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The envelope (Env) glycoproteins of human and simian immunodeficiency viruses (HIV and SIV) form
noncovalently associated oligomers which mediate virus binding to the cell surface and fusion between the viral
envelope and plasma membrane. A high-affinity interaction with CD4 is a critical step in this process. In this
report, we show that Env protein dimers, but not monomers, can bind two CD4 molecules simultaneously.
Multimeric CD4 binding may have important implications for Env protein-CD4 avidity, CD4-induced release
of gpl20, and subunit-subunit cooperativity during virus membrane fusion as well as for therapeutic strategies.

The oligomeric envelope (Env) glycoprotein of human
immunodeficiency virus type 1 (HIV-1) mediates binding of
the virus to the cell surface as well as fusion between the
viral envelope and plasma membrane (20). The postbinding
events which lead to membrane fusion are poorly under-
stood but presumably include a conformational change in the
Env protein which exposes the hydrophobic amino terminus
of gp4l, which has been implicated as playing a critical role
in the fusion reaction (5, 12, 17, 19). The possibility that CD4
binding triggers this conformational change has been inves-
tigated by a number of groups. Indeed, the binding of CD4 to
Env has been found to induce shedding of gp120 in some
viral strains as well as to cause other structural alterations
(2, 4, 13, 15, 22-24, 32). However, it has been questioned
whether a single CD4 binding event is sufficient to cause
fusion. Moore and coworkers have suggested that CD4-
induced dissociation of gpl20 occurs only when both Env
subunits in a dimer bind CD4 and that multimeric binding
may be a component in the virus-cell fusion reaction (23).
Layne et al. found positive synergy in blocking infection of
HIV-1 with soluble CD4 and speculated that while a single
gpl2O-CD4 binding event may be sufficient for initiating
virus binding to the cell surface, adsorption and membrane
fusion may require multiple gpl20-CD4 interactions (18). To
explore the feasibility of these proposals, we have extended
our work on Env protein oligomerization to examine
whether Env protein oligomers exhibit multimeric CD4
binding.
To determine whether env protein oligomers exhibit mul-

timeric CD4 binding, we developed a coprecipitation assay
(Fig. 1). CD4 contains a -370-amino-acid ectodomain com-
posed of four immunoglobulinlike regions. Mutational stud-
ies as well as studies with truncated derivatives of CD4 have
shown that the first N-terminal domain is critical for binding
gpl20 (30, 35). As a result, truncated forms of CD4 which
lack the transmembrane domain but contain at least the first
immunoglobulinlike domain are secreted from cells and can
bind gpl20 with high affinity. Two such molecules which
have been expressed from recombinant vaccinia viruses are
termed sCD4-177 and sCD4-372 (3, 21). The former contains
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the first two immunoglobulinlike domains (177 residues),
while the latter contains all four (372 residues). While both
forms of sCD4 bind gpl20 with high affinity, they are
antigenically distinct. A commercially available antibody,
OKT4, recognizes sCD4-372 but not sCD4-177, while a
second antibody, OKT4A, recognizes both.
We reasoned that if equimolar amounts of sCD4-177 and

sCD4-372 were incubated with monomeric gpl20, OKT4
would immunoprecipitate sCD4-372 and the Env protein to
which it is bound. Neither free nor Env-bound sCD4-177
should be immunoprecipitated under these conditions. How-
ever, if oligomeric forms of Env protein were used, then
coprecipitation of sCD4-177 by OKT4 may ensue if Env
protein dimers and higher-order forms are capable of binding
two or more CD4 molecules (Fig. 1). If so, then a significant
proportion of Env protein dimers (up to 50%) would be
expected to bind one sCD4-372 and one sCD4-177 molecule,
assuming that equimolar amounts of each are used. Only if
multimeric binding occurs will OKT4 be able to immunopre-
cipitate sCD4-177.
To produce HIV-1 Env protein, we infected cells with a

recombinant vaccinia virus which expresses the full-length
Env protein from the BH8 isolate (26). However, because
CD4 binding can induce dissociation of gpl20 from gp4l (4,
13, 15, 24), we used a modified form of the Env protein
which is not cleaved into gp120 and gp4l subunits (10). This
protein, expressed by recombinant virus vPE12, folds, as-
sembles, binds CD4, and is transported normally (11). Ap-
proximately 16 h postinfection (p.i.), cells expressing Env
were washed twice with phosphate-buffered saline (PBS),
after which media containing different ratios of metabolically
labeled sCD4-177 and sCD4-372 were added. The amount of
sCD4 added was well in excess of the amount needed to
saturate cell surface Env protein. After binding was allowed
to proceed for 3 h at 37°C, the cells were washed twice with
PBS and lysed with Triton X-100, and aliquots were immu-
noprecipitated with OKT4 or anti-Env antibody. As seen in
Fig. 2A, the anti-Env antibody coprecipitated both forms of
sCD4 from cells expressing Env (lanes 1 to 3) but not from
cells infected with a control virus (lane 13), confirming that
both sCD4 molecules bind to HIV-1 Env. Furthermore, the
relative amounts of sCD4-372 and sCD4-177 coprecipitated
by anti-Env (determined by scanning densitometry) accu-
rately reflected the ratios added to the media. Thus, when
equivalent amounts of sCD4-372 and sCD4-177 were added
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FIG. 1. Immunoprecipitation assay to detect multimeric CD4

binding. An uncleaved Env molecule is depicted in dimeric form
spanning a membrane. One molecule each of sCD4-372 and sCD4-
177, which contain four and two of the immunoglobulin G-like
domains, respectively, are shown bound to the external gpl20
portions of the env dimer. The OKT4 monoclonal antibody is shown
bound to the fourth immunoglobulin G-like domain of sCD4-372.
Only if a multimeric complex such as this is formed will OKT4
coprecipitate sCD4-177.

to the media, equivalent amounts bound to cell surface Env.
These results suggest that the affinities of sCD4-177 and
sCD4-372 for Env are approximately equal.
To determine whether the Env protein exhibited multi-

meric CD4 binding, aliquots of the cell lysates were immu-
noprecipitated with OKT4, which recognizes sCD4-372 but
not sCD4-177. When cells were incubated with sCD4-372
alone, the amount of sCD4-372 immunoprecipitated by
OKT4 (Fig. 2A, lane 8) was identical to the amount copre-
cipitated by anti-Env (lane 11), showing that only Env-bound
sCD4 remained cell associated after washing and that little
dissociation of sCD4 from Env occurred during immunopre-
cipitation. As predicted, OKT4 was unable to coprecipitate
sCD4-177 from lysates of cells which had been incubated
with sCD4-177 alone (lane 7). However, when cells were
incubated with both sCD4-372 and sCD4-177, OKT4 immu-
noprecipitated both molecules, demonstrating that Env pro-
tein is capable of binding multiple CD4 molecules (lanes 4 to
6). Since most cell surface Env is present in dimeric form (9)
and the affinities of sCD4-177 and sCD4-372 for Env are
similar, we could predict the amount of sCD4-177 which
should be coprecipitated by OKT4 at each of the three sCD4
ratios used. We found that approximately two-thirds of the
expected amount of sCD4-177 was recovered by OKT4
immunoprecipitation. We feel that the most likely explana-
tion for this reduced recovery is dissociation of some of the
Env dimers during the immunoprecipitation procedure,
though other possibilities such as steric hindrance following
a single binding event may also play a role.
We and others have shown that the Env proteins of HIV-2

and simian immunodeficiency virus (SIV) are also oligomeric
(7, 8, 27, 28). Furthermore, they share a structurally and
functionally conserved assembly domain with the HIV-1
Env protein (8). We infected cells with a recombinant
vaccinia virus which expresses the SIV Env protein (16) to
determine whether it too exhibits multimeric CD4 binding.
As shown in Fig. 2B, the results obtained with SIV Env were
essentially identical to those obtained with HIV-1 Env.
Thus, it too exhibits multimeric CD4 binding. While we have
not tested the ability of the HIV-2 Env protein to bind

Ab: anti-env OKT4 anti-env
sCD4-372 4 1 1 4 1 1 0 4 0 0 4 0 1
sCD4-177 1 1 4 1 1 4 4 0 0 4 0 0 1

sCD4-372- *_ * _ *

sCD4-177- *

1 2 3 4 5 6 7 8 9 10 11 12 13

B
Ab: anti-SIV OKT4 anti-SIV

sCD4-372 4 1 1 4 1 1 0 4 0 0 4 0
sCD4-177 1 1 4 1 1 4 4 0 0 4 0 0

sCD4-372- _ _ __ _ _

sCD4-177- _ t

FIG. 2. Multimeric CD4 binding exhibited by cell surface HIV-1
and SIV Env proteins. To prepare radiolabeled sCD4, BSC1 cells
were coinfected with vTF7-3 and either vEB4 (which expresses
sCD4-177) or vTMEB10 (which expresses sCD4-372) at a multiplic-
ity of 10 PFU per cell. Both vEB4 and vTMEB10 were made by
standard procedures, using thymide kinase selection from plasmids
(pCD4f and pCD4LTM1, respectively) made by E. A. Berger (3, 21).
Cells were labeled with either [35S]methionine (vTMEB10) or
[35S]cysteine (vEB4). Labeling conditions were adjusted empirically
so as to obtain similar specific activities for both sCD4-372 and
sCD4-177. At 24 h p.i., the media were harvested and concentrated
twofold by centrifugation in Centricon 10 microconcentrators. An-
isomycin was then added to a final concentration of 5 ,ug/ml to
prevent labeling of Env during subsequent incubation of sCD4 with
Env-infected cells. To prepare Env-infected cells, BSC1 cells were
infected with either vPE12, which expresses a noncleavable form of
HIV-1 Env (A), or WR194, which expresses SIV Env (B), using a
multiplicity of 5 PFU per cell. These cells were not metabolically
labeled so that rigorous washes during immunoprecipitation, which
could disrupt Env-CD4 interactions, would not have to be per-
formed. At 16 h p.i., the cells were washed with PBS and incubated
at 37°C for 3 h with sCD4-177 and sCD4-372 in various concentra-
tions. The relative amounts of sCD4-177 and sCD4-372 are shown.
Cells were then washed twice with PBS to remove unbound sCD4
and lysed with Triton X-100. Each lysate was divided into two
aliquots and immunoprecipitated with either OKT4 (lanes 4 to 9) or
anti-Env antibody (Ab) (lanes 1 to 3 and 10 to 13), as indicated.

multiple CD4 molecules, we note that it is highly homolo-
gous to the SIV Env protein and thus is likely to do so.
To further test the ability of oligomeric Env protein to bind

multiple CD4 molecules, we isolated monomeric and dimeric
Env protein from sucrose velocity gradients. Cells express-
ing gpl60 were lysed and subjected to velocity gradient
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FIG. 3. Isolatiort of monomeric and dimeric Env by sucrose gradient centrifugation. BSC1 cells were infected with either vPE12
(expressing gp160) or vPE8 (expressing gp120) at a multiplicity of 30 PFU per cell. Cells were labeled overnight with [35S]methionine. The
cells infected with vPE12 were lysed in Triton X-100 to obtain gpl60, while gp120 was obtained from the medium of cells infected with vPE8.
These Env proteins were subjected to velocity gradient sedimentation on 5 to 20% sucrose gradients at 4°C for 20 h at 40,000 rpm in an SW40
rotor. Fractions from the gradients were immunoprecipitated with anti-Env antibody and analyzed on SDS-10% polyacrylamide gels.
Fractions containing dimeric or monomeric Env are indicated. Parallel gradients with unlabeled Env were also run to obtain material for the
sCD4 binding experiment shown in Fig. 4. The positions of monomeric and dimeric Env protein in these gradients were confirmed by Western
immunoblotting.

sedimentation under conditions which resolve the mono-
meric and dimeric species (Fig. 3) (9, 11). Since the vast
majority of the Env protein assembles into dimers and
higher-order structures, adequate amounts of monomeric
protein were not obtained. Thus, we took the media from
cells infected with vPE8, a recombinant vaccinia virus which
expresses gpl20 alone (10). The gp120 is secreted into the
media in largely (approximately 90%) monomeric form (Fig.
3). Fractions containing dimeric gpl60 were pooled, as were
fractions containing monomeric gpl20. Aliquots containing

OKT4
anti-env
sCD4-372
sCD4-177

Monomer ie
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+ -
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sCD4-372- U* *

sCD4-1 77-

FIG. 4. Binding of sCD4 to purified monomeric and dimeric Env
protein. BSC1 cells were infected with either vPE12 (noncleavable
gpl60) or vPE16 (cleavable gpl60) at a multiplicity of 30 PFU per
cell. For cells infected with vPE16, the virus inoculum was removed
after 1 h and cells were overlayed with Optimem (GIBCO). At 24 h
p.i., the medium (containing shed gpl20) was harvested and con-
centrated in a Centricon 10 microconcentrator. Cells infected with
vPE12 were lysed with Triton X-100 at 24 h p.i. Env protein was

purified as described for Fig. 3. Fractions containing monomeric
gpl20 or dimeric gpl60 were pooled. Equivalent amounts of mono-
meric or dimeric Env were incubated with excess metabolically
labeled sCD4-372 and/or sCD4-177, as indicated, for 3 h at 37°C.
Complexes were then immunoprecipitated with either OKT4 or

anti-Env and analyzed on SDS-10% polyacrylamide gels.

approximately equivalent amounts of Env protein were then
incubated for 3 h at 37°C with excess sCD4-177 and sCD4-
372. The samples were then divided into two portions and
immunoprecipitated with either anti-Env or OKT4 (Fig. 4).
When monomeric or dimeric Env protein was immunopre-
cipitated with anti-Env, both sCD4-372 and sCD4-177 were
coprecipitated. When OKT4 was used, both Env-bound and
excess unbound sCD4-372 were precipitated regardless of
whether monomeric or dimeric form of Env was used.
However, sCD4-177 was coprecipitated only when dimeric
Env protein was present. The amount of sCD4-177 copre-
cipitated by OKT4 was similar to the amount precipitated
with anti-Env. sCD4-177 was not coprecipitated by OKT4
when incubated with monomeric Env and sCD4-372. Thus,
monomeric Env protein binds only one CD4 molecule, while
dimeric Env protein binds two. Because sCD4-372 was
present in excess over Env, much larger amounts were
precipitated with OKT4 than with anti-Env. This was not the
case in the cell surface binding experiments (Fig. 2) in which
sCD4 not bound to Env was removed prior to immunopre-
cipitation.
Evidence for binding of two CD4 molecules also was

obtained when secreted forms of oligomeric Env protein
were used. The transmembrane and cytoplasmic domains of
gp4l were eliminated by inserting a stop codon immediately
before the transmembrane coding region. As a result, the
ectodomain fragment, termed gp140, is secreted from cells
(lOa). Monomeric, dimeric, and tetrameric forms of gpl40
were isolated by velocity gradient centrifugation. To detect
multimeric binding, protein A-coated Sepharose beads were
incubated with OKT4, washed, and incubated with metabol-
ically labeled sCD4-372. Unbound sCD4 was removed by
washing, after which monomeric, dimeric, or tetrameric Env
protein was added. Unbound Env was removed, after which
the immune complexes were incubated with metabolically
labeled sCD4-177. After washing, the samples were analyzed
by sodium dodecyl sulfate (SDS)-polyacrylamide gel electro-
phoresis (Fig. 5). Once again, sCD4-177 was coprecipitated
by OKT4 only in the presence of oligomeric Env protein,
confirming that Env protein dimers and tetramers display
multimeric CD4 binding.
Most viral membrane proteins studied to date are oligo-

meric (14, 29). The Env proteins of HIV-1, HIV-2, and SIV
form noncovalently associated dimers shortly after synthesis
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FIG. 5. Binding of sCD4 to secreted monomeric and oligomeric
Env protein. Protein A-Sepharose beads (coated with rabbit anti-
mouse antibody) were incubated with OKT4 antibody for 1 h,
washed twice with Triton buffer (100 mM Tris-HCl [pH 8.0], 100
mM NaCl, 0.5% Triton X-100), then incubated with metabolically
labeled sCD4-372 for 1 h, and washed twice with Triton buffer to
remove unbound sCD4. Env protein was prepared from BSC1 cells
infected with vPE12B, a recombinant vaccinia virus which produces
a soluble secreted form of Env composed of the entire ectodomain
and oligomerizes like the wild-type Env protein (lOa). The immune
complexes were then incubated for 45 min with different Env
gradient fractions or Env that was not gradient purified, as indi-
cated. After two washes with Triton buffer, metabolically labeled
sCD4-177 was added and incubation continued for 45 min. Beads
were then washed four times with Triton buffer and analyzed on
SDS-10% polyacrylamide gels. Approximately one-half of the
amount of sCD4-372 and sCD4-177 that was used for these reactions
was immunoprecipitated with either OKT4 or OKT4A as a marker.

(7-9, 11, 27, 28). Assembly into higher-order forms, most
likely a tetrameric structure composed of two dimers, is also
likely to occur (9, 25, 33, 34, 36). Env protein oligomeriza-
tion has several structural and functional implications. As
with other oligomeric proteins (14, 29), mutations which
prevent subunit folding and assembly are likely to prevent
Env protein transport from the endoplasmic reticulum to the
cell surface (37). Antigenic epitopes contingent upon the
molecule's quatemary structure might also exist, as has been
found for several other viral proteins (1, 31). An additional
and obvious functional consequence of the env protein's
oligomeric structure is that it has the potential to bind
multiple CD4 molecules. Our results show that Env protein
dimers, the predominant oligomeric form of the Env protein
when expressed by recombinant vaccinia viruses, bind more
than one CD4 molecule. Since monomeric Env protein binds
one CD4 molecule, the dimer presumably binds two. This
finding supports the hypotheses of Moore et al. (23, 24) and
Layne et al. (18), who have proposed that multimeric CD4
binding by Env protein oligomers is required for gpl20
dissociation as well as for viral adsorption and penetration.
Thus, the conformational change undergone by the Env
protein oligomer, which leads to membrane fusion, may be a

cooperative event. We note that another viral membrane
fusion protein, the influenza virus hemagglutinin trimer, also
undergoes a highly cooperative conformational change (6).
While we have shown that Env protein dimers can bind

two CD4 molecules, we do not yet know whether allosteric
mechanisms are involved. A recent study found significant
reductions in the binding of sCD4 to intact virions (which
contain oligomeric Env protein) of five primary isolates in
comparison with the binding seen with soluble (monomeric)

gp120 isolated from the same viruses (22). It was suggested
that the reduced binding was a consequence of the tertiary or
quaternary structure of the Env protein on intact virions
(22). If CD4 binding by individual gp120 subunits is in some
way negatively modulated by the protein's oligomeric struc-
ture, then the intact virus may be rendered more resistant to
neutralization by sCD4 and sCD4-immunoglobulin G chime-
ras (22). We are currently attempting to obtain quantities of
secreted monomeric and dimeric forms of Env protein
sufficient to allow us to determine their affinities for CD4.
Such studies should further clarify the functional signifi-
cance and clinical implications of Env protein oligomeriza-
tion.
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