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Mutations in the human immunodeficiency virus type 1 (HIV-1) envelope glycoproteins gpl20 and gp4l,
previously shown to confer an enhanced replicative capacity and broadened host range to the ELI1 strain of
HIV-1, were analyzed for their biochemical effects on envelope structure and function. The tendency of purified
virions to release their extracellular gpl20 component, either spontaneously or after interacting with soluble
CD4 (CD4-induced shedding) was assessed. A single amino acid substitution in part of the CD4 binding site
of gpl20 (Gly-427 to Arg) enhanced both spontaneous and CD4-induced shedding of gpl20 from virions, while
a single change in the fusogenic region of gp4l (Met-7 to Val) affected only CD4-induced shedding. Although
each codon change alone conferred increased growth ability, virus with both mutations exhibited the most
rapid replication kinetics. In addition, when both of these mutations were present, virions had the highest
tendency to shed gpl20, both spontaneously and after exposure to soluble CD4. Analysis of CD4 binding to
virion-associated gpl20 showed that the changes in both gpl20 and gp4l contributed to increased binding.
These results demonstrated that the increased replicative capacity of the ELI variants in human CD4+ cell
lines was associated with altered physical and functional properties of the virion envelope glycoproteins.

The envelope of human immunodeficiency virus type 1
(HIV-1) has been shown to be the major determinant of cell
tropism (9, 11, 13-15, 18, 39), the major viral protein against
which both neutralizing and nonneutralizing antibodies are
raised in infected people (6, 30), and a protein shown to elicit
T-cell responses (16, 17, 66). The viral envelope is synthesized
as a gpl60 glycoprotein precursor that is proteolytically
cleaved by host enzymes into the extracellular gp120 and the
transmembrane gp4l components (2, 42, 56, 62, 65, 70). These
processed envelope products are then transported to the
plasma membrane and incorporated into virions, where they
associate by noncovalent interactions (34, 37, 43). Interaction
of HIV-1 with its cell surface receptor CD4 leads to a
conformational change in the envelope (20, 33, 57), and when
soluble derivatives of CD4 are used, dissociation of gpl20 from
gp4l occurs (3, 7, 19, 33, 36, 40, 48, 49). Fusion (41, 61)
between the viral and cellular membranes leads to virus
uptake. Since the amino-terminal region of gp4l contains the
fusogenic domain of the HIV-1 envelope (5, 24, 27, 29, 37, 53,
60) and epitopes near the N terminus of gp4l become reactive
with monoclonal antibodies after the binding of CD4 to virions
(33, 57), it is possible that this CD4-induced dissociation of
gpl20 reflects a physiological process important to virus uptake
(20).

Several lines of evidence have brought into question the
biological relevance of envelope shedding. Different isolates
were found to shed gpl20 to various extents in response to
soluble CD4 treatment, despite the fact that they are all
replication competent (45, 47). Also, some mutations elimi-
nated certain critical envelope functions such as fusion while
not affecting CD4-induced gpl20 shedding (4, 64); others
seriously impaired CD4-induced gpl20 dissociation while hav-
ing less effect on virus uptake (64). Therefore, the relationship
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of CD4-induced release of gpl20 from HIV-1 virions with virus
infectivity remains unclear. Isogenic HIV-1 variants that differ
from each other at only a few amino acids and exhibit distinct
biological properties would be useful to relate envelope struc-
ture to biological function and to determine whether the
dissociation of gpl20 by soluble CD4 correlates with virus
infectivity.

After prolonged culture of certain partially defective viruses,
variants that have an increased replicative capacity sometimes
emerge in the culture (12, 23, 54). Adaptation to growth is
thought to occur by mutation and subsequent selection. We
have previously reported that growth of the ELI1 strain of
HIV-1 in H9 cells led to the production of variants after a
delay of more than 20 days. The emerging virus not only had
increased replication kinetics in H9 and other T-cell lines but
also was able to establish a productive infection in U937
promonocytic cells, which are refractory to infection with the
parental ELI1 virus (54). Mutations accounting for this en-
hanced replication capacity and extended host range were
localized to two regions of the env gene (26). One was
identified in a part of gpl20 known to be involved in the
binding of gpl20 to CD4 (18, 38, 51, 55), and the other was
identified in the fusogenic domain (5, 24, 27, 29, 53, 60) at the
amino terminus of gp4l.
As a first step in understanding the molecular mechanisms

for the augmented infection kinetics of these adapted ELI
viruses, we have investigated the consequences of the env
mutations on the stability of the virion-associated HIV-1
external envelope glycoprotein in the absence and presence of
soluble CD4. Using the set of biologically derived HIV-1ELI
variants, we show that mutations in the envelope that con-
ferred an enhanced replicative capacity in CD4+ cell lines
increased both the binding ability of virion-associated gpl20
for soluble CD4 and the amount of CD4-induced shedding of
gpl20 from virions. These results demonstrated that altered
physical and functional properties of the virion envelope of the
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FIG. 1. Sequences of ELI mutants. Shown at the top is the

853-amino-acid (aa) HIV-1 envelope of ELI indicating the signal
peptide (S), the conserved regions (Cl to C5), and the hypervariable
regions (Vl to V5) of gpl20 and gp4l (shaded). Predicted envelope
amino acid sequences of ELI1, ELI2, ELI5, and ELI6 from residues
421 to 437 of the gpl20 C4 region and residues 1 to 19 of gp4l are
shown. Dashes indicate amino acid identity; letters indicate differ-
ences.

ELI variants correlated with increased infectivity in human
CD4+ cell lines.

MATERIALS AND METHODS
Bacterial strain, plasmids, and plasmid DNA preparation.

Reagents and methods have been described previously (54).
Construction of viruses. The infectious molecular clone of

HIV-lEL1, pELI1, has been described previously (1, 54). The
descriptions, sequences, and properties of viruses derived from
pELI1, pELI2, and pELI4 have been published previously (26,
54). The plasmids pELI5 and pELI6 were constructed with
appropriate restriction fragments by combining the CD4 bind-
ing region mutation in pELI4 (Gly-427 to Arg) either with the
wild-type gp4l region in pELI1 (to produce pELI5) or with the
gp4l mutation in pELI2 (Met-7 to Val) to produce pELI6. The
relevant part of the envelope sequence from these viruses is
shown in Fig. 1.

Cells and media. HeLa cells were grown in Dulbecco's
modified Eagle's medium with 10% fetal bovine serum
(DMEM-10). The sources of peripheral blood mononuclear
cells, the CD4+ lymphocyte cell lines (CEM clone 12D7,
HUT78 clone H9, SupTl, Jurkat clone E6-1), and the
promonocyte cell line U937 have been described previously
(54). The cell lines were grown in RPMI 1640 with 10% fetal
bovine serum (RPMI-10) and 2 pLg of Polybrene per ml
(RPMI-10/2); for the peripheral blood mononuclear cells,
RPMI-10/2 was supplemented with 10% interleukin 2.

Viral infectivity studies. The methods used to infect cells
have been described previously (54). Virus stocks were pre-
pared following transfection of HeLa cells with plasmid DNA
(15 to 20 ,ug) by calcium phosphate coprecipitation methods
(25, 31, 69). Reverse transcriptase (RT) activity (73) was
measured 24 and 48 h after transfection. An amount of virus
corresponding to 105 cpm of RT activity was added to 2 x 106
cells in 1 ml of RPMI-10/2. Virus adsorption was for 2 h at
37°C, after which time the cells were diluted in RPMI-10/2. At
2-day intervals, the cells were fed with RPMI-10/2 and samples
were taken for determination of RT activity. Cultures were
monitored daily for the presence of syncytia.

Transfections and preparation of 35S-labelled virions. HeLa
cells were trypsinized and transferred to 25-cm2 flasks (3 x 106

cells per flask) 24 h prior to transfection. Calcium phosphate-
precipitated uncleaved plasmid DNA (35 ,ug) was added to
each flask (two flasks for each virus), and the cells were
incubated for 3 h. The cultures were then washed once at room
temperature with phosphate-buffered saline (PBS) and sub-
jected to glycerol shock (25) for 2.5 min. Following removal of
the glycerol solution, the cells were washed once with PBS and
maintained in 4 ml of DMEM-10.

Transfected HeLa cells were scraped off the flasks at 18 to 20
h posttransfection, washed with methioine-free RPMI 1640,
and then starved for 10 min in methionine-free RPMI 1640
medium containing 5% fetal bovine serum. The cells were
pelleted, resuspended in 1 ml of labelling medium for each
25-cm2 flask transfected, and transferred to upright 25-cm2
flasks. Labelling medium contained 300 pCi of [35S]methi-
onine (1,100 Ci/mmol [NEN]) in 0.9 ml of methionine-free
RPMI 1640 and 0.1 ml of RPMI-10. After 10 h at 37°C, an
additional 1 ml of the labelling medium was added and the
cells were incubated for 12 to 14 h.
The medium was clarified following the 22- to 24-h labelling

period by low-speed centrifugation (1,000 x g) and filtering
through a 0.45-pLm-pore-size cellulose acetate filter to remove
any cells and cellular debris. The labelled virions were col-
lected from the medium by centrifugation for 30 min at 35,000
rpm at 25°C in an SW55 rotor (Beckman), and the virion pellet
was resuspended in RPMI-10 (200 to 500 ,ul) with a P1000
Pipetman (Gilson).

Microcentrifuge pelleting of HIV-1 virions. Labelled ELI1
virions were collected by ultracentrifugation as described
above and resuspended in 200 RI of RPMI-10. Half of the
material was transferred to a 1.5-ml polypropylene screw-cap
microcentrifuge tube (Sarstedt) and centrifuged at 14,000 rpm
in an Eppendorf centrifuge for 1 h at room temperature.
Following centrifugation, 90 [L of the supernatant was care-
fully removed from the side of the tube opposite the line of
centrifugal force and transferred to a new tube. The virion
pellet was washed with 40 RI of PBS and centrifuged for an
additional 30 min. Forty microliters of the supernatant was
removed and combined with the first supernatant. The pellet
fraction was resuspended in 130 RI of RPMI-10.
The efficiency of virion recovery by microcentrifugation was

assessed by analyzing the resuspended pellets from the ultra-
centrifugation and the pellet and supernatant fractions from
the Eppendorf centrifugation on sucrose gradients. Samples
were layered onto 10 to 60% (wt/vol) continuous sucrose
gradients (4.5 ml) and centrifuged in an SW55 rotor for 90 min
at 35,000 rpm at 4°C (71). Fractions (14 by 330 lI) of the
gradients were collected from the top. Each fraction was lysed
by adding 700 pAl of 0.5% Triton X-100 lysis buffer (300 mM
NaCl, 50 mM Tris-HCl [pH 7.4], 0.5% Triton X-100) and
immunoprecipitated (70, 71) with HIV-1-reactive antibodies
present in a mixture of sera obtained from AIDS patients
(AIDS patients' sera). Sequential immunoprecipitations dem-
onstrated that the antibodies were in excess for the viral
proteins. Immunoprecipitated proteins were solubilized by
boiling for 7 min in sample buffer (2% sodium dodecyl sulfate
[SDS], 1% 2-mercaptoethanol, 1% glycerol, 65 mM Tris-HCl
[pH 6.8]) and separated on 10% acrylamide-AcrylAide-SDS
(FMC) gels for SDS-polyacrylamide gel electrophoresis (SDS-
PAGE). Gels were fixed in a solution of 40% methanol-10%
acetic acid for 2 h at room temperature, rinsed with water,
soaked in 1 M sodium salicylate for 2 h, and dried. Radioactive
protein bands were visualized by fluorography.

Spontaneous shedding of gpl2O from virions. Labelled
virion suspensions for each virus were prepared from trans-
fected cells by ultracentrifugation as described above. The
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virion suspensions were split into two 100-,ul samples and
transferred to 1.5-ml Sarstedt microcentrifuge tubes. The
virions in one sample from each virus were immediately
pelleted in an Eppendorf microcentrifuge as described above.
Both the pellet and supernatant samples were lysed in 1 ml of
0.1% Triton X-100 lysis buffer (50 mM Tris-HCl [pH 7.4], 300
mM NaCl, 0.1% Triton X-100) and immunoprecipitated with
the AIDS patients' sera. The second sample of each virus was
incubated in a water bath at 37°C for 48 h prior to pelleting in
a microcentrifuge and immunoprecipitation; the immunopre-
cipitates were resolved by SDS-PAGE and visualized by flu-
orography. The gp120 present in the virion and supernatant
fractions was quantified by using a Fujix Bas 2000 Bio-image
Analyzer and summed to give the total amount of gpl20. The
percentage of the gpl20 lost from virions over time was

determined.
CD4-IgG-induced shedding of gpl20 from virions. Samples

(100 RI) of labelled virion suspensions from the different ELI
viruses were transferred to microcentrifuge tubes and incu-
bated for 2 h at 37 or 4°C in the absence or presence of 220 nM
(1 jig) CD4-immunoglobulin G (IgG) (8, 10) (a gift from
Genentech Inc., South San Francisco, Calif.). (The CD4-IgG
was dialyzed against water for 24 h at 4°C prior to use to
remove the detergent present in the stock solution.) The 37°C
samples were pelleted at room temperature in an Eppendorf
microcentrifuge, while the 4°C samples were pelleted at 4°C in
a refrigerated Eppendorf microcentrifuge (model 5402) as

described above. The pellet and supernatant samples were

treated with 0.1% lysis buffer, immunoprecipitated with AIDS
patients' sera, and analyzed by gel electrophoresis as described
above. The amounts of virion-associated and free gpl20 were

quantified with the Fujix Bas 2000 Bio-image Analyzer, and the
percentage of gpl20 released from virions was calculated.

Labelled virion suspensions were prepared for each ELI
virus, and 100-,ul samples were either untreated or treated with
10-fold dilutions of CD4-IgG (ranging from 0.5 to 500 nM [2.3
ng/100 RIl to 2.3 ,ug/100 jil]) to evaluate their effect on gpl20
shedding. All samples were incubated for 2 h at 37°C, and
virion and supernatant fractions were collected following cen-

trifugation in a microcentrifuge at room temperature. Samples
were treated with 0.1% Triton X-100 lysis buffer, immunopre-
cipitated, and analyzed by SDS-PAGE as described above. The
amount of gpl20, both released and remaining virion associ-
ated after treatment of the virions with various dilutions of
CD4-IgG, was quantified with the Fujix Bas 2000 Bio-image
Analyzer.

Binding of CD4-IgG to virions. HeLa cells were transfected
with pELI1, pELI2, pELI5, or pELI6, and the cells were

labelled for 24 h as described above. Radioactively labelled
virions of ELI1, ELI2, ELI5, and ELI6 were purified by
ultracentrifugation, and the virion pellets were resuspended in
400 jil of RPMI-10. Samples (100 jil) were transferred into
four 1.5-ml screw-cap Sarstedt microcentrifuge tubes. CD4-
IgG was added to three tubes to give final concentrations of 5,
50, and 500 nM, with a fourth tube serving as an untreated
control. The samples were incubated on ice for 1 h, and the
virions were pelleted at 14,000 rpm for 1 h at 4°C in a

refrigerated Eppendorf microcentrifuge. The supematants
were carefully removed and transferred to new tubes. Deter-
gent lysates of the viral pellets and corresponding supernatant
samples were prepared by adding 1 ml of 0.1% Triton X-100
lysis buffer to each tube followed by vortex mixing. Protein
A-agarose (50 jil [Bethesda Research Laboratories]) was

added to the viral pellet lysates to recover any gpl20 associated
with CD4-IgG. The IgG portion of the CD4-IgG molecule
allows it to bind to protein A (8, 10). After 1 h of mixing at 4°C,

the gpi2O-CD4-protein A-agarose complexes were collected
by centrifugation, and the supernatants were transferred to
tubes containing protein A-agarose that had been pretreated
with the AIDS patients' sera for a second round of immuno-
precipitation to determine the amount of gpl20 not bound to
CD4. The supernatant samples recovered after pelleting the
virions were also immunoprecipitated with protein A-agarose
beads treated with the AIDS patients' sera to detect any gpl20
released from the virions as a result of CD4 binding. All
precipitates were washed twice with lysis buffer and resus-
pended in sample buffer. The proteins were resolved by
SDS-PAGE, visualized by fluorography, and quantified as
described above. The relative binding properties of the differ-
ent gpl20 proteins were determined by calculating the percent-
age of gpl20 that had bound to CD4-IgG as [(bound +
released)/(bound + released + not bound)] x 100.

RESULTS

Construction of ELI5 and ELI6. Adaptation of ELI1 to
replicate in the H9 T-lymphocytic cell line involved the acqui-
sition of mutations in the amino-terminal region of gp4l at
amino acids 7 (Met to Val) and 49 (Glu to Gly). The virus with
the single Met-7-to-Val change was called ELI2, and the one
with both Met-7 to Val and Glu-49 to Gly was called ELI3. In
addition, variant ELI4 emerged during passage in H9 cells, and
this virus had both of the gp4l mutations plus a mutation at
residue 427 (Gly to Arg) of gpl20 in a region known to be
involved in the binding of gpl20 to the virus receptor molecule
CD4. All three viruses exhibited enhanced infection kinetics on
T-cell lines compared with ELI1, while ELI4 had the addi-
tional property of being able to infect the promonocytic cell
line U937 (26).
To investigate the contributions of the individual mutations

to the phenotype of the viruses, the mutation in the CD4
binding region was introduced into the parental ELI1 gp4l
background (with Met at position 7 of gp4l) to produce ELI5
and the mutation was also introduced into the background of
the biological variant ELI2 (Val-7 gp4l) to produce ELI6 (Fig.
1). Subsequent work has demonstrated that the predominant
variant that replicated in U937 cells (26) was in fact ELI6
(26a).
Growth properties of ELI1, ELI2, ELI5, and ELI6. Stocks of

each virus were prepared by transfecting HeLa cells with
pELI1, pELI2, pELI5, and pELI6 and were used to infect
peripheral blood mononuclear cells and various cell lines.
While all viruses productively infected peripheral blood mono-
nuclear cells with indistinguishable growth kinetics (data not
shown), differences were observed following infection of CD4+
cell lines. On CEM cells, ELI6 induced the most rapid
infection, with peak virus production occurring about day 19
after infection. Virus production of ELI2 preceded that of
ELI5 by about 5 days, and there was no evidence that ELI1
generated progeny virions even after 56 days in culture (Fig.
2A). Virus production for ELI5 and ELI6 occurred contem-
poraneously in H9 cells, with peak activity on days 19 and 20,
and before that of ELI2, which peaked on day 31. Again, ELI1
failed to grow in these cells (Fig. 2B). Therefore, each of the
mutations separately conferred to HIV-1ELI the capacity to
infect T-cell lines, although ELI6, containing both the Gly-427-
to-Arg change in gpl20 and the Met-7-to-Val change in gp4l,
had the fastest replication kinetics.
The increased infectivity of ELI6 compared with the other

viruses was more pronounced with U937 cells, where the peak
of ELI6 production occurred on about day 30 after infection
(Fig. 2C). Little virus was detected with ELI2 and ELI5 before
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FIG. 3. Sucrose gradient fractionation of the supernatant from
transfected HeLa cells. The supematant (200 pAl) recovered from
HeLa cells transfected with pELII and labelled with [35S]methionine
was centrifuged through a 10 to 60% (wt/vol) sucrose gradient. Viral
proteins were detected in the gradient fractions by immunoprecipita-
tion with AIDS patients' sera and SDS-PAGE. Fraction numbers are
given across the top, and the positions of the major HIV-1 proteins
visible are indicated: gpl20 envelope, p66 RT, and p55, p39, p25, and
p24 Gag.

day 50. Thus, efficient replication of ELI in U937 cells required
both the gpl20 and the gp4l mutations. In fact, from the
sudden increase in virus production so late after infection of
U937 cells with ELI2 and ELI5, it is likely that additional
mutations had occurred to allow replication.

Analysis of gpl20 present in transfection supernatants. A
major focus of this study was to investigate the consequences of
the mutations in gpl20 and gp4l on the structure and function
of the virion-associated HIV-1 envelope. Because substantial
amounts of non-virion-associated gpl20 had been observed in
the medium of HeLa cells transfected with other HIV-1
molecular clones (unpublished results), it was first necessary to
determine the distribution of free and virion-associated gpl20
in virus preparations obtained following transfection. HeLa
cells were transfected with pELI1, and the cells were labelled
metabolically with [35S]methionine as described in Materials
and Methods. Virus particles were separated from free pro-
teins in the clarified transfection medium by centrifugation on
a 10 to 60% sucrose gradient as described previously (71), and
the HIV-1 proteins in each fraction were identified by immu-
noprecipitation with AIDS patients' sera and gel electrophore-
sis analysis (Materials and Methods). As shown in Fig. 3, most
(ca. 75%) of the gpl20 was found to be free (fractions 1 and 2)
rather than in the part of the gradient (fractions 9 to 11) shown
previously to contain virions (71). Therefore, for all subse-
quent biochemical work, virions were pelleted in the ultracen-
trifuge to remove the free gpl20 present in transfection
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Davs After Infection

FIG. 2. Replication of ELI1, ELI2, ELI5, and ELI6 in CEM (A),
H9 (B), and U937 (C) cells. Approximately 2 x 106 cells were infected
with 5 x 105 cpm of RT from virus stocks generated following
transfection of HeLa cells with the different ELI proviral molecular
clones. Cultures were monitored daily for the appearance of syncytia,
and every 2 days the cultures were fed and samples were taken for RT
determination.
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supernatants (see below). Importantly, pelleting the virus
under these conditions does not impair infectivity (unpub-
lished results).

Fractionation of free gpl20 from virion-associated gpl20.
We wanted to examine the dissociation of gp120 from virions
of the different ELI variants. While free envelope can be
separated from virion-associated envelope by pelleting HIV-1
in the ultracentrifuge (69a), this procedure is not particularly
amenable to the processing of multiple samples. Therefore, we
tested whether a microcentrifuge could be used to pellet
virions instead, since earlier work (59) had suggested that this
was possible. Labelled virions were first collected by ultracen-
trifugation and resuspended in RPMI-10 (200 ,ul), and half of
this material was fractionated by sucrose gradient centrifuga-
tion. The remainder was centrifuged for 1 h at 14,000 rpm at
room temperature in an Eppendorf microcentrifuge, and the
resulting supernatant and resuspended pellet were separated
by sucrose gradient centrifugation. Fractions from the gradi-
ents were immunoprecipitated with AIDS patients' sera and
analyzed by SDS-PAGE. Because the HIV-1 proteins obtained
from the pellet samples from both the ultracentrifuge (Fig. 4A)
and the microcentrifuge (Fig. 4B) were predominantly associ-
ated with particles (fractions 9 to 12) and were not in the upper
part of the gradient, which contained free proteins (Fig. 3), we
conclude that little disruption of the virions had occurred
during the pelleting and resuspension. Furthermore, since no
virion-associated gpl20 was detected in the supernatant fol-
lowing pelleting in the microcentrifuge (Fig. 4C), this method
can be used to separate free gpl20 from virion-associated
gpl20.

Differential spontaneous gpl20 shedding from virions of the
ELI variants. It has been reported that HIV-1 virions sponta-
neously lose gpl20 over time (28, 44) and that the extent of the
loss varies according to the isolate (44). Since the spontaneous
dissociation of gp120 is most likely a reflection of the inherent
physical properties of the virion-associated envelope, it may be
a useful parameter for evaluating envelope structure and
function. Therefore, we examined the spontaneous release of
gpl20 from virions of the ELI variants to determine whether
specific physical properties of the envelopes correlated with
the viral replication characteristics. Suspensions of pelleted
35S-labelled virions were prepared from HeLa cells transfected
with the four ELI proviral molecular clones. Equal volumes
(100 ,ul) of each virion suspension were incubated at 37°C for
0 or 48 h, and the released and particle-associated gpl20
components were separated by centrifugation in the microcen-
trifuge. The amounts of gpl20 in the pellet and supernatant
fractions were quantified following immunoprecipitation and
gel electrophoresis.
As shown in Fig. 5, there was no free gp120 present in the

0-h incubation samples of ELI1, ELI2, ELI5, or ELI6. Only a
small proportion of the gpl20 was lost from the parental ELI1
and the mutant ELI2 virions during the 48-h ihcubation (16
and 19%, respectively [Fig. 5]). In contrast, the Arg-427
substitution in gp120 of ELI5 increased the amount of gpl20
spontaneously released from virions to 35% during the same
period (Fig. 5). While ELI5 replicated better than both ELI1
and ELI2 in H9 cells, the presence of the less stable ELI5
envelope did not correlate with better growth in CEM cells
(Fig. 2). When both the Arg-427 mutation in gpl20 and the
Val-7 mutation in gp4l were present (ELI6), 48% of the gpl20
was lost spontaneously from virions after incubation at 37°C
for 48 h (Fig. 5). This virus had the highest replicative capacity
in T-cell lines and was the only variant able to infect the
promonocytic U937 cell line (Fig. 2). These results demon-
strated that the gpl20 mutation alone or in combination with
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FIG. 4. Sucrose gradient centrifugation analysis of ELI1 virions
purified by ultracentrifugation and microcentrifugation. [35S]methi-
onine-labelled ELI1, prepared from transfected HeLa cells, was
pelleted in the ultracentrifuge and resuspended. Half was fractionated
by sucrose gradient centrifugation (A). The remainder was pelleted in
the Eppendorf microcentrifuge, and both the pellet (B) and superna-
tant (C) fractions were centrifuged on sucrose gradients. Gradient
fractions were immunoprecipitated with AIDS patients' sera and
analyzed by SDS-PAGE. Fraction numbers are given across the top,
and the positions of the major HIV-1 proteins visible are indicated (see
legend to Fig. 3).

the change in gp4l altered the inherent stability of the
particle-associated envelope. However, an increase in the
spontaneous release of gp120 did not consistently correlate
with the ability of a particular variant to replicate in different
cell lines.

CD4-induced shedding of gpl20. The binding of soluble
CD4 to virions is known to induce the release of gpl20, and
this dissociation has been suggested to reflect events that occur
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FIG. 5. Spontaneous shedding of gpl20 from the virions of ELI1,
ELI2, ELI5, and ELI6. [35S]methionine-labelled, ultracentrifuge-pel-
leted virions were incubated at 37°C for 0 or 48 h, and the free gpl20
(F) and virion-associated gp120 (V) were separated by pelleting virions
in the microcentrifuge at room temperature. Pellet and supernatant
fractions were analyzed by immunoprecipitation with AIDS patients'
sera and SDS-PAGE. Times of incubation are given across the top.
The positions of the major HIV-1 proteins are indicated. Quantifica-
tion of the gpl20 released from virions is given in Results.

during viral entry (20). To determine whether the envelopes of
the four ELI variants had different susceptibilities to soluble
CD4-induced shedding, labelled virions were incubated with
the soluble CD4 derivative CD4-IgG (220 nM) at 4 or 37°C for
2 h. The released gpl20 was separated from the virion-
associated gpl20 by microcentrifugation, immunoprecipitated,
and quantified (Fig. 6 and Table 1). In the presence of
CD4-IgG, no gpl20 was released from the virions of ELI1 at
4°C. Mutations in either gp4l or gpl20 conferred an increased
sensitivity to CD4-induced gpl20 shedding. For example, with
the Val-7 change in gp4l, ELI2 lost 25% of its gpl20 at 4°C.
Thus, while ELI1 and ELI2 behaved similarly in the sponta-
neous release of their gpl20 components (Fig. 5), differences
between them were revealed after treatment with CD4-IgG.
Substituting Arg at position 427 of gpl20 had a marked effect
on CD4-induced gpl20 shedding, with the loss of 40% of gpl20
from ELIS virions at 4°C. When both the gpl20 and gp4l
mutations were present (ELI6), 63% of the gpl20 was disso-
ciated by CD4-IgG at the same temperature. At 37°C, the
effect was more pronounced, with CD4-IgG inducing a 14%

loss of virion-associated gpl20 from ELI1 and a 90% loss from
ELI6, the most sensitive variant (Fig. 6 and Table 1). These
results demonstrated that mutations in both gpl20 and gp4l
can influence the interaction of soluble CD4 with the virion.
They also showed that increased sensitivity to CD4-induced
release of gpl20 from virions directly paralleled the ability of
the viruses to replicate in CD4+ cell lines.

It was possible that the differences among the ELI variants
in their CD4-induced gpl20 shedding properties were due to
the concentration of CD4-IgG used in the assay. To test this,
virions of the ELI variants were incubated at 37°C for 2 h with
0, 0.5, 5, 50, and 500 nM CD4-IgG, and the amounts of free
and virion-associated gpl20 were determined. These results
(Fig. 7) demonstrated that the release of gpl20 from the
virions of the four viruses depended on the concentration of
CD4-IgG. Considering the quantities of CD4-IgG required to
release about 20% of the gpl20 from virions, there appears to
be 10-fold less CD4-IgG necessary to induce this amount of
gpl20 dissociation from ELI2 compared with the amount
necessary for ELI1 and about 1,000-fold less CD4-IgG re-
quired for ELI5 and ELI6 compared with the amount required
for ELI1.

Binding of CD4-IgG to virions. The results from the exper-
iments described above demonstrated that single amino acid
substitutions in both gpl20 and gp4l affected the ability of
CD4-IgG to induce the release of gpl20 from virions. One
reason for the differential effects on CD4-IgG-induced shed-
ding of gp120 is that the four ELI viruses have different
abilities to bind to CD4-IgG, since to induce gpl20 release
CD4-IgG must first bind to the virions. Therefore, we devel-
oped an assay to measure the binding of CD4-IgG to virions
(72). To minimize the shedding of gpl20, the assay was carried
out on ice and is described in Materials and Methods.

Labelled virions of the four ELI viruses were incubated for
1 h at 0°C in the presence of CD4-IgG at 0, 5, 50, and 500 nM,
after which the virus particles were collected by centrifugation.
To ascertain the amount of gpl20 released from virions by
treatment with CD4-IgG, the supernatant fractions were lysed
and immunoprecipitated with AIDS patients' sera. The pellet
fractions were similarly lysed, and protein A-agarose was
added to precipitate the gpl20 associated with CD4-IgG on the
virions, since the IgG portion of CD4-IgG binds to protein A.
After pelleting the protein A-agarose beads, which contained
the gpl20 complexed with CD4-IgG, the supernatant fraction
was immunoprecipitated with AIDS patients' sera to recover
the gpl20 not bound to CD4-IgG. The amount of gp120 in the
bound-plus-released fractions divided by the total (bound plus
released plus not bound) gives the proportion of gpl20 bound
to CD4-IgG in the virion.
The results from this experiment demonstrated that differ-

ent amounts of CD4-IgG bound to the four HIV-lELI variants,
with ELIl binding the least and ELI6 binding the most (Fig.
8); results from replicate experiments are quantified in
Table 2. Only at the highest concentration of CD4-IgG (500
nM) could any binding to ELI1 virions be demonstrated (6%).
The Val substitution for Met in gp4l of ELI2 allowed more
binding of CD4-IgG (5% at 50 nM and 29% at 500 nM). The
single change of Arg for Gly at position 427 in gpl20 (ELI5)
also allowed more CD4-IgG binding (8% at 50 nM and 34% at
500 nM) compared with ELI1. When the gpl20 and gp4l
mutations were both present (ELI6), the highest level of
CD4-IgG binding was found (20% at 50 nM and 56% at 500
nM).
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FIG. 6. CD4-induced shedding of gpl20 from the virions of ELI1, ELI2, ELI5, and ELI6. [35S]methionine-labelled, ultracentrifuge-pelleted
virions were incubated at 37 or 4°C for 2 h in the absence or presence of 220 nM CD4-IgG, and the free gpl20 (F) and virion-associated gpl20
(V) were separated by pelleting virions in the microcentrifuge. Pellet and supernatant fractions were analyzed by immunoprecipitation with AIDS
patients' sera and SDS-PAGE. Across the top of each panel are indicated the temperature of the incubation and whether the incubation was done
in the presence (+) or absence (-) of CD4-IgG. The positions of the major HIV-1 proteins are indicated. Quantification of the gpl20 released
from virions is shown in Table 1.

DISCUSSION

Determinants of HIV-1 tropism reside predominantly in the
viral envelope, and within this protein, specific regions that
govern the ability of a virus to infect different cell types have
been identified. For example, the V3 region of gp120 has been
shown to be a major determinant of macrophage tropism for
HIV-1 (9, 11, 14, 15, 35, 51, 58, 67, 68), although other

TABLE 1. CD4-IgG-induced gpl2O shedding from virions

% of gp120 released ata:

Virus 4°C 37°C
_ ~~~+-+

ELI1 0 0 4 14
ELI2 1 25 9 40
ELI5 1 40 10 86
ELI6 3 63 12 90

a Values are the percentages of free gp120 from total gp120 and are calculated
from the results shown in Fig. 6. -, without CD4-IgG incubation; +, with
CD4-IgG incubation.

00%

a-OA

0
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._

1 10

nM CD4-IgG
100 1000

FIG. 7. Titration of CD4-induced shedding of gpl20. [35S]methi-
onine-labelled, ultracentrifuge-pelleted virions of ELI1, ELI2, ELI5,
and ELI6 were incubated at 37°C with 0, 0.5, 5, 50, or 500 nM
CD4-IgG for 2 h followed by centrifugation in the Eppendorf centri-
fuge to obtain pellet and supernatant fractions. After immunoprecipi-
tation with AIDS patients' sera and SDS-PAGE, the levels of free and
virion-associated gpl20 were determined by quantifying the amount of
gpl20 remaining on virions with a Fujix Bas 2000 Bio-image Analyzer.
The percentage of virion-associated gpl20 was plotted against the log
of the CD4-IgG concentration.
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virion gpl20 viron gpl20 gpl20released
bound to CD4 not bound to CD4 from virions

ELI 1

ELI 2

ELI 5

ELI 6

nM CD4-lgG o gnca 0 0 o° g g

FIG. 8. Binding of CD4-IgG to the virions of ELI1, ELI2, ELI5,
and ELI6. [35S]methionine-labelled, ultracentrifuge-pelleted virions of
ELI1, ELI2, ELI5, and ELI6 were incubated on ice for 1 h with 0, 5,
50, or 500 nM CD4-IgG followed by centrifugation in the microcen-
trifuge to obtain pellet and supernatant fractions. These fractions were
treated according to the protocol outlined in Materials and Methods.
Only the region of the gel containing gpl20 is shown. The particular
fraction analyzed is given across the top, the virus type is given on the
lefthand side, and the concentration of CD4-IgG is given along the
bottom. The amounts of virion-associated gpl20 bound to CD4-IgG
are given in Table 2.

envelope domains can augment this activity (32, 68). While the
regions of envelope that confer the ability of a virus to infect
CD4+ cell lines have not been delineated as precisely as those
for macrophage tropism (9), the locations of mutations in the
env gene that allowed HIV-lEL1 to replicate in such cell lines
mapped to a region of gpl20 involved in CD4 binding and to
the fusogenic domain in gp4l (26). In the current study, we
have investigated the mechanism of the enhanced replicative
capacity of HIV-1EL1 variants that arose during adaptation to
growth in H9 and U937 cells. We have used these biologically
derived mutants to examine how the amino acid changes affect
envelope structure and function by evaluating the tendency of
purified virions to release their gpl20 components either
spontaneously or after exposure to the CD4-IgG form of
soluble CD4. The results of these studies showed that the

TABLE 2. Amount of virion-associated gpl20 bound to CD4-IgG

% of binding at CD4-IgG concn of":
Virus

5 nM 50 nM 500 nM

ELI1 0 0 6 2
ELI2 0 5 ± 2 29 8
ELI5 0 8 ± 3 34 4
ELI6 0 20 ± 9 56 13

a Values are calculated from the amount of gp120 bound plus gpl20 released
divided by the total gpl20 (bound plus released plus not bound) from experi-
ments similar to and including that shown in Fig. 8. The values for ELI2 are the
averages of four experiments, and those for ELII, ELI5, and ELI6 are the
averages from three experiments; standard deviations are given.

ability of these variants to establish a productive infection in
CD4+ cell lines correlated with their sensitivity to the dissoci-
ation of gpl20 from virions after treatment with CD4-IgG and
with increased binding of virion-associated gpl20 to CD4-IgG.
The ELI1 strain of HIV-1 adapted to grow in H9 cells by the

acquisition first of a Met-to-Val change at residue 7 in gp4l
(26). This virus, ELI2, was able to infect CEM and H9 cells but
not U937 cells. An additional substitution of Arg for Gly at
residue 427 in gpl20 (ELI6) was required to extend the host
range to the promonocytic U937 cell line. To ascertain the
individual contribution of the Gly-427-to-Arg change to the
replicative capacity of the virus, this substitution was intro-
duced into the parental ELI1 virus to produce ELI5 (Fig. 1).
The infectivity of ELI5 in H9 cells was comparable to that of
ELI6; however, ELI5 exhibited slower growth kinetics than
ELI2 in CEM cefls. Neither ELI2 nor ELI5 produced virus on
U937 cells until 50 days after infection, suggesting that addi-
tional mutations were necessary for efficient replication in
these cells.
The binding of virion-associated gpl20 to cell-associated

CD4 is the first step in the infection process. On the basis of
studies of the interaction of soluble CD4 derivatives with
gpl20 (as soluble, virion-associated, or cell-associated forms),
it is currently believed that the binding of virus to its receptor
leads to conformational changes in both the receptor and the
viral envelope (reviewed by Eiden and Lifson [20]). For the
viral envelope, this has been demonstrated by the reactivity of
monoclonal antibodies with previously masked epitopes on
both gpl20 and gp4l following the binding of soluble CD4 (33,
57). Also, the binding of soluble CD4 to virions leads to the
dissociation of gpl20 from gp4l (3, 7, 19, 33, 40, 49). This
CD4-induced shedding of gpl20 may model a postbinding
event that, during an early step in the infection process, results
in the exposure of the fusion domain on gp4l, thereby medi-
ating the fusion of viral and cellular membranes and subse-
quent virus entry.

In this study, we investigated the CD4-induced gpl20 disso-
ciation properties and the relative binding abilities of virion-
associated gpl20 for soluble CD4 exhibited by the four ELI
variants. Our analyses showed that a correlation existed be-
tween the sensitivities of the different ELI viruses to CD4-
induced gpl20 dissociation and their ability to infect CD4+ cell
lines. The increased sensitivity to CD4-induced gpl20 dissoci-
ation paralleled an increase in the binding of the virion-
associated gpl20 to CD4-IgG; a similar correlation between
soluble CD4 binding and CD4-induced shedding has been
reported (64). Because the gp4l substitution alone or in
combination with the gpl20 change increased CD4-IgG bind-
ing, we conclude that the overall conformation adopted by
gpl20 depends on both the gpl20 and gp4l envelope compo-
nents. Importantly, no differences in CD4 binding were appar-
ent when CD4-IgG was titrated against non-virion-associated
gpl20 from ELI1 and ELI2 (Gly at position 427 of gpl20) or
from ELI5 and ELI6 (Arg at position 427) (unpublished
results). Therefore, the effect of some mutations on the
binding of gpl20 to soluble CD4 may be revealed only by
studying the interactions in the context of the intact envelope
in virions. A similar conclusion has been reached by Moore et
al. (47) for HIV-1 and by Mulligan et al. (50) for HIV-2.

Primary isolates of HIV-1 are much less prone to CD4-
induced gpl20 shedding (47, 52) and have a lower capacity to
bind to soluble CD4 (47) than strains adapted to growth in
established cell lines. Since primary isolates do not usually
replicate well in CD4+ cell lines (21, 22, 63), it is possible that
the capacity for growth in such cells and the ability of the viral
envelope to bind to CD4 and dissociate the gpl20 component
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are functionally linked. The results described in this paper
support this. In fact, ELI1 has soluble CD4 binding and
CD4-induced gpl20 shedding properties similar to those asso-
ciated with primary isolates, while the analogous properties of
ELI6 are characteristic of laboratory-adapted viruses.
The amount of gpl20 released from virions after treatment

with soluble CD4 most likely involves at least two steps: (i) the
association of CD4 with virions, which is determined by the
ability of the virions to bind to CD4, and (ii) the capacity of the
envelope to undergo postbinding conformational rearrange-
ments that result in the dissociation of the gpl20 from gp4l. It
appears that the mutations conferring CD4+ cell line tropism
to HIV-1EL1 affected both processes. If, as proposed by others
(46, 47), an initial low-affinity interaction between the virion
and CD4 is converted to a high-affinity interaction by a
CD4-induced conformational rearrangement of the envelope
leading to CD4-induced gpl20 dissociation, then the two
processes may be linked. An alteration in the physical proper-
ties of the virion-associated envelope, as manifested by an
increased spontaneous release of gpl20 in the absence of CD4,
could influence such a conformational rearrangement and
therefore affect viral infectivity. In the ELI5 and ELI6 variants,
spontaneous dissociation of gpl20 from virions was increased
by the presence of Arg at position 427 of gpl20, either with the
parental Met-7 gp4l (ELI5) or with the mutant Val-7 gp4l
(ELI6). The Val-7 change alone did not markedly alter the
spontaneous shedding of gpl20 from virions (ELI1 versus
ELI2), although the mutation did increase the infectivity of
ELI2. Since there was no strict correlation between the
tendency of a particular virus to shed its extracellular envelope
component spontaneously and its replicative capacity, the
significance of this property to envelope function is not yet
clear.
The results from our study demonstrated that increased

sensitivity of the ELI variants to CD4-induced gpl20 dissoci-
ation paralleled their ability to infect CD4+ cell lines. Moore et
al. (45) have made similar observations by using primary
isolates that had adapted to grow in cell lines. However, the
functional significance of CD4-induced gpl20 shedding re-
mains unclear and has recently been questioned. For example,
some mutations that reduced the amount of CD4-induced
gpl20 shedding had only moderate effects on virus uptake (64),
and some others that eliminated the ability of the viral
envelope to fuse with the cellular membrane had no effect on
soluble CD4-induced dissociation of gpl20 (4, 64). Our finding
that the ELI variants also displayed an increase in CD4 binding
to virion-associated gpl20 raises the possibility that this prop-
erty alone accounts for the replication phenotypes of the
adapted viruses. However, while it is likely that increased CD4
binding to virions is the major component that accounts for the
enhanced infectivity, we think that other factors such as the
inherent physical properties of the virion may contribute as
well. Additional studies are needed to elucidate the parame-
ters that relate envelope function to viral growth.

Finally, since the ELI variants were derived by passage in
cell lines, it is not clear whether they reflect the types of viruses
that arise during virus replication in vivo. However, we feel
that the diversity among CD4+ cell populations in different
tissues and at different stages of T-cell and monocyte and/or
macrophage development raises the possibility that similar
selection pressures are exerted on the virus for expanded
growth potential and tropism during HIV-1 replication in an
infected individual.

ACKNOWLEDGMENTS

We thank Eric Freed, Kuan-Teh Jeang, and Phoebe Mounts for
comments on the manuscript and Genentech Inc. (South San Fran-
cisco, Calif.) for providing the CD4-IgG.

REFERENCES
1. Alizon, M., S. Wain-Hobson, L. Montagnier, and P. Sonigo. 1986.

Genetic variability of the AIDS virus: nucleotide sequence analysis
of two isolates from African patients. Cell 46:63-74.

2. Allan, J., T. H. Lee, M. F. McLane, J. Sodroski, W. A. Haseltine,
and M. Essex. 1985. Identification of the major envelope glyco-
protein product of HTLV-III. Science 228:1091-1094.

3. Berger, E. A., J. D. Lifson, and L. E. Eiden. 1991. Stimulation of
glycoprotein gpl20 dissociation from the envelope glycoprotein
complex of human immunodeficiency virus type 1 by soluble CD4
and CD4 peptide derivatives: implications for the role of the
complementarity-determining region 3-like region in membrane
fusion. Proc. Natl. Acad. Sci. USA 88:8082-8086.

4. Berger, E. A., J. R. Sisler, and P. L. Earl. 1992. Human immuno-
deficiency virus type 1 envelope glycoprotein molecules containing
membrane fusion-impairing mutations in the V3 region efficiently
undergo soluble CD4-stimulated gpl20 release. J. Virol. 66:6208-
6212.

5. Bergeron, L., N. Sullivan, and J. Sodroski. 1992. Target cell-
specific determinants of membrane fusion within the human
immunodeficiency virus type 1 gpl20 third variable region and
gp4l amino terminus. J. Virol. 66:2389-2397.

6. Bolognesi, D. P. 1989. HIV antibodies and vaccine design. AIDS
3(Suppl. 1):S111-S118.

7. Bugelski, P., H. Ellens, T. Hart, and R. Kirsh. 1991. Soluble CD4
and dextran sulfate mediate release of gpl20 from HIV-1: impli-
cations for clinical trials. J. Acquired Immune Defic. Syndr.
4:923-924.

8. Byrn, R. A., J. Mordenti, C. Lucas, D. Smith, S. A. Marsters, J. S.
Johnson, P. Cossum, S. M. Chamow, F. M. Wurm, T. Gregory,
J. E. Groopman, and D. J. Capon. 1990. Biological properties of a
CD4 immunoadhesin. Nature (London) 344:667-670.

9. Cann, A. J., M. J. Churcher, M. Boyd, W. O'Brien, J.-Q. Zhao, J.
Zack, and I. S. Y. Chen. 1992. The region of the envelope gene of
human immunodeficiency virus type 1 responsible for determina-
tion of cell tropism. J. Virol. 66:305-309.

10. Capon, D. J., S. M. Chamov, J. Mordenti, S. A. Marsters, T.
Gregory, H. Mitsuya, R. A. Bryn, C. Lucas, F. M. Wurm, J. E.
Groopman, and D. H. Smith. 1989. Designing CD4 immunoad-
hesins for AIDS therapy. Nature (London) 337:525-531.

11. Cheng-Mayer, C., M. Quiroga, J. W. Tung, D. Dina, and J. A. Levy.
1990. Viral determinants of human immunodeficiency virus type 1
T-cell or macrophage tropism, cytopathogenicity, and CD4 anti-
gen modulation. J. Virol. 64:4390-4398.

12. Cheng-Mayer, C., D. Seto, and J. A. Levy. 1991. Altered host range
of HIV-1 after passage through various human cell types. Virology
181:288-294.

13. Cheng-Mayer, C., T. Shioda, and J. A. Levy. 1991. Host range,
replicative, and cytopathic properties of human immunodeficiency
virus type 1 are determined by very few amino acid changes in tat
and gpl20. J. Virol. 65:6931-6941.

14. Cheseboro, B., J. Nishio, S. Perryman, A. Cann, W. O'Brien,
I. S. Y. Chen, and K. Wehrly. 1991. Identification of human
immunodeficiency virus envelope gene sequences influencing viral
entry into CD4-positive HeLa cells, T-leukemia cells, and mac-
rophages. J. Virol. 65:5782-5789.

15. Cheseboro, B., K. Wehrly, J. Nishio, and S. Perryman. 1992.
Macrophage-tropic human immunodeficiency virus isolates from
different patients exhibit unusual V3 envelope sequence homoge-
neity in comparison with T-cell-tropic isolates: definition of critical
amino acids involved in cell tropism. J. Virol. 66:6547-6554.

16. Clerici, M., D. R. Lucey, R. A. Zayac, R. N. Boswell, H. M. Gebel,
H. Takahashi, J. A. Berzofsky, and G. M. Shearer. 1991. Detection
of cytotoxic T lymphocytes specific for synthetic peptides of gpl60
in HIV-seropositive individuals. J. Immunol. 146:2214-2219.

17. Clerici, M., N. I. Stocks, R. A. Zayac, R. N. Boswell, D. C.
Bernstein, D. L. Mann, G. M. Shearer, and J. A. Berzofsky. 1989.
Interleukin-2 production used to detect antigenic peptide recog-

VOL. 68, 1994



1038 WILLEY ET AL.

nition by T-helper lymphocytes from asymptomatic HIV-seropos-
itive individuals. Nature (London) 339:383-385.

18. Cordonnier, A., L. Montagnier, and M. Emerman. 1989. Single
amino-acid changes in HIV envelope affect viral tropism and
receptor binding. Nature (London) 340:571-574.

19. Dern, K. C., J. S. McDougall, R. Inacker, G. Folena-Wasserman,
J. Arthos, J. Rosenberg, P. J. Maddon, R. Axel, and R. W. Sweet.
1988. A soluble form of CD4 (T4) protein inhibits AIDS virus
infection. Nature (London) 331:82-84.

20. Eiden, L. E., and J. D. Lifson. 1992. HIV interactions with CD4: a
continuum of conformations and consequences. Immunol. Today
13:201-206.

21. Fenyo, E. M., J. Albert, and B. Asjo. 1989. Replicative capacity,
cytopathic effect and cell tropism of HIV. AIDS 3(Suppl. 1):S3-
S12.

22. Fenyo, E. M., L. Morfeldt-Manson, F. Chiodi, B. Lind, A. von
Gegerfelt, J. Albert, E. Olausson, and B. Asjo. 1988. Distinct
replicative and cytopathic characteristics of human immunodefi-
ciency virus isolates. J. Virol. 62:4414-4419.

23. Frederiksson, R., P. Stalhanske, A. von Gegerfelt, B. Lind, P.
Aman, E. Rassart, and E. M. Fenyo. 1991. Biological character-
ization of infectious molecular clones derived from a human
immunodeficiency virus type-1 isolate with rapid/high replicative
capacity. Virology 181:55-61.

24. Freed, E. O., D. J. Myers, and R. Risser. 1990. Characterization of
the fusion domain of the human immunodeficiency virus type 1
envelope glycoprotein gp4l. Proc. Natl. Acad. Sci. USA 87:4650-
4654.

25. Frost, E., and J. Williams. 1978. Mapping temperature-sensitive
and host-range mutations of adenovirus type 5 by marker rescue.
Virology 91:39-50.

26. Fujita, K., J. Silver, and K. Peden. 1992. Changes in both gpl20
and gp4l can account for increased growth potential and ex-
panded host range of human immunodeficiency virus type 1. J.
Virol. 66:4445-4451.

26a.Fujita, K., J. Silver, and K. Peden. Unpublished results.
27. Gallaher, W. R. 1987. Detection of a fusion peptide sequence in

the transmembrane protein of human immunodeficiency virus.
Cell 50:327-328.

28. Gelderblom, H. R., E. H. S. Hausmann, M. Ozel, G. Pauli, and
M. A. Koch. 1987. Fine structure of human immunodeficiency
virus (HIV) and immunolocalization of structural proteins. Virol-
ogy 156:171-176.

29. Gonzalez-Scarano, F., M. Waxham, A. Ross, and J. Hoxie. 1987.
Sequence similarities between human immunodeficiency virus
gp4l and paramyxovirus fusion proteins. AIDS Res. Hum. Retro-
viruses 3:245-252.

30. Goudsmit, J. 1988. Immunodominant B-cell epitopes of the HIV-1
envelope recognized by infected and immunized hosts. AIDS
2(Suppl. 1):S41-S45.

31. Graham, F. L., and A. J. van der Eb. 1973. A new technique for the
assay of infectivity of human adenovirus S DNA. Virology 52:456-
467.

32. Groenink, M., A. C. Andeweg, R. A. M. Fouchier, S. Broersen,
R. C. M. van der Jagt, H. Schuitemaker, R. E. Y. de Goede, M. L.
Bosch, H. G. Huisman, and M. Tersmette. 1992. Phenotype-
associated env gene variation among eight related human immu-
nodeficiency type 1 clones: evidence for in vivo recombination and
determinants of cytotropism outside the V3 domain. J. Virol.
66:6175-6180.

33. Hart, T. K., R. Kirsh, H. Ellens, R. W. Sweet, D. M. Lambert, S. R.
Petteway, J. Leary, and P. J. Bugelsky. 1991. Binding of soluble
CD4 proteins to human immunodeficiency virus type 1 and
infected cells induces the release of envelope glycoprotein gpl20.
Proc. Natl. Acad. Sci. USA 88:2189-2193.

34. Helseth, E., U. Olshevsky, C. Furman, and J. Sodroski. 1991.
Human immunodeficiency virus type 1 gpl20 envelope glycopro-
tein regions important for association with the gp4l transmem-
brane glycoprotein. J. Virol. 65:2119-2123.

35. Hwang, S. S., T. J. Boyle, H. K. Lyerly, and B. R. Cullen. 1991.
Identification of the envelope V3 loop as the primary determinant
of cell tropism in HIV-1. Science 253:71-74.

36. Kirsh, R., T. K. Hart, H. Ellens, J. Miller, S. A. Petteway, D. M.

Lambert, J. Leary, and P. J. Bugelski. 1990. Morphometric
analysis of recombinant soluble CD4 mediated release of the
envelope glycoprotein gpl20 from HIV-1. AIDS Res. Hum.
Retroviruses 6:1215-1218.

37. Kowalski, M., J. Potz, L. Basiripour, T. Dorfan, W. C. Goh, E.
Terwilliger, A. Dayton, C. Rosen, W. Haseltine, and J. Sodroski.
1987. Functional regions of the envelope glycoprotein of human
immunodeficiency virus type 1. Science 237:1351-1355.

38. Lasky, L. A., G. Nakamura, D. H. Smith, C. Fennie, C. Shimasaki,
E. Patzer, P. Bermam, T. Gregory, and D. J. Capon. 1987.
Delineation of a region of the human immunodeficiency virus type
1 gpl20 glycoprotein critical for interaction with the CD4 receptor.
Cell 50:975-985.

39. Liu, Z.-Q., C. Wood, J. A. Levy, and C. Cheng-Mayer. 1990. The
viral envelope gene is involved in macrophage tropism of a human
immunodeficiency virus type 1 strain isolated from brain tissue. J.
Virol. 64:6148-6153.

40. Looney, D. J., S. Hayashi, M. Nicklas, R. R. Redfield, S. Broder, F.
Wong-Staal, and H. Mitsuya. 1990. Differences in the interaction
of HIV-1 and HIV-2 with CD4. J. Acquired Immune Defic. Syndr.
3:649-657.

41. McClure, M. O., M. Marsh, and R. A. Weiss. 1988. Human
immunodeficiency virus infection of CD4-bearing cells occurs by a
pH-independent mechanism. EMBO J. 7:513-518.

42. McCune, J. M., L. B. Rabin, M. B. Feinberg, M. Lieberman, J. C.
Kosek, G. R. Reyes, and I. L. Weissman. 1988. Endoproteolytic
cleavage of gpl60 is required for the activation of human immu-
nodeficiency virus. Cell 53:55-67.

43. McDougal, J. S., J. Nicolson, G. Cross, S. Cort, M. Kennedy, and
A. Mawle. 1986. Binding of the human retrovirus HTLV-III/LAV/
ARV/HIV to the CD4 (T4) molecule: conformation dependence,
epitope mapping, antibody inhibition, and potential for idiotype
mimicry. J. Immunol. 137:2937-2944.

44. McKeating, J. A., A. McKnight, and J. P. Moore. 1991. Differential
loss of envelope glycoprotein gpl20 from virions of human immu-
nodeficiency virus type 1 isolates: effects on infectivity and neu-
tralization. J. Virol. 65:852-860.

45. Moore, J. P., L. C. Burkly, R. I. Connor, Y. Cao, R. Tizard, D. D.
Ho, and R. A. Fisher. 1993. Adaptation of two primary human
immunodeficiency virus type 1 isolates resistant to growth in
transformed T cell lines correlates with alterations in the re-
sponses of their envelope glycoproteins to soluble CD4. AIDS
Res. Hum. Retroviruses 9:529-539.

46. Moore, J. P., and P. J. Klasse. 1992. Thermodynamics and kinetic
analysis of sCD4 binding to HIV-1 virions and of gpl20 dissocia-
tion. AIDS Res. Hum. Retroviruses 8:443-450.

47. Moore, J. P., J. A. McKeating, Y. Huang, A. Ashkenazi, and D. D.
Ho. 1992. Virions of primary human immunodeficiency virus type
1 isolates resistant to soluble CD4 (sCD4) neutralization differ in
sCD4 binding and glycoprotein gpl20 retention from sCD4-
sensitive isolates. J. Virol. 66:235-243.

48. Moore, J. P., J. A. McKeating, W. A. Norton, and Q. J. Sattentau.
1991. Direct measurement of soluble CD4 binding to human
immunodeficiency virus type 1 virions: gpl20 dissociation and its
implications for virus-cell binding and fusion reactions and their
neutralization by soluble CD4. J. Virol. 65:1133-1140.

49. Moore, J. P., J. A. McKeating, R. A. Weiss, and Q. J. Sattentau.
1990. Dissociation of gpl20 from HIV-1 virions induced by soluble
CD4. Science 250:1139-1142.

50. Mulligan, M. J., G. D. Ritter, Jr., M. A. Chaikin, G. V. Yamsh-
chikov, P. Kumar, B. H. Hahn, R. W. Sweet, and R. W. Compans.
1992. Human immunodeficiency virus type 2 envelope glycopro-
tein: differential CD4 interactions of soluble gpl20 versus the
assembled envelope complex. Virology 187:233-241.

51. O'Brien, N. B., Y. Koyanagi, A. Namazie, J. Q. Zhao, A. Diagne, K.
Idler, J. A. Zack, and I. S. Y. Chen. 1990. HIV-1 tropism for
mononuclear phagocytes can be determined by regions of gpl20
which do not include the CD4 binding domain. Nature (London)
348:69-73.

52. Orloff, S. L., M. S. Kennedy, A. A. Belperron, P. J. Maddon, and
J. S. McDougal. 1993. Two mechanisms of soluble CD4 (sCD4)-
mediated inhibition of human immunodeficiency virus type 1
(HIV-1) infectivity and their relation to primary HIV-1 isolates

J. VIROL.



CORRELATION OF CD4 BINDING WITH HIV-1 INFECTIVITY 1039

with reduced sensitivity to sCD4. J. Virol. 67:1461-1471.
53. Owens, R. J., C. C. Tanner, M. J. Mulligan, R. V. Srinivas, and

R. W. Compans. 1990. Oligopeptide inhibitors of HIV-induced
syncytium formation. AIDS Res. Hum. Retroviruses 6:1289-1296.

54. Peden, K., M. Emerman, and L. Montagnier. 1991. Changes in
growth properties on passage in tissue culture of viruses derived
from infectious molecular clones of HIV-1AI, HIV-1MAL, and
HIV-1ELI. Virology 185:661-672.

55. Pollard, S. R., W. Meier, P. Chow, J. J. Rosa, and D. C. Wiley.
1991. CD4-binding regions of human immunodeficiency virus
envelope glycoprotein gpl20 defined by proteolytic digestion.
Proc. Natl. Acad. Sci. USA 88:11320-11324.

56. Robey, W. G., B. Safai, S. Oroszlan, L. Arthur, M. Gonda, R.
Gallo, and P. J. Fischinger. 1985. Characterization of envelope
and core structural gene products of HTLV-III with sera from
AIDS patients. Science 228:593-595.

57. Sattentau, Q. J., and J. P. Moore. 1991. Conformational changes
induced in the human immunodeficiency virus envelope glycopro-
tein by soluble CD4 binding. J. Exp. Med. 174:407-415.

58. Shioda, T., J. A. Levy, and C. Cheng-Mayer. 1991. Macrophage
and T cell-line tropisms of HIV-1 are determined by specific
regions of the envelope gp120 gene. Nature (London) 349:167-
169.

59. Sinangil, F., A. Loyter, and D. J. Volsky. 1988. Quantitative
measurement of fusion between human immunodeficiency virus
and cultured cells using membrane fluorescent dequenching.
FEBS Lett. 239:88-92.

60. Slepushkin, V. A., G. V. Kornilaeva, S. M. Andreev, M. V.
Sidorova, A. 0. Petrukhina, G. R. Matsevich, S. V. Raduk, V. B.
Grigoriev, T. V. Makarova, V. V. Lukashov, and E. V. Karamov.
1993. Inhibition of human immunodeficiency virus type 1 (HIV-1)
penetration into target cells by synthetic peptides mimicking the
N-terminus of the HIV-1 transmembrane glycoprotein. Virology
194:294-301.

61. Stein, B., S. Gouda, J. Lifson, R. Penhallow, K. Bensch, and E.
Engelman. 1987. pH-independent HIV entry into CD4-positive T
cells via virus envelope fusion to the plasma membrane. Cell
49:659-668.

62. Stein, B. S., and E. Engelman. 1990. Intracellular processing of the
gpl60 HIV-1 envelope precursor: endoproteolytic cleavage occurs
in a cis or medial compartment of the Golgi complex. J. Biol.
Chem. 265:2640-2649.

63. Tersmette, M., R. E. Y. de Goede, B. J. M. Al, I. N. Winkel, R. A.
Gruters, H. T. Cuypers, H. G. Huisman, and F. Miedema. 1988.
Differential syncytium-inducing capacity of human immunodefi-

ciency virus isolates: frequent detection of syncytium-inducing
isolates in patients with acquired immunodeficiency syndrome
(AIDS) and AIDS-related complex. J. Virol. 62:2026-2032.

64. Thali, M., C. Furman, E. Helseth, H. Repke, and J. Sodroski. 1992.
Lack of correlation between soluble CD4-induced shedding of the
human immunodeficiency virus type 1 exterior envelope glycopro-
tein and subsequent membrane fusion events. J. Virol. 66:5516-
5524.

65. Veronese, F. D., A. L. DeVico, T. D. Copland, S. Oroszlan, R. C.
Gallo, and M. G. Sarngadharan. 1985. Characterization of gp4l as
the transmembrane protein coded by the HTLV-III/LAV enve-
lope gene. Science 229:1402-1405.

66. Walker, B. D., and F. Plata. 1990. Cytotoxic T lymphocytes against
HIV. AIDS 3:177-184.

67. Westervelt, P., H. E. Gendelman, and L. Ratner. 1991. Identifica-
tion of a determinant within the human immunodeficiency virus
type 1 surface envelope glycoprotein critical for productive infec-
tion of primary monocytes. Proc. Natl. Acad. Sci. USA 88:3097-
3101.

68. Westervelt, P., D. B. Trowbridge, L. G. Epstein, B. M. Blumberg,
Y. Li, B. H. Hahn, G. M. Shaw, R. W. Price, and L. Ratner. 1992.
Macrophage tropism determinants of human immunodeficiency
virus type 1 in vivo. J. Virol. 66:2577-2582.

69. Wigler, M., A. Pellicer, S. Silverstein, R. Axel, G. Urlaub, and L.
Chasin. 1979. DNA-mediated transfer of the adenine phosphori-
bosyltransferase locus into mammalian cells. Proc. Natl. Acad. Sci.
USA 76:1373-1376.

69a.Willey, R. Unpublished results.
70. Willey, R. L., J. S. Bonifacino, B. J. Potts, M. A. Martin, and R. D.

Klausner. 1988. Biosynthesis, cleavage, and degradation of the
human immunodeficiency virus type 1 envelope glycoprotein
gpl60. Proc. Natl. Acad. Sci. USA 85:9580-9584.

71. Willey, R. L., T. Klimkait, D. M. Frucht, J. S. Bonifacino, and
M. A. Martin. 1991. Mutations within the human immunodefi-
ciency virus type 1 gpl60 envelope glycoprotein alter its intracel-
lular transport and processing. Virology 184:319-329.

72. Willey, R. L., and M. A. Martin. 1993. Association of human
immunodeficiency virus type 1 envelope glycoprotein with parti-
cles depends on interactions between the third variable and
conserved regions of gpl20. J. Virol. 67:3639-3643.

73. Willey, R. L., D. H. Smith, L. A. Lasky, T. S. Theodore, P. L. Earl,
B. Moss, D. J. Capon, and M. A. Martin. 1988. In vitro mutagen-
esis identifies a region within the envelope gene of the human
immunodeficiency virus that is critical for infectivity. J. Virol.
62:139-147.

VOL. 68, 1994


