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The envelope glycoprotein (Env) of HIV-1 is displayed on the
surface of the virion or infected cell as an oligomer of multiple
gp120/gp41 complexes. We sought to unravel the relationships
between this oligomeric structure and the requirements for se-
quential interactions with CD4 and coreceptor (CCR5 or CXCR4). We
used a quantitative cell fusion assay to examine the effects of
coexpressing pairs of Envs, each nonfunctional because of a spe-
cific defect in one of the essential properties. We observed efficient
fusion activity upon coexpression of two Env variants, one con-
taining a gp41 subunit with a mutated fusion peptide and the other
containing a gp120 subunit with a mutated CD4 binding site or a
mismatched coreceptor specificity. We also observed fusion upon
coexpression of two Env variants with distinct gp120 defects, i.e.,
a CD4 binding site mutation and the incorrect coreceptor specificity
determinants. Coimmunoprecipitation experiments verified the
efficient formation of mixed oligomers, suggesting that the ob-
served fusion reflected subunit complementation within the oli-
gomeric complex. These results support a model in which cooper-
ative subunit interactions within the Env oligomer result in
concerted conformational changes upon receptor binding, result-
ing in activation for fusion. The implications of these findings for
Env function and virus neutralization are discussed.

he envelope glycoprotein (Env) of HIV-1 mediates virus

entry into target cells by catalyzing a complex series of
receptor-binding events and associated conformational changes
that result ultimately in fusion between the membranes of the
virion and target cell. The biochemical outline of the fusion
reaction has been established (reviewed in refs. 1-4). The
external gp120 subunit must bind to two distinct receptors on the
target cell: CD4 (the “primary receptor”) and a specific che-
mokine receptor (the coreceptor, usually CCR5 or CXCR4).
These receptor interactions trigger the transmembrane gp4l
subunit to promote fusion via a process that is presumed to
involve insertion of its N-terminal fusion peptide into the
membrane of the target cell. A specific sequence of receptor
interactions is required to activate the fusion reaction, as re-
vealed by binding analyses with soluble gp120 (5-7), fusion and
infectivity experiments with soluble CD4 (8, 9), high-resolution
x-ray crystallographic structural determinations (10), and site-
directed mutagenesis studies (11). In the favored model, CD4
binding exposes, creates, or stabilizes the coreceptor binding
determinants on gpl20; interaction with coreceptor triggers
additional conformational changes, leading to gp41 activation
and consequent fusion.

Env is first synthesized as a high molecular weight precursor
designated gp160. The protein forms a homo-oligomer in the
endoplasmic reticulum and is transported to the Golgi apparatus
where processing by a host cell protease(s) occurs; the functional
Env on the surface of both the infected cell and the virion is a
homo-oligomer of multiple gp120/gp41 noncovalent complexes.
Compelling structural data has defined a gp41 trimeric coiled
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coil that is believed to represent the receptor-activated postfu-
sion form of the transmembrane subunit; the prefusion form of
Env is less clearly defined, with evidence put forth not only for
trimers but also for dimers and tetramers (see citations in refs.
1, 3, 4, and 12).

Although the sequential nature of the receptor binding events
is well established, little is known about the relationships be-
tween the dual receptor requirement and the oligomeric struc-
ture of Env. Thus, it is unclear whether every gpl120 subunit
within an oligomer must interact with both CD4 and coreceptor
to activate gp41, or whether a single gp120 bound to CD4 can
transmit its activated state in trans to other members of the
oligomer; similarly, it is not known whether all gp41 subunits
must actively participate for fusion to occur. A related question
is whether the individual gp120/gp41 complexes undergo recep-
tor-induced conformational changes independently or cooper-
atively within the Env oligomer.

We have applied a genetic approach to study these questions.
We examined a series of Env variants with defects at specific
functional sites in gp120 or gp41 that render the glycoproteins
incompetent for fusion with a target cell bearing CD4 and a
particular coreceptor. Different combinations of Env variants
were coexpressed and tested for complementation in a quanti-
tative gain-of-function cell fusion assay. Our results reveal
intriguing higher ordered intricacies of subunit interactions
within the HIV-1 Env oligomer that enable functional escape
from otherwise debilitating molecular defects.

Materials and Methods

Expression and Function of Envs and Receptors. HIV-1 Envs and
their receptors were produced by using vaccinia virus expression
technology, and Env function was quantified with a cell fusion
assay based on spectrophotometric quantitation of B-galactosi-
dase production, as described (13). Citations for previously
reported plasmid constructs, vaccinia recombinants, and cell
lines are given in refs. 8 and 13. Each vaccinia virus was used at
a multiplicity of infection of 10.

For the cell fusion assay, target cells were prepared by
coinfecting NIH 3T3 cells with vaccinia recombinant vCB21R-
LacZ containing the lacZ reporter gene linked to the T7
promotor, plus vaccinia recombinants encoding CD4 (vCB-3)
and the designated coreceptor [CCR5, vwCCR5-1107 (14);
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CXCR4, vCBYF1-fusin] linked to vaccinia early/late promoters.
Effector cells were prepared by transfecting HeLa cells with
plasmids containing the Env genes linked to a vaccinia early/late
promoter and infecting with vaccinia recombinant vP11T7genel
encoding bacteriophage T7 RNA polymerase. Transfection was
performed with N-[1-(2,3-dioleoyloxy)propyl]-N, N, N-trimethyl-
ammonium methylsulfate (Boehringer Mannheim); the total
amount of DNA was held constant at 5 ug DNA per 25 cm? flask,
in single transfection or cotransfection experiments. Previously
described plasmids were used to express wild-type Envs SF162
(plasmid pCB-32) and LAV (plasmid pCB-41). As a negative
control, an uncleaveable mutant form of IIIB Env (Unc) was
used (plasmid pCB-16). The desired site-directed mutations
were introduced into the plasmids encoding wild-type Envs
(QuikChange kit, Stratagene): CD4 binding site mutants
SF162-BS (plasmid pKS-1) and LAV-BS (plasmid pKS-3); fu-
sion peptide mutants SF162-FP (plasmid pKS-2) and LAV-FP
(plasmid pKS-4). The SF162-FP mutant was further modified
(ExSite mutagenesis system, Stratagene) to add an 8-aa epitope
tag (FLAG, Sigma) to the C terminus of Env, via a 3-aa linker
(15); the resulting protein is designated SF162-FP* (plasmid
pKS-5). The SF162-BS and SF162-FP mutants were further
modified (QuikChange) to introduce a UAG stop codon in place
of the Gln at position 701, resulting in deletion of 147 aa from
the cytoplasmic tails; the corresponding proteins are designated
SF162-BSA (plasmid pKS-6) and SF162-FPA (plasmid pKS-7).
All mutations were verified by sequencing the altered regions,
and phenotypes were confirmed for two independently derived
plasmid clones.

Coimmunoprecipitation. Portions of the Env-expressing HelLa
effector cells prepared for a parallel cell fusion assay were
washed once with PBS and lysed by incubation for 10 min on ice
in the same buffer containing 1% Nonidet P-40. The lysates were
centrifuged for 10 min in a microcentrifuge to remove insoluble
cell debris, and the clarified lysates were evenly divided among
separate tubes. Proteins were immunoprecipitated by first incu-
bating with 1 ug of the appropriate mAb for 1 h on ice. Each
lysate was immunoprecipitated separately with the broadly cross-
reactive T8 anti-gp120 murine mAb (16), and either the anti-
FLAG epitope M2 murine mAb (Sigma) or the D47 anti-gp120
V3 loop murine mAb that is specific for T cell line-adapted Env
(16). As a control for formation of mixed Env complexes after
cell lysis, lysates from cells independently transfected with two
different constructs were mixed 1:1 before immunoprecipitation.
The resulting immune complexes were precipitated by incubat-
ing with 10 pl of a 50% slurry of immobilized protein A/G
(Pierce) for 2 h at room temperature followed by centrifugation
in a microcentrifuge. The resulting pellets were washed three
times with lysis buffer before protein separation by SDS/PAGE
(4-20% acrylamide gradient gel) and transfer to nitrocellulose.
Protein blots were blocked with 10% milk and probed with 1
wng/ml T8 mADb followed by horseradish peroxidase-conjugated
sheep anti-mouse IgG secondary antibody (Boehringer Mann-
heim) and then detected by chemiluminescence (SuperSignal,
Pierce).

Results

Design of Env Variants. Our experimental approach was to test
whether Envs defective in specific functions could complement
one another when present within the same oligomer. We used
site-directed mutagenesis to produce the desired Env variants in
two different strains: SF162, a prototypic CCRS5-specific (RS)
macrophage-tropic primary strain, and LAV, a prototypic
CXCR4-specific (X4) T cell line-adapted strain. The relevant
functional regions are shown schematically in Fig. 1. The Env
mutants in the CD4 binding site, designated SF162-BS and
LAV-BS, each contain a point mutation equivalent to the Asp to
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Fig. 1. Schematic of HIV-1 Env and variants. The locations of relevant

functional domains are shown at the top; genetic modifications are indicated
at the bottom, including CD4 binding site mutation (BS), fusion peptide
mutation (FP), cytoplasmic tail deletion (A), and C-terminal FLAG epitope
tag ().

Arg substitution originally described at residue 368 of gp120
from the HXBc2 clone (17, 18). This mutation was chosen
because the previous studies indicated that it completely abro-
gates CD4 binding, fusion, and infectivity without affecting the
normal transport and processing of the glycoprotein; moreover,
x-ray crystallographic analysis has revealed the Asp residue
makes a critical contact with CD4 (10). The fusion peptide
mutants, designated SF162-FP and LAV-FP, contain a Leu to
Arg substitution at residue 26 within the gp41 fusion peptide.
This mutation was chosen because it was previously shown to
completely abrogate fusion when expressed alone (19), without
imparting a dominant negative effect when coexpressed with
wild-type glycoprotein (20); the previous studies verified mini-
mal effect of this mutation on glycoprotein maturation and
transport. As a third Env variant, we used wild-type Envs that
were mismatched for the coreceptor used in a specific experi-
ment. With this set of variants, we could test for complemen-
tation of Envs defective in distinct sites required for three critical
functions: CD4 binding, coreceptor interaction, and fusion pep-
tide insertion.

Complementation Between Env Variants. To test the ability of
fusion-inactive Env variants to functionally complement one
another within an oligomeric complex, a gain-of-function cell
fusion assay was used (13); this assay closely models the HIV-1
Env-mediated fusion reaction involved in virus entry and infec-
tion. Vaccinia virus expression technology was used to express
the Env variants on the surface of effector cells (HeLa) and the
appropriate receptors on the surface of target cells (NIH 3T3).
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LAV (wt)

SF162-FP

SF162-BS

SF162-FP + SF162-BS
SF162-FP + LAV (wt)
SF162-BS + LAV (wt)
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Fig.2. Complementation between Env variants for CCR5-dependent fusion.
Effector cells expressing the indicated Envs (alone or in combination) were
mixed with target cells expressing CD4 and either CCR5 (filled bars) or no
coreceptor (open bars). Cell fusion was quantitated by measurement of
B-galactosidase activity (B-gal) after 2.5 h. Error bars indicate the standard
errors of the mean of duplicate samples. wt, Wild type.
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Fig.3. Effect of DNA transfection ratio on complementation efficiency. The
Env DNA transfection ratios were varied, keeping total amount of DNA at 5
1ng. Ratios are shown for SF162-FP:SF162-BS (closed symbols) and SF162-FP:LAV
(open symbols). Target cells expressed CD4 and either CCR5 (squares) or no
coreceptor (circles). Error bars indicate the standard errors of the mean of
duplicate samples.

B-galactosidase produced in response to cell fusion was quanti-
tated spectrophotometrically.

Fig. 2 shows an experiment with target cells expressing CD4
and CCRS; as background controls, parallel assays were per-
formed with target cells lacking coreceptor. Initial experiments
assessed the fusion activity for each Env variant expressed alone.
As expected, wild-type SF162 Env (RY5) yielded robust fusion in
this assay. By contrast, no fusion was observed for: the gp41
mutant of SF162 with a defective fusion peptide (SF162-FP), the
gp120 mutant of SF162 incapable of binding to CD4 (SF162-BS),
or LAV wild type incapable of interacting with CCRS. Also, no
fusion activity was observed with the uncleaveable Unc Env
control. Interestingly, fusion activity was obtained by coexpress-
ing Env containing the defective fusion peptide with either of the
Envs containing nonfunctional gp120 subunits. Thus, coexpres-
sion of SF162-FP with SF162-BS gave a significant fusion signal,
as did coexpression of SF162-FP with LAV wild type; however,
neither SF162 mutant gave a fusion signal when coexpressed
with Unc. Typically the fusion levels observed with these com-
plementing Env variants ranged from 25% to 35% of the levels
obtained with wild-type SF162. The simplest interpretation is
that CD4 and coreceptor binding to the fully functional gp120
subunit on SF162-FP in some way activated the functional gp41
subunit(s) on another member of the oligomer that was associ-
ated with a nonfunctional gp120. In contrast to these positive
complementation results, Fig. 2 also shows that fusion did not
occur upon coexpression of the two Env variants defective in
different aspects of receptor interaction, i.e., SF162-BS and LAV
wild type, despite the fact that all gp41 subunits were functional.

Effect of DNA Transfection Ratio on Complementation Efficiency. In
the experiments presented above, we cotransfected equal
amounts of plasmid DNA encoding each Env variant (2.5 pg
each, 5 ug total). To determine whether this 1:1 ratio of
transfected plasmids was optimal for complementation, we
examined the effects of varying the plasmid DNA ratios (keeping
the total amount of DNA constant at 5 ug). The results shown
in Fig. 3 indicate that fusion was optimal within a DNA
transfection ratio range between 1:2 and 2:1. This result supports
the suitability of using 1:1 transfection ratios in the complemen-
tation studies. At present, we do not know the significance of the
minor differences within this range, particularly because the
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Fig. 4. Mixed oligomer formation detected by coimmunoprecipitation of
Env variants. Effector cells prepared as in Fig. 2 were lysed in 1% Nonidet P-40,
and the lysates were divided into two tubes. HIV-1 Env was immunoprecipi-
tated as designated on the left with either the broadly cross-reactive T8
anti-gp120 mADb, the anti-FLAG epitope tag mADb, or the D47 anti-gp120 mAb
that specifically recognizes the V3 loop of LAV Env but not SF162. As a control
(mixed lysates), lysates from cells separately transfected with either SF162-BSA
or SF162-FP* alone were mixed before immunoprecipitation. Immunoprecipi-
tates were analyzed by SDS/PAGE and immunoblotting with the broadly
cross-reactive T8 anti-gp120 mAb, as described in Materials and Methods.
Another control involved treatment under the identical transfection condi-
tions without DNA (Mock). The symbols A and * indicate truncated and
FLAG-tagged Envs, respectively. The positions of full-length gp160 (gp160)
and truncated gp160 (gp1604) are indicated on the right.

amounts of transfected DNA might not correspond precisely to
the amounts of the corresponding expressed proteins.

Verification of Mixed Oligomer Formation. To obtain direct bio-
chemical evidence for mixed oligomer formation in cotrans-
fected cells, we performed coimmunoprecipitation analyses (Fig.
4). Proteins specifically immunoprecipitated from detergent
lysates were analyzed by Western blotting, staining with the T8
anti-gp120 mAb (16) which recognizes a conserved epitope
present in each Env variant used in this study. For simplicity of
detection we analyzed the uncleaved gp160 molecules, which
oligomerize in the endoplasmic reticulum during transit to the
cell surface (12, 21); a fraction of the molecules escape prote-
olysis in the Golgi apparatus and thus remain uncleaved. To
distinguish the individual Env variants in the immunoprecipita-
tion reactions, we introduced biochemical markers into the
cytoplasmic regions: addition of the FLAG epitope tag (*) at the
C terminus of one variant to enable specific immunoprecipita-
tion, and deletion of the entire cytoplasmic region (A) of the
other variant to enable its identification by gel mobility. Each of
these modifications has been shown to have negligible effect on
the fusogenicity of T cell line-adapted Envs (15, 22). In exper-
iments not shown, we verified that the fusion and complemen-
tation activities of the FLAG-tagged and truncated variants
closely paralleled the results presented above (Fig. 2) with Envs
containing unmodified cytoplasmic regions. As an alternate
means of specific immunoprecipitation, an anti-V3 loop mAb
(D47) that binds specifically to LAV Env and not to SF162 Env
was used to test for coimmunoprecipition of truncated SF162
variants.

Salzwedel and Berger
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Fig. 5. Complementation between Env variants for CXCR4-dependent fu-
sion. Effector cells expressing the indicated Envs (alone or in combination)
were mixed with target cells expressing CD4 and either CXCR4 (filled bars) or
no coreceptor (open bars). Cell fusion was quantitated by measurement of
B-galactosidase activity (B-gal) after 2.5 h. Error bars indicate the standard
errors of the mean of duplicate samples. wt, Wild type.

Fig. 44 shows the results for coexpression of the truncated
SF162-BSA and FLAG-tagged SF162-FP*. The upper panel
shows the control direct immunoprecipitations with the T8 mAb,
to verify the presence of the Env molecules in the lysates from
each transfection. The uncleaved Unc mutant was used as a
standard to define the position of gp160. Bands at this position
were observed for the wild-type SF162 and FLAG-tagged
SF162-FP* transfections; the truncated variants SF162-BSA and
SF162-FPA gave faster migrating bands, consistent with the
absence of the cytoplasmic regions. In cells transfected with both
SF162-BSA and SF162-FP*, both bands were observed. The
lower panel in Fig. 44 shows the proteins immunoprecipitated
with the anti-FLAG mAb. With the lysates from cells transfected
with SF162-FP*, a band at the position of gp160 was observed,
consistent with direct immunoprecipitation of this FLAG-tagged
protein; specificity of the anti-FLAG mAb was confirmed by the
absence of bands with each of the Env variants lacking the
epitope tag (Unc, wild-type SF162, SF162-BSA, and SF162-
FPA). By contrast, with cells cotransfected with SF162-FP* and
SF162-BSA, bands corresponding to both proteins were ob-
served, indicating coimmunoprecipitation. To rule out the pos-
sibility that this result was a consequence of mixed oligomer
formation after cell lysis, a control immunoprecipitation was
performed with a mixture of lysates from cells transfected
individually with each variant; only the directly immunoprecipi-
tated SF162-FP* variant was observed.

Fig. 4B shows a similar analysis with other pairs of cotrans-
fected Env variants. In this case, the D47 mAbD specific for the
V3 loop of LAV was used for specific immunoprecipitation. The
lower panel verifies the formation of mixed oligomers upon
cotransfection of wild-type LAV with either SF162-BSA or
SF162-FPA. The result with the former Env variant shows that
the lack of complementation discussed above with SF162-BS and
wild-type LAV (Fig. 2) was not due simply to the failure of these
variants to form mixed oligomers.

Extension of Complementation Analyses to Other Combinations of Env
Variants and Coreceptors. We wanted to determine whether the
complementation activity observed for mutants of the SF162
isolate (RS5) fusing with CCRS-expressing targets could be
extended to other HIV-1 strains with different coreceptor usage
profiles. Therefore, we performed the converse series of exper-
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iments, attempting to complement mutations in the LAV strain
(X4), using target cells expressing CD4 and CXCR4 (Fig. 5). The
expected results were obtained with individual Env variants
expressed separately; thus, wild-type LAV Env gave a robust
fusion signal, whereas no fusion was detected with either of the
two LAV Env mutants LAV-FP (defective fusion peptide) or
LAV-BS (defective CD4 binding site), or with wild-type SF162
(incapable of CXCR4 interaction). However, coexpression of
LAV-FP with either LAV-BS or wild-type SF162 resulted in
complementation of fusion activity. In multiple experiments, the
fusion signals obtained with these complementing pairs of Env
variants were consistently similar to those obtained with wild-
type LAV alone. In contrast with the results shown in Fig. 2,
complementation also occurred between the Env variants de-
fective in CD4 binding and coreceptor interaction; thus, a
significant (albeit lower) fusion signal was observed upon coex-
pression of LAV-BS and wild-type SF162.

We also observed complementation with Env from the dual-
tropic (R5X4) 89.6 strain (data not shown); the 89.6-BS mutant
complemented the 89.6-FP mutant, on target cells expressing
CD4 plus either CCRS or CXCR4 (data not shown). Thus,
complementation between Envs containing defects in distinct
functional regions is a general phenomenon not restricted to
Envs of a particular phenotype or target cells expressing a
particular coreceptor.

Discussion

The studies described herein demonstrate that fusogenic HIV-1
Env can be generated by coexpression of two distinct inactive
Env variants, each of which is nonfusogenic when expressed
alone (Figs. 2 and 5). The simplest explanation is that the
observed activity reflects the functionality of hetero-oligomers
in which complementation occurs in trans between individual
gp120/gp41 complexes with different defects. This conclusion is
supported by the direct biochemical demonstration of mixed
oligomer formation (Fig. 4), a phenomenon previously described
between different HIV-1 variants (23, 24) as well as between
HIV-1 and either HIV-2 or simian immunodeficiency virus (25,
26). Similar complementation approaches have revealed coop-
erative interactions within mixed oligomers of influenza virus
hemagglutinin (27) and Moloney murine leukemia virus enve-
lope glycoprotein (28-30). As in those studies and in view of the
likelihood that fusion involves multiple HIV-1 Env oligomers
contributing to the formation of a fusion pore (3, 4), we cannot
formally exclude the possibility that complementation reflects
interactions between different inactive homo-oligomers; how-
ever, this interpretation is more difficult to reconcile with the
requirement for sequential receptor interactions and associated
conformational changes leading to fusion. Another alternative is
that reassortment can occur between different gp120/gp4l
complexes, i.e., one containing an inactive gp120 subunit asso-
ciated with a functional gp41 and another containing an active
gp120 linked to a defective gp41; a fully functional gp120/gp41
complex would result. This possibility seems unlikely in view of
additional observations. First, in contrast with the ability of
wild-type LAV Env to complement SF162-FP for CCRS-
dependent fusion (Fig. 2), it did not complement SF162 variants
containing certain other gp41 mutations (i.e., a different fusion
peptide mutant or an N-terminal heptad repeat mutant; data not
shown); both of these variants have wild-type gp120 subunits that
would be expected to reconstitute a fully functional Env if
reassortment occurred. Second, subunit reassortment cannot
explain the observed complementation between pairs of Env
variants containing different inactive gp120 subunits (LAV-BS
+ wild-type SF162 for CXCR4-dependent fusion, Fig. 5).

An important conclusion from our studies is that Env function
does not require every subunit within the oligomer to be fully
functional. Thus, fusion can occur when one (or more?) gp120
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subunit(s) is defective for CD4 binding or for coreceptor bind-
ing; similarly, an oligomer can function despite the presence of
one (or more?) gp4l subunit(s) containing defective fusion
peptides. Also, Envs with different coreceptor specificities can
function in concert within a mixed Env oligomer. It is important
to note that the ability of an oligomer to tolerate the presence
of a nonfunctional subunit depends on the precise nature of the
defect; certain gp41 mutations have been shown to have trans-
dominant effects that abrogate the function of wild-type subunits
in the oligomer (20).

Depending on the particular pairs of inactive Envs examined,
the complementation activities ranged from 25% to 35% (Fig. 2)
to approximately 100% (Fig. 5) of the activities observed with
the corresponding fully functional Envs. Numerous experimen-
tal variables may contribute to complementation efficiency,
including the surface densities of each of the participating
proteins, the binding affinities between gp120 and each receptor,
the efficiencies of subunit interactions, etc. The findings of
constitutive interactions between CD4 and coreceptors may have
significance in this regard (14, 31), as may the recent proposal
that cooperative interactions involving multiple CCR5 molecules
are required for the HI'V-1 infection pathway (32). Also of note
is that certain complementation effects were not uniformly
noted; for example, LAV-BS complemented SF162 wild type for
fusion with CXCR4-expressing targets cells (Fig. 5), but the
converse activity was not detected (SF162-BS complementation
of LAV wild type for fusion with CCR5-expressing cells, Fig. 2).
Additional studies are required to determine the various factors
that contribute to the efficiency of the observed complementa-
tion effects.

We propose that complementation reflects conformational
cross-talk between subunits within the HIV-1 Env oligomer,
whereby structural changes induced by CD4 /coreceptor binding
to one gp120 subunit can be transmitted to other subunits (gp41,
and in some cases gpl20); moreover, these changes occur in
concerted fashion between the multiple gp120/gp41 complexes
comprising the oligomer. The schematic models shown in Fig. 6
summarize the observed complementation phenomena and help
to conceptualize mechanisms by which cooperative subunit
interactions may contribute to coordinated responses upon
receptor binding. For example, how might CD4/coreceptor
binding to a functional gp120 complexed to a defective gp4l
trigger activation of a functional gp41 on another member of the
oligomer associated with an inactive gp120 (defective for CD4
binding, Fig. 6B; defective for coreceptor interaction, Fig. 6C)?
It is well documented that Env oligomerization is mediated by
determinants within the ectodomain of gp41 (1, 3, 4, 12). Thus
it can be envisioned not only that binding of an individual gp120
subunit to both CD4 and coreceptor activates the associated
gp41 subunit, but also that the activated state can be transmitted
by contact to another gp41 subunit(s) within the oligomer. What
is the explanation for the observed complementation between
Env variants containing gp120 subunits with different functional
defects, i.e., one mutated for CD4 binding and the other
incapable of coreceptor interaction (Fig. 6D)? Here, too, a
plausible model is that the structural signal initiated by CD4
binding to one gpl20 subunit is transmitted via gp4l-gp4l
contacts to another gp120 subunit(s), inducing its association
with coreceptor and triggering gp41 activation. Alternatively,
recent observations that soluble gp120 can form a stable dimer
(33, 34) raises the possibility that the CD4-induced conforma-
tional change in one gp120 subunit can be directly transmitted
to another contacting gp120 subunit, leading to its induction for
coreceptor binding and consequent triggering of the associated
gp41 subunits. These latter mechanisms also may contribute to
the complementation depicted in Fig. 6B.

The cooperative subunit interactions and concerted confor-
mational changes within the Env oligomer are likely to have
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Fig. 6. Model for cooperative subunit interactions within the HIV-1 Env
oligomer. For simplicity, only two gp120/gp41 complexes are shown. Labeling
indicates gp120, gp41, CD4, and coreceptor (CoR); inactive Env regions are
designated by X. Different shapes distinguish the preactivated and activated
states of gp120; different shading distinguishes the gp120 subunits activated
directly by CD4 binding (black) versus indirectly by subunit interactions (gray).
(A) Wild-type Env. gp120 subunits on both complexes bind to CD4 and
undergo a conformational change to expose determinants critical for core-
ceptor interaction. Both gp120 subunits bind to coreceptor, leading to acti-
vation of both gp41 subunits for fusion peptide insertion. (B) Complementa-
tion between one Env variant with a defective fusion peptide and another
with a defective CD4 binding site. The gp120 subunit on one complex binds to
CD4 and undergoes the conformational change exposing coreceptor interac-
tion determinants. The functional gp41 subunit on the other complex is
activated for fusion peptide insertion. We also presume that the coreceptor
interaction determinants are indirectly exposed on the other gp120 subunit
via concerted subunit interactions and contribute to gp41 activation (as
described for D below). (C) Complementation between one Env variant with
a defective fusion peptide and another with inactive coreceptor interaction
determinants. The gp120 subunits on both complexes bind to CD4 and un-
dergo the associated conformational changes. The coreceptor interaction
determinants are functional on only one gp120 subunit; this is sufficient to
activate the functional gp41 subunit on the other complex for fusion peptide
insertion. (D) Complementation between one Env variant with a defective
CD4 binding site and another with inactive coreceptor binding determinants.
The gp120 subunit on one complex binds to CD4 and undergoes the associated
conformational change. Although the coreceptor binding determinants on
this subunit are inactive, cooperative interactions lead to a concerted confor-
mational change in the other gp120 subunit, which then interacts with
coreceptor and activates both gp41 subunits for fusion peptide insertion.

important implications for virus neutralization by antibodies.
The ability of Env to functionally tolerate the presence of a
defective subunit(s) suggests that neutralization may require
simultaneous blockade of multiple members of the oligomer;
previous studies have indicated exceedingly complex factors
influencing the stoichiometric requirements for antibody neu-
tralization (35, 36). Moreover, the concerted nature of the
receptor-induced conformational changes may underlie some
curious enhancing phenomena sometimes observed with other-
wise neutralizing antibodies. An example is the 17b mAb (37),
which binds to highly conserved determinants involved in core-
ceptor binding (6, 10, 11, 38); exposure of the 17b epitope is
markedly enhanced upon CD4 binding (37), and the presence of
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soluble CD4 greatly enhances 17b neutralizing activity (8, 39).
Curiously, under certain conditions 17b can significantly en-
hance infection and fusion (ref. 40 and E. Rosenbaum and
E.A.B., unpublished data). Concerted conformational changes
within the Env oligomer might underlie these dual effects. At low
concentrations, 17b binding to one gp120 subunit might help
drive other subunits within the oligomer into an activated
conformation with the coreceptor binding determinants ex-
posed, thereby enhancing the fusion process; at high 17b con-
centration, the coreceptor binding determinant on all subunits
within the oligomer would be blocked. These concepts provide
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