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The noncovalent association of the gpl20 and gp4l envelope glycoproteins of human immunodeficiency virus
type 1 (H1V-1) is disrupted by soluble CD4 binding, resulting in shedding of the gpl20 exterior envelope
glycoprotein. This observation has led to the speculation that interaction of gpl20 with the CD4 receptor
triggers shedding of the exterior envelope glycoprotein, allowing exposure of gp4l domains necessary for
membrane fusion steps involved in virus entry or syncytium formation. To test this hypothesis, a set of HIV-1
envelope glycoprotein mutants were used to examine the relationship of soluble CD4-induced shedding of the
gpl20 glycoprotein to envelope glycoprotein function in syncytium formation and virus entry. All mutants with
a threefold or greater reduction in CD4-binding ability exhibited marked decreases in gpl20 shedding in
response to soluble CD4, even though several of these mutants exhibited significant levels of envelope
glycoprotein function. Conversely, most fusion-defective mutants with wild-type gpl20-CD4 binding affinity,
including those with changes in the V3 loop, efficiently shed gpl20 following soluble CD4 binding. Thus, soluble
CD4-induced shedding of gpl20 is not a generally useful marker for conformational changes in the HIV-1
envelope glycoproteins necessary for the virus entry or syncytium formation processes. Some gpl20 mutants,
despite being expressed on the cell surface and capable of efficiently binding soluble CD4, exhibited decreased
gpl20 shedding. These mutants were still sensitive to neutralization by soluble CD4, indicating that, for
envelope glycoproteins exhibiting high affinity for soluble CD4, competitive inhibition may be more important
than gpl20 shedding for the antiviral effect.

Human immunodeficiency virus type 1 (HIV-1) is the
cause of AIDS, which is characterized by the depletion of
CD4-positive lymphocytes (6, 22, 26). HIV-1 exhibits a
tropism for CD4-bearing cells that is mediated by a specific
interaction between the viral envelope glycoproteins and the
CD4 glycoprotein (20, 37, 43, 45). The HIV-1 envelope
glycoproteins are synthesized as a 160-kDa precursor
(gpl60) that is cleaved into the exterior envelope glycopro-
tein (gpl20), which binds to the CD4 molecule, and a
transmembrane glycoprotein (gp4l) (1, 57). The HIV-1 gpl20
and gp4l glycoproteins remain associated through noncova-
lent interactions (30, 39, 45a). Following CD4 binding, the
envelope glycoproteins mediate a pH-independent process
that results in the fusion of the viral and target cell mem-
branes and that is necessary for virus entry (29, 65). HIV-1
envelope glycoproteins expressed on the surface of infected
cells initiate receptor-binding and membrane fusion events
with adjacent CD4-positive cells, resulting in the formation
of multinucleated syncytia (42, 63).

Structural and mutagenic studies have provided some
insight into the molecular events underlying HIV-1 entry and
syncytium formation. The CD4-binding region of gpl20
consists of a conformation-dependent structure with ele-
ments derived from discontinuous sequences in the third and
fourth conserved regions of the glycoprotein (17, 18, 39, 41,
52). The gpl20 glycoprotein binds to the CD4 region bear-
ing similarity to the second complementarity-determining
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(CDR2) region of immunoglobulins (3, 4, 10, 12, 16, 35, 40,
47, 54). The CDR2-like region of CD4, located in the
amino-terminal domain of the glycoprotein, consists of a
hydrophobic ridge protruding from a positively charged
surface (59, 70). Mutagenic studies have indicated that the
gpl20-binding site is discontinuous but spatially limited to
the CD4 region near phenylalanine 43, lysine 46, and argi-
nine 59 (15).
Amino acid changes in specific regions of both the gpl20

and gp4l proteins result in envelope glycoproteins that retain
receptor-binding ability but that are fusion defective. These
regions include (i) the third variable (V3) loop of gpl20,
which is a target for neutralizing antibodies (25, 27, 29, 33,
44, 56, 58, 61, 69); (ii) the gp4l amino terminus (24, 29, 38,
39); and (iii) the gp4l transmembrane region (31). The
analogous position of hydrophobic, fusogenic domains on
the amino termini of transmembrane glycoproteins of several
enveloped viruses suggest functional similarities in the mem-
brane fusion process (for reviews, see references 64, 71, and
72). It has been proposed that for viruses like HIV-1 that
fuse membranes at neutral pH, binding to the viral receptor
predisposes to conformational changes in the envelope gly-
coproteins analogous to those induced by acid pH, which
triggers the entry of orthomyxoviruses (64, 71, 72). In the
latter case, these changes result in exposure of the hydro-
phobic "fusion peptide" at the amino terminus of the
hemagglutinin (HA2) transmembrane glycoprotein, perhaps
favoring HA2 interaction with the membrane(s) involved in
the fusion process (72). Recent studies have provided ge-
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netic evidence that the amino terminus of the HIV-1 gp4l
glycoprotein may interact with the target cell during the
membrane fusion event (9). A number of studies have
suggested that interaction with the CD4 glycoprotein can
cause conformational alterations in the HIV-1 envelope
glycoproteins, but whether any of the described alterations
represents a necessary step in the virus entry process has not
been addressed (28, 50, 60). Following the 4°C binding of
gpl20 and CD4, a higher affinity interaction can be observed
when the temperature is shifted to 37°C (49, 66). A soluble
form of the CD4 molecule, developed as a potential anti-
HIV-1 therapy (7, 21, 23, 32, 62, 69), induces the dissociation
of the gpl20 and gp4l glycoproteins at 37°C but not at 4°C
(28, 50). Synthetic peptides corresponding to the CDR3-like
region of CD4 and polyanions like dextran sulfate also
induce the shedding of the gpl20 glycoprotein from the
envelope glycoprotein complex (8, 13). Since the latter
agents have been shown to interact with the V3 loop of gp120
(14), it has been proposed that the V3 loop and/or the
CDR3-like region of CD4 may play a role in gpl20 dissoci-
ation (5, 8). This would then allow exposure of hydrophobic
gp4l determinants necessary for the membrane fusion pro-
cess. Here we test this hypothesis by examining the relation-
ship between soluble CD4-induced gp120 dissociation and
the fusogenic capacity of a panel of HIV-1 envelope glyco-
protein mutants.

MATERIALS AND METHODS

Envelope glycoprotein expression and CD4 binding assay.
COS-1 cells were transfected by the DEAE-dextran method
with pSVIIIenv DNA expressing wild-type or mutant enve-
lope glycoproteins as described previously (29, 52). In some
experiments, a tat-expressing plasmid was cotransfected to
increase the level of envelope glycoprotein expression. To
measure expression, the cells were radiolabeled with [35S]
cysteine overnight and precipitated with an excess of a mix-
ture of sera derived from AIDS patients (29, 52). Expression
of the mutant glycoproteins, processing of the glycoprotein
precursor, association of gp4l and gp120 glycoproteins, and
ability of the supernatant gpl20 to bind CD4-positive SupTl
lymphocytes were determined as described previously (29,
30, 52). The pSVIIIenvAKS plasmid, which contains a
frameshift and deletion within the env gene, was used as a
negative control.

Cell surface expression of envelope glycoproteins. The
expression of the mutant glycoproteins on the surface of
transfected COS-1 cells was measured by using three assays.

(i) Radiolabeled anti-gp120 antibody. COS-1 cells were
transfected with 10p,g of pSVIIIenv DNA expressing wild-
type or mutant envelope glycoproteins. Sixty hours after
transfection, the COS-1 cells were washed with phosphate-
buffered saline (PBS) containing 2% fetal bovine serum and
incubated with a 35S-labeled monoclonal antibody against
gpl20, F105. F105 antibody-producing hybridomas were
obtained from Marshall Posner (55), and 108 cells were
labeled overnight in 80 ml of cysteine- and methionine-free
RPMI medium containing 5 mCi each of [35S]cysteine and
[35S]methionine. One milliliter of the F105 antibody-contain-
ing medium was added to each 100-mm dish of transfected
COS-1 cells. The envelope-expressing COS-1 cells were
incubated with the antibody for 1 h at 4°C, washed three
times with PBS containing 2% fetal bovine serum, and lysed.
The lysates were incubated with protein A-Sepharose beads,
which were washed according to the procedure used for
immunoprecipitation (39). The labeled antibody was visual-

ized on a reducing sodium dodecyl sulfate (SDS)-polyacryl-
amide gel.

(ii) Binding of serum antibodies from an AIDS patient to
envelope glycoprotein-expressing COS-1 cells. COS-1 cells
transfected with an envelope expressor plasmid were meta-
bolically labeled with [35S]cysteine for 16 h at 48 h posttrans-
fection. The intact labeled cells were washed twice with PBS
containing 2% heat-inactivated fetal bovine serum, incu-
bated with a 1:100 dilution of an AIDS patient's serum
reactive with the envelope glycoproteins in 0.5 ml of
PBS-2% fetal bovine serum at 4°C for 60 min, rinsed three
times with PBS containing 2% fetal bovine serum, and lysed
in RIPA lysis buffer at 4°C. The cell lysates were clarified by
ultracentrifugation, and bound envelope glycoproteins were
immunoprecipitated by incubation with protein A-Sepharose
as described above.

(iii) lodination of cell surface envelope glycoproteins by
lactoperoxidase. For some of the mutant envelope glycopro-
teins, the envelope glycoproteins on the cell surface were
examined by iodination followed by immunoprecipitation
with an AIDS patient's serum. A 100-mm dish of transfected
COS-1 cells was washed four times with ice-cold PBS. Then,
900 ,ul of PBS, followed by 100 pl of lactoperoxidase (100
U/ml in PBS; Calbiochem), 0.5 mCi of 1"I (Amersham), and
25 ,ul of a 1:1,000 (vol/vol) solution of 30% hydrogen perox-
ide in distilled water, was added to the dish. An additional 25
,ul of the hydrogen peroxide solution was added after 5, 10,
and 15 min. After 20-min total incubation time at room
temperature, the cells were lysed and used for immunopre-
cipitation with a mixture of sera derived from AIDS patients.

Functional assays for the HIV-1 envelope glycoproteins. The
ability of the mutant glycoproteins to mediate the formation
of syncytia was assessed by cocultivating transfected COS-1
cells with SupTl CD4-positive lymphocytes as previously
described (9, 66). All reported values for syncytium-forming
ability represent the mean of at least two independent
experiments, with the differences between experiments not
exceeding 20% of the value reported. Complementation of a
single round of replication of the env-deficient chloramphen-
icol acetyltransferase (CAT)-expressing provirus by the mu-
tant envelope glycoproteins was performed as described
previously (29). For mutants for which soluble CD4 inhibi-
tion of syncytium formation was measured, soluble CD4 was
incubated with the envelope glycoprotein-expressing cells
for 1 h at 37°C prior to addition of SupTl cells, as described
previously (66). For soluble CD4 inhibition of virus replica-
tion, soluble CD4 was incubated with recombinant CAT-
expressing virus for 1 h at 37°C before exposure of the virus
to target Jurkat lymphocytes. CAT activity in the target cells
was measured as described previously (66).

Soluble CD4-induced shedding of gpl20. COS-1 cells trans-
fected with the envelope glycoprotein-expressing plasmids
were labeled with [35S]cysteine (200p,Ci in 4 ml of cysteine-
free medium) overnight at 48 h following transfection. The
labeled cells were then washed and incubated with either 0,
1, 10, or 30 ,g of soluble CD4 (0, 20, 200, or 600 nM)
(American BioTechnologies, Inc.) per ml in PBS for 1 h at
37°C. The cell supernatants and cell lysates (in RIPA buffer)
were then precipitated with a mixture of sera from AIDS
patients.

Soluble CD4 binding to cell surface envelope glycoprotein
complexes. Transfected COS-1 cells were incubated with
108 or 3.3 x 10-9 M soluble CD4 that had been iodinated by
the Bolton-Hunter method to a specific activity of 53 Ci/
mmol. These concentrations were calculated on the basis of
the estimated fraction of native soluble CD4 in the iodinated
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TABLE 1. Summary of results for wild-type and mutant glycoproteins
Cell surface expressionb Soluble

Glycoprotein Processing Association binding F105 Patient's serum CD4- formation complementation

binding binding dissociationc

Wild type 1.0 1.0 1.0 +++ +++ +++ 100 100
125 L/G 1.0 0.55 1.3 +++ ND +++ 10 27
257 T/R 0.43 1.0 0.16 _e +++- 5 28
257 T/A 0.54 1.2 1.1 ND +++ +++ 64 98
257 T/G 0.38 1.2 1.0 ND +++ + + 59 45
308/9/10 0.65 0.63 WV' ++ +++ +++ <1 2
313 P/S 0.99 0.90 1.0 +++ ND +++ 72 34
314 G/Q 1.0 1.0 0.93 +++ +++ +++ <1 4
368 D/T 0.86 0.93 0.33 _e +++ - 16 50
368 D/E 1.0 0.81 0.09 ND +++ - 51 70
368 D/P 0.94 0.91 0.09 _e +++ - <1 23
370 E/Q 0.64 1.0 0.018 ND +++ - <1 33
382 F/L 1.0 0.20 2.7 +++ +++ ++ 2 34
420 I/R 0.82 0.16 1.2 +++ +++ + 3 32
430 V/S 0.93 1.0 0.54 ND +++ ++ 80 100
433 A/L 0.83 0.43 1.7 ++ +++ + 2 43
438 P/R 1.0 0.26 2.3 ++ +++ + 2 19
456 R/K 0.55 1.0 0.41 ND +++ +++ 75 ND
457 D/R 0.60 0.84 0.15 +e ND - <1 8
457 D/A 0.88 0.76 0.09 ND +++- 47 36
457 D/E WT WT 0.38 ND +++ + 66 89
477 DNV 0.25 1.0 0.39 +e ND ++ 50 42
589 D/L 2.2 0.26 WT ++ ND +++ <1 6
652 Q/L WT WT WT +++ ND +++ 100 142

a These values were previously reported in references 30 and 52. The CD4-binding ability represents the binding of radiolabeled mutant gp120 glycoprotein to
SupTl CD4-positive lymphocytes, relative to the value observed for the wild-type gpl20 glycoprotein (52).

Cell surface expression was evaluated by using F105 binding or an AIDS patient's serum. Binding: + + +, wild-type levels; + +, 50 to 90% of wild-type levels;
+, 10 to 49% of wild-type levels; -, <10% of wild-type levels.

+ + +, wild-type levels of gpl20 shed in response to all concentrations of soluble CD4; + +, shedding occurs at slightly less than wild-type levels; +, shedding
occurs but at significantly reduced levels compared with that of the wild type; -, no observed shedding of gpl20 at 30 jig of soluble CD4 per ml.

d ND, not determined.
I Levels expected to be decreased because of decreased recognition of this mutant glycoprotein by F105 antibody.
f WT, these values were estimated to be near wild-type levels.

fraction and were chosen to be near the dissociation constant
for the soluble CD4-cell surface HIV-1 envelope glycopro-
tein interaction. Use of these soluble CD4 concentrations
allows maximum sensitivity with respect to changes in
affinity. Incubations were carried out at 37°C for 90 min,
after which the cells were washed three times in PBS, lysed,
and immunoprecipitated with OKT4 antibody. Bound solu-
ble CD4 was visualized on an SDS-polyacrylamide gel.

RESULTS

Processing and cell surface expression of the mutant glyco-
proteins. The panel of mutants of the HIV-1 (HXBc2 strain)
envelope glycoproteins has been previously described (30,
52, 67). The processing of the gpl60 precursor glycoprotein,
the association of the gpl20 and gp4l subunits, the CD4-
binding ability, and the functional activity in syncytium
formation or virus replication assays have been reported for
some of these mutants (29, 30, 52, 66, 67). Most of the
mutants selected for this study exhibited only modest
changes in gpl60 precursor processing relative to that ob-
served for the wild-type glycoprotein (Table 1). The steady-
state levels of envelope glycoprotein expression on the
surface of transfected COS-1 cells were examined by three
methods. For mutants that were recognized equivalently to
the wild-type glycoprotein by the F105 monoclonal antibody
(55), which recognizes a discontinuous gpl20 epitope near
the CD4-binding region (68), the binding of radiolabeled
F105 antibody to the transfected COS-1 cells expressing no

envelope glycoproteins, the wild-type HXBc2 envelope gly-
coproteins, or the mutant glycoproteins was measured. The
binding of the F105 antibody to COS-1 cells expressing some
of the mutant envelope glycoproteins is shown in Fig. 1. No
F105 binding was observed for COS-1 cells transfected with
the pSVIIIenvAKS plasmid, which contains a deletion and
frameshift mutation within the env gene. The level of F105
binding was equivalent to that of the wild-type glycoproteins
for most of the mutants previously shown to be recognized
by the F105 antibody. The level of F105 binding was reduced
or absent for the envelope glycoproteins containing changes
in threonine 257, aspartic acid 368, aspartic acid 457, or
aspartic acid 477, as expected from previous studies showing
that these amino acid changes affected F105 recognition of
the gpl20 glycoprotein (67).
For mutant glycoproteins that were not recognized by the

F105 antibody equivalently to the wild-type glycoprotein,
the steady-state level of cell surface expression in the
transfected COS-1 cells was measured by incubating the
radiolabeled transfected cells with a polyclonal mixture of
HIV-positive sera. The cells were then washed, and the
amount of bound antibody was determined by lysing the
cells, adding protein A-Sepharose beads, and immunopre-
cipitating the labeled envelope glycoproteins. The results of
both assays for cell surface expression of the mutant enve-
lope glycoproteins are summarized in Table 1.
The above assays for cell surface expression provide data

on the amounts of the envelope glycoproteins on the cell
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FIG. 1. Cell surface expression of envelope glycoprotein mu-

tants. Shown are results for binding of radiolabeled F105 antibody to

COS-1 cells expressing no HIV-1 envelope glycoproteins (AKS), the
wild-type HIV-1 glycoproteins, or mutant envelope glycoproteins,
as indicated above each lane. The positions of the heavy (H) and
light (L) antibody chains are indicated.

surface but do not distinguish gpl60 from gpl20 glycopro-
teins. Since some of the mutants with amino acid changes in
the C3 or C4 region exhibit a partial dissociation of the
glycoprotein subunits (30), iodination of transfected cells
was carried out to assess the proportion of gpl60 and gpl20
glycoproteins on the COS-1 cell surface. These studies
indicated that, for the wild-type HIV-1 envelope glycopro-
teins, mostly the gpl20 glycoprotein but also lower levels of
the gpl60 precursor glycoprotein were expressed on the
transfected COS-1 surface. When higher levels of envelope
glycoprotein expression were achieved, as for example by
cotransfection of a tat-expressing plasmid, the proportion of
the gpl60 glycoprotein on the cell surface increased. The
levels and proportions of the gpl60 and gpl20 glycoproteins
were comparable for the 420 I/R, 433 A/L, and 438 P/R
mutants and the wild-type envelope glycoproteins (data not
shown). Apparently, only a minor fraction of the cell-
associated gpl20 glycoprotein is present on the cell surface;
thus, even though these mutants exhibit partial dissociation
of gpl20 and gp41 glycoproteins, sufficient intact envelope
glycoproteins remain and are channeled to the cell surface to
achieve levels there comparable to those of the wild-type
glycoproteins. In summary, despite differences in precursor
processing or subunit association, most of the mutants used
in this study are expressed on the cell surface comparably to
the wild-type proteins.

Function of the glycoprotein mutants. To assess the func-
tion of the mutant envelope glycoproteins, syncytium-form-
ing and replicative abilities were determined. Table 1 shows
that, as previously reported (66), several HIV-1 mutants
with significant decreases in CD4-binding ability were still
competent in forming syncytia or mediating virus entry. A
second group of mutants, with amino acid changes in the
third variable loop of the gpl20 glycoprotein, were attenu-
ated for these functions despite exhibiting approximately
wild-type levels of precursor processing, subunit associa-
tion, and CD4 binding. A third group of mutants exhibited
decreases in subunit association and, despite adequate levels
of cell surface expression and receptor binding ability, were
fusion defective and at least partly deficient in virus entry.
These amino acid changes involve the base of the V1/V2

loop structure (125 L/G), the hydrophobic components of the
third and fourth conserved gpl20 regions (382 F/L, 420 I/R,
433 A/L, 438 P/R), and the gp4l ectodomain (589 D/L).
Changes in the last two regions have previously been shown
to alter the affinity of the noncovalent gp120-gp41 interaction
(30, 39).

Soluble CD4-induced shedding of the gp120 glycoprotein.
To determine whether a relationship exists between soluble
CD4-induced shedding of the gpl20 glycoprotein and the
function of the envelope glycoproteins, the induction of
gpl20-gp41 dissociation by soluble CD4 was measured for
the wild-type and mutant envelope glycoproteins by incubat-
ing metabolically labeled transfected COS-1 cells with dif-
ferent concentrations of soluble CD4 for 1 h at 37°C. The
amount of labeled gpl20 glycoprotein shed into the superna-
tant was then determined by precipitation with a polyclonal
mixture of HIV-positive sera. The results are shown in Fig.
2 and summarized in Table 1. A significant increase (approx-
imately 40-fold) in the amount of the wild-type gpl20 glyco-
protein was observed following soluble CD4 treatment. All
of the mutant glycoproteins (257 T/R, 368 D/T, 368 D/E, 368
D/P, 370 E/Q, 457 D/R, and 457 D/A) with relative CD4-
binding abilities of 0.38 or less exhibited significant reduc-
tions in the amount of gpl20 shed in response to soluble CD4
treatment. Several of these mutants exhibited significant
competence at forming syncytia or mediating virus entry,
indicating that soluble CD4-induced shedding is unlikely to
be a necessary component of envelope glycoprotein func-
tion.
Most of the mutant glycoproteins with relative CD4-

binding abilities greater than 0.38 exhibited gp120 shedding
following soluble CD4 incubation at levels comparable to
that seen for the wild-type glycoproteins. This was the case
for several fusion-defective mutants, including those with
alterations in the V3 loop or the gp4l ectodomain (125 L/G,
308/9/10 RIQ/RPELIPVQ, 313 P/S, 314 G/Q, and 589 D/L).
One mutant glycoprotein, 257 T/G, exhibited some de-

crease in soluble CD4-induced gpl20 shedding despite re-
taining approximately wild-type CD4-binding ability (Fig.
2B). The latter was determined by comparing the ability of
monomeric, soluble gpl20 glycoproteins to bind CD4-posi-
tive SupTl lymphocytes (52). The relative CD4-binding
ability of the 257 T/G mutant was comparable to that of the
257 T/A mutant, which exhibited wild-type levels of gpl20
shedding in response to soluble CD4 treatment. To examine
whether the 257 T/G mutant in the multimeric envelope
glycoprotein complex on the cell surface binds soluble CD4
comparably to that of the wild-type or 257 T/A glycopro-
teins, the binding of radiolabeled soluble CD4 to transfected
COS-1 cells was assessed. These studies (Fig. 3) indicate a
lower binding affinity of the 257 T/G mutant, as it exists on
the cell surface, relative to that of either the wild-type or 257
T/A glycoproteins. To examine whether this change in
affinity resulted in a change of soluble CD4 sensitivity, the
ability of soluble CD4 to inhibit syncytium formation or virus
entry of the 257 T/G mutants was compared to that of the
wild-type or 257 T/A glycoproteins (Fig. 4A). As previously
reported (66), for both syncytium induction and virus entry,
the 257 T/A mutant was as sensitive to soluble CD4 as were
the wild-type glycoproteins. By contrast, both the syncytium
inhibition and virus neutralization curves (Fig. 4B) for the
257 T/G mutant exhibited a "shoulder," with decreased
sensitivity to the intermediate range of soluble CD4 concen-
trations. Thus, a mild change in affinity of the multimeric
glycoprotein complex, even in the apparent absence of
changes in monomeric gpl20-CD4 binding affinity, can alter
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the sensitivity of the functional glycoproteins to soluble
CD4.
A group of mutants with amino acid changes in the C3 and

C4 hydrophobic regions (382 F/L, 420 I/R, 433 A/L, and 438
PIR) exhibited decreased shedding of gpl20 following solu-
ble CD4 treatment, relative to that observed for the wild-
type envelope glycoproteins. These mutant monomeric
gpl20 glycoproteins all bound CD4 as efficiently as the
wild-type glycoprotein (Table 1), and radiolabeled soluble
CD4 binding to the mutant glycoprotein complexes on the
COS-1 cell surface exhibited affinities comparable to that of
the wild-type glycoproteins (Fig. 3). Thus, these mutants
apparently bind soluble CD4 with high affinity but are
specifically resistant to gpl20 shedding. Syncytium-forming
ability of these mutants was too low to determine whether
the mutants exhibited changes in soluble CD4 inhibition of
cell-cell fusion. Although the replicative ability of these
fusion-deficient mutants was low, sufficient activity was
retained to allow assessment of soluble CD4 neutralization in
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FIG. 3. Binding of soluble CD4 to the cell surface envelope
glycoprotein complex. The amount of labeled soluble CD4 bound to
the surface of COS-1 cells expressing either the wild-type glycopro-
teins or mutant glycoproteins is shown. Cells were incubated with
either 10-8 M (left lane) or 3.3 x 10- M (right lane) labeled soluble
CD4. No binding was observed for COS-1 cells that were mock
transfected.

FIG. 2. Dissociation of gp120-gp4l complexes by soluble CD4.
(A) The amount of the gp120 glycoprotein immunoprecipitated from
the supernatants of COS-1 expressing no HIV-1 envelope glycopro-
teins (AKS), the wild-type HIV-1 envelope glycoproteins, or mutant
envelope glycoproteins is shown. Transfected COS-1 cells were
incubated with 0, 10, or 30 ,ug of soluble CD4 per ml prior to
immunoprecipitation of the supernatants. (B) The amount of gp120
glycoprotein precipitated from supernatants of COS-1 cells express-
ing either the wild-type glycoproteins or mutant glycoproteins with
changes in threonine 257 following soluble CD4 incubation is shown.

the complementation assay. As shown in Fig. 4B, all of these
mutants were sensitive to soluble CD4 inhibition of virus
entry.

DISCUSSION

This study examined the proposed relationship among
soluble CD4-induced gpl20-gp41 dissociation, the antiviral
effects of soluble CD4, and conformational changes in the
HIV-1 envelope glycoproteins postulated to be essential for
the membrane fusion process. The inclusion of a significant
number of HIV-1 envelope glycoprotein mutants allows an
assessment of whether a correlation exists among these
phenomena. The results of this study clearly indicate a
strong relationship between CD4-binding affinity and soluble
CD4-induced shedding of the gp120 glycoprotein. All gpl20
mutants with a relative CD4-binding ability less than or equal
to 0.38 exhibited dramatic decreases in gpl20 shedding
following soluble CD4 incubation. Thus, the attainment of a
high-affinity interaction between soluble CD4 and the HIV-1
envelope glycoproteins would appear to represent one re-
quirement for gpl20-gp41 dissociation. The binding of the
HIV-1 gpl20 glycoprotein and CD4 has been shown to
consist of two processes, an initial interaction that occurs at
4°C and a temperature-dependent "induced fit," which
results in a six- to ninefold increase in affinity (49, 66). The
contribution of the induced fit to the final affinity of the
gpl20-CD4 interaction probably accounts for the tempera-
ture dependence observed for the induction of gpl20 shed-
ding by soluble CD4 (49, 50). This assertion is supported by
the observation that gpl20 mutants previously shown not to
undergo the temperature-dependent increase in CD4-binding
affinity (257 T/R, 368 D/T, 368 D/P, 368 D/E, 370 E/Q, 457
D/R, and 457 D/A) (66) are also less efficient in shedding
gpl20 following soluble CD4 exposure.

Sensitivity to soluble CD4-mediated gpl20 shedding, as is
the case for the induced fit reaction (66), does not correlate
with the ability of mutant envelope glycoproteins to mediate
the membrane fusion process. This assertion follows from
the observation that a number of gpl20 mutants with de-
creased sensitivity to soluble CD4-mediated gpl20-gp41 dis-
sociation retain a high level of function with respect to either
syncytium formation or virus entry. This idea is consistent
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FIG. 4. Inhibition of mutant envelope glycoprotein function by
soluble CD4. (A) Soluble CD4 inhibition of syncytia induced by the
wild-type (w.t.) and mutant envelope glycoproteins expressed on

COS-1 cells, which were cocultivated with SupTl lymphocytes, is
shown. The percentage of syncytia observed in the presence of the
indicated concentration of soluble CD4 relative to the number
observed in the absence of soluble CD4 treatment is shown. (B)
Inhibition of virus entry of recombinant viruses expressing the CAT

gene by soluble CD4, for viruses with either wild-type (w.t.) or

mutant HIV-1 envelope glycoproteins, is shown. The percentage of

CAT activity observed in the presence of a given concentration of

soluble CD4 relative to the CAT activity observed in the absence of

soluble CD4 is shown. The experiments shown are representative
and were repeated twice with comparable results.

with the previously reported tolerance of naturally occurring
and laboratory-produced HIV-1 variants for lowered gpl20-
CD4 affinity (34, 66). It is also consistent with the observa-

tion that many replication-competent isolates from HIV-1

patients, as well as other primate and human immunodefi-

ciency viruses, are resistant to the antiviral effects, and

presumably the induction of envelope glycoprotein subunit

dissociation, associated with soluble CD4 (1, 19, 51).
For mutant HIV-1 envelope glycoproteins with wild-type

CD4-binding ability, no clear relationship between soluble

CD4-induced gpl20 shedding and membrane fusion potential
was observed. Several mutant glycoproteins (125 L/G, 308/

9/10 RIQ/RPELIPVQ, 314 G/Q, and 589 D/L) partially or

significantly impaired in elements of the membrane fusion

process shed gp120 following soluble CD4 treatment as

efficiently as did the wild-type glycoproteins. In other stud-

ies, fusion-defective HIV-1 mutants with changes in the gp4l
amino terminus were also shown to be as sensitive to the
antiviral effects of soluble CD4 as were the wild-type glyco-
proteins (9). Thus, the reliability of soluble CD4-induced
gpl2O-gp4l dissociation as a marker for conformational
changes in the HIV-1 envelope glycoproteins necessary for
the fusion of membranes could not be documented in this
study.
The observation that membrane fusion-defective gpl20

mutants with amino acid alterations in the V3 loop efficiently
shed gpl20 following soluble CD4 treatment clearly indicates
that the role of the V3 loop in syncytium formation or virus
entry is separable from any proposed role in the dissociation
of gpl20 and gp4l induced by receptor binding. Further-
more, the observation that no perturbation of soluble CD4-
mediated gpl20 shedding resulted from dramatic alterations
of the V3 sequence (e.g., 308/9/10 RIQ/RPELIPVQ) casts
doubt on a necessary role of the V3 loop in the shedding
process. We have also demonstrated that a mutant HIV-1
envelope glycoprotein lacking the V3 loop can bind soluble
CD4 and shed gpl20 as efficiently as the wild-type glycopro-
teins (73). This conclusion is consistent with the observation
that anti-V3 loop neutralizing antibodies do not prevent
soluble CD4-induced shedding (50). These data argue against
the hypothesis, proposed on the basis of observations made
with peptides purportedly mimicking gpl20 and CD4 regions
(5, 8), that a V3 loop interaction with the CDR3-like region of
CD4 triggers gpl2O-gp4l dissociation, which in turn triggers
other events necessary for membrane fusion.

Resistance of naturally occurring HIV-1 variants to the
antiviral effects of soluble CD4 (19) may constitute a major
barrier to the use of this agent in clinical settings. Therefore,
an understanding of the mechanisms underlying resistance
may be valuable in designing more effective therapeutic
agents based on soluble CD4. Decreases in affinity of the
monomeric gpl20 glycoprotein for CD4 can result in soluble
CD4-resistant, replication-competent HIV-1 variants (46,
66). Some primary patients' isolates that are resistant to
soluble CD4, while exhibiting monomeric gpl2O-CD4 affini-
ties comparable to those of soluble CD4-sensitive viruses,
exhibit decreases in the affinity of soluble CD4 for the
multimeric envelope glycoprotein complex (11, 48). Thus,
decreased affinity of soluble CD4 for the HIV-1 gpl20
glycoprotein, which can result either from alterations in the
multimeric envelope glycoprotein spike or from changes
near the CD4-binding region of the individual gpl20 moi-
eties, can lead to soluble CD4-resistant, replication-compe-
tent viruses. In this study, a mutant (257 T/G) was identified
that exhibited wild-type monomeric gpl20-binding affinity
for CD4, small decreases in affinity of the multimeric glyco-
protein complex for soluble CD4 and in the efficiency of
gpl20 shedding by soluble CD4, and altered sensitivity to
soluble CD4 inhibition of syncytium formation or virus
entry. In these characteristics, the 257 T/G mutant resembles
some of the primary patients' HIV-1 isolates, although the
observed decrease in binding affinity was small for the 257
T/G mutant compared with that reported for the latter
variants (48). Some of the amino acid changes associated
with soluble CD4 sensitivity in patients' isolates include
residues in the second conserved gpl20 region, but the exact

sequence changes responsible for this phenotype remain to
be determined.

Decreased sensitivity to soluble CD4-induced gpl20 shed-
ding was observed for four mutants (382 F/L, 420 I/R, 433
A/L, and 438 P/R) that exhibited CD4-binding abilities at
least as good as that of the wild-type glycoprotein. This
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suggests that high affinity binding of soluble CD4 is neces-
sary, but not sufficient, for the induction of gpl20-gp41
dissociation. A second step, presumably involving alteration
of the gpl2O-gp4l interaction, is apparently necessary for
efficient gpl20 shedding in response to soluble CD4 and is at
least partially deficient in the 382 F/L, 420 I/R, 433 A/L, and
438 P/R mutants. Phenylalanine 382, isoleucine 420, alanine
433, and proline 438 are located in a hydrophobic ring
formed by the disulfide-linked C3- and C4-conserved gp120
regions (41a). Amino acid changes in this structure, among
which the 382 F/L, 420I/R, 433 A/L, and 438 P/R alterations
are included, decrease the affinity of the gpl20-gp41 interac-
tion (30). Syncytium-forming and replicative abilities of the
envelope glycoproteins are also affected by these amino acid
changes, indicating the importance of specific gpl20-gp41
interactions in the membrane fusion reaction. Further work
will be required to allow any conclusion to be made regard-
ing the identity of gp120-gp41 interactions important for the
induction of gpl20 shedding by soluble CD4 and for enve-
lope glycoprotein-mediated membrane fusion.
The 382 F/L, 420 I/R, 433 A/L, and 438 P/R mutants,

although resistant to soluble CD4-induced gpl20 shedding,
remained sensitive to the antiviral effects of soluble CD4.
Assuming that gpl20 shedding on the virions is proportion-
ate to that on the cell surface for a given mutant, this would
appear to indicate that, for viruses with a high affinity for
CD4, gpl20 shedding is not a necessary component of the
antiviral activity of soluble CD4. It remains formally possi-
ble, however, that these mutant glycoproteins shed more
efficiently in the context of the virion spike than on the cell
surface. Other amino acid changes in this region may yield
additional insight into the contribution of gp120 shedding to
soluble CD4 antiviral activity.
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