
a The relative percentage Bmax � Bmax in cpm of the mutant/wild type in the same experiment.

TABLE 3
Effects of CXCR4 single-site mutations on 125I-SDF-1� competitive binding Ki of CXCR4 inhibitors

Location

125I-SDF-1� Ki of Inhibitors
�-Fold Increase Compared with Wild Type	

AMD3100 AMD3465 AMD11070

nM nM nM

Wild type 842 �1	 49 �1	 11 �1	
Y45A TMI 8465 �10.0	 1069 �21.6	 438 �39.8	
W94A TMII 11,800 �14.0	 4437 �89.5	 1185 �107.5	
D97N TMII 2950 �3.5	 176 �3.6	 3185 �289.0	
Y116A TMIII 8099 �9.6	 777 �15.7	 39 �3.5	
Y121A TMIII 401 �0.5	 17 �0.3	 19 �1.7	
D171N TMIV 9584 �11.4	 1350 �27.2	 13,760 �1248.6	
N176A ECLII 723 �0.9	 59 �1.2	 8 �0.8	
R183A ECLII 501 �0.9	 52 �0.9	 15 �0.14	
V196A ECLII 1205 �1.4	 124 �2.5	 28 �2.5	
H203A TMV 484 �0.6	 31 �0.6	 9 �0.9	
Y255A TMVI 2390 �2.8	 225 �4.5	 13 �1.2	
D262N TMVI 15,030 �17.8	 8524 �172.0	 137 �12.5	
H281A TMVII 137 �0.2	 6514 �131.4	 24 �2.2	
E288A TMVII 29,445 �35.0	 3404 �68.7	 5073 �460.3	
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tational analysis we explored optional binding modes for each
molecule. Three of the potential binding modes for each small-
molecule inhibitor are shown in Fig. 6.

One of the binding modes of AMD3100 closely resembles
the binding mode proposed previously (Gerlach et al., 2001;
Rosenkilde et al., 2004) (Fig. 6A). In this binding mode, the
inhibitor covers the area surrounded by the TMIII, IV, V, VI,
and VII and forms ionic hydrogen bond interactions with
Asp171, Asp262, and Glu288 simultaneously. Figure 6, B and
C, depict two more potential binding modes, which further
extend into the TMI, TMII, and TMVII regions. In both
binding modes one of the double protonated cyclam rings
potentially forms a cationic �-interaction with the aromatic

side chain of Trp94 and a hydrogen bond interaction with
Tyr45. In the second binding mode (Fig. 6B), the second
cyclam ring uses Asp171 as an interaction site. In the third
binding mode (Fig. 6C), a �-stacking interaction between the
phenyl spacer and Tyr116 is suggested, whereas the second
cyclam ring is able to form an ionic hydrogen bond interac-
tion with Asp262. All three binding modes suggest indirect
interactions between AMD3100 and some mutated amino
acid residues of the receptor.

Likewise, the monocyclam AMD3465 has been docked into
the binding site of CXCR4 in several ways (Fig. 6, D–F). For this
compound, emphasis has been put on demonstrating a potential
aromatic interaction between His281 and the pyridine ring. Con-

Fig. 5. Schematic diagram of the
CXCR4 receptor depicting the effect of
mutations on the interactions with
CXCR4 inhibitors. A, AMD3100. B,
AMD3465. C, AMD11070. For clarity,
all the intracellular and extracellular
loops except for ECLII are omitted. In
addition, the mutations in ECLII,
which did not affect the binding of any
inhibitors, are not indicated. The lev-
els of effect of each mutation on the
Ki values of the compounds in 125I-
SDF-1� competitive binding are indi-
cated by the following font color: pur-
ple, �100-fold increase in Ki value;
red, 30- to 100-fold increase in Ki val-
ue; orange, 10- to 30-fold increase in Ki
value; and black, �10-fold increase in
Ki value.
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sequently, because Glu288 is positioned approximately two he-
lical turns below His281, an ionic interaction with the proton-
ated dibenzyl-amine is possible. The double protonated cyclam
ring of AMD3465 can then interact with Trp94 (Fig. 6D), Asp171

(Fig. 6E), or Asp262 (Fig. 6F). In each case, there are amino acids
residues that are not involved in direct small-molecule inhibi-
tor-receptor interactions.

In the proposed binding modes for AMD11070 (Fig. 6, G–I),
the double protonated molecule potentially could form ionic
interactions with different negatively charged amino acids
(Asp97, Asp171, Asp262, and Glu288). In Fig. 6G, the protonated
primary amine forms an ionic hydrogen bond with Asp97 and an
additional cationic �-interaction with Trp94. This binding model
suggests that a hydrogen bond interaction could potentially be
formed between Tyr45 and benzimidazole of AMD11070,
whereas Glu288, Asp171, and Asp262 are not engaged in direct
interactions with the inhibitor. In the second binding model
(Fig. 6H), the primary amine of AMD11070 interacts with
Asp171, whereas the benzimidazole reaches into the pocket re-
gion defined by TMI, TMII, and TMVII and forms aromatic
interactions with Tyr45 and Trp94. In the third binding mode
(Fig. 6I), the primary amine interacts with Asp262, and the
protonated tertiary amine is able to approach Glu288. Again, in
each of these scenarios, some amino acid residues are not in-
volved in direct interactions with the inhibitor.

Discussion
The objective of this study is to understand the binding

interactions of the small-molecule CXCR4 inhibitors with the
receptor. All three compounds are selective inhibitors of
CXCR4, inhibiting both SDF-1�-dependent and -independent
receptor interactions. Although there is evidence to suggest
that AMD3100 may be a weak agonist, AMD3100 has been
shown not to cause CXCR4-mediated calcium flux, G protein
activation, and chemotaxis (Fricker et al., 2006), and neither
AMD3100 nor AMD3465 cause CXCR4 receptor internaliza-
tion (Hatse et al., 2002).

Nine single-site mutants of hCXCR4 were generated by
site-directed mutagenesis for this study, and these mutants
were used in combination with the five mutants, Asp171,
Val196, Asp262, His281, and Glu288, described previously
(Gerlach et al., 2001). Residues Asp97 and Arg183 were inves-
tigated because they have been reported to be significant in
the HIV-1 coreceptor function of CXCR4 (Brelot et al., 2000;
Gerlach et al., 2001). Residues Tyr45, Trp94, Tyr116, Tyr121,
and His203 were chosen because their homologous residues in
CCR5 have been shown to be involved in interactions with
CCR5 receptor inhibitors (Dragic et al., 2000; Tsamis et al.,
2003). Tyr255, like some of the residues mentioned above
(Tyr45, Trp94, and Tyr121), has been suggested to be located in

Fig. 6. Potential binding modes of AMD3100 (A–C), AMD3465 (D–F), and AMD11070 (G–I). Hydrogens are omitted for clarity.
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the proposed hydrophobic binding pockets of CXCR4; there-
fore, it was of interest to investigate whether these residues,
like their counterparts in CCR5, had similar effect on the
binding of CXCR4 inhibitors (Huang et al., 2003). In addi-
tion, input from molecular modeling had suggested that
Asn176, as well as some of the above-mentioned residues,
might potentially be involved in the binding with small-
molecule inhibitors. All of the mutants demonstrated close to
wild-type Kd values in 125I-SDF-1� homologous competitive
binding (Table 1), indicating that the mutations did not alter
the affinity of SDF-1� for the receptor or significantly change
the conformation of the receptor.

Some of the mutations affected the signaling response to
SDF-1�. This lack of response to SDF-1� could be due to re-
duced affinity of the mutated receptor for SDF-1�, low expres-
sion of the mutated receptor, or changing an amino acid that is
important in the signaling mechanism. The nonresponsiveness
of the D97N and E288A mutants to SDF-1�-induced calcium
flux signaling has been reported previously (Brelot et al., 2000).
It is noteworthy that, in the same study, both mutants were
also impaired in SDF-1� binding, contrary to what we observed
in our study. In our hands, all mutants demonstrated a very
similar to wild-type affinity for SDF-1� in the 125I-SDF-1�
competitive binding assay, suggesting that the SDF-1� binding
affinity of these mutants were not affected. However, some
mutants (W94A, D171N, D262N, and E288A) consistently dem-
onstrated a reduced maximal 125I-SDF-1� binding compared
with the wild type receptor, indicative of a lower level of expres-
sion (Table 2). These data therefore suggest that the attenuated
signaling response of these mutant receptors might be due to
low expression of the mutated receptor. Conversely, the other
mutant receptors (Y45A, D97N, Y116A, Y255A, and H281A)
exhibiting a low signaling response had comparable or higher
expression than the wild-type receptor, suggesting that these
residues may play a role in the signal transduction mechanism.

Several of the mutations had a profound effect on Ki of the
three inhibitors. The effect of mutations in TMIV to VII
(D171N, H203A, D262N, H281A, and E288A) on the binding
of AMD3100 had been reported previously (Gerlach et al.,
2001; Rosenkilde et al., 2004). These studies used transient
expression in COS-7 cells, and competitive binding with ei-
ther radiolabeled monoclonal antibody 12G5 or met-SDF-1�,
whereas we used the natural ligand SDF-1. The effect of
these mutations on AMD3100 inhibition was found to be very
similar to our own observations, further validating our ex-
perimental system.

Most of the mutations in TMI, II, and III (Y45A, W94A,
D97N and Y116A) were found to affect the binding of the
CXCR4 inhibitors in this study. Like their counterparts in
CCR5, the three conserved hydrophobic residues in the
transmembrane regions, Tyr45, Trp94, and Tyr116 (Tyr37,
Trp86, and Tyr108, respectively, in CCR5), might constitute a
similar hydrophobic pocket that is involved in the binding of
small-molecule inhibitors (Dragic et al., 2000; Tsamis et al.,
2003).

Our results showed that the D97N mutation had a very
significant impact on the binding of AMD11070 exclusively.
Because AMD11070 is the only molecule that carries a pri-
mary amine, it is conceivable that the mutation abolished the
potential electrostatic interactions between the primary
amine moiety and the carboxylic acid group in the aspartic
acid of the wild-type receptor. Given that Asp97 is not con-

served among chemokine receptors and is important for the
HIV coreceptor function (Fig. 4) (Brelot et al., 2000), interac-
tions with this residue can be further exploited for the design
of specific CXCR4 antagonists for anti-HIV therapy.

His281 is another amino acid residue that is unique in
the CXCR4 sequence (Fig. 4) and affected the binding of
AMD3465 exclusively in this study. This has been con-
firmed in a recent report (Rosenkilde et al., 2007). This
additional interaction might enhance inhibitor binding to
the receptor and therefore contribute to the higher potency
of AMD3465 compared with AMD3100. Similar to a previ-
ous report (Hatse et al., 2001), we observed a slight in-
crease (5-fold) in inhibitory activity of AMD3100 in the
H281A mutant; the explanation or significance of this find-
ing is not yet obvious.

In the current study, a homology model of CXCR4 derived
from bovine rhodopsin is used as the working structural
model to derive binding modes of small molecules. Despite
low sequence identity between CXCR4 and bovine rhodopsin
(approximately 23%), the validity of the crystal structure of
bovine rhodopsin as a structural template for class A GPCRs
has been critically assessed in the literature (Ballesteros and
Palczewski, 2001; Ballesteros et al., 2001). Experimental
methods such as creation of metal binding sites, disulfide
cross-linking between close helices, and the substituted cys-
teine accessibility method have been used to establish that,
despite low sequence identity among the members of class A
GPCRs, there is a significant structural similarity within the
transmembrane region. The recently published crystal struc-
ture of the �2-adrenergic receptor strongly supports this
conclusion (Costanzi, 2008).

Despite this overall similar tertiary structure, which is
also termed structural mimicry, local discrepancies between
bovine rhodopsin and other class A members have been de-
scribed previously (Ballesteros et al., 2001; Govaerts et al.,
2001, 2003). Extensive experimental and computational
studies have investigated the extracellular region of TM2
among class A GPCRs. The replacement of the GGF motif in
TM2 of bovine rhodopsin by a TXP motif in chemokine recep-
tors causes the extracellular end of TM2 to shift away from
TM1 toward TM3, as well as the reorientation of residues
such as Trp94 in CXCR4 to point into the small-molecule
binding site instead of the cell membrane. This reorientation
of Trp94 actually allows for a better explanation of the W94A
mutant results obtained in this study. Other local inconsis-
tencies between bovine rhodopsin and CXCR4 include the
presence or absence of prolines, glycines, serines, threonines,
and cysteines. These amino acids are known to create kinks
in � helices. However, the evaluation of the CXCR4 homology
models derived from the bovine rhodopsin coordinates did not
require any additional adjustments in these regions.

Based on the experimental results the compounds had been
manually docked into the putative binding site of hCXCR4. The
proposed binding site is located in the extracellular transmem-
brane region beneath ECLII and extends over the whole cross-
section of the receptor. Mutagenesis investigations in small-
molecule binding to CCR2B and CCR5 have provided similar
conclusions (Dragic et al., 2000; Berkhout et al., 2003; Tsamis et
al., 2003; Nishikawa et al., 2005; Maeda et al., 2006; Seibert et
al., 2006; Kondru et al., 2008). However, one key structural
feature of the cyclam CXCR4 inhibitors is the potential for
multiple ionic interactions, whereas the CCR5 inhibitors form
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predominantly hydrophobic interactions with CCR5. Neverthe-
less, our data suggest that, like the CCR5 small-molecule in-
hibitors, these CXCR4 inhibitors mediate their effects by bind-
ing to the transmembrane regions of the receptor, which
sequentially causes a conformational change leading to the
disruption of receptor function.

It is of interest, however, that none of the small-molecule
inhibitors studied here can be docked into CXCR4 and ex-
plain all mutant results by a direct ligand-receptor interac-
tion. One possible reason is that there are indeed amino acid
residues that interact with small-molecule inhibitors over a
longer distance. For example, the substitution of charged
amino acids may change the electrostatic nature of the bind-
ing pocket so that kinetic and thermodynamic contributions
of small-molecule binding are altered. Alternatively, it is
possible that small-molecule inhibitors can bind in several
orientations to the receptor by directly interacting with dif-
ferent subsets of amino acid residues, and the results of
mutagenesis reflect a timed average. We attempted to ac-
count for this mechanistic possibility by presenting several
docking modes for each small-molecule inhibitor.

AMD3100 has been proposed to bind in an extended form to
a binding pocket in the receptor constituted by TMIV, VI, and
VII, with one cyclam binding to Asp171 in TMIV and the second
cyclam sandwiched between Asp262 (TMVI) and Glu288 (TMVII)
(Gerlach et al., 2001). The other proposed AMD3100 binding
mode had the positively charged bicyclam rings associated with
Asp262 and Glu288 and the phenylenebis (methylene) linker
associated with Phe189 and Tyr190 (Trent et al., 2003). A recent
report suggested that the binding mode of AMD3465 seems to
mimic that of AMD3100 but in a mode where the noncyclam
moiety picks up additional interactions, especially with resi-
dues located more toward the extracellular end of TMVI and
TMVII (e.g., His281) (Rosenkilde et al., 2007). Although differ-
ent assay systems were used, the binding interactions of
AMD3100 and AMD3465 described here agree with those from
previous reports (Gerlach et al., 2001; Hatse et al., 2001; Rosen-
kilde et al., 2007).

Our study compared the interactions of three structurally
diverse small-molecule CXCR4 inhibitors with the receptor,
including AMD11070, a first-in-class, orally bioavailable,
noncyclam CXCR4 antagonist. We showed that these mole-
cules interact with overlapping but not identical residues in
the binding pocket of the receptor. To our knowledge, this is
the first report of the molecular interactions of a noncyclam
molecule with the receptor. We have identified an amino acid
on the receptor, Asp97, that is uniquely involved in the bind-
ing with AMD11070.

The additional binding sites identified for the monocyclam
AMD3465 and for the nonmacrocyclic AMD11070 have ex-
tended our view of the receptor binding pocket. Furthermore,
taking into account the proposed new interaction sites, mo-
lecular modeling suggested the possibility of multiple bind-
ing modes for each inhibitor. With the extended binding
pocket, it might even be conceivable that two compounds can
bind simultaneously to the inhibitor binding pocket. The
heterologous competitive binding curves however, were all
fitted to a single site binding molecule suggesting that only
one inhibitor molecule binds to one receptor molecule. Based
on our proposal of optional binding modes it would be inter-
esting to further investigate the stoichiometry of inhibitor
binding. These models suggest that the nonmacrocyclic

AMD11070 can potentially have significantly different bind-
ing modes compared with the macrocyclic molecules. These
mechanistic studies should prove to be useful for the devel-
opment of future generations of CXCR4 inhibitors with im-
proved clinical pharmacology and safety profiles.
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