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Human immunodeficiency virus (HIV) and simian (SIV) immunodeficiency virus entry is mediated by
binding of the viral envelope glycoprotein (Env) to CD4 and chemokine receptors, CCR5 and/or CXCR4. CD4
induces extensive conformational changes that expose and/or induce formation of a chemokine receptor
binding site on gp120. CD4-independent Env’s of HIV type 1 (HIV-1), HIV-2, and SIV have been identified that
exhibit exposed chemokine receptor binding sites and can bind directly to CCR5 or CXCR4 in the absence of
CD4. While many studies have examined determinants for gp120-CCR5 binding, analysis of gp120-CXCR4
binding has been hindered by the apparently lower affinity of this interaction for X4-tropic HIV-1 isolates. We
show here that gp120 proteins from two CD4-independent HIV-2 Env’s, VCP and ROD/B, bind directly to
CXCR4 with an apparently high affinity. By use of CXCR4 N-terminal deletion constructs, CXCR4-CXCR2
chimeras, and human-rat CXCR4 chimeras, binding determinants were shown to reside in the amino (N)
terminus, extracellular loop 2 (ECL2), and ECL3. Alanine-scanning mutagenesis of charged residues, ty-
rosines, and phenylalanines in extracellular CXCR4 domains implicated multiple amino acids in the N
terminus (E14/E15, D20, Y21, and D22), ECL2 (D187, R188, F189, Y190, and D193), and ECL3 (D262, E268,
E277, and E282) in binding, although minor differences were noted between VCP and ROD/B. However,
mutations in CXCR4 that markedly reduced binding did not necessarily hinder cell-cell fusion by VCP or
ROD/B, especially in the presence of CD4. These gp120 proteins will be useful in dissecting determinants for
CXCR4 binding and Env triggering and in evaluating pharmacologic inhibitors of the gp120-CXCR4
interaction.

Human and simian immunodeficiency viruses (HIV and
SIV, respectively) enter cells through a fusion reaction trig-
gered by the viral envelope glycoprotein (Env) and two cellular
molecules: CD4 and a chemokine receptor, generally either
CCR5 or CXCR4 (2, 17, 24, 29, 31, 42). The interaction of
gp120 with the chemokine receptor largely accounts for differ-
ences in HIV tropism among CD4-positive cells (reviewed in
references 7 and 46). In addition, chemokine receptor speci-
ficity contributes substantially to HIV pathogenesis. Viruses
that use CCR5 (R5-tropic isolates) are largely responsible for
HIV transmission, and individuals lacking functional CCR5
due to a 32-bp deletion in the CCR5 gene (ccr5 �32 allele) are
highly resistant to HIV type 1 (HIV-1) infection (22, 48, 72). In
approximately 50% of infected individuals, CXCR4-tropic
(X4-tropic) viruses emerge later in infection, and their appear-
ance correlates with a more rapid CD4 decline and a faster
progression to AIDS (18). Dual-tropic isolates that are able to
use both CCR5 and CXCR4 are also seen and may represent
intermediates in the switch from CCR5 to CXCR4 tropism (29,
75). Thus, understanding the determinants for CCR5 and
CXCR4 usage is critical, as it impacts both HIV transmission
and progression to AIDS.

HIV Env is composed of a noncovalently associated, trim-
eric complex of gp120 and gp41 subunits (16, 80). CD4-gp120
binding causes extensive conformational changes in gp120 that
involve movement of V1/V2 and V3 hypervariable loops and
exposure and/or formation of a highly conserved domain in
gp120 shown to be important for CCR5 binding (64, 70). This
domain consists of residues adjacent to and within a region
termed the bridging sheet, which consists of a four-stranded,
antiparallel � sheet formed by the V1/V2 stem and compo-
nents of the fourth conserved region (C4) of gp120 (54, 70).
While the V3 loop has been shown to contribute to the spec-
ificity of CCR5 or CXCR4 utilization, conservation of the
bridging-sheet region among different HIV-1, HIV-2, and SIV
isolates suggests that it may represent a generic chemokine
receptor binding site important for interactions with both
CCR5 and CXCR4 (70).

Although assays that evaluate the ability of Env-expressing
cells to fuse with target cells expressing CD4 and CXCR4 have
implicated residues on CXCR4 involved in entry and fusion
(reviewed in reference 30), there is little information on the
exact determinants involved in the CXCR4-gp120 binding in-
teraction, in contrast to analyses of CCR5-gp120 binding (re-
viewed in reference 30). The difficulty in measuring gp120
binding to CXCR4 is the result of a markedly reduced affinity
of X4-tropic gp120 proteins for CXCR4 (4, 45). By use of an
optical biosensor, binding of an X4-tropic HIV-1 gp120 to
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CXCR4 incorporated into retrovirus particles was found to
have a Kd of 500 nM (45). More recently, CXCR4-gp120 bind-
ing in the presence of soluble CD4 (sCD4) was assessed by
using CXCR4 incorporated into paramagnetic proteolipo-
somes and found to have a Kd of 200 nM (4). In contrast,
R5-tropic gp120s complexed with sCD4 bind CCR5 with dis-
sociation constants often below 10 nM (27, 83).

Despite CD4’s role in inducing conformational changes in
gp120, some laboratory-adapted HIV-1 isolates as well as
many primary HIV-2 and SIV strains do not require CD4 for
fusion (32, 36, 38, 47, 52, 56, 68, 69). Env proteins from these
CD4-independent isolates can interact directly with chemokine
receptors, suggesting that their chemokine receptor binding
sites are formed and exposed without the need for CD4 trig-
gering (34, 45, 47, 52, 61). Mutations involved in the CD4-
independent phenotype for a well-characterized X4-tropic
HIV-1 gp120, 8x, have been shown to be located to sites flank-
ing the bridging-sheet region, supporting the view that CD4
independence involves exposure of a chemokine receptor bind-
ing region on gp120 that is concealed prior to CD4 binding (37,
56). However, although the 8x gp120 had an exposed CXCR4
binding site, its affinity remained low (�500 nM), indicating
that these mutations did not appear to confer a high affinity for
CXCR4 (45). Nonetheless, it remains possible that some CD4-
independent envelopes could exhibit both enhanced exposure
and increased affinity for chemokine receptors, characteristics
that could promote a CD4-independent phenotype (34, 58,
61). Particularly for X4-tropic gp120s, such envelopes would be
highly useful in directly evaluating determinants for gp120-
CXCR4 binding.

In this study, we evaluated CXCR4 binding of gp120s from
two CD4-independent HIV-2 isolates, HIV-2/vcp (38) and
HIV-2/ROD/B (69). Using a cell surface gp120 binding assay,
we were able to detect robust CXCR4-gp120 binding for these
HIV-2 gp120s, but not for gp120s from X4-tropic HIV-1 iso-
lates. We used these proteins to identify residues in the N
terminus, the second extracellular loop (ECL2), and ECL3 of
CXCR4 that are required for efficient gp120 binding. How-
ever, mutations in CXCR4 that affected binding did not nec-
essarily abolish cell-cell fusion by VCP or ROD/B, especially in
the presence of CD4. These gp120s, which exhibit an apparent
increased affinity for CXCR4, will be useful in dissecting de-
terminants for Env-CXCR4 binding both in Env and in
CXCR4, in more fully characterizing the role of the bridging-
sheet region in coreceptor interactions and virus entry, and in
evaluating inhibitors of the gp120-CXCR4 interaction.

MATERIALS AND METHODS

Plasmids and plasmid construction. Expression plasmids to generate secreted
gp120 proteins contained stop sites at the gp120–gp41 cleavage site. HIV-1
HXBc2, 8x, HXBc2-V3BaL, and 8x-V3BaL gp120 constructs in pSP73 have been
described previously (47). HXBc2 and 8x gp120 constructs were recloned with
BamHI into pSP64.vE/L.T7 RNAP (58), a construct containing the synthetic
vaccinia virus early/late promoter (15), replacing the T7 RNA polymerase gene
with the env gene.

A VCP gp120 env clone was generated from the original pCR3.1 expression
vector (38) by using the QuikChange site-directed mutagenesis kit (Stratagene,
La Jolla, Calif.) to place a stop site and an EcoRI site at the gp120–gp41 cleavage
site (Trevor L. Hoffman, University of Pennsylvania, Philadelphia, Pa.). The
VCP gp120 env gene was recloned into pSC59 (15) by using EcoRI, allowing
regulation by the synthetic vaccinia virus early/late promoter. Because pSC59 is
a derivative of pBR322 containing a low-copy-number origin of replication (15),

the coding region for VCP gp120 and the synthetic vaccinia virus promoter were
removed with HindIII and StuI and ligated into pSP64 (Promega, Madison, Wis.)
digested with HindIII and PvuII, generating pSP64.vE/L.VCP gp120.

HIV-2/ROD/A and ROD/B gp120 constructs were generated by first removing
the full-length ROD/A and ROD/B env genes with HindIII and BamHI from
pCR3.1 expression vectors (58) and blunting with T4 DNA polymerase. These
fragments were then ligated into pSP64.vE/L.VCP gp120 digested with EcoRI
and blunted with T4 DNA polymerase, replacing the VCP gp120 env gene with
the ROD/A or ROD/B env gene. Stop sites were then generated at the gp120–
gp41 cleavage site with QuikChange.

Chimeras between CXCR4 and CXCR2 (60), CXCR4 constructs containing
12-, 15-, and 23-amino-acid N-terminal deletions (6), human-rat CXCR4 chime-
ras (10), and feline CXCR4 (82) have been described previously. CXCR4 ex-
pression constructs containing alanine substitutions were generated with
QuikChange or previously described and generously provided by Anne Brelot
and Marc Alizon (Institut Cochin de Génétique Moléculaire, Paris, France) (9).

HIV-2/vcp and HIV-2/ROD/B full-length Env expression plasmids in pCR3.1,
used in cell-cell fusion assays, have been described elsewhere (58). CD4,
CXCR4, and CCR5 in pcDNA3 (Invitrogen, Carlsbad, Calif.) and the reporter
plasmid encoding luciferase under the control of a T7 promoter (T7.luciferase),
used in cell-cell fusion assays, have also been described previously (35, 47, 56,
71).

Cell surface gp120 binding assay. A cell surface gp120 binding assay (34) was
modified in the following manner. Secreted gp120 was generated by infecting
293T human cells with vaccinia virus at a multiplicity of infection (MOI) of 10 for
1 h at 37°C. Since 293T cells express low levels of CXCR4, QT6 quail cells were
occasionally used to generate gp120 proteins from X4-tropic HIV isolates with
no effect on binding results. Wild-type vaccinia virus WR was used to generate
HXBc2, 8x, VCP, ROD/A, and ROD/B gp120 proteins, since these plasmids
contained vaccinia virus promoters. Vaccinia virus vTF1.1, expressing T7 RNA
polymerase (1), was used to generate HXBc2-V3BaL and 8x-V3BaL gp120
proteins, since these plasmids contained T7 promoters. Vaccinia virus-infected
cells were then transfected with the appropriate gp120 expression plasmids for
4 h by the standard calcium phosphate method. HIV-1 JR-FL gp120 was gen-
erated by infecting 293T cells with recombinant vaccinia virus vBD6 (27) at an
MOI of 10 for 1 h at 37°C. After plasmid transfection or vBD6 infection, the
medium was replaced with Dulbecco’s modified Eagle medium, high glucose,
with 10% fetal bovine serum (DMEM-10) containing 100 �g of rifampin/ml and
cells cultured overnight at 37°C. QT6 quail target receptor cells in T-25 flasks
were generated by infecting with vTF1.1, transfecting with receptor plasmids, and
expressing overnight at 37°C in DMEM-10 with 100 �g of rifampin/ml as above.
All receptor plasmids contained T7 promoters, thus enhancing expression levels.

After overnight expression of gp120 producer cells and receptor target cells,
medium containing gp120 was clarified by low-speed centrifugation for 10 min.
Unpurified proteins were used directly or incubated with phosphate-buffered
saline (PBS) or 100 nM sCD4, kindly provided by Tim Hart (GlaxoSmithKline,
Philadelphia, Pa.), for 1 h at room temperature. Then 1.5 ml of gp120 superna-
tant with or without sCD4 was overlaid on receptor cells for 1 h at 37°C. Cells
were detached from flasks and washed three times with 4°C PBS, and cell pellets
were lysed with ice-cold lysis buffer (1% NP-40, 150 mM NaCl, 50 mM Tris [pH
8.0], and Complete protease inhibitor cocktail [Roche Molecular Biochemicals,
Indianapolis, Ind.]). Alternatively, cells were also detached from flasks first,
pelleted, and then bound with 200 �l of gp120-containing supernatant to reduce
the binding volume with no effect on binding results. Cell lysates were then
analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and Western blotting.

HIV-1 gp120 proteins were detected with rabbit anti-Env sera 1169 (47),
except for 8x gp120, which was detected with monoclonal antibody (MAb) J1,
which recognizes constant (C) domain 2 of gp120 (63). HIV-2 gp120 proteins
were detected with MAb DA6, which cross-reacts with many heterologous HIV-2
and SIV gp120 proteins (33). The appropriate peroxidase-conjugated secondary
antibody (anti-rabbit or anti-mouse) was then used (Jackson ImmunoResearch
Laboratories, West Grove, Pa.), and Western blots were visualized using en-
hanced chemiluminescence and autoradiography film.

Protein purification and binding inhibition studies. VCP gp120 protein was
generated as above except that serum-free DMEM was used. Supernatant con-
taining gp120 protein was harvested 24 to 30 h later, and gp120 was purified by
lectin chromatography using Galanthus nivalis-lectin coupled agarose beads (Sig-
ma, St. Louis, Mo.) as described previously (27, 47).

Inhibition of VCP gp120-CXCR4 binding was assessed with MAbs to CXCR4
(4G10 [84], kindly provided by Chris Broder, Uniformed Services University,
Bethesda, Md., 12G5 [38], and 44717.111 [R & D Systems, Minneapolis, Minn.]
[6]), SDF-1� (kindly provided by Mark Marsh, University College London,
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London, United Kingdom), and AMD3100 (kindly provided by Anormed, Inc.,
Langley, British Columbia, Canada). An anti-CD4 MAb (#19) was also assessed
as a control (38). The gp120 binding assay was modified as follows. CXCR4 and
CD4 receptor cells were generated by vTF1.1 infection-plasmid transfection as
above. After overnight expression, cells were detached, pelleted, and then re-
suspended in 200 �l of DMEM-10 containing the inhibitors at various concen-
trations and 100 �g of rifampin/ml. Cells were then incubated for 15 m at 37°C.
Purified VCP gp120 was then added at a concentration of 1 �g/ml, and cells were
further incubated for 1 h at 37°C. Cells were then washed, lysed, and analyzed by
SDS-PAGE and Western blotting as above.

Cell-cell fusion assay. A cell-cell fusion assay (35, 71) was modified as de-
scribed previously (58). Briefly, to generate effector env-expressing cells, QT6
cells in T-25 flasks were infected with vaccinia virus strain WR at an MOI of 10
for 1 h at 37°C and transfected for 4 h by the standard calcium phosphate method
with 6 �g of the desired env-expressing plasmid and 6 �g of pSP64.vE/L.T7
RNAP, a plasmid containing T7 RNA polymerase under the regulation of the
synthetic vaccinia virus early and late promoter (15, 58). Cells were incubated
overnight with rifampin at a concentration of 100 �g/ml. To generate target
receptor cells, QT6 cells in 24-well plates were transfected with the desired
receptors and the T7.luciferase reporter plasmid in a total of 1 �g by the standard
calcium phosphate method for 4 h and expressed overnight. Effector cells were
mixed with receptor target cells, and cell-cell fusion was assessed 7.5 h later by
lysing with 0.5% NP-40–PBS. After addition of luciferase substrate (Promega),
luciferase activity was quantified with a Wallac 1450 Microbeta Plus luminom-
eter.

Analysis of surface expression of coreceptors. Cell surface expression of co-
receptors was assessed essentially as described previously (6). Briefly, QT6 quail
cells were infected with vaccinia virus vTF1.1 and transfected with either
CXCR4, CXCR4-CXCR2 chimeras, CXCR4 with N-terminal deletions, or
CXCR4 with alanine substitutions by the standard calcium phosphate method as
described above. After overnight expression, cells were detached and washed
with fluorescence-activated cell sorter (FACS) buffer (PBS supplemented with
3% fetal bovine serum and 0.05% sodium azide). Cells were then incubated with
anti-CXCR4 MAb 44717.111 at a final concentration of 10 �g/ml for 30 min on
ice. Alternatively, anti-CXCR4 MAb 6H8 (62), kindly provided by Fernando
Arenzana-Seisdedos, was used for certain CXCR4 ECL2 alanine mutants at a
concentration of 25 �g/ml. Cells were then washed and incubated with phyco-
erythrin-conjugated anti-mouse antisera (Vector Laboratories, Inc., Burlingame,
Calif.) for 30 min on ice. The cells were then washed, fixed with 1% parafor-

maldehyde, and analyzed with a FACScan cell analyzer (Becton Dickinson, San
Jose, Calif.). Data were evaluated with CellQuest software.

RESULTS

Binding of CD4-dependent and CD4-independent HIV-1
gp120s to chemokine receptors. A cell surface gp120 binding
assay was used to evaluate gp120-coreceptor interactions for a
variety of R5- and X4-tropic isolates of HIV-1 and HIV-2.
Secreted gp120 proteins were generated in 293T human cells,
and binding to coreceptor-expressing target cells was deter-
mined by SDS-PAGE and Western blotting of cell lysates. As
in published reports (27, 83), binding to CCR5 was detectable
for the R5-tropic Env’s of HIV-1 JR-FL and HXBc2 that
contained the V3 loop of HIV-1/BaL (HXBc2-V3BaL), al-
though only in the presence of sCD4 (Fig. 1A). gp120 from
CD4-independent HIV-1/8x containing the HIV-1/BaL V3
loop (8x-V3BaL) could bind to CCR5 both in the presence and
in the absence of sCD4 (Fig. 1A). Consistent with its reduced
CXCR4 affinity, binding of X4-tropic HXBc2 gp120 to CXCR4
could not be detected with or without sCD4, and for 8x, gp120
binding to CXCR4 was barely detectable (Fig. 1A).

In contrast, CXCR4 binding for two CD4-independent iso-
lates, VCP and ROD/B, was readily detectable even in the
absence of sCD4 (Fig. 1B). CXCR4 binding was also seen for
the CD4-dependent HIV-2/ROD/A gp120, although only
when sCD4 was present. Of note, binding was undetectable on
CCR5, even though all three of these HIV-2 Env’s were capa-
ble of using these receptors in fusion assays (58). Thus, the
ability to detect gp120 binding to chemokine receptors was
clearly a less sensitive indicator of coreceptor function than
cell-cell fusion assays. Nonetheless, these results indicate that

FIG. 1. Binding of HIV-1 and HIV-2 gp120s to CD4, CXCR4, and CCR5. gp120 produced in 293T cells was bound to receptor-expressing QT6
cells in the presence or absence of 100 nM sCD4 as indicated. Cells were washed and lysed, and lysates were analyzed for bound gp120 by
SDS-PAGE and Western blotting. HIV-1 gp120 proteins JR-FL, HXBc2-V3BaL, 8x-V3BaL, HXBc2, and 8x (A) or HIV-2 gp120 proteins VCP,
ROD/A, and ROD/B (B) were evaluated on CD4, CCR5, CXCR4, or control pcDNA3-transfected cells.
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the VCP and ROD/B gp120s bind to CXCR4 with an affinity
that is likely greater than that of HIV-1 gp120s, and that their
CXCR4 binding sites are exposed and functional in the ab-
sence of CD4 triggering.

Effects of anti-CXCR4 MAbs, SDF-1�, and AMD3100 on
VCP gp120 binding. Since VCP and ROD/B gp120s could
efficiently bind CXCR4, we could readily assess whether inhib-
itors of X4-tropic HIV viral entry also inhibited gp120 binding,
and we could use domain-specific MAbs as a way to provide
information on regions of CXCR4 important for Env interac-
tions. We evaluated anti-CXCR4 MAbs (4G10, 12G5, and
44717.111), the CXCR4 natural ligand SDF-1� (8, 65), and the
CXCR4 bicyclam antagonist AMD3100 (26, 73) for inhibition
of VCP gp120-CXCR4 binding. Anti-CXCR4 MAbs 12G5 and
44717.111, which both bind an epitope located in ECL2 (6),
inhibited VCP gp120-CXCR4 binding in a dose-dependent
manner, while 4G10, which binds an epitope in the N terminus
(84), did not (Fig. 2A). Anti-CD4 MAb #19, used as a control,
had no effect on VCP gp120-CXCR4 binding. SDF-1� and
AMD3100 also inhibited VCP gp120-CXCR4 binding while
having no effect on VCP gp120-CD4 binding (Fig. 2B and C).
Thus, HIV-2 gp120 binding to CXCR4 as measured in this
assay was highly specific and inhibitable by anti-CXCR4 MAbs
to ECL2 as well as specific agonists and antagonists of CXCR4.

Evaluation of HIV-2 gp120 binding and Env fusion using

CXCR4-CXCR2 chimeras. The ability of both VCP and
ROD/B to efficiently bind to CXCR4 made it possible to in-
vestigate coreceptor determinants required for gp120 binding
and to correlate this information with the ability of receptors to
support membrane fusion. We analyzed several receptor chi-
meras containing specific domains from CXCR4 and CXCR2.
Chimeras 2444 (containing the N-terminal domain from
CXCR2 and the CXCR4 ECL1, -2, and -3 domains), 4442, and
4222 were evaluated because these were expressed on the cell
surfaces to levels equivalent to 50 to 75% of the wild-type level
(28; data not shown). We found that VCP gp120 could directly
bind chimera 2444 but not CXCR2, 4222, or 4442 (Fig. 3A),
consistent with the failure of an N-terminal CXCR4 MAb to

FIG. 2. Inhibition of VCP gp120 binding to CXCR4 with anti-
CXCR4 MAbs, SDF-1�, and AMD3100. Control pcDNA-transfected
or CXCR4 and CD4 receptor-expressing QT6 cells were generated
and preincubated with the indicated concentration of inhibitor for 15
min at 37°C. Purified VCP gp120 was then added at a concentration of
1 �g/ml, and cells were further incubated for 1 h at 37°C. Cells were
washed and lysed, and lysates were analyzed for bound gp120 by
SDS-PAGE and Western blotting. (A) MAbs were evaluated on
pcDNA3 control cells or CXCR4-expressing cells. 4G10 is an anti-
CXCR4 MAb directed against the N terminus. 12G5 and 44717.111
are MAbs directed against the CXCR4 ECL2. #19 is an anti-CD4
MAb. (B and C) SDF-1� (B) or AMD3100 (C) was evaluated on
pcDNA3 control cells or on CXCR4- or CD4-expressing cells. FIG. 3. HIV-2 gp120 binding and Env fusion with CXCR4-CXCR2

chimeras. (A) HIV-2 VCP or ROD/B gp120 produced in 293T cells
was bound to QT6 cells expressing either CXCR4, CXCR2, CXCR4-
CXCR2 chimeras, or no receptor (pcDNA3) in the presence or ab-
sence of 100 nM sCD4 as indicated. Cells were washed and lysed, and
lysates were analyzed for bound gp120 by SDS-PAGE and Western
blotting. (B) HIV-2 env clones of VCP or ROD/B were evaluated in a
cell-cell fusion assay on QT6 target cells expressing the receptors listed
above in the presence or absence of CD4. Nomenclature of chimeras
shows the first number representing the N terminus and the second,
third, and fourth numbers representing the second, third, and fourth
extracellular loops, respectively; “4” refers to CXCR4, and “2” refers
to CXCR2. Percent fusion was calculated by using luciferase activity
normalized to VCP fusion on CXCR4 with CD4. Values are means
plus standard errors of the means.
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prevent binding (Fig. 2A). Preincubation with sCD4 did not
significantly enhance binding to any receptor. While ROD/B
bound very weakly to chimera 2444 in the absence of sCD4, it
bound nearly as well as VCP gp120 when sCD4 was present
(Fig. 3A). Although these results suggest that the amino-ter-
minal domain of CXCR4 is not required for CXCR4 binding,
it likely plays some role in efficient use of CXCR4, since the
binding of both gp120s to 2444 was reduced relative to binding
to wild-type CXCR4. The fact that chimera 4442 was unable to
bind VCP gp120 despite being well expressed also suggests a
role for ECL3 (Fig. 3A). Unfortunately, a 2224 chimera was
not well expressed on the cell surface (60) and therefore could
not be used to assess the contribution of ECL3.

CXCR4-CXCR2 chimeras were next evaluated in cell-cell
fusion assays with VCP and ROD/B Env’s. In the absence of
CD4, both VCP and ROD/B could fuse with 2444 but not with
4222, 4442, or CXCR2 (Fig. 3B). However, with CD4, VCP
and ROD/B could utilize all receptors, although a greater
degree of fusion was observed for ROD/B than for VCP. Thus,
the abilities of receptors to bind to the HIV-2 gp120s corre-
lated with their abilities to function independently of CD4 in
fusion assays. However, because these receptors were able to
function to varying levels in the presence of CD4, gp120 bind-
ing was a less sensitive indicator for receptor utilization than
cell-cell fusion.

Evaluation of the CXCR4 amino terminus in gp120 binding
and Env fusion by using N-terminal deletion mutants. The
role of the CXCR4 N terminus in gp120 binding was further
assessed using a panel of mutant receptors containing dele-
tions of the first 12, 15 or 23 amino acids (designated �12, �15,
or �23, respectively). All mutants were expressed on the cell
surface at levels between 20 and 30% that of wild-type CXCR4
(data not shown). VCP and ROD/B gp120 binding to these
mutants was markedly reduced in the presence or absence of
sCD4 and declined progressively with increasing length of the
deletion (Fig. 4A). These findings correspond to the results of
cell-cell fusion assays, where fusion with or without sCD4 was
similarly reduced (Fig. 4B). Thus, these results provide addi-
tional support for the role of the CXCR4 N terminus in effi-
cient gp120 binding as well as in CD4-independent and CD4-
dependent fusion.

Human-rat CXCR4 chimeras implicate ECL2 of CXCR4 in
HIV-2 gp120 binding. We also evaluated gp120 binding to a
series of human-rat CXCR4 chimeras described previously
(10) that allowed the contribution of individual extracellular
domains to be assessed in a different context. Neither VCP nor
ROD/B gp120 bound to rat CXCR4 (Fig. 5). However, for
both gp120s, binding was detectable to RRHH and RRHR,
but not to HRRR, HHRR, RRRH, or HHRH chimeras. These
results suggest that the human ECL2 has elements that allow
efficient gp120 binding, and they support infection results ob-
tained with ROD/B and these chimeras in identifying ECL2 as
important in viral entry (67). Thus, while the CXCR4-CXCR2
chimeras and N-terminal deletion mutants implicated deter-
minants for gp120 binding in the N terminus and ECL3, the
human-rat chimeras suggested that ECL2 was also a contrib-
uting factor.

VCP and ROD/B gp120 binding to CXCR4 alanine mutants.
To identify individual residues important for gp120 binding,
VCP and ROD/B gp120 binding was assessed on an extensive

panel of CXCR4 mutants containing alanine substitutions in
each extracellular domain. Given the importance of charged
amino acids and tyrosines in CXCR4 fusion for HIV-1 (9, 14,
50), the mutations initially chosen were those replacing these
residues either singly or in combination. Selected phenylala-
nines were also targeted. Using anti-CXCR4 MAbs to ECL2 or
the N terminus, we found that all CXCR4 mutants were ex-
pressed at levels ranging from 36 to 105% that of wild-type
CXCR4 except for E26A and D181A (13 and 15%, respec-
tively, of the wild-type CXCR4 level) (Fig. 6).

CXCR4 N terminus mutants. Because sCD4 was found to
enhance ROD/B but not VCP gp120 binding to CXCR4, sCD4

FIG. 4. HIV-2 gp120 binding and Env fusion with CXCR4 N-ter-
minal deletions. (A) HIV-2 VCP or ROD/B gp120 produced in 293T
cells was bound to QT6 cells expressing CXCR4, CXCR4 with N-
terminal deletions, or no receptor (pcDNA3) in the presence or ab-
sence of 100 nM sCD4 as indicated. Cells were washed and lysed, and
lysates were analyzed for bound gp120 by SDS-PAGE and Western
blotting. N-terminal CXCR4 deletions consisted of deletions of the
first 12, 15, or 23 amino acids (�12, �15, or �23). (B) HIV-2 env clones
of VCP or ROD/B were evaluated in a cell-cell fusion assay on QT6
target cells expressing the receptors listed above in the presence or
absence of CD4. Percent fusion was calculated by using luciferase
activity normalized to VCP fusion on CXCR4 with CD4. Values are
means plus standard errors of the means.
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was added to ROD/B gp120 while VCP gp120 binding was
performed without sCD4. We found that alanines at Y7 and
Y12 did not by themselves abolish VCP binding to CXCR4,
although in combination they reduced binding (Fig. 7A). How-
ever, an alanine at Y21 severely affected VCP binding, and no

binding was detected to a construct lacking tyrosines at all
three positions. Similar results were found for the ROD/B
gp120 (Fig. 7A).

gp120 binding to mutants with alanines replacing N-terminal
charged amino acids identified additional residues, and results
with VCP and ROD/B were largely similar. For VCP, an ala-
nine at D20 severely reduced binding (Fig. 7A) while muta-
tions at E14/E15 and D22 produced more-modest reductions.
Similar results were found for ROD/B, although the E14/E15
mutant produced a greater decrease. Reductions in both VCP
and ROD/B binding were seen with the E26 mutant, although
this may have been due to its reduced surface expression (Fig.
6A). Thus, in the CXCR4 N terminus, tyrosine residues (par-
ticularly Y21) and acidic residues, particularly E14, E15, D20,
and D22, play important roles in mediating efficient gp120
binding. Subtle differences were observed between the two
different gp120 proteins tested, with VCP depending more on
the 20–21 region of the CXCR4 N terminus and ROD/B de-
pending more on the 14–15 region.

CXCR4 extracellular loop mutants. In ECL1, none of the
five alanine mutations introduced at positions D97, Y103,
F104, F107, and K110 affected either VCP or ROD/B gp120
binding (Fig. 7B), consistent with findings with CXCR4-
CXCR2 and human-rat CXCR4 chimeras, which failed to sup-
port a role for this domain. In ECL2, alanines at D187 and
F189 severely impaired gp120 binding (Fig. 7C), while an ala-
nine at D193 reduced binding but to a more limited extent. We
further assessed the region between D187 and D193, since

FIG. 5. HIV-2 gp120 binding to human-rat CXCR4 chimeras.
HIV-2 VCP or ROD/B gp120 produced in 293T cells was bound to
QT6 cells expressing human CXCR4, rat CXCR4, human-rat CXCR4
chimeras, or no receptor (pcDNA3). Cells were washed and lysed, and
lysates were analyzed for bound gp120 by SDS-PAGE and Western
blotting. VCP gp120 was evaluated without sCD4, while ROD/B gp120
was evaluated in the presence of 100 nM sCD4 (Fig. 1B). Nomencla-
ture of chimeras shows the first letter representing the N terminus and
the second, third, and fourth letters representing the second, third, and
fourth extracellular loops, respectively. “H” refers to human CXCR4,
and “R” refers to rat CXCR4. Previously used single-letter codes for
human-rat CXCR4 chimeras are also provided (10). Construct G dif-
fers from construct E in that construct G contains a human cytoplasmic
tail.

FIG. 6. Cell surface expression of CXCR4 alanine mutants. QT6 quail cells were infected with vaccinia virus vTF1.1 and transfected with
CXCR4 or CXCR4 with alanine substitutions by the standard calcium phosphate method. After overnight expression, cells were detached and
analyzed by FACS using MAbs to CXCR4, either 44717.111 (A) or 6H8 (B). The mean channel fluorescence intensity (MCF) for each construct
is expressed relative to that of wild-type CXCR4 after subtraction of the MCF of cells transfected with vector alone. Because residues N176, E179,
and D181 in ECL2 have been shown to be part of the epitope for MAb 44717.111 (6), MAb 6H8, which binds the N terminus of CXCR4 (62),
was used to assess expression of these constructs.
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Y190 has been shown to be involved in SDF-1� signaling (86).
We found that an alanine at Y190 reduced gp120 binding,
while alanines at P191 and N192 had no effect (Fig. 7C, right
panels). In addition, an alanine at R188 reduced ROD/B gp120
binding but had no effect on VCP gp120 binding.

Mutations at charged amino acids in ECL3 also yielded
some that affected gp120 binding. Alanines at D262 and E268
markedly reduced binding for both VCP and ROD/B proteins,
while an alanine at K282 had a greater effect on ROD/B
binding and an alanine at E277 had a greater effect on VCP
binding (Fig. 7D). Interestingly, D262 has previously been
shown to be important for HIV-1 entry (9), while E268 has
been shown to be important for SDF-1� binding (86).

Effects of alanine mutations in CXCR4 on VCP and ROD/B
Env fusion. The above studies identified several alanine sub-
stitutions in the CXCR4 extracellular domains that affected
VCP and/or ROD/B gp120 binding. In order to determine the
impact of these mutations on CXCR4 function, we evaluated
VCP and ROD/B Env’s in cell-cell fusion assays with each of
the CXCR4 alanine mutants with or without CD4 coexpres-
sion. In general, mutations that produced a marked reduction
in gp120 binding (Fig. 7) produced a reduction in CD4-inde-
pendent fusion by at least 50%, and in most cases by 75%, from
that for wild-type CXCR4 (Fig. 8). Fusion was typically in-
creased for these constructs when they were coexpressed with
CD4, again indicating that binding of monomeric gp120 to cell
surface CXCR4 is a less sensitive indicator of coreceptor ac-
tivity than functional assays, particularly in the presence of
CD4. Even constructs that exhibited no gp120 binding for
either VCP or ROD/B (e.g., Y7/Y12/Y21, D187, D262, and
E268) supported cell fusion with CD4 at levels �50% that of
wild-type CXCR4. In one case, a mutation at D262 totally

abolished CD4-independent fusion by ROD/B Env, but it was
largely restored when CD4 was coexpressed.

An intriguing finding was that some mutations showed no
effects or only minor effects on gp120 binding but markedly
reduced both CD4-independent and CD4-dependent fusion.
These included mutations of N176, E179, D181, and D182 in
the amino-terminal region of ECL2. It is possible that these
mutations affect a function after gp120 binding or that binding
to Env in its native trimeric conformation is more severely
affected than is binding to monomeric gp120. Finally, although
fusion with the E26 mutant was markedly reduced with or
without CD4, this effect was most likely due to reduced surface
expression, as noted above.

DISCUSSION

For primary HIV-1 strains, CD4 binding induces structural
alterations in gp120 that enable it to interact with CCR5 and/or
CXCR4 (77, 83). For R5-tropic viruses, studies using gp120
binding, cell-cell fusion, and viral entry assays have implicated
the N terminus and multiple residues in the extracellular loops
of CCR5 in mediating gp120 binding and viral entry (reviewed
in reference 30). In contrast, analysis of Env-CXCR4 interac-
tions has been hampered because the few HIV-1 strains eval-
uated to date bind to CXCR4 with low affinity (4, 45). Results
with cell-cell fusion and viral entry assays have supported the
view that the CXCR4 N terminus and ECL2 are important for
Env function (9, 28, 50, 60, 67). However, these assays have not
provided insight into exactly how gp120 binds CXCR4 and
which residues are most important.

Since enhanced exposure and binding efficiency for the che-
mokine receptor can be characteristics that confer CD4 inde-

FIG. 7. HIV-2 gp120 binding to CXCR4 with alanine substitutions in the N terminus, ECL1, ECL2, or ECL3. HIV-2 VCP or ROD/B gp120
produced in 293T cells was bound to QT6 cells expressing CXCR4, CXCR4 with alanine substitutions, or no receptor (pcDNA3). Cells were
washed and lysed, and lysates were analyzed for bound gp120 by SDS-PAGE and Western blotting. VCP gp120 was evaluated without sCD4, while
ROD/B gp120 was evaluated in the presence of 100 nM sCD4. The original amino acids replaced by alanine and their numerical positions are
shown for the N terminus (A), ECL1 (B), ECL2 (C), and ECL3 (D).
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pendence for certain Env’s (34, 58, 61), we hypothesized that
some CD4-independent isolates might exhibit higher binding
affinities for CXCR4, and we evaluated gp120s from two well-
characterized HIV-2 strains that have been shown to utilize
CXCR4 in the absence of CD4 (38, 69). In contrast to HIV-1
gp120s, binding of VCP and ROD/B gp120s to CXCR4 was
readily detectable. This binding was highly specific and inhib-
itable by anti-CXCR4 MAbs and by AMD3100 and SDF-1�,
supporting the view that these gp120 proteins bind to CXCR4
with a higher affinity than that of HIV-1 gp120 proteins. How-
ever, we note that not all gp120s from CD4-independent iso-
lates necessarily exhibit high-affinity binding to coreceptors.
The HIV-1 strain 8x can infect CD4-negative cells in a
CXCR4-dependent manner, even though its gp120 still binds
poorly to CXCR4 (Kd, 500 nM) (45). Apparently, simply ex-

posing the chemokine receptor binding site can itself be suffi-
cient for CD4 independence. Of note, in contrast to HXB
gp120, we did detect minimal binding of 8x gp120 to CXCR4 in
this study (Fig. 1A), suggesting that its affinity, though low, is
higher than that of HXB gp120.

Using CXCR4-CXCR2 and human-rat CXCR4 chimeras
and an extensive panel of alanine mutants, we showed that the
N terminus, ECL2, and ECL3 all contribute to gp120 binding,
and we identified specific residues in each domain that are
involved. For VCP and/or ROD/B, mutations at E14/E15, D20,
Y21, and D22 (in the N terminus), D187, R188, F189, Y190,
and D193 (in ECL2), and D262, E268, E277, and K282 (in
ECL3) all reduced gp120-CXCR4 binding (summarized in Fig.
9). Previous studies using cell-cell fusion and viral entry assays
have shown that most of these residues play some role in

FIG. 8. HIV-2 Env fusion with CXCR4 with alanine substitutions in the N terminus, ECL1, ECL2, or ECL3. HIV-2 env clones of VCP (A) or
ROD/B (B) were evaluated in a cell-cell fusion assay on QT6 target cells expressing CXCR4, CXCR4 with alanine substitutions, or no receptor
(pcDNA3) in the presence or absence of CD4. Percent fusion was calculated by using luciferase activity normalized either to VCP fusion on
CXCR4 with CD4 (A) or to ROD/B fusion on CXCR4 with CD4 (B). Values are means plus standard errors of the means. Asterisks indicate
mutations that produced a marked reduction in gp120 binding (Fig. 7).
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CXCR4’s ability to function as an HIV coreceptor and have
supported the view that Env-CXCR4 interactions involve ty-
rosines and negatively charged residues in the N terminus,
ECL2, and ECL3 (9, 14, 50). Our results indicate that the
mechanism for this effect likely occurs at the level of binding.
Moreover, tyrosines in the N termini of CCR5 (40) and
CXCR4 (39) have been shown to be sulfated, again supporting
the view that negatively charged regions on the coreceptor
contribute substantially to gp120 interactions. In the present
study we also show that both Tyr190 and Phe189 in the
CXCR4 ECL2 contribute to gp120 binding, suggesting that
aromatic or uncharged amino acids in this region are required.

Differences were noted in the effects of CXCR4 mutations
on VCP versus ROD/B gp120 binding. Alanines at D20 and
E277 reduced VCP binding more than ROD/B binding, while
an alanine at R188 reduced ROD/B binding more than VCP
binding. We also observed that VCP gp120, but not ROD/B
gp120, could bind to feline CXCR4 in the absence of CD4
(data not shown). Differential effects of CXCR4 mutations on
HIV-1 isolates have been noted in functional assays, support-
ing the view that X4 viruses vary in their structural require-
ments for CXCR4 utilization (9, 14). Similar findings for
CCR5 utilization have been noted among R5 isolates (re-
viewed in reference 30). Our findings indicate that for HIV-2,
these strain-specific differences result at least in part from
differences in gp120 binding to CXCR4. Of note, these differ-
ences may account for the different sensitivities exhibited by
different virus strains to coreceptor agonists and antagonists
(25, 69a, 78) as well as for differences in their sensitivities to
neutralizing antibodies (11, 74, 85).

It is intriguing that the CXCR4 residues implicated in VCP
and ROD/B gp120 binding overlap substantially with those
involved in SDF-1� binding and/or signaling. E14, E15, D20,
Y21, D187, and E268 were each found to be important for

SDF-1� binding, while Y190 and D187 were important for
signaling (9, 86) (Fig. 9). Apparently, gp120 has evolved a
mechanism of interacting with CXCR4 that closely mimics that
of the natural ligand. It will be of interest to determine if
gp120s that exhibit high-affinity binding to CXCR4 are also
able to induce signaling through this receptor. A variety of
biological effects have been attributed to gp120 interactions
with CXCR4 in the presence or absence of CD4 (21, 23, 49,
59). While signaling is clearly not required for HIV entry (3, 9,
28), high-affinity interactions with CXCR4 could be relevant to
pathogenesis, as has recently been suggested for neurovirulent
HIV-1 isolates that exhibit high-affinity CCR5 interactions and
induce neuronal apoptosis in vitro (44).

Despite the identification of residues important for efficient
gp120 binding to CXCR4, mutation of these residues did not
abolish CD4-independent fusion and in most cases only mod-
estly reduced fusion levels. Moreover, fusion could often be
enhanced or restored to near-wild-type levels in the presence
of CD4. Discrepancies between the ability of a coreceptor
mutant to support detectable gp120 binding in the context of
an equilibrium binding assay and its ability to support virus
infection or cell-cell fusion have been noted previously (5, 27,
28). If a coreceptor mutation abolishes detectable gp120 bind-
ing without eliminating membrane fusion activity, we interpret
this to mean that the mutation reduces gp120-coreceptor af-
finity to a level where it cannot be easily detected by standard
binding assays. Indeed, both VCP and ROD/B (58) are capable
of using CCR5 for fusion, although binding of their gp120s to
CCR5 was not detectable in our assay (Fig. 1B). There is likely
to be a range of affinities that are compatible with membrane
fusion, and a threshold Kd above which membrane fusion does
not occur. Indeed, a broad range of Env-coreceptor affinities
that are compatible with virus infection have been measured;
they range from 5 to at least 500 nM. However, it is possible
that the affinity of monomeric gp120 binding to coreceptors
measured in these assays may not reflect that of gp120 ex-
pressed on the native Env trimer.

Env-coreceptor avidity and utilization likely reflect a com-
plex interplay of gp120 affinity and interactions with CD4 and
other cellular molecules. In the context of virus infection, bind-
ing of Env trimers to cell surface attachment factors such as
DC-SIGN (43, 57) or DC-SIGNR (66, 76) or to CD4 likely
constrains the virus to the two-dimensional plane of the cellu-
lar membrane, making it more likely that the coreceptor will be
encountered. Also, being trimeric, Env can engage multiple
CD4 molecules, likely providing a marked increase in total
avidity for the fusion reaction. At first glance, the cooperative
nature of this entry mechanism illustrates potential difficulties
in inhibiting the fusion process through strategies aimed at
blocking gp120 binding to chemokine receptors with small-
molecule inhibitors alone. However, since multiple receptor
binding events are needed to trigger Env trimers (53), and
several trimers are likely needed to form a fusion pore, inhi-
bition of a single binding event or Env trimer could effectively
eliminate the activities of other subunits and trimers (C. M.
McManus et al., submitted for publication). This may help
explain the effectiveness of entry inhibitors such as T20, which
have been shown to have significant antiviral activity both in
vitro and in vivo (51, 81).

CXCR4 and CCR5 are the major viral coreceptors, even

FIG. 9. Summary of binding determinants on CXCR4 for VCP and
ROD/B gp120s. A sequence alignment of extracellular regions in hu-
man, rat, and feline CXCR4 is shown. The first, second, and third
extracellular loops are referred to as ECL1, ECL2, and ECL3, respec-
tively. Binding sites identified in this study are shown for VCP gp120
(solid rectangles) and ROD/B gp120 (hatched rectangles). Shaded
rectanges, residues important for SDF-1� binding and signaling (9,
86); open rectangle, epitope for 12G5 (6, 10).
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though they share relatively low amino acid identity in their
extracellular domains. However, they share a conserved disul-
fide bond structure, and each contains sulfated tyrosines
and/or negatively charged residues in the amino-terminal do-
main that are needed for efficient coreceptor activity. That
there is structural similarity between the major coreceptors is
evidenced by the fact that some viral Env proteins can interact
with both coreceptors, and also that relatively subtle mutations
in CXCR4 can make it possible for some R5 viruses to use this
receptor (12, 13, 79). As with CCR5, the N terminus and ECL2
of CXCR4 are important for efficient coreceptor activity. It has
been proposed that the N terminus of CCR5 engages the C4
region and the V3 base of gp120 (20, 41) while the CCR5
extracellular loops engage the V3 crown (20). Indeed, sulfated
peptides from the CCR5 N terminus have been shown to bind
to gp120 and to inhibit entry of R5-tropic HIV-1 isolates (19,
20, 41). We do not yet know if the CXCR4 N terminus and/or
sulfated peptides from this domain also engage the C4 domain
and the V3 base of gp120, or if the CXCR4 extracellular loops
bind the gp120 V3 loop. However, the Env proteins studied
here that bind CXCR4 with an apparently increased affinity
can be used to more fully address which coreceptor domains
and residues interact with the V3 loop, bridging sheet, and
other regions in Env needed for successful interactions.

In summary, dissecting the requirements of HIV entry is
pivotal in understanding HIV entry mechanisms and patho-
genesis. The CD4-independent isolates of HIV-2 that we have
described, which exhibit an apparently increased affinity for
CXCR4, should be highly useful in identifying determinants on
Env and the receptor that contribute to coreceptor affinity and
in addressing the biological consequences of mutations that
alter this interaction. In addition, there are multiple com-
pounds currently being evaluated that inhibit various stages of
HIV entry including Env-CD4 binding, Env-coreceptor bind-
ing, and formation of other Env fusion intermediates (re-
viewed in reference 55). Since HIV usage of CXCR4 has been
correlated with rapid progression to AIDS, a small-molecule
inhibitor that inhibits this interaction in conjunction with other
antiviral strategies may be useful in preventing the develop-
ment of AIDS. Thus, a better understanding of how HIV Env
engages CXCR4 for entry is needed to design molecules ef-
fective in preventing this interaction.
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