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The gp120 envelope glycoprotein of primary human immunodeficiency virus type 1 (HIV-1) promotes virus
entry by sequentially binding CD4 and the CCR5 chemokine receptor on the target cell. Previously, we adapted
a primary HIV-1 isolate, ADA, to replicate in CD4-negative canine cells expressing human CCR5. The gp120
changes responsible for CD4-independent replication were limited to the V2 loop-V1/V2 stem. Here we show
that elimination of a single glycosylation site at asparagine 197 in the V1/V2 stem is sufficient for CD4-
independent gp120 binding to CCR5 and for HIV-1 entry into CD4-negative cells expressing CCR5. Deletion
of the V1/V2 loops also allowed CD4-independent viral entry and gp120 binding to CCR5. The binding of the
wild-type ADA gp120 to CCR5 was less dependent upon CD4 at 4°C than at 37°C. In the absence of the V1/V2
loops, neither removal of the N-linked carbohydrate at asparagine 197 nor lowering of the temperature
increased the CD4-independent phenotypes. A CCR5-binding conformation of gp120, achieved by CD4 inter-
action or by modification of temperature, glycosylation, or variable loops, was preferentially recognized by the
monoclonal antibody 48d. These results suggest that the CCR5-binding region of gp120 is occluded by the
V1/V2 variable loops, the position of which can be modulated by temperature, CD4 binding, or an N-linked
glycan in the V1/V2 stem.

Human immunodeficiency virus types 1 and 2 (HIV-1 and
HIV-2) are the etiologic agents of AIDS in humans (5, 12, 30).
AIDS is associated with the depletion of CD4-positive T lym-
phocytes, which are the major target cells of viral infection in
vivo (26).

The entry of primate immunodeficiency viruses into target
cells is mediated by the viral envelope glycoproteins, gp120 and
gp41, which are organized into trimeric complexes on the
virion surface (2, 53). Viral entry usually requires the binding
of the exterior envelope glycoprotein, gp120, to the primary
receptor CD4 (14, 36, 42). gp120 is heavily glycosylated and
contains protruding variable loops (38, 40), features that are
thought to decrease the susceptibility of the virus to host im-
mune responses (73, 75). The interaction between gp120 and
CD4 promotes a series of conformational changes in gp120
that result in the formation or exposure of a binding site for
particular members of the chemokine receptor family that
serve as coreceptors (68, 72). The chemokine receptor CCR5 is
the major coreceptor for primary HIV-1 isolates (1, 10, 16, 19,
20) and can be utilized by HIV-2 and simian immunodeficiency
virus (SIV) isolates as well (9, 43). Binding of gp120 to the
coreceptor is thought to induce additional conformational
changes that lead to activation of the transmembrane glyco-
protein gp41 and subsequent fusion of the viral and cellular
membranes (8, 61, 69).

In addition to anchoring and orienting the viral envelope
glycoproteins with respect to the target cell membrane, binding
to CD4 initiates changes in the conformation of the envelope
glycoproteins (3, 4, 17, 22, 55–57, 66, 70, 74). Some of these
conformational changes allow high-affinity interaction with
CCR5 (68, 72). CD4-induced movement of the V1/V2 loops
results in the exposure of conserved, discontinuous structures
on the HIV-1 gp120 glycoprotein recognized by the monoclo-
nal antibodies 17b and 48d (66, 74). Analysis of a panel of
gp120 mutants suggested that this conformational change is
functionally important for virus entry (64). The close physical
relationship between the 17b and 48d epitopes and conserved
gp120 structures shown to be important for CCR5 binding (52)
supports a model in which conformational changes in the
V1/V2 stem-loop structure induced by CD4 binding create
and/or expose a high-affinity binding site for the CCR5 core-
ceptor.

Insights into the molecular basis for receptor binding by the
primate immunodeficiency virus gp120 glycoproteins have
been obtained from analysis of antibody binding, mutagenesis,
and X-ray crystallography (39, 48–52, 54, 60, 75). These studies
suggest that the major variable loops are well exposed on the
surface of gp120, whereas the more conserved regions fold into
a core structure. This HIV-1 gp120 core has been crystallized
in a complex with fragments of the CD4 glycoprotein and the
monoclonal antibody 17b (39, 75). The gp120 core is composed
of an inner and an outer domain and a four-stranded b-sheet
(the “bridging sheet”). Elements of both domains and the
bridging sheet contribute to CD4 binding (39). Thermody-
namic analysis of the gp120-CD4 interaction suggests that core
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elements of gp120 undergo significant conformational changes
upon CD4 binding (50a). Alteration of the relationships among
the gp120 domains by CD4 binding may be relevant to the in-
duction of CCR5 binding. CCR5 binding apparently involves a
conserved gp120 element (39, 52, 52a) and the third variable
(V3) loop, which determines the choice of a particular chemo-
kine receptor (10, 13, 60). The conserved element is located on
two gp120 strands that connect the gp120 domains (52, 52a)
and therefore is potentially modified by CD4-induced changes
in gp120 interdomain relationships.

Infection by primate immunodeficiency viruses is generally
more efficient when CD4 is expressed on the surface of the
target cells. However, some viral isolates are able to achieve
reasonably efficient infection of cells lacking CD4. For exam-
ple, some HIV-2 isolates have been shown to enter CD4-
negative cells by using CXCR4 (11, 24). Some SIV strains can
infect CD4-negative brain capillary endothelial cells or other
cell types by using CCR5 as a primary receptor (23, 57). The
gp120 glycoproteins of some SIV isolates can efficiently bind
rhesus monkey CCR5 in the absence of soluble CD4 (sCD4)
(44). Naturally occurring, CD4-independent HIV-1 isolates
appear to be less common, but CXCR4-using HIV-1 isolates
have been derived by passage on CD4-negative cultured cells
(21, 32a, 39a). We have previously derived a CD4-independent
variant of the ADA HIV-1 strain that utilizes the CCR5 core-
ceptor and demonstrated that changes in the gp120 V2 loop
and/or V1/V2 stem region were responsible for both CD4-
independent entry into cells and gp120 binding to CCR5 in the
absence of CD4 (36a). Here we show that elimination of a
single N-linked glycosylation site in the ADA gp120 glycopro-
tein is responsible for both of these CD4-independent pheno-
types. Moreover, deletion of the gp120 V1/V2 loops was also
sufficient for CD4-independent virus entry and CCR5 binding.
CD4-independent binding of the wild-type gp120 to CCR5 was
enhanced at 4°C. These observations allow us to propose a
mechanistic model for CD4 independence.

MATERIALS AND METHODS

Cell lines. 293T and Cf2Th cells were obtained from the American Type Cul-
ture Collection and maintained as previously described (10). Cf2Th-CCR5 and
Cf2Th-CCR5-CD4 cells were derived and maintained as previously described (36a).

Site-directed mutagenesis. The pSVIIIenv-ADA plasmids expressing ADA
envelope glycoproteins with the individual V2 loop-V1/V2 stem changes de-
picted in Fig. 1 were created by PCR mutagenesis. Complementary pairs of
primers were used to introduce the following mutations into pSVIIIenv-ADA by
the QuikChange protocol (Stratagene). Only one primer of each pair is given
here: for 190 S/R–197 N/S, primer ADARSf (59-CCAATAGATAATGATAAT
ACTAGGTATCGATTGATAAATTGTAGTACCTCAACCATTACACAGG-
39); for 190 S/N–197 N/S, primer ADANSf (59-GTACCAATAGATAATGATA
ATACTAACTATCGATTGATAAATTGTAGCACCTCAACCATTACACAG
GC-39); for 197 N/K, primer a-Knewf (59-CCAATAGATAATGATAATACTA
GCTATCGATTGATAAATTGTAAGACCTCAACCATTACACAGG-39); for
190 S/R, primer ADAR-f (59-CCAATAGATAATGATAATACTAGGTATCG
ATTGATAAATTGTAATACCTCAACCATTACACAGG-39); for 197 N/S,
primer ADA-Sf (59-CCAATAGATAATGATAATACTAGCTATCGATTG
ATAAATTGTAGTACCTCAACCATTACACAGG-39); for 188 N/Q, primer
ADAQ-f (59-CCAATAGATAATGATCAGACTAGCTATCGATTGATAAATT
GTAATACCTCAACCATTACACAGG-39); for 197 N/Q, primer ADA-Qf (59-C
CAATAGATAATGATAATACTAGCTATCGATTGATAAATTGTCAGACCT
CAACCATTACACAGG-39); and for 188 N/Q–197 N/Q, primer ADAQQf (59-C
CAATAGATAATGATCAGACTAGCTATCGATTGATAAATTGTCAGAC
CTCAACCATTACACAGG-39).

To generate V1/V2 deletion-containing envelopes, the following primers were
used: AdeltaB (59-ACAATTGCCGGCGCCAACACAGAGTGGGGTTAATT

TTACACATGG-39), AdeltaF (59-CTCTGTGTTggcgccggcAATTGTAATACC
TCAACCATTACACAGGCCTGTCC-39), SdeltaF (59-CTCTGTGTTggcgccgg
cAATTGTAgTACCTCAACCATTACACAGGCCTGTCC-39), QdeltaF (59-CT
CTGTGTTggcgccggcAATTGTcAgACCTCAACCATTACACAGGCCTGTC
C-39), ADACD4f (59-GAAAGAGCAGAAGAGAGTGGCAATGAGAGTG-
39), and ADACD4b (59-GCCATCCAATCACACTAC-39) (lowercase letters in-
dicate changes). Using a wild-type ADA envelope-encoding construct, primers
AdeltaB and ADACD4f were used to amplify fragment A by PCR. Primers
AdeltaF and ADACD4b were used to PCR amplify fragment B from the same
template. Fragments A and B were then gel purified using a Bio-Rad Freeze n’
Spin column and were combined into one PCR that produced a fragment en-
coding an envelope glycoprotein containing a Gly-Ala-Gly linker in place of the
gp120 V1/V2 loops. This larger PCR fragment was gel purified and cloned into
the original pSVIIIenv template plasmid using KpnI and BamHI. To make
plasmids encoding the 197 N/S and 197 N/Q envelope glycoproteins with V1/V2
deletions, primers SdeltaF and QdeltaF, respectively, were substituted for
AdeltaF in the scheme above.

To generate secreted, soluble versions of particular gp120 envelope glycopro-
teins, the primer ADA stop (59-GAAGAGTGGTGCAGAGAGAAAAAAGA
TAAGTGGGAACGATAGGAGCTATGTTCC-39) was used to introduce a stop
codon at a position corresponding to the natural gp120-gp41 cleavage site. All con-
structs were sequenced using the set of GBK96 primers described previously (7a).

env complementation assay. Recombinant reporter viruses (32) were gener-
ated by transfecting 293T cells by the calcium phosphate method with 2 mg of an
env-expressing pSVIIIenv plasmid, 5 mg of a packaging plasmid, and 15 mg of a
vector plasmid expressing firefly luciferase. The ADA envelope glycoprotein
variants were expressed equivalently in the transfected cells (data not shown).

FIG. 1. HIV-1 ADA envelope glycoprotein mutants. The V2 loop-
V1/V2 stem sequences of the wild-type (w.t.) and mutant ADA enve-
lope glycoproteins are shown beneath the representation of the gp120
and gp41 envelope glycoprotein sequences. The ADA envelope glyco-
protein residues altered in the CD4-independent virus are underlined
and numbered according to the prototypic HXBc2 sequence (37). In
the mutants, the altered residues are marked with an asterisk. Sites of
potential N-linked glycosylation are indicated (O

u ). S, signal peptide;
V1 to V5, gp120 variable regions; T, gp41 transmembrane region.
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Seventy-two hours after transfection, the virus-containing supernatant was har-
vested and cleared by low-speed centrifugation. The virus in the supernatant was
quantitated by measuring reverse transcriptase as described previously (32).

Target cells were seeded at a density of 6,000 cells/well in 96-well, luminom-
eter-compatible tissue culture plates (Dynex). Twenty-four hours later, the me-
dium was removed from the wells containing the target cells, and 20,000 reverse
transcriptase units of virus was added to the cells. After 8 h of virus-cell incu-
bation, the supernatant was removed and fresh medium was added (200 ml).
Seventy-two hours after infection, the medium was removed from each well and
the cells were lysed with agitation in 20 ml of passive lysis buffer (Promega).
Luciferase activity was measured using an EG&G Berthold LB 96V microplate
luminometer in accordance with the luciferase assay system technical bulletin
from Promega.

Immunoprecipitations. One hundred microliters of cell supernatants contain-
ing radiolabeled gp120 was preincubated with shaking at 37°C for 1 h with or
without sCD4 (30 mg/ml). Approximately 40 ml of protein A-Sepharose beads
suspended in phosphate-buffered saline (50% of bead volume) were added
together with 0.5 mg of monoclonal antibody 48d to the gp120 solutions. The
mixture was incubated with rocking for 2 to 24 h at 37°C or 4. Beads were washed
once with NP-40 buffer and once with phosphate-buffered saline. Beads were
resuspended in 40 ml of 23 sodium dodecyl sulfate (SDS) sample buffer, boiled,
and centrifuged briefly. The samples were run under denaturing conditions on an
SDS–10% polyacrylamide gel and then analyzed on a phosphorimager. In par-
allel, 100 ml of cell supernatants was precipitated by a mixture of sera from
HIV-1-infected individuals. To control for the small degree of variation in the
amounts of the gp120 glycoprotein variants, the values obtained for 48d antibody
recognition were normalized based on the amount of gp120 precipitated by the
mixture of sera.

CCR5 binding assay. Radiolabeled gp120 glycoproteins were produced by
transfection of 293T cells as previously described (36a). The amounts of the
gp120 variants were adjusted prior to binding to Cf2Th-CCR5 cells, as previously
described (36a). Bound gp120 was detected by precipitation with the C11 anti-
body, followed by SDS-polyacrylamide gel electrophoresis (PAGE) and quanti-
tation with a phosphorimager (36a).

RESULTS

Effects of changes in gp120 glycosylation sites on CCR5
binding. The ADA gp120 glycosylation site variants used in
this study are shown in Fig. 1. The CD4-independent ADA
viruses contained two sets of changes, one involving an N-
linked glycosylation site at asparagine 188 in the V2 loop and
the other involving an N-linked glycosylation site at asparagine
197 in the V1/V2 stem. In addition, the substitution of posi-
tively charged residues near the modified N-glycosylation sites
was commonly observed (36a). We created several ADA gp120
variants that contained these or related changes individually or
in combination. The ability of these variants to bind CCR5 in
the absence or presence of sCD4 was examined. When cell
supernatants containing equivalent amounts of the different
radiolabeled gp120 glycoproteins were incubated with CCR5-
expressing Cf2Th cells in the presence of 10 mg of sCD4/ml, all
of the gp120 variants bound efficiently to the cells (Fig. 2).
However, in the absence of sCD4, only the gp120 glycoproteins
altered at residue 197 were able to bind to the CCR5-express-
ing cells more efficiently than the wild-type ADA gp120. For
example, the 197 N/Q and 197 N/K mutants exhibited the
ability to bind CCR5-expressing cells in the absence of sCD4.
In the absence of sCD4, the 197 N/S glycoprotein bound to
Cf2Th-CCR5 cells even more efficiently than the 197 N/Q and
197 N/K mutants. The relative migration of these gp120 vari-
ants on SDS-polyacrylamide gels (data not shown) is consistent
with the expectation that the latter two mutants would exhibit
a loss of an N-linked glycosylation site, whereas the 197 N/S
substitution allows, in addition, modification of asparagine 195
by carbohydrates. The results indicate that the removal of the

complex sugar moiety at asparagine 197 is sufficient to allow
CD4-independent binding of ADA gp120 to CCR5. Removal
of this carbohydrate in conjunction with the introduction of a
site of N-linked glycosylation at asparagine 195 allows for even
more efficient CD4-independent CCR5 binding.

To determine whether monomeric gp120 binding to CCR5
was achieving equilibrium in the experiment described in Fig.
2, we repeated the CCR5-binding assay and measured the
amount of gp120 bound at time points between 20 min and 4 h
of incubation. The results showed that maximal binding to
CCR5-Cf2Th cells occurred between 20 min and 1 h after
supernatant was added to cells (data not shown).

Effects of changes in gp120 glycosylation sites on virus in-
fection. To examine the ability of the mutant envelope glyco-
proteins to support HIV-1 entry into CCR5-expressing cells, in
either the presence or absence of CD4, an env complementa-
tion assay was used. This assay measures the ability of HIV-1
envelope glycoproteins to complement a single round of infec-
tion of an env-defective HIV-1 provirus expressing firefly lu-
ciferase. The target cells used in this assay were Cf2Th-CCR5
cells and Cf2Th-CCR5-CD4 cells. The level of CCR5 expres-
sion in the Cf2Th-CCR5 cells is substantially higher than that
in the Cf2Th-CCR5-CD4 cells (data not shown); thus, for a
particular envelope glycoprotein, any observed differences in
the infection of these two cell lines may be due to differences
in cellular expression of both CD4 and CCR5. Figure 3 shows
that all ADA envelope glycoproteins lacking the N-linked gly-
cosylation site at asparagine 197 were able to mediate infection
of the CD4-negative Cf2Th-CCR5 cells more efficiently than
the wild-type ADA glycoproteins. In some cases, changes in V2
loop residue 190 modulated the efficiency of infection of CD4-
positive or -negative Cf2Th-CCR5 cells in conjunction with the
altered glycosylation site at asparagine 197. In no case, how-
ever, were the changes in residue 190 sufficient to confer entry
into CD4-negative cells above the level seen for the wild-type
ADA envelope glycoproteins.

FIG. 2. CCR5-binding ability of wild-type (w.t.) and mutant ADA
glycoproteins. The binding of radiolabeled, soluble gp120 glycopro-
teins to Cf2Th-CCR5 cells in the absence and presence of 10 mg of
sCD4/ml at 37°C is shown. Cells were washed and lysed, and the bound
gp120 was precipitated by the anti-gp120 antibody C11. Proteins were
analyzed using SDS-PAGE and then quantitated with a phosphorim-
ager. The averages and standard deviations of values obtained from a
binding assay performed in triplicate are shown.
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Effects of V1/V2 loop deletion on gp120 binding to CCR5.
Deletion of the V1/V2 variable loops has been shown to result
in the exposure of CD4-induced gp120 epitopes thought to be
proximal to the chemokine receptor-binding site (73, 74). Ex-
amination of the current structural models of gp120 revealed
that the carbohydrate at asparagine 197 is unlikely to occlude
the chemokine receptor-binding surface directly (39, 75). Hy-
pothesizing that changes in the sugar at position 197 might be
mediating the CD4-independent phenotypes through reposi-
tioning of the V1/V2 loops, we tested the effects of deleting
the V1/V2 loops on CCR5-binding. The right panel of Fig. 4
shows the relative CCR5 binding levels of wild-type and mu-

tant gp120 glycoproteins at 37°C. The deletion of the V1/V2
loops was sufficient to allow gp120 to bind CCR5 efficiently in
the absence of CD4. The DV1/V2 gp120 glycoprotein bound
CCR5 in the absence of CD4 at a level comparable to that seen
for 197 N/S gp120. Alteration of asparagine 197 did not affect
the level of CD4-independent CCR5 binding exhibited by the
DV1/V2 gp120. Differences in the migration of the DV1/V2
and DV1/V2 197 N/Q glycoproteins on SDS-polyacrylamide
gels suggest that asparagine 197 is modified in the former
protein (data not shown). Thus, with respect to CCR5 binding
in the absence of CD4, deletion of the V1/V2 variable loops is
functionally equivalent to removal of the sugar moieties at
asparagine 197.

The gp120 glycoproteins with the V1/V2 loop deleted did
not exhibit significant increases in CCR5 binding following
preincubation with sCD4. Although V1/V2 loop deletion re-
sults in a twofold decrease in the affinity of the ADA gp120
glycoprotein for CD4 (data not shown), because the CCR5-
binding assays were performed in an excess of sCD4 (30 mg/
ml), decreases in affinity for CD4 do not account for the lack of
induction of CCR5 binding of the V1/V2 deletion-containing
gp120 glycoproteins by sCD4.

Effects of V1/V2 loop deletion on the recognition of gp120 by
monoclonal antibody 48d. Monoclonal antibody 48d recog-
nizes a conserved, CD4-induced epitope on HIV-1 gp120 near
the proposed CCR5-binding region (52, 66, 75). We therefore
examined the effects of deletion of the V1/V2 loops on the
ability of 48d to precipitate the gp120 variants. At 37°C in the
absence of CD4, the recognition of the 197 N/S mutant and the
V1/V2 loop deletion-containing variants by 48d was equivalent
and was higher than that of the wild-type ADA gp120 glyco-
protein (Fig. 5, right panel). Although sCD4 increased the pre-
cipitation of the wild-type and 197 N/S gp120 glycoproteins by
48d, insignificant increases were observed for the V1/V2 loop

FIG. 3. Influence of envelope glycoprotein changes on infection of
CD4-negative and CD4-positive cells. An env-deficient, luciferase-ex-
pressing HIV-1 provirus was complemented by the wild-type (w.t.)
ADA or mutant envelope glycoproteins. The recombinant viruses were
used to infect either Cf2Th-CCR5 or Cf2Th-CCR5-CD4 cells. Lucif-
erase activities observed for equivalent amounts of cell lysates are
shown. The assay was done in quadruplicate, with average values and
standard deviations shown.

FIG. 4. Independent and combined effects of the 197 N/S change,
V1/V2 loop deletion, and temperature on CCR5 binding of gp120.
Supernatants containing radiolabeled wild-type (w.t.) and mutant
gp120 glycoproteins were preincubated with or without sCD4 (30 mg/
ml) at 37°C for 1 h and then added to Cf2Th-CCR5 cells at 4 or 37°C
for 2 h. Cells were washed and lysed, and the bound gp120 was ana-
lyzed as described in the legend to Fig. 2. The mean values and ranges
of duplicate experiments are shown.

FIG. 5. Independent and combined effects of the 197 N/S change,
V1/V2 loop deletion, and temperature on 48d recognition of gp120.
Approximately 100 ml of supernatants containing radiolabeled wild-
type and mutant gp120 glycoproteins were preincubated with or with-
out sCD4 (30 mg/ml) at 37°C for 1 h. The supernatants were incubated
with 48d (5 mg/ml) and protein A-Sepharose at 4 or 37°C for 2 h.
Precipitated proteins were analyzed using SDS-PAGE and a phosphor-
imager. The results were normalized for the relative abundance of
gp120 in the supernatants, which was determined by a parallel precip-
itation with a mixture of sera from HIV-1-infected individuals. The
mean values and ranges for duplicate experiments are shown.
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deletion-containing glycoproteins. Thus, the recognition of this
panel of gp120 variants by 48d at 37°C closely parallels the
pattern observed for CCR5 recognition (Fig. 4).

The effects of lower temperature on gp120 binding to CCR5
and antibodies. To examine the effects of lower temperature
on the gp120 binding characteristics, the interaction of gp120
variants with CCR5 and monoclonal antibodies (including
48d) was examined at 4°C. Compared with CCR5 binding at
37°C, the wild-type ADA gp120 bound better to CCR5 at 4°C
in the absence of sCD4 (Fig. 4, left). The binding of wild-type
gp120 to CCR5 at 4°C in the absence of sCD4 approached that
of the 197 N/S gp120 at 37°C in the absence of sCD4. At 4°C,
the 197 N/S change still resulted in an increase in CCR5 bind-
ing of full-length gp120 in the absence of sCD4. Thus, the
effect of a low temperature on CD4-independent CCR5 bind-
ing is not completely equivalent to the effect of the removal of
the carbohydrate at asparagine 197. As was seen at 37°C, both
V1/V2 loop deletion-containing gp120 glycoproteins bound
CCR5 efficiently at 4°C in the absence of sCD4. In the absence
of the V1/V2 loops, no additional CCR5-binding phenotype
was observed for the 197 N/S change. Binding of the gp120
variants to Cf2Th cells not expressing CCR5 was negligible at
4 and 37°C (data not shown), indicating that all of the observed
gp120 binding was CCR5 dependent.

At 4°C, the addition of sCD4 increased the binding of wild-
type ADA gp120 to CCR5 but did not increase the binding of
the other gp120 variants. This lack of increased binding was
attributable neither to the lack of unbound gp120 nor to the
saturation of available CCR5 on the target cells (data not
shown). Thus, at 4°C, the loss of the carbohydrate at aspara-
gine 197 results in a CCR5-binding affinity comparable to that
achieved by the wild-type gp120 in the presence of CD4. As
was seen at 37°C, the enhancing effect of CD4 binding on
CCR5 binding at 4°C was not observed for the gp120 variants
lacking the V1/V2 loops.

At 4°C in the absence of CD4, the recognition of wild-type
gp120 by 48d was identical to that of the 197 N/S mutant (Fig.
5). The V1/V2 loop deletion-containing variants were effi-
ciently recognized by 48d at 4°C, although not as well as the
glycoproteins with intact variable loops. The addition of sCD4
only minimally increased the precipitation of the wild-type and
mutant gp120 glycoproteins at 4°C. The addition of more
gp120 or more 48d to these mixtures resulted in increased
amounts of precipitated gp120 (data not shown), indicating
that the lack of observed increase in 48d binding after sCD4
treatment was due neither to saturation of the 48d antibody
nor to lack of free gp120. The ability of CD4-Ig and the mono-
clonal anti-gp120 antibodies F105 and 17b to precipitate wild-
type ADA gp120 did not differ appreciably at 4°C versus 37°C
(data not shown). Thus, the binding of one CD4-induced an-
tibody, 48d, parallels CCR5 binding closely, whereas the bind-
ing of another CD4-induced antibody, 17b, resembles that of
CCR5 less closely. This indicates that differences exist in the
way that individual CD4-induced antibodies bind HIV-1 gp120.

Effects of V1/V2 loop deletion and temperature on virus
infection. The above results indicated that deletion of the
ADA gp120 V1/V2 variable loops confers a degree of CD4-
independent CCR5 binding equivalent to that seen for the 197
N/S mutant. To examine the effect of V1/V2 loop deletion on
virus infection, recombinant luciferase-encoding viruses con-

taining the ADA HIV-1 envelope glycoprotein variants were
used to infect Cf2Th-CCR5 and Cf2Th-CCR5-CD4 cells. The
results indicate that the wild-type envelope glycoproteins did
not allow efficient infection of Cf2Th-CCR5 cells, whereas all
of the other envelope glycoproteins, including those lacking
the V1/V2 loops, did (Fig. 6). The efficient infection of these
CD4-negative target cells by the viruses with the DV1/V2 en-
velope glycoproteins was not further enhanced by the absence
of glycosylation of asparagine 197. All of the viruses efficiently
infected the Cf2Th-CCR5-CD4 cells.

To examine whether CD4-independent infection might be
enhanced by low temperature, recombinant viruses with the
wild-type ADA envelope glycoproteins were incubated with
Cf2Th-CCR5 cells at 4°C for various periods of time prior to
incubation at 37°C. The preincubation at 4°C, however, did not
result in an increase in infection of these CD4-negative target
cells (data not shown).

DISCUSSION

We have investigated the structural changes in the envelope
glycoproteins responsible for the conversion of a primary,
CCR5-using HIV-1 isolate from a virus dependent on the
presence of CD4 on the target cells to a virus that no longer
requires CD4 for efficient infection. Remarkably, the absence
of N-linked glycosylation at a single site, asparagine 197, in the
ADA gp120 glycoprotein is sufficient for CD4-independent
binding to CCR5 and for CD4-independent infection of CCR5-
expressing cells. Shifting the potential glycosylation site two
residues in the N-terminal direction also resulted in CD4 in-
dependence. Complex carbohydrates are known to be added to
asparagine 197 in mammalian cells (40). Although changes
in gp120 glycosylation have been observed in CXCR4-using
HIV-1 strains that have been selected for the ability to infect
CD4-negative cells (21, 39a), in no instance has the alteration

FIG. 6. Effects of gp120 V1/V2 loop deletion on virus infection of
CD4-negative and CD4-positive cells. An env-deficient, luciferase-ex-
pressing HIV-1 provirus was complemented by the wild-type ADA or
mutant envelope glycoproteins. The recombinant viruses were used to
infect either Cf2Th-CCR5 or Cf2Th-CCR5-CD4 cells. Luciferase ac-
tivity observed for equivalent amounts of cell lysates is shown. The
assay was done in quadruplicate, with average values and standard
deviations shown.
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of a single site been shown to be sufficient for CD4 indepen-
dence. The simplicity of the changes involved in our example
provided an opportunity to understand the mechanism under-
lying CD4 independence. Our data indicate that the absence of
carbohydrate modification of asparagine 197 results in an in-
crease in affinity of the ADA gp120 for CCR5 in the absence
of CD4. How might this affinity increase arise? Asparagine 197
resides in the conserved V1/V2 stem, which consists of two
antiparallel strands linked at both ends by disulfide bonds. The
V1 and V2 variable loops, which have been suggested to un-
dergo conformational changes upon CD4 binding (64, 74),
project from the conserved V1/V2 stem. The X-ray crystal
structure of a ternary complex of the HIV-1 gp120 core, CD4,
and a neutralizing antibody (39) provides further insights into
the possible consequences of the loss of asparagine 197 glyco-
sylation on CD4 independence. In the ternary complex, the
asparagine 197 side chain and associated N-acetylglucosamine
project away from the putative chemokine receptor-binding
surface of gp120. This makes direct steric masking of the che-
mokine receptor-binding site of gp120 by the complex car-
bohydrate residues associated with asparagine 197 unlikely.
Indeed, our results demonstrate that the modulation of
CCR5-binding affinity by the removal of carbohydrate from
asparagine 197 is dependent on the presence of the V1/V2
variable loops. For CCR5 binding in the absence of CD4 and
for infection of CD4-negative cells, deletion of the V1/V2

loops of the ADA gp120 glycoprotein resulted in phenotypes
that were almost identical to those seen for mutants lacking the
asparagine 197 carbohydrate.

Movement of the V1/V2 loops from their native position is
likely to be required for exposure of the CCR5-binding region
(52, 64, 74). We propose that the carbohydrate added to as-
paragine 197 sterically impedes this movement, thereby re-
stricting the flexible loops to a region of space overlapping the
CCR5-binding site (Fig. 7A). In the absence of carbohydrate
on asparagine 197, the V1/V2 loops are free to assume posi-
tions that result in exposure of the gp120 CCR5-binding site
(Fig. 7B). Shifting the carbohydrate to asparagine 195 would
likewise abrogate its ability to influence the positions of the
V1/V2 loops. Our data suggest that the ability of the V1/V2
loops to mask the CCR5-binding region and the 48d epitope
on gp120 is more effective at 37°C than at 4°C. An increase in
the conformational flexibility of these surface-exposed loops at
higher temperatures might contribute to this effect.

The recognition of the gp120 variants by one of the CD4-
induced monoclonal antibodies, 48d, exhibited many parallels
with CCR5 binding. By contrast, gp120 binding by another
CD4-induced antibody, 17b, did not exhibit the same temper-
ature dependence as did CCR5 and 48d binding. Of the CD4-
induced-antibody binding activities examined, 48d binding to
HIV-1 gp120 is most effectively competed by sulfated peptides
corresponding to the CCR5 N terminus (25a). Like CCR5

FIG. 7. Proposed model for the mechanism of CD4 independence. (A) The HIV-1 gp120 core, in the CD4-bound conformation (39), is shown.
In this orientation, the viral membrane would be at the top of the figure and the target cell membrane would be at the bottom. The gp120 atoms
that contact CD4 (center-to-center distance, less than 5 Å) are in red. Carbohydrates are in cyan. The trimannosyl core added to asparagine 197
was modeled based upon the position and orientation of the N-acetylglucosamine, which was resolved in the structure (39). Residues important
for CCR5 binding (52, 52a) are in green. Hypothetical spheres of influence of the V1/V2 loops at 4 and 37°C in the absence of CD4 are depicted.
(B) The proposed shift in the locations of the V1/V2 loops of HIV-1 ADA gp120 glycoproteins lacking the glycan at asparagine 197 is illustrated.
Note the resulting exposure of the gp120 region important for CCR5 binding.
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binding, recognition of the HIV-1 envelope glycoproteins by
48d is disrupted by deletion of the gp120 V3 loop, even in the
presence of sCD4 (73). These observations suggest that 48d
and CCR5 bind to closely related gp120 structures. Compared
with the CD4-dependent parent virus, a CD4-independent
CXCR4-using HIV-1 isolate was demonstrated to exhibit an
increase in the binding of the antibody 17b (32a). Exposure of
the gp120 surface recognized by the CD4-induced antibodies
and by the chemokine receptors may be a common feature of
CD4-independent HIV-1 isolates. However, differences in the
specific gp120 epitopes that become exposed as a consequence
of CD4 independence may relate to the different chemokine
receptors utilized or to other virus strain-dependent factors.

CD4 induction of 48d and CCR5 binding to the ADA gp120
envelope glycoprotein was dependent on the presence of the
V1/V2 loops. This observation suggests that most of the effects
of sCD4 binding on the recognition of the ADA gp120 glyco-
protein by these ligands involve adjustments of V1/V2 loop
conformation. In the presence of sCD4, the binding of gp120
variants with intact variable loops to the 48d and CCR5 pro-
teins was better than that of gp120 variants lacking the V1/V2
loops. This suggests that sCD4 not only moves the V1/V2 loops
from locations that occlude the gp120 binding sites for 48d and
CCR5 but also positions the V1/V2 loops to allow them to
contribute to the ultimate affinity for ligands that is achieved.
Because this CD4-induced, V1/V2 loop-dependent affinity in-
crease was observed for two different ligands, 48d and CCR5,
it is less likely to result from direct contact between the V1/V2
variable loops and the ligand. Rather, CD4 binding may allow
the newly positioned V1/V2 loops to modulate the conforma-
tion of gp120 regions that directly contact CCR5 and 48d.

Our results also suggest an explanation for the appearance
of changes in the V2 loop glycosylation site at asparagine 188 in
CD4-independent isolates. The CD4-independent gp120 vari-
ants with only an alteration in asparagine 197 exhibited de-
creased CCR5 binding in the presence of sCD4 compared with
the wild-type ADA gp120. The CCR5-binding ability of these
mutants in the presence of sCD4 could be restored by changes
that resulted in the loss of glycosylation of asparagine 188.
Apparently, in the absence of the sugar moieties associated
with asparagine 197, the asparagine 188 carbohydrate can exert
negative effects either on CD4 induction of a CCR5-binding
conformation or on the CCR5-binding process per se. These
effects were more apparent in the gp120 binding assay than in
the virus infectivity assay, but they may have contributed to
some advantage for viruses during the selection process, which
involved mixtures of CD4-positive and CD4-negative, CCR5-
expressing target cells (36a).

Our results underscore the importance of the V1/V2 stem-
loop structure in the induction of chemokine receptor-binding
conformations by CD4. They also emphasize the contribution
of some of the carbohydrate structures on the HIV-1 envelope
glycoproteins to the virus entry process. A better understand-
ing of the functionally relevant interactions among protein and
carbohydrate components of the HIV-1 envelope should assist
intervention.
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