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The human immunodeficiency virus type 1 (HIV-1) gp120 exterior envelope glycoprotein interacts with the
viral receptor (CD4) and with the gp41 transmembrane envelope glycoprotein. To study the interaction of the
gp120 and gp41 envelope glycoproteins, we compared the abilities of anti-gp120 monoclonal antibodies to bind
soluble gp120 and a soluble glycoprotein, sgp140, that contains gp120 and gp41 exterior domains. The
occlusion or alteration of a subset of gp120 epitopes on the latter molecule allowed the definition of a gp41
“footprint” on the gp120 antibody competition map. The occlusion of these epitopes on the sgp140 glycoprotein
was decreased by the binding of soluble CD4. The gp120 epitopes implicated in the interaction with the gp41
ectodomain were disrupted by deletions of the first (C1) and fifth (C5) conserved gp120 regions. These
deletions did not affect the integrity of the discontinuous binding sites for CD4 and neutralizing monoclonal
antibodies. Thus, the gp41 interface on the HIV-1 gp120 glycoprotein, which elicits nonneutralizing antibodies,
can be removed while retaining immunologically desirable gp120 structures.

Human immunodeficiency virus type 1 (HIV-1) is the etio-
logic agent of AIDS in humans (3, 23, 29). Inmunodeficiency
in HIV-1-infected humans results from a progressive decline in
CD4-positive lymphocytes (21).

The entry of HIV-1 into host cells is mediated by the viral
envelope glycoproteins, gp120 and gp41, which are derived by
proteolytic cleavage of a gp160 precursor in the Golgi appara-
tus of the infected cell (2, 20, 62). The gp120 exterior envelope
glycoprotein is noncovalently linked to the gp41 transmem-
brane envelope glycoprotein (20, 41, 46). The HIV-1 envelope
glycoproteins are assembled into an oligomeric complex that is
transported to the cell surface and is incorporated into bud-
ding virions (19, 20, 58, 66). During HIV-1 entry into the target
cell, the gp120 exterior envelope glycoprotein binds the CD4
glycoprotein, which serves as a primary receptor for the virus
(14, 40, 45). A soluble form of CD4 (sCD4) can inhibit the
entry of HIV-1 strains that have been passaged in vitro in
transformed T-cell lines (9, 15, 24, 34, 69, 79), and sCD4 can
also induce shedding of gp120 from cells or virions possessing
HIV-1 oligomeric envelope glycoprotein complexes derived
from the laboratory-adapted strains (6, 27, 30, 48, 49, 76). CD4
binding induces conformational changes in the HIV-1 enve-
lope glycoproteins that are postulated to promote subsequent
steps in virus entry (64, 65). Members of the family of seven
membrane-spanning chemokine receptors have been shown to
facilitate the entry of specific HIV-1 variants (1, 13, 16-18, 22).
A direct interaction between gp120-CD4 complexes and spe-
cific chemokine receptors has been demonstrated (42, 80, 84).
Successful HIV-1 entry culminates in the fusion of viral and
host cell membranes. By analogy with influenza virus entry
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(83), the generation of an extended conformation in the gp41
ectodomain is believed to allow the amino terminus of this
protein to interact with the target cell membrane (25, 44).
Fusion of the viral and host cell membranes allows entry of the
viral core and genetic material into the target cell cytoplasm
(31, 41, 72).

It has been difficult to obtain crystals of the HIV-1 envelope
glycoproteins suitable for detailed structural analysis. There-
fore, most of the available information on the structure and
function of the HIV-1 envelope glycoproteins has been de-
duced from biochemical, mutagenic, and antibody binding
analyses. Most of the surface-exposed elements of the oligo-
meric envelope glycoprotein complex are contained on the
gp120 exterior envelope glycoprotein (51). When the gp120
glycoproteins derived from different primate immunodefi-
ciency viruses are compared, five conserved regions (C1 to C5)
and five variable regions (V1 to V5) can be identified (56, 70).
Intramolecular disulfide bonds in the gp120 glycoprotein result
in the incorporation of the first four variable regions (V1 to
V4) into large loop-like structures (43). Antibody binding stud-
ies indicate that the loops are well exposed on the native
HIV-1 gp120 glycoprotein, in contrast to the case for most
linear epitopes located in conserved regions (51, 52).

Discontinuous structures that are conserved among HIV-1
isolates and that are related to the CD4 binding site (CD4bs)
can serve as targets for neutralizing antibodies (33, 38, 39, 53,
60, 71, 74, 75, 77, 78). One group of these conserved epitopes
is recognized by antibodies that are abundant in the sera of
most individuals infected by HIV-1 for over 1 to 2 years (53,
74). These antibodies compete with CD4 for gp120 binding.
The binding of these antibodies is disrupted by changes in
conserved gp120 amino acids that have also been implicated in
CD4 binding (74, 75). Thus, these epitopes are referred to as
CD4bs epitopes.

A second group of neutralizing antibodies recognizes dis-
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continuous gp120 epitopes that are exposed better upon CD4
binding and thus are referred to as CD4-induced (CD4i)
epitopes (77, 86). The CD4i epitopes are extremely sensitive to
conformational changes in the gp120 glycoprotein, and the
integrity of these epitopes is affected by a number of gp120
amino acid changes involving each of the five conserved re-
gions (77).

Antibody mapping studies indicate that of the linear epi-
topes on the gp120 glycoprotein, those located in the V2 and
V3 regions constitute the most exposed elements on the HIV-1
oligomeric envelope glycoprotein complex (51). Both V2 and
V3 loops can serve as targets for neutralizing antibodies (28,
37, 47, 50, 61, 63, 68, 73). Changes in V2 and V3 loop amino
acids have been shown to affect the membrane fusion process
(4, 26, 31, 57, 59, 75, 84) and can determine the tropism of
HIV-1 isolates for primary macrophages and T-lymphocyte
lines (7, 10-12, 35, 36, 67, 69, 81, 82, 85). The specific structure
of the V3 loop dictates which particular chemokine receptor
can be utilized as an entry cofactor by HIV-1 (1, 13, 16-18, 22),
and binding of the gp120-CD4 complex to the chemokine re-
ceptor is dependent, in part, upon the presence of the V3 loop
(80, 84).

Consistent with the proposal that the V1/V2 and V3 loops
represent surface-exposed elements on the native gp120 gly-
coprotein, these regions can be deleted from the HIV-1 gp120
glycoprotein without globally disrupting the conformation of
the protein (59, 85, 86). Depending upon the specific deletions
made, variable loop-deleted gp120 glycoproteins have been
shown to retain the ability to bind sCD4 and monoclonal an-
tibodies directed against CD4bs and CD4i epitopes (59, 85,
86). Interestingly, the exposure of CD4bs and CD4i epitopes
on such deleted glycoproteins is greater than that on the wild-
type gpl20 glycoprotein (85, 86), suggesting that the V1/V2
and V3 loops mask these conserved neutralization epitopes.
The improved exposure of the CD4i epitopes that occurs upon
sCD4 binding appears to involve a demasking of these epitopes
mediated by movement of the V2 loop (86).

Recently, a comprehensive competition map of the mono-
meric HIV-1 gp120 glycoprotein, made by employing an ex-
tensive panel of monoclonal antibodies, has been completed
(55). This map suggests that CD4 and neutralizing antibodies
bind to regions that are clustered on one surface of the gp120
glycoprotein. The ability of these antibodies to neutralize
HIV-1 suggests that this surface is exposed on the assembled
envelope glycoprotein oligomer. By contrast, antibodies that
lack neutralizing activity recognize epitopes that are clustered
on a second distinct surface of the gp120 molecule. Some of
these epitopes were disrupted by single amino acid changes in
the first (C1) and fifth (C5) gp120 regions, which have been
implicated in the noncovalent association with the gp41 ecto-
domain (8, 32). This observation suggested the hypothesis that
the interaction of gp120 with the gp41 exterior domain renders
the epitopes recognized by nonneutralizing antibodies inacces-
sible on the assembled envelope glycoprotein complex (54, 55).
Here we test this hypothesis by examining the ability of the
gp41 ectodomain to compete, in the context of a soluble gp120-
gp41 molecule, with monoclonal antibodies recognizing gp120
epitopes. We also determine the effects of gp120 deletions in
the C1 and CS5 regions on the integrity of gp120 epitopes, in the
absence and presence of the major variable loops V1, V2, and
V3.

MATERIALS AND METHODS

Plasmid construction and protein production. Soluble HXBc2 gp120 glyco-
proteins were expressed following calcium phosphate-mediated transient co-
transfection of 293T cells with 25 pg of the pSVIIIenvA517 expressor plasmid,

HIV-1 gpl120-gp4l INTERACTION 9723

which encodes a gp120 glycoprotein with seven additional C-terminal residues
(41), and 1 pg of a Tat expression plasmid. At approximately 36 h after trans-
fection, radiolabelled glycoproteins were produced by incubation of 293T cells
with medium containing 50 p.Ci of [**S]methionine per ml for 16 h.

Expression of soluble HXBc2 gp140 glycoproteins was accomplished as fol-
lows. A stop codon was introduced following the codon for residue 681 in the
pSVIllenv 681Y/P mutant (8) by digestion of the Mscl site created by the
introduced mutation and blunt-end ligation of an 8-bp Xba linker (CTCTAGA
G). The construct was then digested with Xbal, which released a 5.5-kb fragment
containing env sequences and a 2.5-kb fragment. The env-containing Xbal-Xbal
vector fragment was religated and utilized to transform XL1-Blue Escherichia
coli. The plasmid DNA was purified and digested with BsmI and Xbal to release
a 224-bp fragment containing the introduced stop codon. Next, site-directed
mutagenesis was used to introduce two mutations into the pBSKS-AB plasmid,
which contains the Asp718-BamHI HXBc2 env sequence subcloned into a pBlue-
script plasmid, changing the codons for serines 508 and 511 to those encoding
arginine. The resulting plasmid, pBSKS-ABcl—, encodes an envelope glycopro-
tein that is unable to be processed proteolytically at the gp120/gp41 junction.
Sequences containing these changes were isolated by Asp718 and Bsml digestion
of the pBSKS-ABcl— plasmid. The Asp718/Bsml fragment and the 224-bp Bsm1/
Xbal fragment (described above) were then ligated into the intermediate vector
pMtgp120del0, which had been digested with Asp718 (partially) and Nhel. This
three-way ligation created a contiguous env coding sequence for a cleavage-
defective, soluble gp140 (sgp140) glycoprotein. This plasmid was then used as a
template to PCR amplify sgp140-coding sequences with 5’ Asp718 and 3’ BamHI
restriction enzyme sites (primers rw20100 [GACGTCGGTACCAATTCGTTG
CAGGACAGG] and 1w22453 [AAAAAAGGATCCTCTCTAGAGCCAATTT
GTTATGTTAAAL]), which were used to directionally clone into the Asp718-
and BamHI-digested pSVIllenv plasmid to create pSVIllexgp140cl—. For the
pSVIIIexgp140cl— construct, expression of the Rev protein was provided in trans
by cotransfection of the pSVIIIenvAKS plasmid, which expresses a full-length
Rev protein but has an extensive deletion in the envelope gene (41). Cotransfec-
tion of pSVIIIexgp140cl— with the Tat expressor plasmid and the pSVIIIenvAKS
plasmid and metabolic labelling of envelope glycoproteins were performed as
described above.

Intermediate cloning vectors were generated to allow production of plasmids
expressing gp120 glycoproteins with conserved region 1 (C1) deletions as follows.
The Sall-to-BamHI fragment of pSVIIIexE7, which contains HXBc2 rev and env
coding sequences, was subcloned into the pBSKS+ plasmid digested with Sall
and BamHI to create pBSKS+SB. An Sphl site was introduced into this plasmid
at the HXBc2 proviral positions 5899 to 5904 by PCR amplification of sequences
from Sall to Asp718 and subcloning of the PCR product back into Sall/Asp718-
digested pBSKS+S. The Sphl site was included in the downstream amplimer
which spanned the Asp718 site at positions 5925 to 5930, introducing the Sphl
site, to create pBSKS+SSB. A similar construct, pPBSKS+SBB, was generated by
site-directed mutagenesis of single-stranded pBSKS+SB DNA, which intro-
duced a Bgl/IT site at the same position (5899 to 5904), and was used in the cloning
strategy described below.

The AS50, A74, A82, and A93 constructs were created by PCR amplification of
wild-type or variable loop-deleted HXBc2 sequences by utilizing 5 amplimers
possessing Sphl and BamHI sites positioned adjacent to sequences homologous
to env coding sequences beginning at the codons for residues 51, 75, 83, and 94,
respectively. The 3" amplimer was positioned downstream of the N#el site at the
proviral positions 6838 to 6843, which are 3’ to the coding sequences for the V1,
V2, and V3 variable gp120 loops. HXBc2 sequences containing the various C1
deletions were amplified by utilizing the pBSKS-AB plasmid as template DNA.
The plasmid pBSKS-ABAV1/2/3, which contained deletions of coding sequences
for residues 121 to 204 and 298 to 329, was used as the template to amplify
AC1AV1/2/3 sequences in a similar manner. The amplified products were di-
gested with Sphl and Nhel and cloned into pBSKS+SSB digested with Spal and
Nhel. The various pBSKS+SSBACI constructs, with or without loop deletions,
were then digested with BamHI, and the env-containing sequences were shuttled
into the pBSKS+SBB plasmid (described above) digested with Bg/II and BamHI,
to create pBSKS+SBBACIenv plasmids. From the various pBSKS+BBAClenv
plasmids, rev and env sequences were isolated by Sall and BamHI digestion
and shuttled into the pSVIIIexenv backbone created by digestion with Sall
and BamHI. Cotransfection of the various pSVIIIAClenv plasmids and the
pSVIIIAC1AV1/2/3 plasmid with the Tat expressor plasmid and metabolic
labelling of gp120 glycoproteins were performed as described above.

The deletion of HXBc2 gp120 C5 sequences from residue 493 to the natural
cleavage site at residue 511 was accomplished by site-directed mutagenesis of
single-stranded pBSKS-AB plasmid DNA, which introduced two tandem stop
codons after the codon specifying the glutamic acid residue at position 492. The
presence of these stop codons was detected in the plasmid DNA by the presence
of an Xbal site, which had been included in the mutagenic primer as an in-frame
substitution at sequences previously specifying Env residues 495 and 496. The
Nhel/BamHI fragment containing the premature stop codon was then subcloned
into the pBSKS-ABAV1/2/3 plasmid and into the pBSKS+ clones containing
each of the AC1 and AC1AV1/2/3 sequences. The A128-194/A298-329 and A128-
194/A303-321 deletions were subcloned from pBluescriptAB envelope constructs
containing these deletions (85, 86) into the pPBSKS+SBBACIACS plasmids by
Nsil-Nhel directional cloning. The wild-type and loop-deleted pBSKS-ACS env
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FIG. 1. Immunoprecipitation of soluble gp120 and gp140 glycoproteins. (A)
The recognition of gp120 glycoproteins and of soluble, cleavage-defective gp140
glycoproteins by a panel of gp120-directed monoclonal antibodies was compared.
Selected representative immunoprecipitations are shown. Pooled AIDS patient
antisera were used to assess total envelope glycoprotein protein present in the
radiolabelled 293T cell supernatants. Quantitation of recognition by the com-
plete set of antibodies used for immunoprecipitations is presented in Fig. 2. (B)
Recognition of envelope glycoproteins in the absence and presence of sCD4. The
partial reexposure of the C11 and 17b epitopes on sgp140 glycoproteins in the
presence of sCD4 is evident.
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sequences were subcloned into pSVIIIexenv by Asp718-BamHI directional clon-
ing. Envelope sequences from the pBSKS+SSB clones containing C1 deletions,
the C5 premature stop codon, and either wild-type or loop-deleted sequences
were subcloned into pSVIIIexenv by Sall-BamHI directional cloning. Cotrans-
fection of the various pSVIITACIACS constructs and the pSVIIIAC1AV1/2/3AC5
construct with the Tat expressor plasmid and metabolic labelling of gp120 gly-
coproteins were performed as described above.

Immunoprecipitations of radiolabelled envelope glycoproteins. Approxi-
mately 0.5 ml of medium containing radiolabelled full-length gp120 or gp140
glycoproteins was immunoprecipitated with 1 ng of antibody and protein A-
Sepharose beads for 2 h at room temperature, followed by three washes with
phosphate-buffered saline and resuspension in sodium dodecyl sulfate (SDS) gel
loading buffer containing B-mercaptoethanol. The samples were then boiled for
3 min, loaded onto SDS-10% polyacrylamide gels, and prepared for autoradiog-
raphy as previously described (85).

The C-terminally and N/C-terminally deleted gp120 variants, either with or
without the major variable loops, were analyzed as described above, with the
exception that immunoprecipitations and washes were done at 4°C. The wild-
type gp120 glycoprotein was used as a positive control in these experiments.

RESULTS

Exposure of epitopes on soluble forms of HIV-1 gp120 and
gp140 glycoproteins. The exposure of epitopes on the HIV-1
gp120 and gp160 glycoproteins was compared by using soluble
forms of these proteins. By deleting the transmembrane and
intracytoplasmic domains and by altering the amino acid resi-
dues near the site of proteolytic cleavage, a soluble glycopro-
tein, sgp140, that contains covalently linked gp120 and gp41
exterior domains was produced. Radiolabelled gp120 and
sgpl140 glycoproteins from the laboratory-adapted HXBc2
strain of HIV-1 were produced in transfected 293T cell super-
natants and used for immunoprecipitation by a panel of gp120-
reactive monoclonal antibodies. The results shown in Fig. 1
indicate that a mixture of sera from HIV-1-infected individu-
als, which has been shown to recognize a variety of different
gpl120 and gp4l epitopes (53), precipitated both gp120 and
sgp140 glycoproteins. Two patterns were seen when the mono-
clonal antibodies were used. One group of antibodies recog-
nized both gp120 and sgp140 glycoproteins efficiently. Recog-
nition of the sgp140 glycoprotein by these antibodies was at
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least 60% of that of the gp120 glycoprotein when the relative
amounts of these proteins were normalized by using the pa-
tient sera. These antibodies and their epitopes included F105
and 21h (CD4bs), G3-4 and G3-136 (V2), G3-299 (V3/C4
discontinuous), G3-519 and G45-60 (C4 linear), 2G12 (C3/V4
discontinuous) and 0.58, D47, and 110.I (V3 linear). For a
second group of antibodies, recognition of the sgp140 glyco-
protein was significantly less efficient than that of the gp120
glycoprotein. These antibodies and their epitopes included
M85, 4D4 #85 and 133/290 (CI1 linear), 17b and 48d (CD4i),
C11 and 212A (C1/C5 discontinuous), 2.3A (C5 linear), M90
and #45 (C1 discontinuous), and A32 and 2/11c (C1/C4 dis-
continuous) (Fig. 2). These results suggest that the epitopes for
some gpl20-reactive antibodies are occluded or disrupted in
the sgp140 glycoprotein (Fig. 3).

We wished to examine whether the inefficient recognition of
some gp120 epitopes on the sgp140 glycoprotein was a conse-
quence of the residue changes introduced near the proteolytic
cleavage site. Studies similar to those described above were
carried out with a sgpl40 glycoprotein containing wild-type
sequences near the cleavage site. Since this glycoprotein was
only partially processed, both cleaved (gp120) and uncleaved
(sgp140) forms were present in the same cell supernatant. A
selected subset of anti-gp120 monoclonal antibodies was used
to precipitate these supernatants. The relative recognition of
the sgp140 and gp120 glycoproteins by the 2G12, C11, and
2.3A antibodies in this experiment was similar to that seen in
the experiment described above (data not shown). The results
with the C11 and 2.3A antibodies are particularly noteworthy,
since gp120 sequences near the gp120-gp41 cleavage site have
been implicated in the formation of the epitopes for these
antibodies (52, 62a). We conclude that the poor recognition of
some epitopes on the sgpl140 glycoprotein is not due to the
amino acid changes introduced near the proteolytic cleavage
site.

The lower efficiency of epitope recognition on sgp140 com-
pared with gp120 could result from effects of the gp41 ectodo-
main in the context of either a monomeric gp120-gp41 subunit
or a soluble oligomer. Soluble HIV-1 envelope glycoproteins
equivalent to sgp140 have been reported to exhibit some high-
er-order structure (19). To examine whether oligomerization
might contribute to the observed decreases in exposure of
some epitopes, radiolabelled cell supernatants containing
sgpl140 were precipitated by the T4 monoclonal antibody,

Normalized sgp140/gp120 recognition
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FIG. 2. Relative recognition by gp120-directed antibodies of sgp140 glyco-
proteins compared to that of gp120 glycoproteins. The data is presented as the
ratio of gp140 recognition to gp120 recognition normalized to the gp140/gp120
recognition ratio observed with a mixture of sera from HIV-1-infected individ-
uals. L, linear epitope; D, discontinuous epitope.
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FIG. 3. Schematic representation of the gp41 footprint on gp120. The competition map of the HIV-1 gp120 glycoprotein (55) is shown on the left, with the
neutralization face depicted in the upper diagram and the nonneutralizing face depicted in the lower diagram. On the right, the gp120 epitopes whose recognition is
decreased by the presence of the gp41 ectodomain are shaded in red. The intensity of the shading of each epitope is proportionate to the observed decrease in antibody
recognition. The shading shown is a summation of the shading for each of the overlapping epitopes.

which specifically recognizes HIV-1 envelope glycoprotein oli-
gomers (5). The T4 antibody, even when present at high con-
centrations, precipitated less than 15% of the sgp140 glycopro-
tein able to be precipitated by the patient serum mixture (data
not shown). This result suggests that only a small fraction of
the sgp140 produced under these conditions represents a sta-
ble oligomer. The majority of the decreased epitope recogni-
tion associated with the sgp140 glycoprotein does not appear to
result from interactions specific to the assembled oligomer.
Effect of sCD4 binding on sgp140 epitope recognition. To
examine whether CD4 binding would alter the recognition of
epitopes on the sgp140 glycoprotein, the radiolabelled HXBc2
gp120 and sgp140 glycoproteins were incubated in the absence
and presence of saturating concentrations of sCD4 prior to
precipitation by the monoclonal antibodies (Fig. 1B). Precipi-
tation of the gp120 and sgp140 glycoproteins by the mixture of
sera from HIV-1-infected individuals was not affected by the
presence of sCD4. As expected, sCD4 binding decreased pre-
cipitation of both gp120 and gp140 glycoproteins by the F105
antibody, which recognizes a CD4bs epitope (60, 74). For the
remaining subset of antibodies that efficiently precipitated the
sgp140 glycoprotein, sCD4 binding had little influence on epi-
tope recognition. By contrast, the antibodies that poorly rec-
ognized the sgp140 glycoprotein precipitated the protein more
efficiently in the presence of sCD4. This observation suggests
either that CD4 binding leads to an alteration of gp120-gp41
interaction that decreases the occlusion of epitopes on the
glycoprotein subunits or that CD4 binding restores the integ-
rity of gp120 epitopes disrupted by the presence of the gp4l

ectodomain. The recognition of the sgpl40 glycoprotein by
anti-gp120 monoclonal antibodies was also increased when
precipitation in the presence of sCD4 was carried out at 4°C or
when the V1/V2 and V3 variable loops were completely de-
leted from the sgp140 glycoprotein (data not shown).

Effect of C1 and C5 deletions on the HIV-1 envelope glyco-
proteins. Previous studies suggested that the first (C1) and fifth
(C5) gp120 regions are important for the interaction of the
HIV-1 envelope glycoprotein subunits. To examine the effect
of removal of these regions on gp120 epitopes, envelope gly-
coproteins containing progressive deletions of the C1 region
were analyzed. A plasmid encoding the full-length HXBc2
envelope glycoproteins, with an intact proteolytic processing
site, was used as the starting construct for these studies. De-
letions were introduced into this plasmid so that progressively
greater portions of C1 were removed from the encoded enve-
lope glycoproteins, keeping the amino-terminal signal se-
quence intact in each case (Fig. 4). Precipitation of the wild-
type and Cl-deleted mutant envelope glycoproteins by a
mixture of sera from HIV-1-infected individuals and by the
F105 monoclonal antibody is shown in Fig. 5. The proteolytic
processing of the precursor envelope glycoprotein was severely
impaired for all of the Cl-deleted glycoproteins. Decreased
gp160 processing has been shown to result from global mis-
folding or from specific alterations of the gp120-gp41 cleavage
site. The latter explanation probably applies to the inefficient
proteolytic processing of the A50, A74, and A82 mutants, since
these glycoproteins were precipitated by the F105 antibody,
which recognizes a conformation-dependent epitope (60, 74).
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FIG. 4. Schematic representation of the nested C1 deletions in the HIV-1
envelope glycoproteins. Amino acid residues of the mature gp120 glycoprotein
N-terminal C1 region are represented by the open circles. The bars indicate
residues deleted in the A50, A74, A82, and A93 envelope glycoproteins.

Since previous studies have indicated a close proximity of the
gpl120 C1 and CS5 regions (52), it is reasonable that major
alterations in C1 could affect sequences near the proteolytic
cleavage site. Further support for the correct folding of these
glycoproteins was provided by a more comprehensive exami-
nation of secreted versions of these proteins (see below). De-
letion of additional C1 residues in the A93 mutant resulted in
a protein that, although recognized by the mixture of sera from
HIV-1-infected people, was not precipitated by the F105 anti-
body. Interestingly, deletion of V1/V2 and V3 variable loops
from the A93 mutant allowed some F105 recognition of the
protein (data not shown). At least in this context, the major
gp120 variable loops appear to contribute to masking, disrupt-
ing, or impeding the formation of the F105 epitope.

Previous studies suggested that some deletions in the CS5
gp120 region could be tolerated without affecting the ability of
the mutant glycoprotein to bind CD4 (41, 61). Since these
studies indicated that deletion of 39 residues from the gp120
carboxyl terminus abrogated CD4 binding, a more conservative
deletion (ACS) involving the removal of 19 carboxy-terminal
residues was studied. The ACS deletion was introduced into
the HXBc2 envelope glycoproteins either alone or in combi-
nation with the C1 deletions described above. In addition, a set
of HXBc2 glycoproteins containing these C1 and C5 deletions
in combination with complete deletion of the V1/V2 stem-loop
and V3 variable loop structures was constructed.

The mutant glycoproteins were produced in the superna-
tants of transfected COS-1 cells and precipitated with a mix-
ture of sera from HIV-1-infected patients or with monoclonal

gp160— " " "
gp120— '

wit AS50 A74  AB2  A93

FIG. 5. Immunoprecipitation of wild-type and Cl-deleted envelope precur-
sor glycoproteins. Wild-type (wt) and AC1 envelope glycoproteins transiently
expressed in COS-1 cells, lysed in Nonidet P-40 buffer, and immunoprecipitated
with either AIDS patient sera or the F105 antibody are shown.

J. VIROL.

© I
A B e
@ ®»
- -
€ 1=
@ 2
= 0 £ o L=
T O~ v © 4 v o~
o~ o o L # 0O

o120 — MM ".l'
A2 204 _ "q 'wr
A298-329

AC5

FIG. 6. Immunoprecipitations of soluble wild-type and deleted envelope gly-
coproteins. (A) The efficient recognition of wild-type and A82/A128-194/A298-
329/AC5 glycoproteins by several broadly neutralizing, CD4 binding site anti-
bodies is shown. (B) The inefficient recognition of A82/A128-194/A298-329/AC5
glycoproteins by several nonneutralizing antibodies that recognize the wild-type
gp120 glycoprotein is shown.

antibodies directed against a number of gp120 epitopes. The
results are shown in Fig. 6 and Table 1. The AC5 mutant
glycoprotein was recognized by all of the monoclonal antibod-
ies tested except the C11 and 212A antibodies, whose confor-
mational epitopes have been shown to be sensitive to C1 and
C5 changes (52). The ASOACS mutant was recognized by all of
the antibodies except C11, 212A, and 4D4 #85. The last of
these monoclonal antibodies recognizes a linear gp120 epitope
within residues 41 to 50, so the loss of recognition of proteins

TABLE 1. Recognition of soluble wild-type and deleted gp120
glycoproteins by a panel of monoclonal antibodies

Recognition” by:

5 Antibody:
Envelope £
glycoprotein ; %
o
S 283822 = 23 e
& T 2% Qa0amxmi ] s a =
gp120 + 4+ 4+ 4+ o+ o+ 4+
AC5 + + + + + - - 4+ + + + + +
A50/ACs + -+ + + - + + + + + o+
A74/ACS5 + + + - - - + + + + + +
A82/ACS + - -+ - - -+ ++ + + +
A93/AC5 + e + + =
AV123/AC5 + + 4+ + + - - + + + + + ND¢
A50/AV123/AC5 + -+ + + - = + + + + + ND
A74/AV123/ACS5 + - -+ - - - + + + + + ND
A82/AV123/ACS5 + - -+ - = = + + + + + -
A93/AV123/AC5 +/— — — — — — — — — +/— +/— + ND

“ Symbols: +, efficient envelope glycoprotein recognition; —, envelope glyco-
protein not recognized; +/—, A93/AC5 glycoproteins were not efficiently ex-
pressed.

 Recognition of the gp120 glycoproteins was also tested in cell lysates with
AIDS patient sera and F105. No significant differences in antibody recognition of
the various envelope glycoproteins were observed (data not shown).

€ 17b recognized A93E7ACS in the presence of sCD4.

4 ND, not determined.
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bearing a deletion of these residues was expected (51). Rec-
ognition by C11 and 212A was also affected by the A50 deletion
even when the C5 region was intact, in the context of the
unprocessed A50 gp160 glycoprotein from COS-1 lysates (data
not shown). Deletion of an additional 24 amino-terminal res-
idues in the A74AC5 mutant affected recognition by the 2/11c
antibody. The 2/11c and related A32 monoclonal antibodies
recognize discontinuous gp120 epitopes thought to involve C1
and C4 residues. Amino acid changes within a conserved, di-
sulfide-linked loop involving C1 residues 54 to 74 decrease
2/11c and A32 recognition, consistent with the observation that
the 2/11c antibody does not recognize the A74ACS mutant.
The A82ACS5 mutant was not precipitated by the M90 antibody,
in addition to lack of recognition by the C11, 212A, 4D4 #85,
and 2/11c antibodies. The M90 antibody recognizes a poorly
characterized discontinuous gp120 epitope affected by some
C1 residue changes. The A82ACS mutant was recognized by
the #45 antibody, which also recognizes a conformational
gp120 epitope affected by some C1 changes and which com-
petes with the M90 antibody for gp120 binding (55). Deletion
of an additional 11 CI residues in the A93ACS mutant dis-
rupted recognition by most of the monoclonal antibodies
tested, although two antibodies, 21h and b12, which recognize
CD4bs epitopes, still precipitated this mutant. Two other
CD4bs-directed antibodies, F105 and 15e, did not recognize
the A93ACS protein. Thus, while many gp120 epitopes are
disrupted in the A93ACS5 glycoprotein, the preservation of
some CD4bs epitopes indicates that the conformation of this
protein is not globally disrupted.

The results of the antibody precipitation studies were similar
to those described above when mutant gp120 glycoproteins
containing complete deletions of the V1/V2 stem-loop (A121-
204) and V3 loop (A298-329) structures were analyzed (Table
1). These results indicate that the effects of C1 and C5 dele-
tions on gpl20 epitopes are not dependent upon the major
gp120 variable loops.

In some contexts, the deletion of the V1/V2 stem and the
base of the V3 loop have been shown to disrupt gp120 recog-
nition by the 17b and 48d antibodies (80, 86), which recognize
CD#4i epitopes. Therefore, the C1/C5- and variable loop-de-
leted glycoproteins described above could not be tested for
recognition by these antibodies. To determine whether C1 and
C5 deletions could be accomplished while preserving the CD4i
epitopes, two new constructs containing more conservative de-
letions affecting V1/V2 and V3 structures in the context of the
A82/AC5 protein were made. The A82/A128-194/A298-329/
ACS protein is identical to the A82/A121-204A/298-329/ACS
protein except that the conserved V1/V2 stem is preserved in
the former. The A82/A128-194/A303-323/AC5 protein has, in
addition, sequences from the conserved base of the V3 loop
preserved. Figure 7 shows that the A82/A128-194/A298-329/
ACS5 protein was efficiently recognized by the 17b antibody only
in the presence of sCD4, whereas the 48d antibody did not
recognize the mutant protein efficiently. By contrast, both the
17b and 48d antibodies precipitated the A82/A128-194/A303-
323/ACS protein in the absence of sCD4, and the efficiency of
precipitation was increased in the presence of sCD4. We tested
a subset of the ACS and AC1/ACS glycoproteins for their ability
to bind sCD4. The ACS5, A82/ACS5, A93/ACS, A82/A121-204/
A298A329/AC5, and A82/A128-194/A303-323/AC5 glycopro-
teins were analyzed for sCD4 binding as previously described
(85). As shown in Fig. 8, the A93/ACS glycoprotein did not
efficiently recognize sCD4 at the concentrations tested, in
agreement with a previous report indicating that deletion of
the first 92 residues of gp120 disrupts sCD4 binding (37a). In
contrast, the A82/ACS glycoprotein bound sCD4 similarly to
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FIG. 7. Immunoprecipitation of the A82/A128-194/A298-329/AC5 and A82/
A128-194/A303-323/ACS5 glycoproteins. The precipitation of the A82/A128-194/
A298-329/AC5 and A82/A128-194/A303-323/A82/ACS glycoproteins by the 17b
and 48d antibodies in the presence and absence of sCD4 is shown.

the wild-type glycoprotein, indicating that the deleted residues
are dispensable for sCD4 interaction. Similarly, the other de-
leted envelope glycoproteins described above showed no sig-
nificant difference in their ability to bind sCD4 compared to
the wild-type envelope glycoprotein. These results indicate that
the A82 and ACS deletions do not disrupt the CD4i epitopes
and demonstrate that HXBc2 gp120 derivatives lacking large
portions of C1, V1/V2, V3, and CS that retain the conserved
binding sites for CD4 and neutralizing antibodies can be pro-
duced.

DISCUSSION

Previous studies indicated that two surfaces of the HIV-1
gp120 exterior envelope glycoprotein exist. One surface is ac-
cessible to sCD4 and neutralizing antibodies and is exposed on
the assembled envelope glycoprotein complex. The other sur-
face is recognized by anti-gp120 antibodies that do not neu-
tralize HIV-1. In this study, we demonstrate that the presence
of the ectodomain of the gp41 transmembrane envelope gly-
coprotein interferes with the binding of antibodies to the latter
surface of gp120. The gp41 ectodomain may sterically mask the
gp120 epitopes recognized by nonneutralizing antibodies, or
the interaction of the gp120 and gp41 subunits may involve
conformations of these glycoproteins different from those
present on the dissociated molecules. By contrast, the presence
of the gp41 ectodomain exhibited no effect on the binding of
neutralizing antibodies to the CD4bs and to the V3 loop, which
are believed to be exposed on the assembled oligomeric com-
plex. The gp41 ectodomain exhibited some inhibitory effect on
the binding of a subset of neutralizing antibodies, 17b and 48d,
which recognize CD4-induced gp120 epitopes. These results
are consistent with a model in which one gp120 surface is
exposed on the complex, while the other is inaccessible to
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FIG. 8. Evaluation of sCD4 binding of the soluble gp120 glycoproteins. A
selected subset of the soluble envelope glycoproteins was compared to wild-type
gp120 for sCD4 binding. Supernatants containing radiolabelled envelope glyco-
proteins were supplemented with 0.1, 1, and 5 pug of sCD4 in a volume of 1 ml.
Following overnight incubation at 4°C, the gp120-CD4 complexes were immu-
noprecipitated with OKT4 and protein A-Sepharose (fraction B). The free frac-
tion (fraction F) of envelope glycoprotein not removed by OKT4 immunopre-
cipitation was immunoprecipitated from the supernatant with pooled AIDS
patient sera and protein A-Sepharose. Shown is a representative autoradio-
graphic exposure of gp120, A82/ACS, and A93/AC5 immunoprecipitates analyzed
by SDS-polyacrylamide gel electrophoresis. Arrows indicate the positions of the
respective radiolabelled envelope glycoproteins.

antibodies as a result of interaction with gp41. The results
indicate that the gp41 ectodomain, in the absence of interac-
tions between the subunits of the oligomer, is sufficient to
mediate the previously reported inaccessibility of the assem-
bled, native envelope glycoprotein complex to nonneutralizing
antibodies (24a, 65a, 73a).

sCD4 binding resulted in a small increase in exposure of the
gp120 epitopes occluded on the cleavage-defective gp140 gly-
coproteins. This effect was also observed on sgp140 glycopro-
teins that were able to be proteolytically processed, indicating
that it is not an artifact resulting from the amino acid substi-
tutions introduced at the natural gp160 cleavage site. While the
functional relevance of this phenomenon remains to be estab-
lished, these results suggest that CD4 binding can alter gp120-
gp41 interaction. This effect appears to be distinct from sCD4-
induced shedding of the gp120 glycoprotein, since, in contrast
to shedding, it occurs efficiently at 4°C, in the absence of the
conserved stem of the V1/V2 stem-loop, and with the envelope
glycoproteins from a primary HIV-1 isolate. Also, since the
decrease in occlusion of gp120 epitopes following sCD4 bind-
ing occurs on a molecule lacking the V1/V2 loop, this process
appears to occur independently of the exposure of the 17b
epitope. Most of the increased exposure of the 17b epitope
induced by sCD4 binding has been shown to involve a demask-
ing of the epitope as a result of sCD4-induced movement of
the V2 loop. This movement represents a major gp120 confor-
mational change that occurs upon CD4 binding and has been
proposed to play a role in chemokine receptor binding and
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HIV-1 entry (80, 84). Further work will be needed to assess
whether CD4-induced realignments of the gp120-gp41 inter-
action may also play necessary roles in the entry process.

The gp120 epitopes influenced by the gp41 ectodomain were
sensitive to deletions affecting the first (C1) and fifth (C5)
conserved gp120 regions. The sensitivity of the gp120 epitopes
overlapping the gp41-interactive region to C1 and CS5 deletions
is consistent with the sensitivity of most of these epitopes and
of gp120-gp41 association to single amino acid changes in these
regions (32). The discontinuous epitope for the #45 monoclo-
nal antibody has been shown to be affected by a single residue
change in the CI region; however, it is clear from our studies
that significant portions of C1 are not needed for the integrity
of the #45 epitope.

In contrast to gp120 epitopes overlapping the gp41-interac-
tive region, gp120 epitopes recognized by neutralizing antibod-
ies were not affected by N-terminal deletions until C1 residues
beyond glutamine 82 were deleted. Even when amino-terminal
residues up to residue 93 were removed, many of the neutral-
ization epitopes remained intact. The CD4i epitopes recog-
nized by the 17b and 48d antibodies, which have been reported
to be among the most conformationally sensitive gp120 epi-
topes (77, 86), were disrupted by deletion of the N-terminal 93
residues in the absence of CD4. Some of the CD4bs antibodies
also failed to bind to these N-terminally deleted glycoproteins,
consistent with the proposed contribution of C1 residues to
some of these epitopes (75). Interestingly, in some contexts,
the CD4bs antibody F105 recognized the precursor A93 enve-
lope glycoprotein only when the major variable loops were
deleted. This result suggests that the N-terminal deletion al-
lows interactions of the residual gp120 sequences with portions
of the V1, V2, or V3 structures, masking or disrupting some
CD4bs epitopes.

The ability to remove substantial portions of the C1 and C5
gp120 regions without globally disrupting the gp120 conforma-
tion suggests that the N and C termini of gp120 are somewhat
exposed, flexible structures. A similar conclusion applies to the
V1/V2 and V3 variable loops, which can be removed from the
gp120 glycoprotein while overall conformation and, in some
cases, even function can be preserved (59, 85, 86). The ex-
posed, flexible nature of these structures may contribute to
their efficient immunogenicity during the course of natural
infection or in the generation of antibodies to the HIV-1 en-
velope glycoproteins in animals. In either of these settings, the
generation of nonneutralizing antibodies, many of which are
directed against the gp41-interactive region of gp120, and of
strain-restricted neutralizing antibodies, directed against the
V1/V2 and V3 variable loops, is more efficient than is the
generation of more-cross-reactive neutralizing antibodies.
Since the latter antibodies recognize discontinuous CD4bs and
CD4i epitopes that are composed of amino acid residues de-
rived from conserved gp120 regions, the conformational sen-
sitivity and lower expected flexibility of these structures may
contribute to their less efficient immunogenicity. In addition,
previous studies indicated that the presence of the V1/V2 and
V3 loops masks conserved gp120 epitopes, a process that is
particularly efficient in the context of the oligomeric envelope
glycoprotein complex (85, 86). The studies reported here indi-
cate that the presumably flexible structures related to the vari-
able loops and gp41-interactive region can be removed from
the HIV-1 gp120 glycoprotein, leaving a conserved core that
retains the CD4bs and overlapping epitopes for the more
broadly neutralizing antibodies. These gp120 core domains
may be useful in defining the structural details of these impor-
tant gpl120 epitopes and in directing immune responses to-
wards them.
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