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The V3 loop and the bridging sheet domain of human immunodeficiency virus type 1 (HIV-1) subtype B
envelope glycoprotein gp120 have been implicated in CCR5 coreceptor utilization. In this study, mutant
envelope glycoproteins of a subtype C isolate containing substitutions in the V3 or C4 region were generated
to determine which are required for efficient CCR5-dependent cell fusion and viral entry. We found that the V3
crown and C4 residues are relatively dispensable for cell-cell fusion, although some residues may be involved
in the regulation of early postentry steps in viral replication. In contrast, seven highly conserved residues
located in the V3 stem are critical for CCR5 utilization, which can explain the apparent paradox that the
functional convergence in CCR5 usage by genetically divergent HIV-1 strains involves a variable region. The
finding that C4 residues do not have a critical role may appear to contradict the current model that bridging
sheet residues are involved in the gp120-CCR5 interaction. However, a plausible interpretation is that these C4
residues may have a distinct role in the binding and fusion steps of the gp120-CCR5 interaction.

Human immunodeficiency virus type 1 (HIV-1) enters target
cells through fusion of the virus envelope with the target cell
membrane, which involves sequential interactions between the
external envelope glycoprotein gp120, the primary receptor
CD4, and a seven-transmembrane chemokine coreceptor (24,
30). The �-chemokine receptor CCR5 can act as a coreceptor
for most primary non-syncytium-inducing (NSI) viruses (1, 5)
that are transmitted between individuals and that predominate
early in the course of natural infection (14). Syncytium-induc-
ing viruses later emerge in infected patients that can utilize the
�-chemokine receptor CXCR4 (22).

On the basis of studies of HIV-1 subtype B, efficient CCR5
binding is dependent on the presence of the V3 loop of gp120
(30) and the V3 loop sequence influences the specific chemo-
kine receptors used by different HIV-1 strains (29). More re-
cently, two functionally distinct regions of the V3 loop, desig-
nated the stem and the crown, were shown to be required for
soluble subtype B gp120 binding to CCR5, whereas the V3
crown alone determines the coreceptor specificity of the virus
(3).

Conserved gp120 structures have also been implicated in
CCR5 binding. It is believed that the base of the V3 loop is in
close proximity to the bridging sheet region, which is a four-
stranded, antiparallel � sheet that includes the V1/V2 stem and
two strands derived from the C4 region (11). This region is
thought to undergo conformational changes as a result of CD4
binding, exposing CD4-induced epitopes that facilitate the in-
teraction between some highly conserved gp120 residues and

the chemokine coreceptor (11, 20). Five residues within the C4
region (I420, K421, Q422, P438, and G441) were reported to
be the most critical for CCR5 binding to a subtype B gp120
protein (19). The highly conserved nature of these residues is
thought to provide a molecular basis for the observed func-
tional convergence in CCR5 utilization by genetically divergent
HIV-1 strains.

The current model of HIV-1 coreceptor usage is one in
which the V3 loop of gp120 dictates coreceptor choice and the
conserved bridging sheet residues contribute to binding con-
tacts with CCR5. However, previous studies were done with
HIV-1 subtype B, and therefore it is not known whether the V3
and bridging sheet residues of other HIV-1 subtypes determine
such viral characteristics. Given the high prevalence of HIV-1
subtype C in the global epidemic and its predominance in the
most heavily affected region of southern Africa, we chose to
determine whether corresponding regions in the gp120 protein
from an HIV-1 subtype C isolate are also important for CCR5
utilization.

CCR5 utilization by a chimeric HIV-1 clone containing the
subtype C envelope. In order to examine the role of the V3
loop and of conserved C4 residues of HIV-1 subtype C gp120
in CCR5 utilization, we constructed an HIV-1 infectious mo-
lecular clone containing a subtype C envelope gene derived
from the CCR5-using (R5) primary isolate from Botswana,
00BW1471 (GenBank accession no. AF443091). Amino acid
alignment of the V3 and C4 regions showed that the isolate
00BW1471 and consensus subtype C sequences are identical,
with the exception of two residues in the V3 loop (at position
300, a Gly for an Asn, and at position 307, a Val for an Ile; Fig.
1B) (26). The env gene of isolate 00BW1471 was used to
replace that of a well-characterized CXCR4-using (X4) HIV-1
subtype B molecular clone, HXB2RU3 (Fig. 1A). The ability
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of this chimeric construct, designated HXB21471, to use CCR5
as an entry coreceptor was subsequently demonstrated in in-
fection assays with human glioma cell lines U87-CD4-CCR5
and U87-CD4-CXCR4, which stably express CD4/CCR5 and
CD4/CXCR4, respectively. Briefly, cell-free supernatants were
collected 72 h after transfection of 293 cells with proviral DNA
by using the Superfect transfection reagent (Qiagen, Hilden,
Germany). Equivalent amounts of viruses, as standardized by
p24, were used to infect the target cells, and the p24 levels in
the infected culture supernatants were determined 7 days
postinfection by enzyme-linked immunosorbent assay (ELISA;
NEN Life Science Products, Boston, Mass.). As shown in Fig.
1C, HXB21471 replicated in the CCR5-positive cells but not in
the CXCR4-positive cells. ConB, a previously described sub-
type B molecular clone that uses CCR5 as its entry coreceptor
(25), was included as a positive control. The sequence of ConB
differs from that of HXB2RU3 only in the V3 loop, which
represents the consensus sequence of NSI subtype B viruses
(Fig. 1B). As expected, ConB replicated to a high level in
CCR5-positive cells but not in CXCR4-positive cells (Fig. 1C).
Conversely, HXB2RU3 replicated only in cells expressing
CXCR4. This experiment demonstrated that the HIV-1 sub-
type C envelope protein contains important determinants of

coreceptor utilization and confirmed previous observations
that the env gene of an R5 virus is sufficient to confer on an
otherwise X4 virus the ability to use CCR5 as a coreceptor
(29). The HXB21471 chimeric virus was subsequently used as
the parental clone to generate mutant subtype C envelope
glycoproteins.

Construction of HXB21471 envelope mutants. To determine
the extent of involvement of the V3 loop and of conserved C4
residues in CCR5 utilization, alanine-scanning mutagenesis
was conducted by overlap extension PCR (10) and all muta-
tions were verified by DNA sequencing. Among the 33 V3
residues of chimeric clone HXB21471, 31 amino acids, from
Thr-297 to His-329, were individually replaced with an alanine
residue. Alanine was chosen as a substituent because its small
nonpolar methylene side chain is less likely to impose severe
constraints on gp120 and contributes little to protein-protein
interactions. The two naturally occurring alanines at positions
317 and 328 were changed instead into a glycine. Among the
C4 residues, alanine substitutions were made at positions 420,
421, 422, 438, and 441.

Effects of mutations on cell-cell fusion. The ability of HIV-1
gp120 to mediate cell-cell fusion is commonly used to charac-
terize the efficiency of coreceptor utilization by an HIV-1
strain. To investigate the relative contribution of the intro-
duced amino acid substitutions in HIV-1 subtype C gp120 on
CCR5 usage, we quantitatively assessed the ability of the mu-
tant envelope proteins to induce fusion with U87-CD4-CCR5
cells. Fusion was analyzed by a previously described reporter
gene activation assay (17), with a few modifications. Our sys-
tem employed 293 effector cells that express the HIV-1 gp120
protein and contain a vaccinia virus-encoded T7-driven lacZ
gene and target cells that stably express CD4 and CCR5 and
vaccinia virus-encoded T7 RNA polymerase. Envelope-medi-
ated cell-cell fusion results in cytoplasmic mixing and was
scored by the level of �-galactosidase (�-Gal) selectively pro-
duced in fused cells after 6 h (17). Cell fusion was calculated
with the formula (mutant OD405 � WT OD405) � 100%,
where OD405 is optical density at 405 nm and WT is wild type.
The ability of cells expressing the HXB21471 envelope to se-
lectively fuse with target cells expressing CCR5 was deter-
mined by comparing levels of �-Gal by using the cell lines
U87-CD4-CCR5 and U87-CD4-CXCR4. As expected, signifi-
cant �-Gal activity was detected in cell lysates only when
CCR5-positive target cells were used (data not shown). In
contrast, only background levels of �-Gal were detected when
CCR5-positive cells were mixed with cells expressing the
HXB2RU3 envelope (data not shown), which was used as a
negative control since this clone utilizes CXCR4 and not
CCR5.

The �-Gal activity produced by the subtype C mutant clones
was compared with that of HXB21471 (WT) to ascertain the
effect of the introduced mutations on CCR5 utilization. As
shown in Fig. 2A, alanine substitution in only one (I420A) out
of the five highly conserved C4 residues (19) resulted in a
significant reduction (more than 50%) in cell-cell fusion, on
the basis of �-Gal production. �-Gal activity by the other C4
mutants was 67 to 94% of the WT level. In the V3 loop, the
R298A and I322A substitutions severely disrupted envelope-
mediated cell fusion, as judged by a �90% decrease in �-Gal
activity compared to that of the WT. Five other substitutions

FIG. 1. (A) Schematic drawing of the proviral clones used in this
study. The open rectangle represents sequences from subtype B mo-
lecular clone HXB2RU3. The hatched rectangle in ConB represents
the consensus V3 sequence of HIV-1 subtype B NSI viruses. The filled
rectangle in HXB21471 represents the env sequence (positions 5789 to
8904) derived from subtype C primary isolate 00BW1471. LTR, long
terminal repeat. (B) V3 sequences of the proviral clones from positions
296 to 330 on the basis of the numbering of 00BW1471. (C) Corecep-
tor utilization by the proviral clones as measured by p24 levels in
virus-infected cultures at day 7. The results represent the means and
standard deviations of data from three independent experiments.
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(N301A, N302A, T303A, I325A, and R326A) were also found
to significantly reduce cell-cell fusion by more than 50%. All
mutants that failed to induce CCR5-dependent cell-cell fusion
were also tested in similar fusion assays with U87-CD4-
CXCR4 target cells, and none gained the ability to use CXCR4
as a coreceptor (data not shown).

Effects of mutations on proviral DNA integration. To con-
firm the effects of the introduced mutations in HIV-1 subtype
C gp120 on CCR5 usage, we tested the abilities of the mutant
viruses to enter cells stably expressing CD4 and CCR5. Viral
entry was analyzed by detecting proviral DNA integration.
Briefly, U87-CD4-CCR5 cells were infected with equivalent
amounts of viruses, as standardized by p24, and genomic DNA
was extracted from the cells 24 h postinfection with the Qiagen
Genomic DNeasy Kit. PCR amplification of HIV-1 gag from
the genomic DNA was performed by using a LightCycler
(Roche, Mannheim, Germany) with the primers 5�AGTGG
GGGGACATCAAGCAGCCATGCAAAT-3� and 5�-TAC

TAGTAGTTCCTGCTATGTCACTTCC3�. A second set of
primers that amplify a region of the human �-globin gene was
used to normalize for cell numbers (21). As expected, only the
U87-CD4-CCR5 cells, and not the related cell line expressing
CXCR4, supported entry of the WT HXB21471 virus (data not
shown). As shown in Fig. 2B, mutations in gp120 that disrupted
cell-cell fusion by more than 50% was found to block CCR5-
dependent viral entry. Mutants R298, N302A, T303A, I322A,
I325A, R326A, and I420A showed a dramatic 90% reduction
in proviral DNA copy number, and N301A decreased proviral
DNA by 75%. The significant reduction in proviral DNA levels
confirmed that CCR5 utilization by these mutant envelope
clones was markedly less efficient than that by the WT clone.
However, we also identified two mutants, I309A and G441A,
that effectively mediated cell-cell fusion by more than 75% of
the WT level but the relative proviral DNA copy number was
reduced 10-fold (Fig. 2B). The discrepancy between levels of
cell-cell fusion and levels of proviral DNA suggested that these

FIG. 2. (A) Effects of V3 and C4 mutations on CCR5-dependent cell-cell fusion as measured by a reporter gene activation assay. �-Gal activity
is expressed as a percentage of that seen with the WT clone, HXB21471. Hatched bars indicate values of �50%. (B) Effects of V3 and C4 mutations
on proviral DNA copy numbers, as measured by PCR. Values are normalized to the amount of �-globin DNA in each sample. The values shown
are percentages of the WT value. Hatched bars indicate mutants that exhibited �10% proviral DNA. Grey bars indicate mutants that retained
�75% of the WT fusogenic potential but had a 10-fold reduction in proviral DNA. (C) Effects of V3 and C4 mutations on gp120-sCD4 binding,
as measured by ELISA. The hatched bar indicates a value of �50% of the WT value. The data shown represent the means and standard deviations
of data from three independent experiments.
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mutant viruses may use CCR5 to enter cells but replication is
blocked at a step prior to complete proviral DNA integration.

Effects of mutations on CD4 binding. Since binding of
HIV-1 gp120 to CD4 is often a prerequisite for CCR5 binding,
we wanted to determine if the observed effects on CCR5 uti-
lization by the introduced mutations are indirectly caused by
reduced CD4 binding. The ability of gp120 to bind CD4 was
measured by ELISA as previously described (15), with a few
modifications. Cell lysates were harvested 72 h after transfec-
tion of 293 cells with proviral DNA. A saturating amount of
gp120 in cell lysates was incubated in wells coated with 2 	g of
D7324 per ml, a sheep antibody (Ab) to the conserved C-
terminal 15 amino acids of HIV-1 gp120 (National Institutes of
Health AIDS Research and Reference Reagent Program).
Equal amounts of soluble CD4 (sCD4) were then added to the
wells, and bound sCD4 was detected by using T4-4, a rabbit
polyclonal Ab against CD4 (National Institutes of Health
AIDS Research and Reference Reagent Program). The con-
centration of sCD4 used displayed about half-maximal binding
to captured gp120. Bound T4-4 Ab was detected by using
alkaline phosphatase-conjugated goat anti-rabbit immunoglob-
ulin and the AMPAK system (Dako, Cambridgeshire, United
Kingdom). sCD4 binding was calculated with the formula (mu-
tant OD490 � WT OD490) � 100%. All except one mutant
retained the ability to bind sCD4 efficiently (75 to 135% of the
WT level; Fig. 2C). The only exception is the mutation I420A,
which reduced the sCD4 binding capacity by more than two-
fold (41% of the WT level). A similar mutation in a subtype B
gp120 protein was also shown to decrease sCD4 binding by
about 50% (19). The effect on sCD4 binding of the I420A
mutation could thus account for the observed reduction in
CCR5 utilization by this clone. However, these results indi-
cated that the V3 mutations that disrupted CCR5 utilization
are not due to reduced CD4 binding. This is in agreement with
previous reports that V3 residues are not involved in gp120-
CD4 interactions (31).

Effects of mutations on expression, processing, and virion
incorporation. To verify that the alanine substitutions did not
cause drastic changes in expression, processing, or virion in-
corporation, Western blot analyses of cell and viral lysates
were performed as previously described (28), by using refer-
ence subtype C pooled HIV-1-positive serum as the detection
Ab. Figure 3 shows the Western blots of selected V3 mutants,
namely, those that had a significant effect on either cell-cell
fusion or viral entry, and of all of the C4 mutants. In the cell
lysates (Fig. 3A and C), all mutant envelope proteins were
expressed efficiently and the ratio of gp160 to gp120 was also
similar to the WT ratio, suggesting no defect in processing.
Furthermore, the only difference in the electrophoretic mobil-
ity of the envelope proteins was seen for mutations at positions
301 and 303, which destroy the known N-linked glycosylation
site (NXT). As shown in Fig. 3B and D, similar amounts of
gp120 were also detected in viral lysates. The ratio of gp120 to
p24 in the virions was analyzed by densitometry, and there was
no evidence that poor incorporation of gp120 accounted for
the reduction in CCR5 utilization.

Previous studies have demonstrated that the gp120 V3 loop
is a major determinant of coreceptor usage. In the context of
HIV-1 subtype B, most of the residues that influence corecep-
tor choice have been mapped to positions flanking the crest of

the V3 loop (3, 23, 27). The V3 stem (functionally defined by
Cormier et al. to include amino acids 296 to 305 and 321 to
330), along with several C4 residues, is responsible for gp120
binding to the N-terminal domain of CCR5, whereas addi-
tional residues in the V3 crown (residues 306 to 320) are
required for binding to cell surface CCR5 (3, 4). In this study,
we showed by alanine-scanning mutagenesis that the most crit-
ical residues of an HIV-1 subtype C gp120 for CCR5 interac-
tion consist primarily of those located in the V3 stem. Individ-
ual residues in the V3 crown and in the C4 region are relatively
dispensable for envelope-mediated cell fusion, although some

FIG. 3. Western blot analysis of envelope proteins in cellular (A
and C) and viral (B and D) lysates. Pooled sera from individuals
infected with HIV-1 subtype C were used to detect the expression of
envelope proteins. Panels A and B are Western blots of V3 mutations
that significantly affected CCR5-dependent cell fusion or viral entry.
Panels C and D are Western blots of all of the C4 mutants.
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of these residues may be involved in the regulation of early
postfusion entry steps of this virus.

The seven critical V3 residues (R298, N301, N302, T303,
I322, I325, and R326) of this HIV-1 subtype C gp120 protein
form a subset of those previously identified by using subtype B
(4). These residues are all located in the V3 stem and are
highly (�90%) conserved among R5 isolates of both subtypes
B and C (18). Changing these residues significantly perturbed
subtype C gp120 interactions with CCR5, resulting in a �50%
reduction in cell-cell fusion and a �90% reduction in proviral
DNA integration. Correspondingly, similar mutations of these
residues in subtype B have been shown to decrease gp120
binding to CCR5 by more than 50% (4). Mutation of Arg-298
has also been shown to prevent a subtype B HIV-1 strain from
establishing productive infection in CCR5-positive cells (28,
29). Furthermore, residues N301, N302, and T303 in the N-
terminal segment of the V3 loop form a highly conserved
N-linked glycosylation site, and loss of the N-glycan at this
position has been reported to influence coreceptor usage by
subtype B viruses (13, 16). We also note that the critical V3
residues include two arginines and two isoleucines. The impor-
tance of basic and hydrophobic residues in the V3 loop is
consistent with the interpretation that contacts between gp120
and CCR5 may involve electrostatic and hydrophobic interac-
tions, since acidic and aromatic residues in the extracellular
regions of CCR5 are critical for coreceptor function (7, 8).
Taken together, our results lend support to the idea that a
limited set of highly conserved residues in the V3 stem consti-
tutes the main determinants of CCR5 interaction for geneti-
cally divergent viruses.

We did not observe dramatic effects on CCR5-dependent
cell fusion and viral entry by substitution of residues located in
the V3 crown and in the C4 region of subtype C gp120, al-
though similar mutations in subtype B have resulted in 2- to
10-fold reductions in gp120 binding to cell surface CCR5 (4,
19). We found that only one mutation (I420A) in C4 decreased
cell-cell fusion by more than 50%, which, upon subsequent
analysis, could be accounted for by the reduced ability to bind
the CD4 receptor. Thus, the relative importance of the V3
crown and C4 residues may vary depending on the context of
the envelope protein in which it is found. Alternatively, the
differences may reflect the fact that the assays used in the two
experiments measure different steps of the gp120-CCR5 inter-
action. Discrepancies between detectable CCR5 binding and
cell fusion have been reported previously (2) and may be at-
tributed to the following mechanisms. First, the two assays
have different sensitivities. Detectable gp120-CCR5 binding
generally requires more receptors per cell and higher gp120-
CCR5 affinity (2). Thus, certain mutations may allow gp120 to
retain low-affinity interactions with CCR5 that are sufficient for
cell fusion but are below the detection limit of the binding
assay. Second, CCR5 interaction is likely influenced by the
form of envelope protein used (6). Binding assays use soluble
monomeric gp120, whereas fusion assays use envelope proteins
expressed on the cell surface, which represent the oligomeric
form found on the virion surface. Third, the structures of
CCR5 that support gp120 binding and fusion have been
mapped to overlapping but distinct regions. The N-terminal
domain of CCR5 is more important for gp120 binding, while
the extracellular loops are more critical for fusion and virus

infection (12). Some mutations may thus significantly affect
gp120 binding but only modestly affect fusion activity. To de-
finitively show that the roles of the V3 crown and C4 residues
are different in subtypes B and C, comparisons can be made
with a similar mutational analysis of a subtype B R5 isolate.
Performance of gp120-CCR5 binding assays with our subtype
C mutant clones would also serve this purpose, although bind-
ing assays are physiologically relevant only if the native oligo-
meric form of gp120 is used, and current technology does not
allow the purification of such a molecule. Further mutational
analysis can also be done by using different subtype C gp120
molecules to determine whether our conclusions will be appli-
cable to other isolates.

A recent report shows that the chimeric virus LJL, an LAI
X4 virus containing the V3 stem from the R5 virus JR-FL, can
enter cells expressing CXCR4 but not cells expressing CCR5.
However, the LLJ virus containing the V3 crown from JR-FL
in the LAI backbone is able to enter CCR5-positive cells, albeit
with 10- to 100-fold lower efficiency (3). The interpretation was
that, in the context of a virion, the V3 crown alone is necessary
and sufficient to determine coreceptor usage. This finding is
not necessarily inconsistent with our findings. Although we
show that individual residues in the V3 crown are not as critical
as those in the V3 stem for CCR5 interaction, our finding does
not argue against the importance of the V3 crown itself. Our
mutations were done in the context of a conformationally cor-
rect V3 crown, which likely influences the V3 loop structure.
To reconcile these seemingly incompatible findings, we pro-
pose that the inability of the LJL virus, which contains the
JR-FL V3 stem, to enter CCR5-positive cells is due to the fact
that V3 stem residues can mediate CCR5 interaction only if
the V3 loop is in the proper conformation. The V3 crown
sequence of LAI (and some other X4 viruses) contains an
insertion of two amino acids adjacent to the GPG crest, which
may alter the V3 loop to the extent that it becomes incompat-
ible with the strict conformational requirements needed for
specific interactions with CCR5. On the other hand, the ability
of the LLJ virus to enter CCR5-positive cells despite contain-
ing the V3 stem from an X4 virus can be explained by the fact
that the N-terminal segment of the V3 stem is conserved be-
tween the two strains and one out of the three critical residues
in the C-terminal segment is present. The presence of five (out
of the seven) critical residues required for CCR5 interaction
may allow viral entry of this chimeric construct with low effi-
ciency since the crown region of JR-FL preserves the correct
R5 V3 loop conformation. Such an interpretation supports the
notion that while the V3 crown may direct coreceptor speci-
ficity, V3 stem residues are the ones critical for CCR5 inter-
action.

Early steps in the virus replication cycle after binding and
fusion include virus uptake, uncoating, reverse transcription,
and proviral DNA integration. In this study, we identified a few
mutants that retained �75% of the WT fusogenic potential but
were severely inhibited in proviral DNA integration. It is thus
possible that certain V3 crown and C4 residues may influence
some postfusion events following viral entry. In agreement
with this, it has recently been reported that viruses of the
M-tropic R5 JRFL strain harboring silent mutations in the V3
region failed to replicate efficiently in macrophages because of
a postentry defect, mainly at the step of reverse transcription
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(9). However, the effect of V3 nucleotide sequences on posten-
try steps of HIV-1 replication may be specific for macrophages
since the silent mutants were still able to productively infect a
CCR5-expressing cell line (9). Furthermore, in our study, we
observed that the effects of amino acid substitutions in gp120
were generally more dramatic in the infection assays than in
the cell-cell fusion assays. Our results may thus purely reflect
the fact that a virus infectivity assay can amplify a modest effect
at the stage of virus entry, whereas a cell-cell fusion assay will
yield a relatively lower score for such an effect. Further inves-
tigation is needed to distinguish between these two possibili-
ties.
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