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The third hypervariable (V3) domain of the human immunodeficiency virus type 1 (HIV-1) envelope
glycoprotein has been proposed to play an important role in mediating viral entry. Antibodies to the V3 domain
block HIV-1 infection but not virus binding to CD4. At the center of the V3 domain is a relatively conserved
sequence of amino acids, GPGRA. It has previously been shown that mutation of some of these amino acids
reduced the ability of gpl60 expressed on the surface of cells to induce fusion with CD4-bearing cells. In order
to analyze the role ofV3 domain sequences in mediating HIV entry, we introduced several amino acid substitution
mutations in the GPGRA sequence of gpl60 derived from HIV-1 strain HXB2 and in the analogous sequence of
strain SF33, GPGKV. Virus was generated by cotransfecting the env constructs and a selectable env-negative HIV
vector, HIV-gpt. When complemented with a retrovirus env gene, infectious virus capable of a single round of
replication was produced. The viral particles produced were analyzed biochemically for core and envelope
proteins and for infectious titer. The transfected envs were also analyzed for ability to bind to CD4 and mediate
cell fusion. Several of the amino acid substitutions resulted in moderate to severe decreases in virus infectivity and
fusion activity. Envelope glycoprotein assembly onto particles and CD4 binding were not affected. These results
provide evidence that V3 sequences are involved in mediating the fusion step of HIV-1 entry.

Infection with human immunodeficiency virus (HIV) be-
gins with binding of the virus to CD4 on cells. Following
binding, the envelope of HIV fuses with cellular membranes
to allow penetration of the viral core into the cytoplasm. The
factors involved in mediating fusion are still incompletely
defined. The HIV envelope glycoprotein, gpl60, mediates
viral entry and has been shown to be responsible for deter-
mining cellular tropism for several isolates of HIV. Domains
of gp160 that are involved in CD4 binding and cellular
tropism have been identified by analyzing the effects of
specific mutations on CD4 binding and infectivity. The CD4
binding region includes sequences in the carboxy terminus of
gpl20 throughout parts of the V4, C5, and V5 domains (15,
20). Although it has been shown that amino acid substitu-
tions within the CD4 binding region can affect tropism (6),
residues outside this region have been shown to be more
prominent in determining cellular tropism for several HIV
type 1 (HIV-1) isolates. For example, a point mutation that
resulted in a substitution of serine for proline in the gpl20 V3
domain conferred brain cell tropism on the GUN-1 isolate of
HIV-1 (28). Several studies have shown the importance of
the V3 domain (amino acids 303 to 338) in controlling
macrophage and T-cell tropism (2, 11, 16, 19, 23, 29, 30). The
role of the V3 domain in HIV entry is also evidenced by the
observation that antibodies to the V3 domain block HIV-1
infection without interfering with virus binding to CD4 (22,
25).
Syncytium formation between gp160-expressing cells and

CD4-positive cells is likely to involve a mechanism similar to
that of virus-cell fusion that occurs during viral entry.
Mutational analysis of gp160 has revealed several regions
that are important for the syncytium-inducing ability of
gp160. Introduction of charged residues into the hydropho-
bic sequence at the amino terminus of gp4l and amino acid
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substitutions in its transmembrane domain resulted in the
loss of syncytium formation (10, 12). Amino acid changes at
amino acid positions 312 and 313 in the V3 domain also
impaired syncytium formation (7). In summary, it is clear
that several regions of gp160 participate in the events leading
to HIV entry. Upon gpl60-CD4 binding, the V3 domain
appears to undergo a cell-type-specific interaction that al-
lows membrane fusion to proceed. The hydrophobic amino
terminus of gp4l and sequences within the transmembrane
portion of gp4l are also essential for fusion.
The V3 domain is the site of binding of the majority of

neutralizing antibodies that arise in HIV-infected individu-
als. It has been postulated that in the course of disease
progression, variants with amino acid changes in the V3
domain appear and are able to escape neutralization by the
existing host antibodies (18, 24). In the center of the V3
domain is a sequence, GPGRA, that is not subject to the kind
of extensive change that the rest of the V3 loop undergoes
(14). This conserved sequence is predicted to exist at the tip
of an exposed, hydrophilic loop that the V3 domain forms.
The conservation of this sequence despite selective pressure
for variation in this region suggests that it must be involved
in mediating an essential function of gpl20. It is possible that
the role of the conserved GPGRA sequence is to mediate a
conformational change in gpl20 that leads to activation of
the fusion domain in gp4l. It has been suggested that the
GPGRA sequence is a site for gpl20 proteolysis that acti-
vates fusion and viral entry. A peptide inhibitor of trypsin-
like proteases with significant homology to the GPGRA
sequence of the V3 domain has been reported to inhibit
syncytium formation upon infection with HIV-1 (9). In
addition, preparations of recombinant gpl20 are sometimes
found to be naturally cleaved after the arginine of the
GPGRA sequence, a predicted trypsinlike cleavage site (26).
Indeed, the V3 loop is highly accessible to proteases, as
shown by its susceptibility to specific cleavage by trypsinlike
and chymotrypsinlike enzymes (5).
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To study the role of the conserved GPGRA sequence, we
analyzed the effects of several mutations on the ability of
gpl60 to mediate syncytium formation and virus entry.
Included in this analysis were mutants that would be pre-
dicted to prevent cleavage in the GPGRA sequence by
trypsinlike proteases. Since amino acid variation is a hall-
mark of the V3 domain, it was of interest to determine
whether this region is involved in mediating viral entry in
two distinct HIV-1 isolates, HXB2 and SF33. SF33 differs
from most HIV-1 isolates in that it contains the sequence
GPGKV within its V3 loop. HXB2 and SF33 have 56%
amino acid identity throughout the V3 loop. The phenotypes
displayed by the various HXB2 and SF33 envelope glyco-
protein mutants provide insight into the nature of V3 inter-
actions during virus entry.

MATERIALS AND METHODS

Cell culture. HeLaT4 and COS-7 cells were maintained in
Dulbecco modified Eagle medium H21 supplemented with
10% fetal calf serum and antibiotics. HeLaT4 cells were
obtained through the AIDS Research and Reference Reagent
Program, Division of AIDS, National Institute of Allergy
and Infectious Diseases, National Institutes of Health, from
Richard Axel. HUT78 cells were maintained in RPMI 1640
medium supplemented with 10% fetal calf serum and antibi-
otics.

Plasmids and site-directed mutagenesis. The HIV-1 proviral
construct HIV-gpt (21) encodes all essential HIV-1 gene
products except gpl60 and contains a simian virus 40 origin
of replication for high-level expression in COS-7 cells. A
simian virus 40-based vector was chosen for expression of
gpl60. Vector pSM (1) was derived from the simian virus 40
expression vector pSV7d (27) by the addition of an M13
origin of replication. The M13 sequences permitted produc-
tion of single-stranded plasmid DNA that was used as a
template for oligo-directed mutagenesis. Plasmid HXB2-env
was constructed by cloning HXB2 proviral env sequences
from SacI (nucleotide 5999) to XhoI (nucleotide 8896) into
the SmaI and Sall sites of the pSM polylinker (nucleotide
numbers refer to nucleotide positions in sequences entered
in the Human Retroviruses and AIDS data base, National
Institute of Allergy and Infectious Diseases). Plasmid SF33-
env was constructed by cloning SF33 proviral env sequences
from plasmid pSF33/3' (provided by Cecilia Cheng-Mayer
and Jay Levy of the University of California, San Francisco)
from the SacI site upstream of the env coding sequences to
the XbaI site in nef(nucleotide 2804) into the SmaI and XbaI
sites of the pSM polylinker. In SF33-env, an ATG codon was
present upstream of the env initiation codon. This ATG was
changed to CTA by oligo-directed mutagenesis in order to
enhance env expression. V3 domain mutations were made
by using standard oligo-directed mutagenesis procedures (8,
13) with single-stranded DNA from plasmids HXB2-env and
SF33-env.

Transfection and preparation of virus and cellular lysate.
Virus was generated by transfection of plasmid DNA into
COS-7 cells by using the calcium phosphate procedure as
previously described (21). Viruses released into COS-7 cul-
ture supernatants were harvested 48 to 65 h after transfec-
tion, filtered through a 0.45-p.m-pore-size membrane, and
stored at -70°C. Cellular lysates were prepared 48 to 65 h
after transfection by rinsing and collecting the COS-7 cells in
phosphate-buffered saline (PBS) and pelleting at 1,000 x g.
Pellets of approximately 6 x 106 cells were lysed with 100 ,ul
of ice-cold IP buffer (10 mM Tris [pH 7.5], 150 mM NaCl, 2

mM EDTA, 1% Nonidet P-40). The lysates were then
vortexed and cleared by centrifugation at 15,000 x g for 5
min at 4°C. The lysates were stored at -20°C.

Isolation of viral particles. COS-7 cell supernatants con-
taining HIV-gpt virus were inactivated by the addition of
formaldehyde to 0.2%. Eight milliliters of inactivated virus
was concentrated by pelleting through a 2-ml layer of 20%
(wt/vol) sucrose onto a 50-,ul cushion of 60% (wt/vol) sucrose
at 160,000 x g for 1.5 h at 4°C. To recover the pelleted virus,
the solution in the centrifuge tube was slowly aspirated until
approximately 250 pul remained. The pelleted particles were
stored at -20°C.
Western blotting. Samples of pelleted virus or cellular

lysate were boiled for 4 min in reducing sample buffer (50
mM Tris [pH 6.8], 100 mM dithiothreitol, 2% sodium dode-
cyl sulfate [SDS], 0.1% bromophenol blue, 10% glycerol)
and electrophoresed on SDS-10% polyacrylamide gels. The
gels were equilibrated in transfer buffer (20 mM Tris base,
150 mM glycine, 20% methanol) for 20 min and transferred to
Immobilon membranes (Millipore) in a Bio-Rad Western
blotting (immunoblotting) apparatus run at 90 V for 5 h.
Membranes were blocked in TBST-milk (10 mM Tris [pH
7.5], 150 mM NaCl, 0.1% Tween 20, 5% nonfat dry milk) for
30 min at room temperature and then incubated overnight at
room temperature with sheep anti-gpl20 serum DV-012
diluted 1:1,000 into TBST-milk. The polyclonal sheep anti-
gpl20 serum was obtained through the AIDS Research and
Reference Reagent Program from Michael Phelan. Mem-
branes were subsequently washed three times (10 min per
wash) in TBST (10 mM Tris [pH 7.5], 150 mM NaCl, 0.1%
Tween-20). The membranes were then incubated for 2 h at
room temperature with donkey anti-sheep immunoglobulin
(Ig) antibody conjugated to peroxidase (Sigma) diluted 1:500
in TBST-milk. After two washes in TBST followed by two
washes in TBS (10 mM Tris [pH 7.5], 150 mM NaCl), the
blots were developed in peroxidase substrate solution (50
mM Tris [pH 7.6], 0.6 mg of diaminobenzidine per ml, 0.03%
NiCI, 0.03% H202). Color development was stopped after 5
to 30 min at room temperature by rinsing the membranes in
water.
CD4 binding assay. To detect gpl60 and gpl20 binding to

CD4, cellular lysates were incubated with excess chimeric
CD4-Ig molecule (CD4-Ig Immunoadhesin; Genentech,
South San Francisco, Calif.) in IP buffer at 4°C for 1 h.
Protein A-Sepharose beads (Pharmacia, Uppsala, Sweden)
were then added, and the incubation was continued for an
additional 1 h. gpl60 and gpl20 bound to the protein A beads
through CD4-Ig were pelleted by centrifugation at 15,000 x
g for 1 min. The beads were washed in IP buffer three times,
resuspended in reducing sample buffer, and boiled for 5 min.
The samples were then analyzed for gpl60 and gpl20 by
Western blotting.

Quantitation of p24. An enzyme-linked immunosorbent
assay (ELISA) was used to quantitate the level of p24 in
each virus preparation. Reagents used to perform these
assays were kindly provided by Kathelyn Steimer and Keith
Higgins of Chiron Corp., Emeryville, Calif. This assay had a
linear dose-response range from 0.75 to 12 ng of p24 per ml.
All virus samples were assayed at multiple dilutions to
ensure a reading in the linear range of the assay. Details of
the ELISA procedure are available on request.

Infection and drug selection. HeLaT4 and HUT78 cells
were infected with preparations of HIV-gpt as previously
described (21). Virus preparations were added to monolay-
ers of HeLaT4 and allowed to adsorb for 1 h at 370C.
Sufficient medium was then added for culture overnight.
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Insertion Mutations:

HXB2 INS.G3: CTRPNNNTRKRIRIQRG PER PGRAFVTIGKIGNMQRAHC

HXB2 INS.G5: CTRPNNNTRKRIRIQRGPG RGPE RAFVTIGKIGNMQRAHC
FIG. 1. Mutations in the V3 domain of gpl60. Several single amino acid substitution mutations were made in the GPGRA sequence of

HXB2 gpl60 and in the analogous GPGKV sequence of SF33 gpl60. The mutant that has a glycine-to-alanine change at position 3 (using the
numbering shown) is referred to as G3A, the mutant with a proline-to-serine change at position 4 is referred to as P4S, etc. In addition to the
single substitution mutations, two insertion mutations were made. INS.G3 has a three-amino-acid insertion at position 3, and INS.G5 has a
four-amino-acid insertion at position 5.

Sixteen to 28 h after infection, the medium was replaced with
Dulbecco modified Eagle medium containing 10% fetal calf
serum, 250 ,ug of xanthine per ml, 14 ,ug of hypoxanthine per
ml, 20 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid; pH 7.5), 100 U of penicillin per ml, 100
pg of streptomycin per ml, and 50 ,ug of mycophenolic acid
(Calbiochem, La Jolla, Calif.) per ml. The medium was
changed every 3 to 4 days until colonies formed (11 to 14
days). Infectivity was measured by counting the number of
mycophenolic acid-resistant colonies that formed per nano-
gram of p24 antigen in the virus preparation. To infect
HUT78 cells, four- or fivefold serial dilutions of virus were
added to 24-well plates containing 105 cells per well. Twenty-
four hours after infection, RPMI 1640 medium containing the
same supplements as described for the HeLaT4 cells, except
with 10 jig of mycophenolic acid per ml, was added to the
cultures. The cells were split 1:2 into selective medium every
3 days. Twenty days after infection, each well was assessed
for outgrowth of mycophenolic acid-resistant cells.

RESULTS

Mutations in the V3 loop of HXB2 and SF33 envelope
glycoproteins. In order to determine the functional conse-
quences of alteration in the conserved portion of the V3
domain, we made several amino acid substitution mutations
and two short insertion mutations in HXB2-env and SF33-
env (Fig. 1). Some of the mutations are predicted to prevent
tryptic cleavage at the GPGRA (HXB2-env) or GPGKV
(SF33-env) sequences. In HXB2-env, these mutations are
changes of arginine to alanine or glutamine (R6A and R6Q)
and a change of the alanine to proline (A7P). In SF33-env,

the analogous changes are lysine to alanine (K6A) and valine
to proline (V7P). These mutations would specifically prevent
trypsinlike cleavage but might not prevent cleavage by
proteases with other specificities. In addition to mutations
designed to block trypsinlike cleavage, several conservative
and nonconservative amino acid substitution mutations were
made to test the sensitivity of this region to minor change.
Two short insertion mutations of three and four amino acids
were fortuitously generated in the mutagenesis process.
These mutations may disrupt the secondary structure of the
V3 loop by lengthening the distance between the putative
antiparallel ,B strands that are predicted to exist in the V3
domain (14). The V3 sequence of each mutagenized plasmid
was verified by DNA sequencing.

In order to produce HIV-1 virions with wild-type and
mutated envelope glycoproteins, envelope constructs were
expressed in COS-7 cells along with an env-negative HIV-1
proviral construct, HIV-gpt' (21). Translation initiation
codons for tat and rev are not present in the env expression
plasmids, and the initiation codon for vpu is immediately
followed by a stop codon in both env constructs. Thus,
gpl60 is the only HIV gene product supplied by HXB2-env
and SF33-env; all other viral proteins are made from the
cotransfected HIV-gpt plasmid. HIV-gpt is a replication-
defective proviral construct that carries a selectable marker
gene, SV-gpt. When HIV-gpt is cotransfected with an env
expression plasmid, infectious HIV particles that are capa-
ble of transmitting the selectable marker gene to infectible
cells are produced. This system, shown schematically in Fig.
2, provides a quantitative measure of HIV infection, since
each successful infection event leads to the outgrowth of a
drug-resistant colony. We have previously shown that virus
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FIG. 2. Strategy for preparation and analysis of HIV-1 bearing mutant envelope glycoproteins. Virus preparations were made with
HIV-gpt (21) and wild-type or mutant gpl60 env constructs. Virus generated by cotransfection of the HIV-gpt and env plasmids is infectious
for a single round of virus entry and transmits the SV-gpt selectable marker gene. LTR, long terminal repeat.

produced by HIV-gpt complemented with a gpl60 expres-
sion construct has the same density, morphology, and host
range as naturally isolated HIV (21). Use of HIV-gpt pro-
vides experimental advantages over work with replication-
competent HIV; virus with a variety of different envelope
glycoproteins can be easily prepared, and infection can be
rapidly and accurately quantitated.

Expression of wild-type and mutant gpl60 on HIV-gpt
particles. To determine whether the mutant envelope glyco-
proteins were properly assembled onto viral particles, virus
was collected from the culture supernatant of transfected
COS-7 cells and analyzed for the presence of envelope
glycoproteins and p24 core antigen. p24 core antigen levels
were quantitated by ELISA. Viral particles were also ana-
lyzed by SDS-polyacrylamide gel electrophoresis (PAGE)
followed by Western blotting with antibodies raised against
gpl20. An equivalent amount of p24 core antigen was loaded

per lane for each virus preparation. As shown in Fig. 3, the
wild-type and mutant env constructs directed expression of
envelope glycoproteins that appeared on viral particles.
Since each sample stained similarly for gpl20, the ratio of
envelope to p24 core antigen must be roughly equivalent for
each sample. Therefore, none of the mutations affected the
processing or appropriate expression of gpl60. Figure 3 also
reveals a significant amount of unprocessed precursor gpl60
on the viral particles derived from COS-7 cells. This surpris-
ing finding may be related to a relatively slow rate of
envelope glycoprotein cleavage in transfected COS-7 cells.
CD4 binding by wild-type and mutant gpl60. The primary

CD4 binding site on gpl20 lies about 100 amino acids
carboxy terminal to the V3 domain, and anti-V3 antibodies
do not block CD4 binding. Thus, V3 mutations would not be
predicted to disrupt CD4 binding. In order to determine
whether the mutant envs were capable of binding to CD4,
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FIG. 3. Expression of mutant gpl60 on HIV-gpt particles. Virus particles were generated by transfection and concentrated by pelleting
onto a cushion of 60% sucrose. In order to assess the expression of gpl60 on viral particles relative to the amount of p249ag antigen in each
preparation, Western blots for gpl60 were done with approximately 18 ng of p24 antigen for each wild-type and mutant virus. The virus
preparations were subjected to SDS-PAGE followed by electroblotting and antibody staining for gpl60 and gpl20. HIV- refers to a virus
preparation produced by transfection of HIV-gpt alone. These particles resemble HIV-1 in biophysical properties but lack an envelope
glycoprotein and are not infectious (21).

each mutant gp160 was tested for the ability to bind a

chimeric CD4-Ig molecule. Bound gp160 and gp120 were
precipitated with protein A conjugated to Sepharose beads,
and the precipitated envelope glycoproteins were detected
on Western blots. Figure 4 shows the amount of envelope
glycoprotein expression in total, unprecipitated cellular ex-
tracts and the amount precipitated with CD4-Ig. None of the
V3 mutations interfered with CD4 binding. In each case, the
amount of gpl60 and gp120 that was immunoprecipitated
corresponded to the amount present in the cellular extract
used for immunoprecipitation. These results confirm previ-
ously published information that indicated that the V3 do-
main is not a part of the primary CD4 binding site on gpl20
(20). However, it is important to note that the CD4 binding
assay used in these experiments would not detect subtle
alterations in the binding affinity of gp120 for CD4.

Effect of V3 mutations on HIV entry. Cotransfection of the
wild-type and mutant gpl60 constructs with HIV-gpt re-

sulted in the production of virus particles that contained
envelope glycoproteins capable of binding to CD4. To de-
termine the ability of the mutant gpl60s to mediate HIV
entry, the virus preparations were tested for infectivity on

HeLaT4 cells. Several independent transfections were per-

formed to generate virus, whose infectious titer on HeLaT4
cells was measured. The results, expressed as means and
standard deviations, are shown in Fig. 5. Several of the
mutations had a moderate effect on infectivity. This indi-
cates that, although the GPGRA sequence is conserved
among HIV-1 isolates, it can be mutated without severely
impairing envelope function. Many of the V3 mutations,
including the HXB2 mutations G5E, R6A, R6Q, A7P,

INS.G3, and INS.G5 and the SF33 mutations P4S-33, G5E-
33, V7G, and V7P, resulted in a -100-fold reduction in
infectivity. This result supports the hypothesis that the V3
domain is involved in mediating events required for HIV-1
entry into cells. Comparison of specific amino acid changes
in HXB2 and SF33 envelope glycoproteins shows that some
changes affect the function of the two envelopes differently.
For example, a proline-to-serine change in HXB2 gpl60
(P4S) resulted in a moderate reduction in infectivity,
whereas the same change in SF33 gp160 (P4S-33) caused a

>100-fold loss of infectivity. Similarly, change of an arginine
to an alanine in HXB2 gp160 (R6A) resulted in a severe loss
of infectivity, but the analogous change in SF33 gpl60 (K6A)
decreased infectivity only modestly. Thus, the surrounding
sequence context dramatically influences the effect of spe-
cific amino acid changes. The effects of some amino acid
substitutions were similar for HXB2 gpl60 and SF33 gpl60.
For example, substitution of glutamic acid for glycine at
position 5 (G5E in HXB2 and G5E-33 in SF33) and substi-
tution of proline for alanine or valine (A7P in HXB2 and V7P
in SF33) severely reduced infection in both gpl60 isolates.
These amino acid substitutions have been detected at a low
frequency in gpl60 sequences isolated by polymerase chain
reaction in a survey of infected human peripheral blood
mononuclear cells (14). One interpretation of this result is
that these nonconservative changes could not be tolerated in
the context of HXB2 and SF33 sequences but may be
tolerated in the context of other env sequences. Alterna-
tively, these amino acid substitutions may be present in
defective envelope sequences detected by direct survey of
V3 sequences in infected peripheral blood mononuclear
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FIG. 4. CD4 binding by wild-type and mutant gpl60 and gpl20. COS-7 cells were transfected with HIV-gpt and wild-type and mutant env
constructs. Cellular lysates were prepared and analyzed for gpl60 expression by Western blotting. Six microliters of cellular lysate was loaded
per lane for each HXB2 wild-type and mutant sample (top panel). CD4 binding ability for the HXB2 gp160 preparations was determined by
incubation of 25 ,ul of cellular lysate with 100 ng of CD4-Ig and immunoprecipitation with protein A-Sepharose as described in Materials and
Methods. The immunoprecipitated gpl60 and gpl20 were detected by Western blotting (center panel). For wild-type and mutant SF33 gp160,
the amount of cellular lysate immunoprecipitated with CD4-Ig (bottom panel) was normalized on the basis of the level of gpl60 observed on
Western blots of total cellular extracts (data not shown).

cells. The two insertion mutations severely reduced viral
infectivity. These mutations may have disrupted envelope
glycoprotein function by disturbing the overall structure of
the V3 domain.

Effect of V3 loop mutations on syncytium formation. It has
previously been shown that specific mutations in the V3
domain can affect the ability of gpl60 to mediate cellular
syncytium formation with CD4-positive cells (7). It is likely
that mutations that interfere with cell-to-cell fusion may also
affect virus entry by preventing virus-cell fusion. Wild-type
and mutant gpl60 transiently expressed on the surface of
COS-7 cells were tested for the ability to induce cellular
fusion with HeLaT4 cells. Syncytium formation between
gp160-expressing cells and HeLaT4 cells was observed by
cocultivation of the two cell types for 6 to 16 h. As shown in
Fig. 6, extensive fusion was seen with wild-type gpl60.
Wild-type HXB2 gpl60 and wild-type SF33 gpl60 exhibited
similar, high levels of fusion activity. Each gpl60 mutant
was tested for the ability to mediate syncytium formation in
three independent experiments. The results of these exper-
iments are summarized in Fig. 5. To determine the expres-
sion level of each wild-type and mutant envelope glycopro-
tein, extracts of the transfected COS-7 were made and
analyzed by Western blotting for gpl20 (data from a repre-
sentative experiment are shown in the top panel of Fig. 4).
Although the level of gpl20 expression varied, it was clear
that even at the lowest level of expression obtained (Fig. 4,
lane G3A), fusion could be observed. In addition, with the
exception of mutant A7P, the gpl60 mutants that were not
able to mediate fusion were expressed at similar or higher

levels than wild-type gpl60. Thus, the V3 mutations ap-
peared to directly affect fusion rather than expression or
processing of gpl60. The V3 mutations that prevented syn-
cytium formation also severely reduced virus infectivity.
These results suggest that disruption of virus entry due to
mutations in the conserved GPGRA sequence is due to loss
of gpl60-CD4 induced membrane fusion.

Effect of V3 loop mutations on HIV-1 entry into T cells.
Because the ability of particular isolates ofHIV to enter cells
varies according to tissue type, it was of interest to deter-
mine whether the V3 mutations that abrogated entry into
HeLaT4 cells also abrogated entry into T cells. Table 1
shows the results of wild-type and mutant virus titration on
HeLaT4 cells and the T-cell line HUT78. V3 mutations that
severely impaired infection of HeLaT4 cells similarly im-
paired infection of HUT78 cells. Mutations that had a
moderate effect on HeLaT4 infectivity also had moderate or
no effect on HUT78 cell infectivity. Thus, the requirement
for a specific V3 domain sequence is similar during virus
entry into HeLaT4 and HUT78 cells. Amino acid differences
in the V3 loop have been shown to influence the ability of
HIV-1 to infect different cell types. In this study, we found
a concordance between the V3 sequences that allow infec-
tion of HeLaT4 cells and of HUT78 cells.

DISCUSSION

The results of the mutational analysis presented here
demonstrate the involvement of the V3 domain in HIV entry
and gpl60-mediated syncytium formation. Several of the
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FIG. 5. Effect of V3 mutations on infectivity and syncytium formation. Titers of viruses prepared by cotransfection of COS-7 cells with

HIV-gpt and env constructs were determined for infectivity on HeLaT4 cells and analyzed for p24 level by ELISA. Infectious titer was
normalized for p24 content and compared with wild-type virus that was prepared in parallel. Each envelope construct was tested in several
independent transfection experiments. The means and standard deviations, expressed as percent of wild-type (WT) infectious units per
nanogram of p24, are shown. The numbers in parentheses refer to the numbers of independent transfections included in the calculation of the
data. HIV-gpt prepared with wild-type HXB2 env gave a mean titer of 156 ± 90 infectious units per nanogram of p24 (n = 7), and HIV-gpt
prepared with wild-type SF33 env gave a mean titer of 18 ± 12 infectious units per nanogram of p24 (n = 5). COS-7 cells transfected with
HIV-gpt and env plasmids were cocultivated with HeLaT4 cells and assessed for syncytium formation after 6 to 16 h. Each env construct was
tested for the ability to mediate syncytium formation in three independent experiments. The results of the three experiments were consistent
and are summarized as follows: + +, high number of syncytia (see Fig. 6); +, moderate number of syncytia; and -, rare or absent syncytia.

single amino acid substitution mutations and both insertion
mutations resulted in a 100- to 5,000-fold loss of infectivity
and abrogated syncytium-forming ability. These mutations
did not affect the expression of gpl60 on viral particles or
CD4 binding ability. Therefore, it is likely that the loss of
infectivity was due to a loss of fusion activity after CD4
binding. It is clear from these results that the V3 domain

actively participates in HIV entry subsequent to CD4 bind-
ing.
Many of the conservative amino acid changes that were

made resulted in only a moderate decrease in infectivity and
syncytium formation. For example, the glycine-to-alanine
changes (G3A and G5A) and the alanine-to-glycine change
(A7G) in HXB2-env decreased infectivity three- to fourfold.
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FIG. 6. Syncytium formation between COS-7 cells expressing wild-type gpl60 and HeLaT4 cells. (Left panel) COS-7 cells transfected with

HIV-gpt alone were cocultivated with HeLaT4 cells for 14 h. (Right panel) COS-7 cells transfected with wild-type SF33 env and HIV-gpt were
cocultivated with HeLaT4 cells. Equal numbers of cells were cocultivated for 14 h, fixed in 10% formalin, and stained with Giemsa stain.

This indicates that, although the GPGRA sequence is con- controlling tissue specificity. It is possible that the V3
served among HIV-1 isolates, it can be mutated and still domain interacts with a surface molecule that differs be-
retain biologic activity. The presence of a relatively con- tween T cells and macrophages. This interaction may be
served sequence within the principal neutralizing determi- essential for virus entry to occur. In a study using the
nant of gpl60 has prompted the development of peptide- GUN-1 isolate of HIV-1, a single amino acid substitution of
based vaccines that include the GPGRA sequence. serine for proline in the GPGRA sequence resulted in a
Antibodies raised against this sequence could conceivably dramatic increase in infection of a brain tumor cell line
provide protection against a broad spectrum of HIV isolates. without significant loss of ability to infect T cells (28). In the
The ability of HIV-1 to accommodate amino acid changes present study, the substitution of serine for proline in
within the GPGRA sequence may significantly influence the HXB2-env resulted in a moderate decrease in infection of
efficacy of such vaccinations. While the results of the HeLaT4 and HUT78 cells whereas the same substitution
present study are confined to in vitro-generated mutations mutation in SF33-env resulted in an almost complete loss of
and in vitro infections, they may provide some indication of infectivity. While we have not tested the ability of these
the ability of HIV-1 to tolerate change even within the mutant viruses to infect the brain tumor cells used in the
relatively conserved sequences of the principal neutralizing analysis of the GUN-1 variant, it is likely that the complete
determinant. V3 sequence, as well as individual amino acids, will be
The molecular events that occur during HIV entry are not important for determining tissue tropism. It is also important

well understood. Binding of HIV to CD4 does not appear to to consider that sequences outside the V3 domain may
be sufficient to initiate infection. Mouse cells that express influence the ability of HIV-1 to enter into cells.
human CD4 bind gpl60 but cannot be infected (17). Simi- The GPGRA sequence is a potential cleavage site for
larly, human cells that express CD4 but are not infectible trypsinlike proteases. It has been proposed that cell surface
with HIV have been described previously (3, 4). These cells proteases may cleave the V3 loop after gpl60 binding to
either lack an essential factor required for infection or CD4, thus altering the conformation of gpl60 and activating
contain an inhibitor of infection. Several strains of HIV-1 are fusion. Consistent with this hypothesis, the HXB2-env mu-
restricted in their tissue specificity for primary T cells or tants R6A, R6Q, and A7P and the SF33-env mutant V7P
macrophages. In several cases, a portion of the envelope have lost the putative tryptic cleavage site and were virtually
gene including the V3 region was found to play a role in noninfectious. However, the SF33-env mutant K6A also lost
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TABLE 1. Results of wild-type and mutant virus titration on
HeLaT4 and HUT78 cells

Virus p24 Titer (infectious units/ml) on:
prepnl (ng/ml) HeLaT4 cellsb HUT78 cells"

HIV(-) 36 0 0
HXB2 WT 25 8,000 200
G3A 27 1,540 50
P4A 25 1,200 10
P4S 23 1,660 50
GSA 27 2,160 200
G5E 32 22 0
R6A 55 42 0
R6K 56 580 50
A7G 44 3,720 200
A7P 31 50 0
INS.G3 29 4 0
INS.G5 22 4 0

SF33 WT 78 840 1,000
S2R 43 220 50
P4S-33 104 8 0
GSE-33 21 4 0
K6A 64 336 200

a HIV(-) refers to a virus preparation produced by transfection of HIV-gpt
alone. WT, wild type.

b Titers were determined by dilution of virus preparations onto HeLaT4
cells and enumeration of mycophenolic acid-resistant colonies that arose after
selection.

' Titers were determined by dilution of virus preparations into 24-well
plates containing HUT78 cells, followed by assessment of outgrowth of
mycophenolic acid-resistant cells at each dilution.

the putative tryptic cleavage site but retained infectivity and
the ability to mediate cell fusion. This indicates that, for
SF33, tryptic cleavage at the GPGKV sequence is not a
requirement for infectivity. The role of the V3 domain in
HIV entry may be to mediate a conformational change in
gpl60 that results in exposure of the hydrophobic sequence
at the amino terminus of gp4l. It is possible that the V3
domain can utilize a variety of different types of interactions
that cause a conformational change in gpl60. In some cases,
proteolytic cleavage of the V3 loop may activate infectivity,
whereas in other cases, a binding interaction with a cell
surface molecule may be required. The remarkable variabil-
ity of the V3 domain suggests that any functional property of
this domain must work in a flexible manner.
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