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The human immunodeficiency virus type 1 (HIV-1) V3 loop is critical for coreceptor binding and principally
determines tropism for the CCR5 and CXCR4 coreceptors. The recent crystallographic resolution of V3 shows
that its base is closely associated with the conserved coreceptor binding site on the gp120 core, whereas more
distal regions protrude toward the cell surface, likely mediating interactions with coreceptor extracellular
loops. However, these V3-coreceptor interactions and the structural basis for CCR5 or CXCR4 specificity are
poorly understood. Using the dual-tropic virus HIV-1,,, which uses both CCR5 and CXCR4, we sought to
identify subdomains within V3 that selectively mediate R5 or X4 tropism. An extensive panel of V3 mutants
was evaluated for effects on tropism and sensitivity to coreceptor antagonists. Mutations on either side of
the V3 base (residues 3 to 8 and 26 to 33) ablated RS tropism and made the resulting X4-tropic Envs more
sensitive to the CXCR4 inhibitor AMD3100. When mutations were introduced within the V3 stem, only a
deletion of residues 9 to 12 on the N-terminal side ablated X4 tropism. Remarkably, this R5-tropic A9-12
mutant was completely resistant to several small-molecule inhibitors of CCRS5. Envs with mutations in the
V3 crown (residues 13 to 20) remained dual tropic. Similar observations were made for a second
dual-tropic isolate, HIV-1g4, .. These findings suggest that V3 subdomains can be identified that differen-
tially affect RS and X4 tropism and modulate sensitivity to CCR5 and CXCR4 inhibitors. These studies
provide a novel approach for probing V3-coreceptor interactions and mechanisms by which these inter-

actions can be inhibited.

Human immunodeficiency virus (HIV) entry requires a co-
ordinated interaction between envelope glycoprotein (Env) tri-
mers on the virion surface with CD4 and a chemokine recep-
tor, typically CCRS5 (2, 11, 18, 20, 22) or CXCR4 (24), on the
target cell. Whereas binding of gp120 to CD4 is required for
the initial conformational changes that facilitate coreceptor
interactions (9, 35), binding to CCR5 or CXCR4 is required to
release gp41 to interact with the cell membrane and to form
the six-helix bundle that provides the energy for membrane
fusion (8, 19, 60). The gp120-coreceptor interactions that are
required for these events likely involve (i) the bridging sheet (a
four-stranded B-sheet on the gp120 core) and the base of the
V3 loop with the coreceptor N terminus and (ii) more distal
regions of V3 with coreceptor extracellular loops (ECLs) (14,
15, 29, 33, 48, 49, 56).

The V3 loop is the primary determinant for RS or X4 tro-
pism (28). However, the mechanism and structural basis that
underlie the specificity of V3-coreceptor interactions are
poorly understood. During HIV infection, viruses that utilize
CCRS are characteristically transmitted (16, 38, 51, 53, 58),
whereas viruses that utilize CXCR4 can evolve during the
progression to disease (13, 47). The evolution of X4 tropism in
vivo and in vitro has been associated with an increase in the net
positive charge in V3 (26, 42, 44, 54), particularly with the
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acquisition of positively charged residues at amino acid posi-
tions 11, 24, and 25 (6, 17, 25, 26, 32, 46), and with the loss of
the conserved 301N glycosylation site in the V3 base (45).
While these features suggest direct interactions between V3
and negatively charged residues on CXCR4 (5, 7, 21, 39, 63),
direct contact sites for these interactions have not been delin-
eated (27). Moreover, the interaction of V3 with CCRS is even
less well understood, although molecular-dynamics modeling
approaches have predicted interactions with both the N termi-
nus and ECL2 (3, 4, 30, 43). Interestingly, although the RS-
to-X4 coreceptor switch is well described, many CXCR4-uti-
lizing viruses that evolve in vivo retain RS tropism (13, 52, 55),
suggesting that dual-tropic Envs retain structural features
within V3 that permit both R5 and X4 to be engaged.

The recent crystallographic resolution of V3 on a CD4-
bound gp120 provides new opportunities to characterize core-
ceptor interactions and structural determinants for virus tro-
pism. The structure shows three regions of the V3 loop: a
conserved base that is closely associated with the bridging
sheet on the gp120 core, a flexible stem that extends away from
the core, and a conserved B-hairpin tip (31). In the present
study, we hypothesized that dual-tropic HIV type 1 (HIV-1)
Envs could provide an opportunity to identify domains within
V3 that differentially affect CCRS and CXCR4 utilization. This
possibility was suggested by the report of Yang et al., who
noted for the dual-tropic Env HIV-1g, ¢p that a symmetrical
deletion of residues 5 to 7 and 27 to 29 within the V3 base
abrogated RS tropism but did not affect entry on CXCR4-
positive (CXCR4™) cells (65). Using the dual-tropic HIV-1
clade B isolate R3A, previously described for its ability to
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deplete thymocytes in ex vivo organ cultures (40), we made an
extensive panel of small deletion and alanine substitution mu-
tants within V3. We report that residues 3 to 8 and 26 to 33
within the V3 base are critical for maintaining RS tropism,
whereas a deletion of residues 9 to 12 (A9-12) on the N-
terminal side of the V3 stem selectively ablates X4 tropism. In
contrast, Envs with mutations in the V3 crown and C-terminal
stem remained dual tropic. We also found that the X4-tropic
V3 base mutants became more sensitive to the CXCR4 antag-
onist AMD3100, whereas the R5-tropic A9-12 mutant became
resistant to several CCRS antagonists. Similar findings were
observed for HIV-1g,,, another dual-tropic clade B Env.
These findings suggest that, for dual-tropic isolates, subdo-
mains within V3 can be identified that differentially mediate
R5 and X4 tropism, as well as sensitivity to coreceptor antag-
onists. This approach may be useful in developing models for
V3-coreceptor interactions and understanding mechanisms of
sensitivity or resistance to X4 and RS antagonists.

MATERIALS AND METHODS

Plasmid construction. Plasmid pHSPG-R3A has been described previously
(40). All V3 mutants were made using the PCR-based Quickchange site-directed
mutagenesis kit (Stratagene) according to the manufacturer’s instructions. Each
mutant was confirmed by sequencing. To prepare NL4-3 recombinant viruses
containing the mutant Envs, the envelope expression vectors were digested with
EcoRI and Xhol and ligated to the similarly digested NL4-3 backbone. The
ligations were transformed into Stbl2 competent cells (Invitrogen), and recom-
binant-clone identity was confirmed by restriction digestion and sequencing.

Cells. The Japanese quail fibrosarcoma cell line QT6 and the human embryonic
kidney cell line 293T were maintained in Dulbecco’s modified Eagle medium
(DMEM) (high glucose) supplemented with 10% fetal bovine serum (FBS), 2 mM
glutamine, and 2 mM penicillin-streptomycin. The human astroglioma cell line U87
stably expressing CD4 and CXCR4 (U87.CD4.CXCR4) or CD4 and CCRS5
(U87.CD4.CCRS5) were maintained in DMEM (high glucose) supplemented with
20% FBS, 2 mM glutamine, and 2 mM penicillin-streptomycin.

Cell-cell fusion assay. To quantify cell-cell fusion events, we used the gene
reporter fusion assay previously described (23, 50). Briefly, to generate effector
cells, QT6 cells in six-well plates were infected with the recombinant vaccinia
virus strain VTF1.1 expressing T7 polymerase (1) at a multiplicity of infection of
10 for 1 h at 37°C and then transfected for 4 h by the standard calcium phosphate
method with 2 pg of the desired env-expressing plasmid. Following transfection,
the cells were incubated overnight at 32°C with rifampin at a concentration of
100 pg/ml. To generate target cells, QT6 cells in 48-well plates were transfected
with the desired receptors and the T7 luciferase reporter plasmid in a total of 2
wg by the standard calcium phosphate method for 4 h and expressed overnight
at 37°C. Effector cells were mixed with target cells in the presence of 100 pg/ml
rifampin and 100 nM cytosine arabinoside, and cell-cell fusion was assessed 7 to
8 h later by lysing with 0.5% Triton X-100—phosphate-buffered saline. After
addition of luciferase substrate (Promega), luciferase activity was quantified with
a Thermo Labsystems Luminoskan Ascent luminometer. For inhibition experi-
ments, various concentrations of coreceptor inhibitor were added to the target
cells at the time of mixing with the effector cells, and fusion inhibition was
measured as the percent reduction in luciferase activity. Relative fusion values
less than 5% were considered nonfunctional.

Luciferase reporter viruses. Luciferase reporter viruses were prepared by
transfecting 293T cells for 6 h by the standard calcium phosphate method with a
plasmid encoding the NL4-3 luciferase virus backbone (pNL-Luc-E"R™) (10,
12) and the desired env-expressing plasmid. Supernatants were harvested 48 h
posttransfection and stored at —80°C. Virus concentrations were determined by
an enzyme-linked immunosorbent assay for the viral p24 antigen (Coulter).
Equivalent amounts of virus were used to spin infect U87.CD4.CXCR4 and
U87.CD4.CCRS5 cells for 1 h at 1,300 rpm. Following spin infections, cells were
incubated at 37°C and lysed 72 h postinfection with 0.5% Triton X-100-phos-
phate-buffered saline. After the addition of luciferase substrate (Promega), lu-
ciferase activity was quantified with a Thermo Labsystems Luminoskan Ascent
luminometer. For inhibition experiments, various concentrations of coreceptor
inhibitor were added to the target cells 30 min prior to the addition of
pseudotyped virus. Pseudotype inhibition was measured as the percent reduction
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TABLE 1. Mutations in the V3 loop of R3A

Mutation Sequence”
V3 base
R3A... ....CTRPGNNTRKRVTLGPGRVYYTTGQIIGDIRKAHC
A3-4. CT GNNTRKRVTLGPGRVYYTTGQIIGDIRKAHC
A5-6. CTRP NTRKRVTLGPGRVYYTTGQIIGDIRKAHC

AS-8....
A26-29....
A28-29
A30-31

....CTRP RKRVTLGPGRVYYTTGQIIGDIRKAHC
....CTRPGNNTRKRVTLGPGRVYYTTGQ IRKAHC
CTRPGNNTRKRVTLGPGRVYYTTGQII IRKAHC
CTRPGNNTRKRVTLGPGRVYYTTGQIIGD KAHC

A32-33.... CTRPGNNTRKRVTLGPGRVYYTTGQIIGDIR HC
A5-6/28-29. CTRP NTRKRVTLGPGRVYYTTGQII IRKAHC
A5-8/26-29. CTRP RKRVTLGPGRVYYTTGQ IRKAHC

....CTRPAANTRKRVTLGPGRVYYTTGQIIGDIRKAHC
....CTRPGNNTRKRVTLGPGRVYYTTGQITIAAIRKAHC
....CTRPAANTRKRVTLGPGRVYYTTGQIIAATRKAHC

....CTRPGNNTRKRVTLGPGRVYYTTGQIIGDIRKAHC

AV3(9,9) CTRPGNNTRK GAG IIGDIRKAHC
A13-14 CTRPGNNTRKRV ~ GPGRVYYTTGQIIGDIRKAHC
A15-18 CTRPGNNTRKRVTL VYYTTGQIIGDIRKAHC
A19-20 CTRPGNNTRKRVTLGPGR  YTTGQIIGDIRKAHC
Al11-12.... ...CTRPGNNTRK  TLGPGRVYYTTGQIIGDIRKAHC
....CTRPGNNTRKRVTLGPGRVY TGQIIGDIRKAHC

CTRPGNNTRK TLGPGRVY TGQIIGDIRKAHC

CTRPGNNT TLGPGRVYYTTGQIIGDIRKAHC
CTRPGNNTRKRVTLGPGRVY QIIGDIRKAHC

CTRPGNNT TLGPGRVY QITIGDIRKAHC
CTRPGNNTRKRVTLGPGRVYYTT IIGDIRKAHC

....CTRPGNNTAAAATLGPGRVYYTTGQIIGDIRKAHC
....CTRPGNNT RVTLGPGRVYYTTGQIIGDIRKAHC
CTRPGNNTAARVTLGPGRVYYTTGQIIGDIRKAHC
CTRPGNNTR  VTLGPGRVYYTTGQIIGDIRKAHC
...CTRPGNNTRAAVTLGPGRVYYTTGQITIGDIRKAHC

“ Amino acids in boldface are insertions.

in luciferase activity. Relative infection values of less than 5% were considered
nonfunctional.

Viral growth curves. Plasmids encoding recombinant NL4-3 viruses containing
R3A Envs were transfected into 293T cells for 6 h by the standard calcium
phosphate method. Virus was collected 48 h posttransfection and stored at
—80°C. Virus concentrations were determined by an enzyme-linked immunosor-
bent assay for the viral p24 antigen (Coulter), and equivalent amounts of virus
were added to U87.CD4.CXCR4 and U87.CD4.CCRS cells. After 18 h at 37°C,
excess virus was removed by washing the cells twice in DMEM (high glucose)
supplemented with 2.5% FBS. Viral replication was monitored over 2 weeks by
measuring viral reverse transcriptase (RT) activity in culture supernatants.

RESULTS

Mutations within the V3 base selectively ablate RS tropism.
As previously noted, a deletion of residues 5 to 7 and 27 to 29
within the HIV-1g, cp V3 base resulted in selective loss of RS
tropism while X4 tropism was retained (65). These findings
suggested that determinants within the V3 base were critical
for CCRS, but not CXCR4, usage. To determine if this finding
could be extended to another dual-tropic virus and to more
clearly identify the residues involved, we introduced a series of
2- and 4-amino-acid deletions and alanine substitutions indi-
vidually and in combination into the V3 base of the HIV-154
Env (Table 1). Western blot analysis confirmed that all of these
constructs were expressed and processed (data not shown).
Envs were first evaluated in cell-cell fusion assays on QT6 cells
(Fig. 1A). Whereas parental R3A mediated fusion on both
CXCR4* and CCR5™ cells, deletion mutations on either side
of the V3 base resulted in a striking and selective ablation of
CCRS5-dependent fusion to levels <5% of those of R3A, while
CXCR4-dependent fusion was retained at 24 to 170% of that
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FIG. 1. Effects of mutations in the HIV-155, V3 base on tropism. (A) Fusion activity in a cell-cell fusion assay is shown for Envs with small
deletions and alanine substitutions (Table 1). Percent fusion was calculated by using luciferase activity normalized to R3A fusion on CD4"
CXCR4" or CD4" CCR5" QT6 cells. The values are means plus standard errors of the mean (SEM). The data shown are the averages of three
experiments. (B) Infectivities of the indicated Envs are shown using a single-cycle luciferase reporter virus on U87.CD4.CXCR4 and
U87.CD4.CCRS cells. Percent infection was calculated by using luciferase activity normalized to R3A infection on U87.CD4.CXCR4 cells or
U87.CD4.CCRS5 cells. The values are means plus SEM. The data shown are the averages of three experiments. (C) Growth curves for viruses
containing the A5-6 and A28-29 Envs in comparison with parental R3A are shown on U87.CD4.CXCR4 cells (left) and U87.CD4.CCRS5 cells
(right). RT activity in culture supernatants was measured at the indicated time points. The results from one of two independent experiments are

shown.

of R3A. Similarly, the alanine substitutions 5-6AA, 28-29AA,
and 5-6/28-29AA had no effect on CXCR4-mediated fusion
but reduced fusion on CCR5 ™ cells to levels 13 to 40% of those
of R3A.

To validate the effects of these mutations in the context of an
infectious particle, we analyzed a subset of the V3 base mu-
tants for the ability to mediate entry using a single-cycle HIV
reporter virus carrying a luciferase reporter gene (Fig. 1B).
Pseudovirions bearing the parental R3A Env were able to
infect both U87.CD4.CXCR4 and U87.CD4.CCRS cells. How-
ever, the V3 base deletion mutants (A5-6, A28-29, and A5-6/
28-29) and alanine substitution mutants (5-6AA, 28-29AA, and
5-6/28-29AA) could infect U87.CD4.CXCR4 cells but not
U87.CD4.CCRS cells. Thus, in the more physiologic context of
an infection assay, the V3 base alanine substitution mutants
are strictly X4 tropic.

To assess the effects of V3 base mutations on replication-
competent viruses, A5-6 and A28-29 Envs were introduced into
an NL4-3 infectious provirus, and RT activity was monitored
over time in U87.CD4.CXCR4 and U87.CD4.CCRS5 target
cells (Fig. 1C). Whereas both V3 base mutants replicated in
U87.CD4.CXCR4 cells at levels comparable to or slightly

slower than those of R3A, these mutants were unable to rep-
licate in U87.CD4.CCRS5 cells up to 12 days postinfection.
Collectively, these data show that mutations on either side of
the V3 base can selectively ablate RS tropism while having
minimal to no effect on X4 tropism.

Mutations in the V3 base confer increased sensitivity to
AMD3100. We next evaluated the effects of the X4-tropic V3
base mutants on sensitivity to the CXCR4-specific antagonist
AMD?3100. Envs containing deletions or alanine substitutions
of residues 5 and 6 or 28 and 29, alone and in combination,
were evaluated in both cell-cell fusion (Fig. 2A) and
pseudotype infection (Fig. 2B) assays on CXCR4-expressing
cells in the presence of AMD3100. Parental R3A was sensitive
to AMD3100 inhibition, with a 50% inhibitory concentration
(ICsp) of 40 nM in both cell-cell fusion assays and pseudotype
infections. Interestingly, while all V3 base mutant Envs re-
mained sensitive to AMD3100, several exhibited increased
sensitivity. In cell-cell fusion assays, deletion mutants A5-6,
A28-29, and A5-6/28-29 and alanine substitution mutants 28-
29AA and 5-6/28-29AA exhibited 1.8- to 5-fold-lower ICys,
while in pseudotype infection assays, A5-6 and A5-6/28-29 ex-
hibited 6.2-fold and 5.3-fold-lower ICss, respectively, although
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FIG. 2. Sensitivities of V3 base mutants to AMD3100. (A) Sensi-
tivities to AMD3100 of mutants containing two amino acid deletions or
alanine substitutions in the V3 base are shown using a cell-cell fusion
assay with CXCR4™" QT®6 cells. Percent fusion was calculated by using
luciferase activity normalized to fusion in the absence of inhibitor for
each Env. The values are means * standard errors of the mean (SEM).
The data shown are the averages of three experiments. (B) Sensitivities
of V3 base mutants to AMD3100 are shown using a pseudotype infec-
tion assay on U87.CD4.CXCR4 cells. Percent fusion was calculated by
using luciferase activity normalized to infection in the absence of
inhibitor for each virus. The values are means = SEM. The data shown
are the averages of three experiments.

little to no effect was seen for the A28-29 or alanine mutants.
Thus, V3 base mutations not only altered the coreceptor tro-
pism of R3A, but also rendered some of these strictly X4-
tropic Envs more sensitive to a CXCR4 inhibitor. As described
in Discussion, this finding is consistent with the view that V3
base mutations may confer increased dependence of the X4-
tropic Envs on CXCR4 regions targeted by AMD3100 (i.e., the
ECLs).

A mutation within the V3 stem selectively ablates X4 tro-
pism. We recently reported the derivation of a replication-
competent variant of R3A with 15 amino acids deleted from
the V3 crown and stem (36). This AV3(9,9) Env contains only
the first and last 9 amino acids of V3, excluding the paired
cysteines, and a Gly-Ala-Gly linker introduced to bridge the N-
and C-terminal V3 stems. In contrast to the V3 base mutations
described above, the AV3(9,9) Env lost the ability to use
CXCRA4 but retained RS tropism. We next sought to determine
the minimal domain within the region deleted on the AV3(9,9)
Env that could selectively ablate X4 tropism. A series of 2- and
4-amino-acid deletions and alanine substitutions in the V3
crown and stem were introduced into the R3A Env (Table 1).
Western blot analysis again confirmed that all of these con-
structs were expressed and processed (data not shown). In
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cell-cell fusion assays, small deletions within the V3 crown
(A13-14, A15-18, and A19-20), as well as within the V3 stem
(A11-12, A21-22, A11-12/21-22, A21-24, and A24-25), remained
dual tropic to various degrees, with R5-dependent fusion rang-
ing from 13 to 140% and X4-dependent fusion ranging from 8
to 83% of that of parental R3A (Fig. 3A). The finding that the
A11-12, A21-24, and A24-25 mutants remained dual tropic was
interesting, since positively charged residues at positions 11,
24, and 25 have been implicated as determinants of X4 tropism
(6, 17, 25, 26, 46). Remarkably, the A9-12 Env became exclu-
sively RS tropic, as did the A9-12/21-24 Env that also contained
this deletion, suggesting that this region on the N-terminal side
of the V3 stem plays a critical role in maintaining X4 tropism
for R3A.

V3 residues 9 to 12 comprise the minimal domain for main-
taining X4 tropism. The A9-12 mutation, which ablated X4
tropism in the R3A Env, removes residues Arg-Lys-Arg-Val
from the N-terminal side of the V3 stem. When residues 9 to
12 were replaced by four alanines, a reduction in X4 tropism to
14% of that of parental R3A was also seen, with no effect on
the level of R5-mediated fusion (Fig. 3B). Since this region
contains three positively charged residues, we determined if a
smaller domain necessary for maintaining X4 tropism could be
more finely mapped. A deletion of the Arg-Val residues at
positions 11 and 12 (i.e., A11-12) had been shown to reduce but
not ablate X4 tropism (Fig. 3A). When deletion or alanine
substitution mutants involving residues 9 and 10 or 10 and 11
(i.e., A9-10, 9-10AA, A10-11, and 10-11AA) were evaluated, all
of these Envs could mediate fusion on CXCR4" and CCR5™
cells (Fig. 3B). Although the V3 stem and crown mutants
functioned poorly when pseudotyped onto an HIV reporter
virus (data not shown), when the A9-12 Env was incorporated
into an NL4-3 provirus, this virus could infect CXCR4" SupT1
cells engineered to express high levels of CCRS but was unable
to infect SupT1 cells lacking CCRS (Fig. 3C). These data
suggest that residues 9 to 12 on the N-terminal side of the V3
stem collectively comprise a critical domain for conferring X4
tropism for R3A.

V3 mutations that ablate X4 tropism confer resistance to
CCRS inhibitors. We reported that the R3A AV3(9,9) Env con-
taining a deletion of the distal half of V3 became completely
resistant to small-molecule inhibitors of CCRS5 (36). Because
these inhibitors bind to regions of CCRS that are likely targeted
by V3, we proposed that this resistance reflected a decreased
dependence on V3 for entry. Given this finding and the observa-
tion that mutations in the V3 base yielded strictly X4-tropic vi-
ruses with increased sensitivity to AMD3100, we assessed the
effects of the A9-12 deletion on sensitivity to several CCRS inhib-
itors (Fig. 4). As expected, parental R3A was sensitive to inhibi-
tion by CMPD-167, AD101, Schering D, and Aplaviroc, with
1C5s of 4 nM, 60 nM, 23 nM, and 50 pM, respectively. However,
the A9-12 Env was completely resistant to these CCRS antago-
nists at drug concentrations up to 10,000 nM. Similar results were
observed for the AV3(9,9) Env, consistent with our reported re-
sults (36).

To determine if mutations elsewhere in V3 affected sensi-
tivity to RS antagonists, the full panel of V3 crown and stem
mutants shown in Table 1 was assessed for sensitivity to AD101
(Fig. 5). With the exception of A9-12 and a combination dele-
tion mutant that also contained this mutation (A9-12/21-24), all
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FIG. 3. Effects of mutations in the V3 crown and stem on tropism.
(A) Effects of 2- and 4-amino-acid deletions in the V3 crown (residues
13 to 20) and stem (residues 9 to 12 and 21 to 25) on cell-cell fusion are
shown. Percent fusion was calculated using luciferase activity normal-
ized to R3A fusion on CD4" CXCR4" or CD4" CCR5" cells. The
values are means plus standard errors of the mean (SEM). The data
shown are the averages of three experiments. (B) Effects of deletions
and alanine substitutions within the N-terminal side of the V3 stem
(residues 9 to 12) on cell-cell fusion are shown. Percent fusion was
calculated by using luciferase activity normalized to R3A fusion on
CD4" CXCR4" or CD4" CCR5™ cells. The values are means plus
SEM. The data shown are the averages of three experiments.
(C) Growth curves for infectious viruses containing the parental R3A
and A9-12 Envs on SupTl cells (CXCR4* CCR57) and SupCCR5
cells (CXCR4" CCR5™) are shown. RT activity in culture superna-
tants was measured at the indicated time points. The results from one
of two independent experiments are shown.

deletion mutants were sensitive to AD101, with ICss similar to
or less than those of R3A (Fig. 5A). Interestingly, when resi-
dues 9 to 12 were replaced with alanines, this Env remained
sensitive to AD101 (Fig. 5B). Similar results were seen when
smaller deletions and alanine substitutions within the 9-to-12

J. VIROL.

region were assessed (i.e., A9-10, A10-11, A11-12, 9-10AA, and
10-11AA). Thus, the A9-12 mutation, shown to be the mini-
mum determinant for ablating X4 tropism, was also the mini-
mum determinant for conferring complete resistance to CCRS
antagonists.

V3 mutations in HIV-14, ; have similar effects on tropism
and drug sensitivity. To determine if the V3 mutations that
selectively modulated RS and X4 tropism for R3A could con-
fer a similar phenotype on a different HIV-1 genetic back-
ground, analogous mutations were introduced into the dual-
tropic Env 89.6. Similar to R3A, deletion of V3 base residues
5 and 6 or 28 and 29, ablated R5-dependent fusion to <5% of
that of parental 89.6, while X4-dependent fusion was retained
at 20 to 27%. Moreover, the A9-12 deletion reduced X4-de-
pendent fusion to background levels, while R5-dependent fu-
sion was retained at 18% of parental 89.6 (Fig. 6A). When the
sensitivities of these Envs to CXCR4 and CCRS inhibitors
were assessed in cell-cell fusion assays, the V3 base mutations
conferred increased sensitivity to AMD3100 (ICs,, 105 nM for
parental 89.6 compared to 20 nM for A5-6 and 30 nM for
A28-29), while the A9-12 mutation conferred complete resis-
tance to Schering D (ICs,, 300 nM for parental 89.6 compared
to >10,000 nM for A9-12) (Fig. 6B and C). Thus, for both R3A
and 89.6, small deletions in the V3 base selectively ablated RS
tropism and conferred increased sensitivity to a CXCR4 inhib-
itor, while the A9-12 deletion in the V3 stem selectively ablated
X4 tropism and conferred complete resistance to a CCRS
inhibitor.

DISCUSSION

Although the V3 loop has long been recognized as the prin-
ciple determinant for coreceptor tropism, the structural basis
for CCR5 or CXCR4 specificity is poorly understood. In this
study, using the dual-tropic HIV-1 Env R3A, we identified
distinct regions within the V3 loop that could selectively me-
diate RS or X4 tropism. We found that deletions of two or four
residues from either the N-terminal (A3-4, A5-6, and A5-8) or
C-terminal (A26-29, A28-29, A30-31, and A32-33) side of the
V3 base, alone or in combination, selectively ablated R5 tro-
pism with little or only modest effects on X4 usage. Similar
results were seen for HIV-1g, , when the A5-6 or A28-29 mu-
tation was introduced. These results extend the findings of
Yang et al., who reported that a deletion of 6 amino acids, 3 on
each side of the V3 base of dual-tropic HIV-1g, ¢p (residues 5
to 7 and 27 to 29), ablated R5 but not X4 tropism (65). More-
over, using a panel of alanine substitution mutants within the
V3 base that preserved the 35-amino-acid length of V3, a
similar selective loss of RS tropism was observed in virus in-
fection assays. Huang et al. noted that, for R5-tropic isolates,
residues in the V3 base are more conserved than residues in
the stem and crown, whereas for X4 isolates, variation in V3 is
more generally distributed (31). These findings suggest that the
base of V3, perhaps in association with the highly conserved
bridging sheet, contributes to a structure that is indispensable
for CCRS utilization while it is either not required or less
important for CXCR4 use (Fig. 7A).

In contrast to the R3A V3 base, the stem region, in partic-
ular residues 9 to 12, played a critical role in CXCR4 utiliza-
tion. We previously reported that an R3A Env containing only
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the first and last 10 amino acids of V3 (i.e., a deletion of the
distal 15 amino acids) became exclusively R5 tropic (36). Sev-
eral studies have proposed that the more distal regions of V3,
specifically the V3 crown and its B-hairpin tip, are critical for
interactions with coreceptor ECLs (6, 14, 15, 29, 33). However,
when we deleted 2 or 4 amino acids within the V3 crown (i.e.,
residues 13 to 20), these Envs remained functional and dual
tropic to various degrees in cell-cell fusion assays (Fig. 3).
Indeed, the A15-18 mutant, which removed the Gly-Pro-Gly-
Arg tip, retained fusion on CCR5" and CXCR4™" cells. In
contrast, among Envs with deletions of 2 and 4 amino acids on
either side of the V3 stem, only the A9-12 mutant completely
lost function on CXCR4-expressing cells, while other stem
deletion mutants remained dual tropic. Although alanine sub-
stitutions and smaller deletions within the 9-to-12 region re-
duced X4 tropism, a deletion of all four residues was required
to fully ablate X4-mediated fusion. A similar result was seen
for HIV-1g, ¢, containing a A9-12 mutation, indicating that this
model is not restricted to a single HIV-1 Env. This finding
suggests residues 9 to 12 collectively comprise or are essential
to the formation of a minimal domain for CXCR4 engagement
(Fig. 7A).

The A9-12 mutation removes three of the seven positively
charged residues within the R3A V3 loop. Given that an in-
crease in the net positive charge of V3 has been associated with

X4 tropism (26, 32, 41, 42, 54), our findings support the im-
portance of a positively charged V3 for this phenotype. How-
ever, the clustering of these residues raises interesting issues in
view of recently proposed models for CXCR4 utilization. R3A
satisfies the 11/25 rule, which states that a positively charged
residue at the 11th or 25th position in V3 predicts X4 tropism
(17, 26, 41, 64). Although this rule accurately predicts X4
tropism for only ~50% of Envs, Cardozo et al. have shown on
a panel of well-characterized HIV-1 Envs that if a positively
charged residue is present at the 11th, 24th, or 25th position,
the overall predictive value increases to 94%, with a positive
predictive value for X4- and RS5-tropic viruses of 86% and
96%, respectively (6). These authors also utilized three-dimen-
sional molecular modeling to propose a model in which resi-
dues 11, 24, and 25 associate to form a “patch” that when
positively charged interacts with CXCR4 and when negatively
charged or neutral interacts with CCRS. Notably, several of
our mutants removed the Arg at position 11 (A11-12, A10-11,
10-11AA, and A11-12/21-22), yet these Envs retained function
on CCR5" and CXCR4™ cells (Fig. 3). Moreover, an Env with
a deletion of residues 24 and 25 mediated fusion on CXCR4
and CCRS at levels approximating those of the parental R3A,
indicating that, at least in this context, these residues do not
form a structure required for CXCR4 (or CCRY) interactions.
Rather, our results support a model in which positively charged
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by using luciferase activity normalized to fusion in the absence of
inhibitor for each Env. The values are means = SEM. The data shown
are the averages of three experiments.

residues at positions 9, 10, and 11 collectively contribute to a
CXCR4-interactive site, possibly with one or more negatively
charged residues on the CXCR4 ECLs.

For both R3A and 89.6, a loss of RS tropism for the V3 base
mutants correlated with increased sensitivity to AMD3100,
while a loss of X4 tropism for the A9-12 stem mutant corre-
lated with complete resistance to several CCR5 antagonists.
CXCR4 and CCRS5 antagonists are thought to bind to mem-
brane-proximal residues in close association with the ECLs.
Rather then directly inhibiting gp120 binding, they have been
proposed to act by an allosteric mechanism, altering the con-
formational repertoire of the ECLs to render drug bound
receptors unable to interact with gp120 (59). Resistance of
HIV-1 and HIV-2 mutants containing more extensive dele-
tions in V3 to CCRS and/or CXCR4 antagonists has suggested
that all of these compounds act by disrupting a V3-ECL inter-
action (36, 37). Given evidence that the bridging sheet and V3
base collectively comprise a surface that interacts with the
coreceptor N terminus, while the more distal V3 regions en-
gage the coreceptor ECLs (22, 27, 31) (Fig. 7A), the increased
sensitivity of our V3 base mutants to AMD3100 likely results
from a reduction in the contribution of the CXCR4 N terminus
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to gp120 binding and a resulting increased dependence on the
V3-ECL interaction (Fig. 7B). Conversely, the A9-12 stem
mutation may disrupt an ECL interaction that, while essential
for X4 tropism, is less important for RS tropism. This Env
becomes more reliant on the CCRS N terminus and therefore
resistant to CCRS5 antagonists (Fig. 7C). Resistance to CCRS
inhibitors has been observed in vitro and in vivo (34, 57). While
the genetic determinants are complex, one mechanism could
be an increased dependence of these Envs on the CCR5 N
terminus with a reduced requirement for the V3-ECL interac-
tion. Alternatively, mutations in V3 that confer resistance to
CCRS antagonists could also enable V3 to bind to ECL con-
formations presented by drug bound receptor (61, 62). What-
ever the mechanism, our findings suggest that the 9-to-12 re-
gion contributes directly or indirectly to a CCRS5 interaction
and plays a pivotal role in this process.

In summary, our findings for two dual-tropic HIV-1 Envs
show that determinants for RS and X4 tropism can be disso-
ciated, with residues from the V3 base contributing principally
to RS tropism and a positively charged cluster of residues in
the N-terminal V3 stem contributing to X4 tropism. This ap-
proach has revealed a novel method to dissect Env structure/
function and gpl20-coreceptor interactions and provides

strong evidence for direct V3 interactions with coreceptors.
Ongoing studies to address this model with other dual-tropic
Envs are in progress.
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