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Envelope glycoproteins (Envs) of human immunodeficiency virus type 2 (HIV-2) are frequently able to use
chemokine receptors, CXCR4 or CCR5, in the absence of CD4. However, while these Envs are commonly
dual-tropic, no isolate has been described to date that is CD4 independent on both CXCR4 and CCR5. In this
report we show that a variant of HIV-2/NIHz, termed HIV-2/vcp, previously shown to utilize CXCR4 without
CD4, is also CD4 independent on rhesus (rh) CCR5, but requires CD4 to fuse with human (hu) CCR5. The
critical determinant for this effect was an acidic amino acid at position 13 in the CCR5 N terminus, which is
an asparagine in huCCR5 and an aspartic acid in rhCCR5. Transferring the huCCR5 N terminus with an
N13D substitution to CCR2b or CXCR2 was sufficient to render these heterologous chemokine receptors
permissive for CD4-independent fusion. Chimeric Envs between HIV-2/vcp and a CD4-dependent clone of
HIV-2/NIHz as well as site-directed Env mutations implicated a positively charged amino acid (lysine or
arginine) at position 427 in the C4 region of the HIV-2/vcp env gene product (VCP) gp120 as a key determinant
for this phenotype. Because CD4-independent use of CCR5 mapped to a negatively charged amino acid in the
CCR5 N terminus and a positively charged amino acid in the gp120 C4 domain, an electrostatic interaction
between these residues or domains is likely. Although not required for CD4-dependent fusion, this interaction
may serve to increase the binding affinity of Env and CCR5 and/or to facilitate subsequent conformational
changes that are required for fusion. Because the structural requirements for chemokine receptor use by HIV
are likely to be more stringent in the absence of CD4, CD4-independent viruses should be particularly useful
in dissecting molecular events that are critical for viral entry.

Human (HIV) and simian (SIV) immunodeficiency viruses
enter cells by fusing with the cellular membrane in a reaction
triggered by an interaction between the viral envelope glyco-
protein (Env) and two cellular molecules, CD4 and a chemo-
kine receptor, generally either CCR5 or CXCR4 (1, 11, 14, 18,
19, 28). All HIVs described to date have been shown to utilize
CCR5, CXCR4, or both for entry. Although additional mem-
bers of the chemokine receptor family and several other seven
transmembrane domain receptors can serve as coreceptors for
HIV and SIV in vitro, their importance in vivo is currently
unclear (3, 32).

The HIV Env is composed of gp120 and gp41 subunits that
are noncovalently associated on virions in trimeric complexes
(8, 69). Binding of CD4 to gp120 causes a conformational
change that exposes and/or induces the formation of a highly
conserved domain in gp120 that is important for binding to
CCR5 (50, 58). This region, termed the bridging sheet, consists
largely of a four-stranded, antiparallel �-sheet formed by the
V1/V2 stem and components of the fourth conserved region
(C4) of gp120 (42, 58). Conservation of this region among
different HIV-1 isolates and, to some extent, HIV-2 suggests

that it may also be important for interactions with CXCR4 and
thus represents a generic chemokine receptor binding site.
Exposure of the bridging sheet as a consequence of CD4 bind-
ing is thought to involve movement of the V1/V2 and V3
hypervariable loops (49, 68, 72, 73) that flank this domain (42,
58) and determine specificity for which chemokine receptor is
utilized (10–12, 34, 66). Subsequent binding of gp120 to the
chemokine receptor leads to final conformational changes in
gp41 that ultimately result in fusion between the viral and
cellular membranes (8, 15, 69).

Several laboratory-adapted HIV-1 isolates as well as many
primary HIV-2 and SIV strains are able to bypass the require-
ment for CD4 (20, 23, 25, 33, 39, 43, 54, 55). Env proteins from
these CD4-independent isolates have been shown to interact
directly with chemokine receptors, indicating that their che-
mokine receptor binding site is formed and exposed without
the need for CD4 triggering (21, 31, 33, 39, 46). These findings
and the fact that some feline immunodeficiency virus strains
also use CXCR4 as a sole receptor (71) suggest that chemo-
kine receptors are the primordial receptors for lentiviruses and
that primate lentiviruses subsequently evolved to bind to CD4
as well (23, 25, 39). Interestingly, CD4-independent R5- and
X4-tropic isolates exhibit enhanced susceptibility to antibody-
mediated neutralization by anti-gp120 monoclonal antibodies
as well as sera from HIV-1-infected patients, suggesting that
these variants are strongly selected against in vivo (24, 33, 38).

* Corresponding author. Mailing address: Biomedical Research
Building II/III, Room 356, University of Pennsylvania, 421 Curie Blvd.,
Philadelphia, PA 19104. Phone: (215) 898-0261. Fax: (215) 573-7356.
E-mail: hoxie@mail.med.upenn.edu.

10766



Despite the many CD4-independent isolates identified thus
far, none have been able to utilize both CXCR4 and CCR5
independently of CD4. One CD4-independent, X4-tropic vari-
ant of HIV-1, termed 8x, could fuse using CCR5 in the absence
of CD4 when it contained the V3 loop of an R5-tropic virus,
suggesting exposure of a region that could interact with both
CXCR4 and CCR5 (33, 43). However, this Env lost the ability
to fuse with CXCR4-expressing cells (33, 43), suggesting addi-
tional structural constraints on chemokine receptor usage.
Moreover, in an analysis of primary HIV-2 isolates, which are
characteristically dualtropic for CXCR4 and CCR5 in the pres-
ence of CD4, CD4 independence was observed for one but not
both of these receptors (54). It has been proposed that struc-
tural differences between CXCR4 and CCR5 could preclude
their ability to function independently of CD4 for a single Env
protein and that CD4 binding may allow greater tolerance for
variations in Env-chemokine receptor interactions (54).

In this study, we demonstrate that an HIV-2 Env, termed
HIV-2/vcp, that was previously shown to be CD4 independent
on CXCR4 (25), could also utilize rhesus (rh) CCR5 in the
absence of CD4, while it required CD4 to fuse with human
(hu) CCR5. Determinants on both CCR5 and gp120 that were
responsible for CD4-independent use of rhCCR5 were identi-
fied. We found that a negatively charged amino acid at position
13 in the rhCCR5 N terminus and a positively charged amino
acid at position 427 in the C4 domain of gp120 were required
for CD4-independent fusion on CCR5. This finding suggests
that an electrostatic interaction between these residues or do-
mains occurs and likely modulates the binding affinity and/or
subsequent conformational changes that are required for fusion.

MATERIALS AND METHODS

Plasmids and plasmid construction. The env genes from HIV-2/ROD/A and
HIV-2/ROD/B were cloned identically into a modified pCR3.1 vector from
full-length infectious proviral molecular clones pACR23 and ROD/B.14 (55; G.
Lin and J. A. Hoxie, submitted for publication). The HIV-2/vcp env gene (des-
ignated VCP) was recloned from the original pCR3.1 expression vector (25) to
generate an env clone with the 5� untranslated region from ROD/A, producing
an expression vector identical to the ROD/A and ROD/B env clones except for
the open reading frame (Lin and Hoxie, submitted). An env clone designated
NIHzc8 was generated by Josephine Romano (University of Pennsylvania, Phil-
adelphia) from a viral swarm of HIV-2/NIHz-infected CEM cells, provided by
Celia C. LaBranche (Duke University, Durham, N.C.) in a manner similar to that
described for the original VCP env clone (25). This clone was subsequently
recloned into the HIV2-/vcp env clone equalized to ROD/A with BsmI 5� and
BamHI 3�, in essence exchanging the open reading frames.

Chimeras were generated between VCP and NIHzc8 with restriction enzymes
HindIII in the vector and combinations of BstXI, PstI, and MaeI to generate
exchanges between the V1/V2, V3, and V4/C4 regions, respectively. The
QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, Calif.) was used
to generate point mutations in VCP and NIHzc8 env clones. The HIV-2/vcp env
clone with a deleted V1/V2 hypervariable loop (residues 110 to 194 deleted and
replaced with a glycine-alanine-glycine motif) was constructed with QuikChange
with the following pair of complementary primers: 5�CAAATTAACACCCTTA
TGTGTAGGTGCCGGCCATTGCAATACATCAGTC3� and 5�GACTGATG
TATTGCAATGGCCGGCACCTACACATAAGGGTGTTAATTTG3�.

Human and rhesus CCR5 with the corresponding position 13 change
(huCCR5/N13D and rhCCR5/D13N) have been described (21). QuikChange
was used to generate human and rhesus CCR5 with either a glutamic acid or an
alanine at position 13. Constructs for huCCR2b and chimeras between huCCR5
and huCCR2b have been described (62). The ones used in this study were
C25-01, C25-06, and C25-28. Constructs for huCXCR2 and chimeras between
huCCR5 and huCXCR2 have been described (17). QuikChange was also used to
introduce an aspartic acid at position 13 for chimeras containing the huCCR5 N
terminus.

Rhesus CD4, CXCR4, and CCR5 in pcDNA3 were provided by Bridget A.

Puffer (University of Pennsylvania). Human CD4, CXCR4, and CCR5 in
pcDNA3 and the reporter plasmid encoding luciferase under the control of a T7
promoter (T7.luciferase), used in a cell-cell fusion assay, have been described
previously (22, 33, 43, 61).

Cell-cell fusion assay. A cell-cell fusion assay (22, 61) was modified as de-
scribed (Lin and Hoxie, submitted for publication). Briefly, to generate effector
env-expressing cells, QT6 quail fibrosarcoma cells in T-25 flasks were infected
with vaccinia virus strain WR at a multiplicity of infection 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 (Lin and
Hoxie, submitted), a plasmid containing T7 RNA polymerase under the regula-
tion of the synthetic vaccinia virus early and late promoter (6). Cells were
incubated overnight with rifampin at a concentration of 100 �g/ml. To generate
target receptor cells, QT6 quail 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–phosphate-buffered saline (PBS). After addition
of luciferase substrate (Promega, Madison, Wis.), luciferase activity was quanti-
fied with a Wallac 1450 Microbeta Plus luminometer.

Analysis of CCR5 expression and tyrosine sulfation levels. QT6 quail cells
were transfected with huCCR5 and huCCR5 mutants by the standard calcium
phosphate method. After overnight expression, cells were detached with ice-cold
1 mM EDTA-PBS and analyzed by fluorescence-activated cell sorting (FACS)
(43) using a monoclonal antibody to CCR5 (2D7) directly conjugated to phyco-
erythrin (BD PharMingen, San Diego, Calif.). Cells were also labeled in six-well
plates for 4 h with either 500 �Ci total of [35S]cysteine and [35S]methionine or
500 �Ci of [35S]sulfate (NEN Life Science Products, Boston, Mass.) and ana-
lyzed for CCR5 tyrosine sulfation as described (48). After radiolabeling, cells
were lysed in Cymal-5 (Anatrace, Maumee, Ohio) lysis buffer containing 1%
detergent, 100 mM (NH4)2SO4, 20 mM Tris-HCl (pH 7.5), 10% glycerol, and
Complete protease inhibitor cocktail (Roche Molecular Biochemicals, Indianap-
olis, Ind.) and immunoprecipitated with 2D7 and protein A/G beads overnight.
Beads were pelleted and washed with Cymal-5 lysis buffer supplemented with 500
mM NaCl. Sodium dodecyl sulfate (SDS) sample buffer was added to the beads
and heated at 55°C for 1 h, and samples analyzed by SDS-polyacrylamide gel
electrophoresis (PAGE). Radioactivity corresponding to either [35S]cysteine-
and [35S]methionine- or [35S]sulfate-labeled CCR5 was quantified on a Phos-
phorImager.

RESULTS

HIV-2 exhibits CD4-independent use of rhCCR5 but not
huCCR5. HIV-2/vcp has been shown to utilize human CXCR4
in the absence of CD4 (25). Although HIV-2 isolates are com-
monly dual-tropic for CXCR4 and CCR5 and are frequently
CD4 independent for one of these coreceptors, no HIV-2 Envs
described to date have been able to use both CXCR4 and
CCR5 in the absence of CD4 (54). Coreceptor usage of VCP
was further evaluated on human and rhesus CXCR4 and
CCR5 in the presence and absence of CD4. We found that this
Env was able to use both human and rhesus CXCR4 indepen-
dently of CD4. Remarkably, it was also able to use rhCCR5 but
not huCCR5 in the absence of CD4, although it could use both
receptors when CD4 was present (Fig. 1A and 1B). We also
evaluated HIV-2/ROD/A Env, which is CD4 dependent on
CXCR4, and HIV-2/ROD/B Env, which was derived from
ROD/A and is CD4 independent on CXCR4 (55). Although
ROD/A and ROD/B utilized huCCR5 and rhCCR5 in the
presence of CD4, neither clone could use these receptors in
the absence of CD4 (Fig. 1A and 1B). Both VCP and partic-
ularly ROD/B were able to fuse when the QT6 quail target
cells expressed CD4 alone, raising the possibility of an endog-
enous CD4-dependent coreceptor on this nonmammalian cell
type. Nonetheless, these findings indicated that the HIV-2/vcp
Env must contain determinants that enable it to use both
CXCR4 and rhCCR5 without CD4 and that rhCCR5 must
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differ from huCCR5 in a way that supports CD4-independent
fusion.

Role of CCR5 amino terminus in CD4-independent fusion.
Previous reports have shown differential use of human and
rhesus CCR5 by SIV Envs. SIVmac239 gp120 binds to rhCCR5
independently of CD4 but requires soluble CD4 to bind to
huCCR5 (46). SIVmac/CP-MAC can use rhCCR5 for infection
in the absence of CD4 but requires CD4 to use huCCR5 (21).
Both studies mapped the determinant for CD4 independence
to residue 13 in the CCR5 N terminus, which is an asparagine
(N) for huCCR5 and an aspartic acid (D) for rhCCR5. Thus,
changing position 13 in huCCR5 to a D (huCCR5/N13D)
conferred CD4 independence, while changing position 13 in
rhCCR5 to an N (rhCCR5/D13N) abrogated CD4 indepen-
dence (21, 46).

To determine if this amino acid had a similar effect for
HIV-2/vcp, huCCR5/N13D and rhCCR5/D13N were evalu-

ated in fusion assays with and without CD4 (Fig. 2A). In the
presence of human or rhesus CD4, VCP could fuse with both
hu- and rhCCR5, although fusion was typically greater when
rhCD4 was used with rhCCR5. Although fusion with huCCR5
was CD4 dependent, it became CD4 independent with the
N13D substitution. CD4-independent use of rhCCR5 was ab-
rogated when it contained the D13N substitution, although this
receptor remained functional in the presence of CD4. Thus, a
D at position 13 was critical for CD4-independent fusion on
CCR5 by VCP.

To determine if CD4-independent use of rhCCR5 was due
to the presence of the aspartic acid, the mere presence of a
negative charge, or the specific loss of an asparagine, hu- and
rhCCR5 mutants that contained either a glutamic acid (E) or
an alanine (A) at position 13 were created. FACS analysis
using a monoclonal antibody (2D7) that binds to a determinant

FIG. 1. Evaluation of HIV-2 Env proteins with human and rhesus
receptors. HIV-2 env clones VCP, ROD/A, and ROD/B were evalu-
ated in a cell-cell fusion assay on QT6 target cells expressing (A)
human or (B) rhesus receptors CXCR4 and CCR5 in the presence or
absence of human or rhesus CD4. Values are represented as percent
fusion, calculated using luciferase activity normalized to ROD/A fu-
sion on CXCR4 with CD4. Mean values � standard error of the mean
(SEM) are represented.

FIG. 2. Human and rhesus CCR5 N-terminal mutations at position
13. (A) HIV-2/vcp was evaluated in cell-cell fusion on QT6 target cells
expressing huCCR5, rhCCR5, or CCR5 mutants containing either an
aspartic acid (D) or an asparagine (N) at position 13, as indicated. The
ability of these CCR5 N-terminal mutants to support membrane fusion
by VCP Env was assessed in the presence or absence of both human
and rhesus CD4. Results are expressed as luciferase activity in relative
light units (RLU). (B) VCP Env fusion was also assessed with CCR5
mutants containing either a glutamic acid (E) or an alanine (A) at
position 13, as indicated. Values are represented as percent fusion,
calculated using RLU normalized to VCP fusion on huCCR5 with
huCD4. Mean values � SEM are represented.
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in the second extracellular loop of CCR5 (44, 63) demon-
strated that all huCCR5 mutants were expressed at levels com-
parable to wild-type huCCR5 (Fig. 3). Although the HIV-2/vcp
Env was able to fuse with each construct in the presence of
CD4, it was only CD4 independent on CCR5 molecules that
contained a D or an E, but not an N or an A (Fig. 2B).
Therefore, the ability of rhCCR5 to support CD4-independent
fusion by HIV-2/vcp was due to the presence of a negative
charge in the N terminus at position 13.

CCR5 N terminus can confer CD4-independent fusion on
CCR5 by HIV-2/vcp to heterologous chemokine receptors. In-
teractions of HIV with CCR5 are conformationally complex,
involving to at least some degree all extracellular domains of
this coreceptor. However, the N-terminal domain of CCR5
and the second extracellular loop are particularly important
regions for Env interactions (4). In addition to being CD4
dependent on huCCR5, VCP also exhibited CD4-dependent
fusion with cells expressing huCCR2b or huCXCR2 (Fig. 4A,
data not shown), which are 76 and 34% homologous to
huCCR5, respectively (17, 62). To determine if the N terminus
of CCR5 with a negative charge at position 13 could confer
CD4 independence on other receptors, we analyzed usage of
CCR2b and CXCR2 chimeras containing the N terminus of
CCR5 or other domains of CCR5. These receptor chimeras
were previously shown to be functional for other CCR5-tropic
HIV-1 Envs (17).

CCR2b chimeras that contained either the entire N-terminal
domain of CCR5 or only the first 20 residues supported CD4-
dependent fusion with VCP (Fig. 4A and 4B). However, these
chimeras supported CD4-independent fusion when residue 13

was changed to an aspartic acid (Fig. 4A and 4B). The same
observation was made with the more heterologous CXCR2/
CCR5 N-terminal chimeras (Fig. 4B). Notably, the second
extracellular loop of CCR5 was not critical for CD4 indepen-
dence, since on the CCR5/CCR2b chimeras, VCP used 5222/
N13D without CD4 just as well as it used 5252/N13D (Fig. 4A).
Therefore, the N-terminal domain of huCCR5 containing a
negatively charged residue at position 13 was sufficient to con-
fer CD4-independent fusion by HIV-2/vcp onto heterologous
chemokine receptors.

Tyrosine sulfation levels of CCR5 mutants. Tyrosines in the
N terminus of CCR5 at positions 3, 10, 14, and 15 are sulfated
and play an important role in gp120 binding and efficient HIV
entry (13, 26, 27). Because acidic residues surrounding ty-
rosines serve as tyrosine sulfation signals, especially acidic res-
idues at the �1 position from a tyrosine (5, 36, 45, 60), we
considered the possibility that a D or an E at position 13 could
improve the efficiency of CCR5 utilization and permit CD4
independence by increasing the level of tyrosine sulfation.
Therefore, we examined the relative levels of tyrosine sulfation
between huCCR5 and huCCR5 containing a D or an E at
position 13 by radiolabeling with either [35S]sulfate or [35S]cys-
teine and [35S]methionine as previously described (48). By
using [35S]cysteine and [35S]methionine incorporation as a
means to normalize for CCR5 expression, we were able to
determine the relative levels of sulfation. We found that
[35S]sulfate incorporation into huCCR5/N13D and huCCR5/
N13E relative to wild-type CCR5 was 115 and 82%, respec-
tively (Fig. 5), indicating that differences in tyrosine sulfation
could not account for the CD4-independent fusion. Thus, a

FIG. 3. Cell surface expression of CCR5 mutants. QT6 quail cells were transiently transfected with huCCR5 or huCCR5 mutants by the
standard calcium phosphate method, and after overnight expression, cells were detached with ice-cold 1 mM EDTA-PBS and analyzed by FACS
using a monoclonal antibody to CCR5 (2D7) directly conjugated to phycoerythrin. Histograms are labeled with mean channel fluorescence (MCF).
Cells expressing CCR5 are shown with a bold line, while cells transfected with vector alone are shown with a thin line.
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negatively charged amino acid at position 13 may be more
directly involved in CD4-independent use of rhCCR5.

Derivation and sequence analysis of a CD4-dependent clone
from HIV-2/NIHz compared to HIV-2/vcp. To identify regions
within the HIV-2/vcp Env that determined its CD4 indepen-
dence on CCR5, we derived an env clone from an early passage
of the parental HIV-2/NIHz isolate. This clone, designated
NIHzc8, utilized both CCR5 and CXCR4 in fusion assays, but
only when CD4 was present (see Fig. 7; data not shown). The
sequences of the NIHzc8 and VCP Env clones are shown and
compared to the published sequence of NIHz (Fig. 6) (75).
VCP differed from NIHzc8 by 11 amino acids in gp120 and 9
amino acids in the gp41 ecto- and membrane-spanning do-
mains. Both NIHzc8 and NIHz contain an unpaired cysteine in
the V1/V2 domain, which in HIV-2 and SIV contains four

additional cysteines compared to HIV-1 (35). NIHzc8 also
acquired a cysteine at position 632 in the gp41 ectodomain. In
addition, relative to NIHz, NIHzc8 and VCP contained muta-
tions that resulted in the loss of a predicted N-linked glycosyl-
ation site at position 401 and 458, respectively. NIHzc8 also has
a frameshift mutation in the TM cytoplasmic domain at posi-
tion 696 that results in an aberrant and prematurely truncated
tail of 34 amino acids. Similar to many laboratory-adapted
HIV-2 and SIV isolates (37, 41), VCP contained a premature
stop codon in its cytoplasmic tail.

Mapping Env determinants for CD4 independence using
Env chimeras. To identify the structural determinants in HIV-
2/vcp Env that enabled it to use rhCCR5 independently of
CD4, chimeras were made between VCP and the CD4-depen-
dent NIHzc8 clone. Env chimeras were constructed using avail-

FIG. 4. Role of CCR5 N terminus in CD4-independent use of CCR2b and CXCR2. HIV-2/vcp was evaluated in cell-cell fusion on QT6 target
cells expressing (A) human CCR2b/CCR5 chimeras with the entire N terminus as well as the first transmembrane domain exchanged, or (B) human
CCR2b/CCR5 and CXCR2/CCR5 chimeras containing a minimal N-terminal exchange made at the conserved cysteine at position 20. Nomen-
clature shows the first number representing the N terminus and the second, third, and fourth numbers representing the second, third, and fourth
extracellulat loops, respectively. 5 refers to CCR5, 2 refers to CCR2b, and B refers to CXCR2. An asterisk (5*222) indicates that this construct
differs from 5222 in that the N-terminal exchange was made at cysteine 20. CCR5 N-terminal chimeras denoted N13D contained an aspartic acid
at residue 13. Values are represented as percent fusion, calculated using luciferase activity normalized to VCP fusion on huCCR5 with huCD4.
Mean values � SEM are represented.
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able restriction sites to exchange the V1/V2, the V3, and the
V4/C4 loops in various combinations, as well as the entire
gp120 and gp41 subunits (Fig. 6, 7, and 8). Fusion assays were
performed on cells expressing huCCR5/N13D, since we hoped
to identify determinants on Env that would likely interact with
residue 13 in the CCR5 N terminus. All constructs were com-
petent for fusion when CD4 was present, although the levels of
activity varied. The CD4-independent activity of VCP clearly
resided within gp120, since the NIHzc8 gp120 paired with VCP
gp41 lost CD4 independence, while a chimera containing VCP
gp120 with the NIHzc8 gp41 was fully CD4 independent (Fig.
7). Thus, the marked differences in the cytoplasmic domains of
these proteins had no obvious effect on the CD4-independent
phenotype, nor did other changes in the gp41 ectodomain.

Within gp120, the V4/C4 domain appeared to be particularly
important, since VCP chimeras containing the NIHzc8 V4/C4
domain alone or in combination with the V1/V2 or V3 domain
became CD4 dependent on huCCR5/N13D (Fig. 8). However,
the VCP V4/C4 domain could not by itself confer CD4 inde-
pendence on NIHzc8 (Fig. 8), although introducing the VCP
V4/C4 region onto an NIHzc8 background in combination with
either V1/V2 or V3 did confer CD4 independence (Fig. 8).
Therefore, the VCP V4/C4 domain was necessary but not
sufficient to confer CD4 independence to NIHzc8.

In analyzing sequence differences between NIHzc8 and
VCP, the loss of a cysteine in the NIHzc8 V1/V2 loop was
intriguing because unpaired cysteine residues in the ectodo-
mains of HIV and SIV glycoproteins are uncommon. Although
not sufficient to confer CD4 independence on NIHzc8, the
VCP V1/V2 clearly contributed since this domain, as noted
above, in conjunction with V4/C4 rendered NIHzc8 fully CD4
independent (Fig. 8). We therefore considered the possibility
that the absence of C144 in NIHzc8 disrupted the V1/V2
domain and adversely affected Env function. When we re-

stored a cysteine at position 144 in the NIHzc8 chimera con-
taining the VCP V4/C4 region, we found that the resulting
construct was fully CD4 independent (Fig. 9, compare num-
bers 4, 5, and 6). These findings indicated that differences
between the NIHzc8 and VCP V4/C4 domains are important
for CD4-independent use of CCR5.

Identification of lysine 427 within V4/C4 domain as a deter-
minant for CD4-independent use of CCR5. VCP differed from
NIHzc8 at four positions in the V4/C4 domain (403, 427, 453,
and 458) (Fig. 6). Among these changes, we were particularly
interested in the difference at position 427, since that resulted
in a change to a positively charged lysine in VCP from the
negatively charged glutamic acid in NIHzc8 (Fig. 6). Given the
importance of a negatively charged residue at position 13 in
the CCR5 N terminus for CD4-independent fusion, we hypoth-
esized that a gain in positive charges would facilitate VCP CD4
independence. Indeed, by changing residue 427 to a lysine in
the NIHzc8/R144C background, CD4 independence was con-
ferred (Fig. 9, compare numbers 6 and 7). Moreover, CD4
independence was also conferred if position 427 was changed
to a different positively charged residue (arginine), but was lost
if an alanine was substituted (Fig. 9, numbers 8 and 9). Con-
versely, when position 427 in VCP was changed to a glutamic
acid, a considerable degree of CD4 independence was lost
(Fig. 9, number 2). Despite its role in CD4 independence, VCP
residue C144 was not believed to contribute to the interaction
with residue 13 in the CCR5 N terminus because VCP Env
with the entire V1/V2 hypervariable loop deleted retained
some degree of CD4 independence (Fig. 9, number 10). There-
fore, similar to the analysis of the CCR5 receptor, what was
critical for CD4 independence on Env was the presence of a
positively charged residue at position 427 in the C4 region and
not a specific basic residue.

DISCUSSION

The fusion activity of HIV and SIV Envs is typically trig-
gered by sequential interactions with CD4 and a coreceptor.
For primary HIV-1 strains, CD4 binding induces structural
alterations in gp120 that enable it to interact with CCR5 and/or
CXCR4 (67, 72). While coreceptor binding is needed for mem-
brane fusion, it is not clear exactly how coreceptors bind to
Env, nor are the structural consequences of this interaction
well understood. CD4-independent virus strains provide a
means to dissect the roles played by CD4 and coreceptor bind-
ing in the virus entry process, since coreceptor binding alone is
sufficient to elicit membrane fusion for these viruses (20, 23,
25, 33, 39, 43, 54, 55).

We have previously shown that HIV-2/vcp can efficiently use
CXCR4 independently of CD4 (25). In the present study we
found that VCP could also use rhesus but not human CCR5
independently of CD4. Of the four extracellular differences
between huCCR5 and rhCCR5 (9), the critical determinant for
CD4-independent use of rhCCR5 by VCP mapped solely to
residue 13 in the CCR5 N terminus. Specifically, an acidic
amino acid at this position enabled either huCCR5 or rhCCR5
to support CD4-independent fusion. Potential indirect effects
of a negatively charged residue at position 13, such as an
increase in coreceptor expression or tyrosine sulfation of the
CCR5 N terminus, which would have confounded our inter-

FIG. 5. Tyrosine sulfation levels of CCR5 mutants. QT6 quail cells
were transiently transfected with huCCR5 or huCCR5 mutants by the
standard calcium phosphate method, radiolabeled with [35S]cysteine
and [35S]methionine or [35S]sulfate, lysed, immunoprecipitated with
2D7, and analyzed by SDS-PAGE as described in the text. Radioac-
tivity corresponding to either [35S]cysteine- and [35S]methionine- or
[35S]sulfate-labeled CCR5 was quantified on a PhosphorImager. Back-
ground radioactive counts from pcDNA3 control-transfected cells
were subtracted, and results are expressed as the relative number of
cpm normalized to huCCR5. huCCR5/N13D and N13E ratios for
[35S]sulfate to [35S]cysteine and [35S]methionine labeling were 115 and
82%, respectively.
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pretation, were ruled out. Previous studies have shown that
SIVmac239 gp120 binding to rhCCR5 and CD4-independent
SIVmac/CP-MAC infection are likewise dependent on an
acidic residue at position 13 in the CCR5 N terminus (21, 46).
Moreover, the N-terminal domain of huCCR5 with a nega-
tively charged residue at position 13 was sufficient to confer
CD4-independent use by VCP on CCR2b and CXCR2, under-
scoring the importance of the CCR5 N terminus for Env bind-
ing and efficient coreceptor use. Consistent with this view,
CCR5 N-terminal peptides containing sulfated tyrosines at po-

sition 10 and 14 have been shown to bind gp120-CD4 com-
plexes from HIV-1 CCR5-tropic isolates and to inhibit virus
entry, suggesting that this domain by itself adopts a conforma-
tion that binds directly to gp120 (13, 27).

By using chimeras between VCP and a closely related CD4-
dependent Env, we identified a critical determinant on Env for
CD4-independent use of CCR5 as a positively charged residue
in the C4 domain of gp120 at position 427. By homology
analysis, VCP residue 427 corresponds to HIV-1 HXBc2 res-
idue 432, which lies in the highly conserved four-stranded,

FIG. 6. Sequence analysis of HIV-2 env clones NIHzc8 and VCP in comparison to NIHz. Sequences are shown for the HIV-2/vcp env in
comparison to HIV-2/NIHz (75) and an env clone derived from HIV-2/NIHz-infected cells (NIHzc8). NIHzc8 is CD4 dependent for rhesus and
human CCR5 and CXCR4 (not shown). Positions of variable loops, conserved domain 4, the gp120/gp41 cleavage site, and the TM membrane-
spanning domain (msd) are indicated. Predicted N-linked glycosylation sites are represented with a shaded circle. NIHzc8 contains a frameshift
mutation at position 696, resulting in a prematurely truncated cytoplasmic tail at position 745. The VCP cytoplasmic tail is also prematurely
truncated at position 742. NIHzc8 and VCP have each lost a consensus N-linked glycosylation site at positions 401 and 458, respectively. Restriction
sites (BstXI, PstI, and MaeI) used to construct NIHzc8 and VCP Env chimeras are indicated with a vertical arrow.
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antiparallel �-sheet implicated in forming the CCR5 binding
site (Fig. 10) (42, 57). The requirement for a positively charged
residue at this position in gp120 coupled with the need for a
negatively charged residue at position 13 in CCR5 suggests
that an electrostatic interaction between these residues is im-
portant for the CD4-independent phenotype. A number of
other basic residues are located in the CCR5 binding site,
including several that have been shown to be important for
CCR5 binding (Fig. 10) (57). These basic residues could po-
tentially interact with negatively charged residues in the CCR5
N terminus, including the sulfated tyrosines. However, our
results with VCP are clearly context dependent, since there are
other R5-tropic, CD4-independent isolates that can use human
CCR5, which lacks the aspartic acid at position 13 (21, 23, 33,
39, 58). In addition, the V3 loop of Env is also implicated in

interacting with the CCR5 N terminus and plays a critical role
in coreceptor choice (10–12, 27, 66). Finally, the CCR5 extra-
cellular loops also play a role in HIV entry (17, 62), although
it is not clear how they interact with Env.

How does a single amino acid change in gp120 result in a
CD4-independent phenotype? While it could be argued that
the lysine at position 427 is involved in exposing the coreceptor
binding site on gp120, a VCP Env containing a lysine to glu-
tamic acid substitution at position 427 remained highly CD4
independent on CXCR4 (data not shown). Thus, we consider
it less likely that a basic residue at this position simply exposes
the coreceptor binding site. However, it is possible that the
region in the bridging sheet responsible for CXCR4 binding is
at least somewhat different from the region implicated in
CCR5 binding. Thus, the acquisition of a positively charged

FIG. 7. Mapping determinants for CD4-independent use of CCR5 with progressive N- to C-terminal exchanges. HIV-2/vcp and HIV-2/NIHzc8
chimeras were constructed using the indicated restriction sites (see also Fig. 6) and evaluated in cell-cell fusion on QT6 target cells expressing
huCCR5/N13D with and without rhesus CD4. Values are represented as percent fusion, calculated using luciferase activity normalized to NIHzc8
fusion on huCCR5/N13D with rhCD4. Mean values � SEM are represented.
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amino acid at 427 could result in enhanced exposure of that
portion of the coreceptor binding site needed to interact with
CCR5.

It is also possible that the electrostatic interactions that we
have implicated enhance the affinity and/or avidity of Env-
coreceptor binding. Recent work indicates that multiple core-
ceptor binding events are needed for optimal fusion activity of
Env trimers (40). Thus, Envs that bind coreceptor with high
affinity will engage multiple coreceptors more quickly than
Envs that bind with low affinity, resulting in more efficient
triggering. While our studies have not yet addressed the affinity
of the VCP Env for CCR5, studies by Cormier et al. (13) have
shown that gp120 binding to sulfated peptides from the CCR5
N terminus can be quantitated. It will be of great interest to
determine if CD4-dependent and CD4-independent use of hu-
and rhCCR5, respectively, corresponds to differences in affinity
of VCP gp120 binding to sulfated peptides from these receptors.

Finally, it is possible that an electrostatic interaction be-
tween residue 427 in VCP gp120 and residue 13 in CCR5
allows more efficient triggering of postbinding, fusion-inducing
conformational changes in Env. Thermodynamic analysis of
the gp120-CD4 binding reaction indicates that extensive struc-
tural rearrangements in gp120 occur upon CD4 binding that
likely involve movements of the V1/V2 and V3 hypervariable
loops as well as formation of the bridging sheet, which con-
nects the inner and outer domains of gp120 (49, 50, 72, 73).
However, the exact structural consequences of coreceptor
binding to Env are unknown, and it is unclear how this inter-
action leads to conformational changes in gp41 and formation
of the six �-helical bundle that ultimately drives membrane
fusion (7, 47, 59, 64, 70). VCP Env can interact with huCCR5,
since fusion occurs when CD4 is present. CD4, in addition to
Env binding, may serve to facilitate the coreceptor-induced
structural changes in Env that huCCR5 cannot induce alone.

FIG. 8. Mapping determinants for CD4-independent use of CCR5 with exchanges of gp120 subdomains. HIV-2/vcp and HIV-2/NIHzc8
chimeras were constructed using the indicated restriction sites and evaluated in cell-cell fusion on QT6 target cells expressing huCCR5/N13D with
and without rhesus CD4. Values are represented as percent fusion, calculated using luciferase activity normalized to NIHzc8 fusion on huCCR5/
N13D with rhCD4. Mean values � SEM are represented.
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Without CD4, the more favorable electrostatic interaction pro-
vided by a negatively charged residue at position 13 in rhCCR5
may serve to transmit signals to gp41 that enable subsequent
conformational changes to occur.

It is likely that CD4 binding allows more genetic variation in
the Env-chemokine receptor interaction to be tolerated. In this
context, CD4 may serve not only to induce favorable confor-
mational changes for coreceptor binding, but could also con-
tribute to the net avidity of Env with a cellular CD4-chemokine
receptor complex (74). However, our demonstration that VCP

can use both CXCR4 and CCR5 independently of CD4 indi-
cates that these divergent coreceptors clearly can adopt a con-
formation that permits a direct interaction with a single gp120.
Nonetheless, coreceptor binding may itself be a complex and
cooperative process involving several Env chemokine receptor
subdomains. While this study has implicated an interaction
between the CCR5 N terminus and the gp120 C4 domain,
another study of an X4-tropic, CD4-independent HIV-2 im-
plicated an interaction with the CXCR4 second extracellular
loop (53). Studies to identify the determinants and mecha-

FIG. 9. Fine mapping of determinants of CD4 independence. Point mutations were introduced into HIV-2/vcp and HIV-2/NIHzc8 env clones
and chimeras as depicted at positions 144 and 427 through QuikChange site-directed mutagenesis and evaluated in cell-cell fusion on QT6 target
cells expressing huCCR5/N13D with and without rhesus CD4. Constructs 4 and 5 contain the VCP V4/C4 domains (PstI to MaeI fragment) on an
NIHzc8 background. An HIV-2/vcp env construct containing a deleted V1/V2 hypervariable loop that was replaced with a glycine-alanine-glycine
motif was also evaluated. Values are represented as percent fusion, calculated using luciferase activity normalized to NIHzc8 fusion on
huCCR5/N13D with rhCD4. Mean values � SEM are represented.

FIG. 10. Positively charged residues in the putative CCR5 binding site on gp120. A space-filling model (A) and a ribbon diagram (B) of the
HIV-1 gp120 core crystal structure (white) is depicted complexed with a ribbon diagram of CD4 (yellow) (42). HIV-1 amino acid 432, which
corresponds to residue 427 of NIHzc8 (Glu), is shown in red. Amino acid positions at which mutations produced a �50% decrease in HIV-1/YU2
gp120 binding to CCR5 are shown in cyan. Positively charged residues included within this region (K121, K207, R419, K421, and R440) are shown
in blue (58). Positions of the V1/V2 stem and the base of the V3 loop are shown in orange. As shown in Fig. 9, E427K and E427R mutations in
NIHzc8 enabled this clone to use huCCR5/N13D independently of CD4.
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nisms for CD4-independent use of CXCR4 by HIV-2/vcp may
help to identify additional coreceptor domains that have been
optimized by this Env.

Given the relatively broad expression pattern of CXCR4 in
human tissues and the more restricted expression of CD4,
CD4-independent viruses would be expected to exhibit ex-
panded tropism in vivo. However, primary CD4-independent
HIV-1 isolates have not yet been identified, perhaps because of
their markedly enhanced sensitivity to neutralizing antibodies,
resulting in selective immune pressure in vivo against their
emergence (24, 33, 38). A CD4-independent HIV-1 gp120
protein that we have described has been shown to have a stably
exposed coreceptor binding site, raising the possibility that
such genetically triggered Env proteins may also elicit antibod-
ies against this highly conserved region (31, 33). The feasibility
of targeting cryptic epitopes on Env or fusion intermediates is
evidenced by the ability of strategically deglycosylated Envs to
generate antibody responses with increased neutralizing activ-
ity (56) and the success of peptide-based pharmaceuticals in
preventing membrane fusion (7, 47, 59, 64, 70). Combining
immunologic and pharmacologic strategies that target con-
cealed epitopes and fusion intermediates may be highly syner-
gistic in inhibiting HIV infection (16).

In summary, our findings have implicated an electrostatic
interaction between an HIV-2 gp120 and the CCR5 N termi-
nus as playing a key role in events that lead to viral entry.
Although CD4 likely modulates the exposure, affinity, and/or
orientation of Env that enables it to engage coreceptors, an
accumulation of favorable charge-charge interactions can ap-
parently obviate the need for CD4, at least in the context of
cell-cell fusion used in our analysis. In addition, accessory
molecules such as the newly discovered C-type lectins DC-
SIGN and DC-SIGNR, which also bind HIV Env, are gener-
ating increased interest as factors that can enhance HIV trans-
mission to T cells via a trans mechanism (2, 29, 30, 51, 52, 65).
Whether these other attachment mediators also induce struc-
tural changes in Env that bear on interactions with CD4 and
coreceptors or simply serve to bind virus remains to be deter-
mined. The development of a molecular model that takes into
account all components of viral entry will lead to the more
rational design of pharmacologic and immunologic inhibitors
that target Env domains critical to the viral entry process.
CD4-independent isolates that interact with both CXCR4 and
CCR5 may be particularly useful in this regard.
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