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FIG. 5. Binding of CD4 IgG to NL4/3 and mutant virions. (A) 35S-labeled virions were incubated with 50 nM CD4 IgG for 0.5, 1, and 3 h; the

amounts of virion-associated gp120 bound and not bound to CD4 IgG and the amounts of gpl20 released from the virions were determined and
are shown. (B) Data derived from panel A by Phosphoimager quantitation of the autoradiograms are represented in graphical form. (C) As panels
A and B except that the CD4 IgG concentration was reduced to 5 nM. The viruses used were NL4/3 (O), 267 N/Q + 128 S/N (@), and 267 N/Q
+ 308 R/I (A).

an association between the Cl and C5 domains (Tables 1 and
4). First, amino acid substitutions in C5 at residues 475, 485,
and 491 tended to increase the binding of MAbs to continuous
epitopes within residues 80 to 113 of the Cl domain (Table 1).
Second, two nonneutralizing HuMAbs recognizing conforma-
tionally sensitive or discontinuous epitopes were tested for
reactivity with the panel of HxBc2 gpl20 mutants. The binding
of HuMAb Cll was abolished, or very strongly impaired, by
amino acid substitutions in both the Cl (45 W/S and 88 N/P)
and C5 (491 I/E, 493 P/K, and 495 G/K) domains and was
weakly inhibited by the 463 N/D substitution in V5. Another
Cl change (36 V/L) increased ClI binding (Table 4). A second
HuMAb, 212A, was very sensitive to the 45 W/S change, and its

binding to the 463 N/D mutant was reduced. Conversely, the
495 G/K substitution caused a strong enhancement of 212A
binding (Table 4). As observed with some of the MAbs to
continuous C5 epitopes, a few amino acid substitutions in the
V1-V2 loops, or in Cl at the base of this of this loop structure,
caused a modest enhancement of Cll and 212A binding
(Table 4), the significance of which is uncertain at present.
To confirm that segments of both the Cl and C5 domains

were proximal to the epitope for MAb Cll, we performed
cross-competition studies (Fig. 6). The binding of Cll to BH10
gpl20 was inhibited to various extents by MAbs reactive with
continuous epitopes in the Cl and C5 domains. Thus, MAbs
M85 (residues 30 to 51) and M91 (residues 461 to 470) were
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DOMAIN INTERACTIONS IN HIV-1 gpl2O 6843

TABLE 3. Amino acid substitutions influencing the binding of
MAbs to continuous epitopes in the C5 domain of gp120

Mutant Normalized binding ratioa
(domain) M91 CRA-1 660-178 221 iCi

Down
313 P/S (V3) 0.88 0.61 0.68 0.42 0.49
314 G/W (V3) 0.87 0.48 0.68 0.39 0.53
AVl/V2 0.54 0.52 0.40 0.37 0.41
AV1/V2/V3 0.75 0.82 0.49 0.76 0.57
470 P/L (C5) 0.01 0.00 0.85 0.89 0.84
470 P/G (C5) 0.09 0.00 1.36 1.26 1.35
475 M/S (C5) 1.18 0.00 1.40 0.97 1.20
477 D/V (C5) 0.60 0.42 1.82 0.00 0.90
485 K/V (C5) 1.15 0.48 0.92 0.55 0.53

Up
152/153 GE/SM (V1/V2) 0.99 1.33 0.93 1.55 1.02
176/177 FY/AT (V2) 1.25 1.58 0.86 1.24 1.20
256 S/Y (C2) 2.06 1.79 1.78 2.47 2.16
257 T/R (C2) 1.49 1.24 1.11 1.26 1.29
257 T/A (C2) 1.45 1.48 1.36 1.84 1.71
257 T/G (C2) 0.69 0.61 0.73 0.82 1.04
262 N/T (C2) 2.81 2.55 2.58 1.58 2.20
269 E/L (C2) 1.19 0.94 1.12 1.58 1.18
457 D/R (C5) 1.04 1.42 1.25 1.97 1.12
477 D/V (C5) 0.60 0.42 1.82 0.00 0.90

a The peptide epitope residues to which the MAbs bound and the mean
binding ratios ± SD (normalized to a value of 1; see Materials and Methods) are
as follows: M91, 461 to 470 and 0.67 ± 0.14; CRA-1, 470 to 480 and 0.33 ± 0.10;
660-178, 475 to 485 and 0.73 ± 0.22; 221, 475 to 485 and 0.38 ± 0.16; lCl, 475
to 485 and 0.49 ± 0.15. MAbs were tested at the following concentrations: M91,
1:1,000 dilution of ascites fluid; CRA-1, 1:10,000 dilution of ascites fluid; 660-178,
0.5 pLg/ml; 221, 3 p.g/ml; lCl, 0.03 p,g/ml. The panel of HxBc2 gp120 mutants was
the same as for Table 1 except that the 495 G/K mutant was replaced by the 477
D/V mutant. Boldface values are as described for Table 1.

moderately strong inhibitors of C11 binding, while MAbs
4D4#85 (residues 41 to 50) and CRA-1 (residues 465 to 475)
had weaker inhibitory effects (Fig. 6). The combination of M85
and M91 caused almost complete inhibition of Cll binding
(data not shown). In addition, MAbs Cll and 212A were
mutually cross-competitive in their binding to gpl20, and the
binding of either MAb was completely blocked by MAbs M90
and MAG-45, which recognize discontinuous epitopes cen-
tered on the Cl domain (data not shown). In contrast, the Cl
MAbs 133/290 and 4A7C6, the V2 MAb 684-238, the V3 MAbs
110.5 and 110J., the CD4-binding site MAbs 21h and MAG-55,
and CD4 IgG had no significant inhibitory effect (<25%
reduction) on the binding of MAb Cll to gp120 (data not
shown). Taken together with the susceptibility of C11 to amino
acid substitutions in both the Cl and C5 domains (Table 4), the
cross-competition data strongly suggest that the epitope for
MAb Cll incorporates Cl and C5 residues. This implies that
these regions of gpl20 are proximal in the folded protein.

DISCUSSION

The HIV-1 gpl20 envelope glycoprotein is a large, complex
molecule, and little is known of its secondary and tertiary
structure. On the basis of genetic sequence analysis, conserved
and variable regions of the protein have been identified (17, 21,
29, 34). We have previously shown that a significant proportion
of the variable regions of HxBc2 gpl20 is antibody accessible in
the context of the monomeric form of the protein, whereas the
conserved regions tend to be antibody inaccessible, especially
on the native, gpl20/gp4l oligomer (25). It is reasonable to
assume that the conserved regions of gpl20 are located in the

TABLE 4. Amino acid substitutions influencing the binding of
HuMAbs to discontinuous epitopes in the Cl

and C5 domains of gp120z

Mutant Normalized binding ratio
(domain) Cll (0.51 t 0.13b) 212A (0.82 t 0.21)

Down
45 W/S (Cl) 0.16 0.07
88 N/P (Cl) 0.20 0.87
463 N/D (V5) 0.47 0.45
491 I/F (C5) 0.04 1.05
493 P/K (C5) 0.00 1.20
495 G/K (C5) 0.04 1.72

Up
36 V/L (Cl) 1.65 1.34
80 N/R (Cl) 1.45 1.13
120/121 VK/LE (Cl) 1.07 1.48
125 L/G (Cl) 1.43 1.43
152/153 GE/SM (V1/V2) 1.55 1.32
179/180 LD/DL (V2) 1.45 1.51
AV1/V2/V3 1.57 1.32
495 G/K (C5) 0.04 1.72

a MAbs were tested at the following concentrations: Cll, 10 p.g/ml; 212A, 5
p.g/ml. The panel of HxBc2 gp120 mutants and boldface values are as described
for Table 1.

b Mean binding ratio ± SD (normalized to a value of 1; see Materials and
Methods).

interior of the molecule or else involved in contacting other
components of the oligomer (25). This conclusion is supported
by the generally hydrophobic nature of the conserved domains.
However, we lack information as to how the different domains
pack together in the folded protein.
A number of genetic and immunological analyses have

indicated that there can be functional interdomain interactions
in gpl20. The first demonstration of this was the observation
that a virus-inactivating amino acid substitution in the C2
region was compensated for by a reversion substitution in the
Cl domain, at a site distantly located in the primary sequence
(42, 43). This finding implied that the Cl and C2 domains must
interact in some way, and the exploration of this notion is one
of the foci of our present study. Other studies have indicated
that the amino-terminal flank of the V3 loop interacts in some
way both with the C1-C2 structure (42) and with the C4 region
(27, 28, 46), while there is also evidence for an interaction
between the carboxy-terminal side of the V3 loop and a
segment of C2 around amino acid 281 (5). Furthermore, the
V2 and C4 regions of gpl20 also appear to be related spatially
to one another (12, 26).

In this study, we focus on the Cl, C2, and C5 domains and
supply a structural explanation for the genetic observations of
Willey et al. (42, 43) that suggested a functional interaction
between the C2 region near asparagine 267 of NL4/3 and the
Cl region near serine 128. The 267 N/Q substitution alters the
conformation of a large segment of the Cl domain spanning
approximately residues 80 to 120 in such a way that it becomes
more antibody accessible. A stretch of the C2 domain re-
presented by the MAb 110.C epitope between residues 271
and 280 also becomes more exposed. These conformational
changes, en passant, compromise the integrity of the CD4-
binding site, causing an at least 30-fold reduction in sCD4
binding. These rather dramatic changes in gpl20 conformation
fall short of denaturation, since several antibody epitopes that
have been shown to be discontinuous remain intact on the
NL4/3 267 N/Q mutant and on the similar HxBc2 mutants 256
S/Y and 262 N/T (36-38).

VOL. 68, 1994
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FIG. 6. Competition for HuMAb Cll binding to gp120 by Cl and C5 MAbs. HuMAb Cll was incubated at the concentrations indicated with
BH10 gp120 in the presence of no competitor, 4D4#85, or M85 (U) (a) or no competitor, M91, or CRA-1 (b), and bound Cll was detected. The
competitor MAbs were added as 1:100 dilutions of ascites fluid for 30 min prior to the addition of Cll. The datum points represent means ± SDs
of triplicate wells (a) or means of duplicate wells (b). Assay background (no Cli added) was subtracted from each datum point.

The reduced CD4-binding ability alone might be sufficient to
account for the decreased replication competence of the 267
N/Q mutant if the perturbation of the CD4-binding site were
the only effect of the 267 N/Q substitution. This could account
for, at least in part, the delayed infection kinetics of the 267
N/Q + 308 R/I virus. However, the 267 N/Q substitution also
causes a reduction in gpl20 association with virions (40),
perhaps because of a disruption of the gp4l-binding region in
the Cl and C5 domains (15). This effect is most likely a major
contributing factor to the replication incompetence of the 267
N/Q mutant (41). The reversion mutation, 128 S/N, function-
ally compensates for the effect of the 267 N/Q mutation by
restoring the correct conformation of the Cl domain, thereby
re-creating not only the CD4-binding site (Fig. lb and 5) but
also the ability of gpl2O to remain associated with virions (40).
A different change at residue 128 (128 S/Q) is unable to
compensate for the 267 N/Q substitution either functionally
(42) or in terms of restoring gpl2O conformation, demonstrat-
ing the specificity of the effect.

It is important to note that while the 128 S/N change appears
to compensate completely for the 267 N/Q substitution in the
assays of gpl2O conformation used in this study, the infectivity
of the 128 S/N revertant has not been fully restored to
wild-type levels (42, 43). Furthermore, the 308 R/I substitution
can also compensate for the 267 N/Q substitution by restoring
the infectivity of NL4/3 to near wild-type levels (42). The 308
RII change, like the 128 S/N substitution, increases the amount
of gpl2O in association with virions that is otherwise low in the
presence of the 267 N/Q substitution (41). However, the 308
R/I change does not compensate for the 267 N/Q change in the
CD4-binding assays used in this study (Fig. lb and 5). Thus, the
effect of the 267 N/Q change on gpl20 folding may affect
envelope function and virus infectivity more significantly than
suggested by the conformational changes documented herein.
What is the nature of the C1-C2 association? Secondary

structural predictions indicate that the Cl segment spanning
residues 82 to 117 forms an amphipathic alpha helix (Fig. 7a)
(13). Within that helix are two immunodominant epitopes,
residues 91 to 99 and 104 to 112, recognized by numerous Cl
MAbs, including several used in this study, and a separate
epitope for MAb 4A7C6 (1, 18, 25). We presume that the
entire alpha helix becomes abnormally antibody accessible as a

consequence of the substitution of threonine for asparagine at

residue 262 in the C2 domain (or glutamine for asparagine at
residue 267 of NL4/3). Asparagine 262 is also predicted by
folding algorithms to lie within an amphipathic alpha helix
(Fig. 7b) (13). Our previous study of the accessibility of linear
gpl20 epitopes indicates that neither of the predicted Cl and
C2 helices is well exposed on the native gpl20 glycoprotein
monomer (25). The attached carbohydrate at asparagine 262
maintains a high-mannose structure (17), consistent with this
residue being inaccessible for complex sugar addition after a
certain point in the process of envelope glycoprotein folding,
as discussed elsewhere (25). The penultimate residue of the
predicted C2 alpha helix (asparagine 276) is another canonical
N-linked glycosylation site; however, the carbohydrates on
asparagine 276 are complex (17), perhaps indicating that this
region of the alpha helix remains accessible on a more mature
product of the glycoprotein-folding pathway.
The data provided in this report support a model in which

the amphipathic alpha helices in the Cl and C2 domains are
located in proximity in the folded gpl20 protein. The relation-
ship between the Cl and C2 domains may be disrupted by the
262 N/T (267 N/Q) substitution and restored by the reversion
substitution 128 S/N. Residue 128 lies outside the predicted
alpha helix in Cl, within the conserved stem of the V1-V2
stem-loop structure (17). The ability of an amino acid substi-
tution at this residue to restore the C1-C2 relationship suggests
that the conserved V1-V2 stem may be folded in proximity to
parts of the predicted C1-C2 helices.
Taken together, the MAb-mapping and cross-competition

data also suggest that there is an association between the Cl
and C5 domains of gpl20 within the hydrophobic core of the
molecule and that this interaction is perturbed by amino acid
substitutions in the C2 domain, notably at residues 256 and 262
(residue 267 of NL4/3). A previous study has shown that
several amino acid substitutions in Cl and C5, notably at
residues 36, 40, 45, 491, 493, 495, and 497 to 501, disrupt the
association between gpl20 and gp4l (15). Although other
explanations of the genetic data are clearly feasible, one
interpretation of these observations is that residues in both Cl
and C5 are folded into proximity to form a discontinuous
structure involved in gp4l binding. Our new data, notably the
genetic and cross-competition analyses of HuMAb Cll bind-
ing, are consistent with this interpretation. One possibility is
that the epitope for HuMAb Cll spans the C1/C5 junction, in
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b

FIG. 7. Secondary structural predictions of the gp120 Cl and C2
domains. Secondary structural predictions were carried out by using
the Chou-Fasman (6) and Robson-Garnier (9) algorithms in a combi-
nation that predicts an alpha-helical content of 27.9% for gpl20. This
calculated value agrees well with the observed value of 21.7% obtained
by Fourier transform infrared spectroscopy (7). The regions spanning
positions 82 to 117 and 260 to 277 were predicted to be alpha helical.
These segments include (i) the regions recognized by the Cl-specific
MAbs whose binding to gpl20 is influenced by substitutions in the C2
domain and (ii) the relevant section of the C2 domain itself. Helical-
wheel analyses (33) are depicted for each of the helices to illustrate the
predicted orientation of substituted residues on the faces of the
helices. The arrows denote the direction of the hydrophobic moment,
which is an indication of the more hydrophobic face of the helix (i.e.,
the face that is least likely to be solvent accessible). The values for
hydrophobic moments are 0.71 for the 82-117 region and 0.77 for the
260-277 region. Hydrophobic residues are represented by an outlined
font. The helical wheels depicted are derived from the Cl region,
residues 82 to 117 (a), and the C2 region, residues 260 to 277 (b). The
numbering system is based on the HxBc2 sequence.

which case the two domains would be in sufficient proximity to
contribute to an antibody footprint. Consistent with the oft-
reported inability of Cl and C5 MAbs to neutralize HIV-1
infectivity (1, 8, 30), HuMAbs C11 and 212A do not neutralize
HIV-1 IIIB (32). Furthermore, neither is able to bind to the
surface of HIV-1 IIIB-infected cells, on which gpl20 is present
in its native, oligomeric configuration (data not shown). Pre-
sumably, the putative Cl and C1/C5 epitopes for these MAbs,
while clearly accessible on the gpl20 monomer, are occluded
by other components of the oligomeric complex. The immu-

nogens for these human antibodies were probably soluble
gpl20 molecules released from virions or virus-infected cells.

In conclusion, our studies reinforce our picture of gp120 as
a complex, precisely folded molecule to which the conserved,
hydrophobic domains contribute the internal structural ele-
ments. Interdomain associations stabilize this core structure,
and we suggest that one of these associations involves seg-
ments of the Cl and C2 domains. An additional interaction
between the Cl and CS domains may create a gp4l-binding site
(15). Given our observations that continuous antibody epi-
topes in the Cl and C2 alpha-helical regions, and in the CS
domain, tend to be poorly exposed on the surface of gp120 (18,
25), it seems possible that the Cl, C2, and CS domains all
interact within the internal core of gp120. Mutations leading to
amino acid substitutions in one domain can have profound
effects on the overall conformation of gp120 by impacting on
interdomain associations; this complicates the interpretation
of how any one mutation might act. For example, the 267 N/Q
(262 N/T) substitution not only perturbs CD4 binding (Fig. 1)
but also affects the association of gp120 with gp4l (15, 41).
This could be mediated via a direct effect of the 267 N/Q
substitution on the conformation of the gp4l-binding site.
Alternatively, the disruption of the conformation of the Cl
domain caused by the amino acid change in C2 might influence
indirectly the formation of a gp4l-binding site formed predom-
inantly by Cl and CS residues. A more complete understand-
ing of the relationship between gp120 conformation and its
function will require additional genetic, immunological, and
structural analyses.
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