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Alanine scanning mutagenesis was performed on monomeric gp120 of human immunodeficiency virus type
1 to systematically identify residues important for gp120 recognition by neutralizing and nonneutralizing
monoclonal antibodies (MAbs) to the CD4 binding site (CD4bs). Substitutions that affected the binding of
broadly neutralizing antibody b12 were compared to substitutions that affected the binding of CD4 and of two
nonneutralizing anti-CD4bs antibodies (b3 and b6) with affinities for monomeric gp120 comparable to that of
b12. Not surprisingly, the sensitivities to a number of amino acid changes were similar for the MAbs and for
CD4. However, in contrast to what was seen for the MAbs, no enhancing mutations were observed for CD4,
suggesting that the virus has evolved toward an optimal gp120-CD4 interaction. Although the epitope maps of
the MAbs overlapped, a number of key differences between b12 and the other two antibodies were observed.
These differences may explain why b12, in contrast to nonneutralizing antibodies, is able to interact not only
with monomeric gp120 but also with functional oligomeric gp120 at the virion surface. Neutralization assays
performed with pseudovirions bearing envelopes from a selection of alanine mutants mostly showed a reason-
able correlation between the effects of the mutations on b12 binding to monomeric gp120 and neutralization
efficacy. However, some mutations produced an effect on b12 neutralization counter to that predicted from
gp120 binding data. It appears that these mutations have different effects on the b12 epitope on monomeric
gp120 and functional oligomeric gp120. To determine whether monomeric gp120 can be engineered to pref-
erentially bind MAb b12, recombinant gp120s were generated containing combinations of alanine substitutions
shown to uniquely enhance b12 binding. Whereas b12 binding was maintained or increased, binding by five
nonneutralizing anti-CD4bs MAbs (b3, b6, F105, 15e, and F91) was reduced or completely abolished. These
reengineered gp120s are prospective immunogens that may prove capable of eliciting broadly neutralizing

antibodies.

Broadly neutralizing antibodies can protect against intrave-
nous and mucosal challenges with immunodeficiency viruses in
animal models (3, 16, 21, 32, 34, 43, 47, 49, 64). It has, there-
fore, become increasingly clear that eliciting such antibodies
should be a major goal of efforts to develop a human immu-
nodeficiency virus type 1 (HIV-1) vaccine (7, 9, 33, 42, 61, 76,
78). Animal model studies have provided a number of guide-
lines regarding the types of antibodies that should be elicited.
First, protection is generally provided by antibodies that effec-
tively neutralize virus in vitro (43, 46). Second, serum neutral-
izing antibody levels at the time of virus challenge need to be
relatively high (about 1:100) to achieve sterile protection, al-
though lower levels can provide benefit in terms of delayed
and/or decreased viremia (43, 49, 64). Third, protection by
broadly neutralizing human monoclonal antibodies (MAbs)
against a number of viruses suggests that protection against
many different strains of HIV-1 may be achievable (3, 48, 49).

The major problem to date, from a vaccine standpoint, is
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that no immunogen has been generated that can elicit reason-
able levels of such broadly neutralizing antibodies. These an-
tibodies should be targeted to relatively conserved and exposed
regions of the HIV-1 envelope, but the paucity of broadly
neutralizing antibodies in natural infection suggests that the
virus presents these regions to the immune system in such a
way as to minimize an effective antibody response (9, 51, 76,
78). A molecular understanding of regions on the HIV-1 en-
velope that are exposed and conserved and how they can be
recognized by antibodies would be invaluable in the design of
immunogens that can elicit broadly neutralizing antibodies.
The CD4 binding site (CD4bs) on HIV-1 surface glycopro-
tein gp120 is a highly conserved region that is known to be
exposed for ligand binding (12, 23). In theory, this would seem
to form an excellent target for neutralizing antibodies. Many
MAbs that bind with a high affinity to the CD4bs of monomeric
gp120 from various primary and T-cell-line-adapted (TCLA)
HIV-1 isolates have been isolated (http://resdb.lanl.gov/ABDB
/antibody_id.htm). These MAbs are characterized by their abil-
ity to compete with soluble CD4 and with one another (41).
Anti-CD4bs MADs typically neutralize TCLA viruses with
moderate efficacy but neutralize primary isolates of HIV-1 very
weakly if at all (52). However, one MADb, b12, which interacts
with the CD4bs does neutralize many primary and TCLA vi-



VoL. 77, 2003

ruses very efficiently (10, 13, 22, 35). MADb b12 and nonneu-
tralizing anti-CD4bs MADs typically have very similar binding
affinities for monomeric gp120 from a number of isolates (40,
41). The differences between b12 and the other MAbs in neu-
tralizing activity against TCLA viruses, therefore, have been
associated with different affinities for the mature envelope
trimer expressed on virions (50, 57, 60, 63). Typically, MAb b12
is able to bind with comparable affinities to monomeric gp120
and the mature trimer on the surface of infected cells (50),
which is believed to be identical to the functional envelope
molecule on the surface of virions (60). Nonneutralizing anti-
CD4bs MAbs, on the other hand, bind with a lower affinity to
the mature trimer. The implication, therefore, is that b12 is
able to bind similarly to monomeric gp120 and to the native
TCLA trimer and neutralize the virus effectively, whereas the
other anti-CD4bs MADs suffer some impediment in their ac-
cess to the CD4bs on the mature TCLA trimer and, therefore,
neutralize virus less effectively (53). Lower levels of envelope
expression have made the investigation of the correlation be-
tween binding to the mature trimer and neutralization more
troublesome for primary HIV-1. One study reports such a
correlation (14), and we have considered that the explanation
for the efficacy of b12 against primary viruses is likely to be
similar to that for TCLA viruses. However, other studies have
suggested that other, undefined mechanisms may be important
for primary viruses (15, 65, 66, 80).

Irrespective of the underlying mechanisms responsible for
neutralization differences, b12 and nonneutralizing anti-CD4bs
MADs constitute probes to distinguish presentations of gp120
that are desirable for vaccine purposes from those that are less
desirable. We reasoned that although monomeric gp120 binds
b12 and nonneutralizing anti-CD4bs antibodies equivalently, it
might be possible to mutate monomeric gp120 so that it would
bind b12 well but nonneutralizing MAbs less well. Such a
molecule would be an interesting immunogen. As a first step,
we decided to identify by alanine scanning mutagenesis amino
acid residues on gp120 which modulate binding by b12 and to
compare these to residues which affect the binding of two
representative nonneutralizing anti-CD4bs MAbs that we pre-
viously characterized in detail, namely, b3 and b6. Amino acid
changes which had an effect on antibody binding were com-
pared to those that affected CD4 binding. The results show
that the MAbs and CD4 bind to gp120 with similar footprints.
The footprint for CD4 is in fact very close to that which would
be expected from the crystal structure of a complex of CD4 and
the core of gp120 (30). The footprint for antibody b12 also
corresponds well with that expected from a docking model of
the b12 structure and the gp120 core structure (44). However,
a number of differences observed in the epitope maps between
b12 and the nonneutralizing anti-CD4bs MAbs suggest that it
may indeed be possible to engineer a gp120 molecule which is
more disposed to eliciting b12-like antibodies.

MATERIALS AND METHODS

Antibodies. MADbs b3, b6, and b12 were isolated as Fab fragments from a
phage display library derived from a single donor and were characterized in
previous studies (4, 5, 8, 10, 57). All three antibodies recognize discontinuous
epitopes overlapping the CD4bs on gp120. CD4-immunoglobulin G2 (IgG2), a
recombinant antibody-like fusion protein in which the heavy- and light-chain
variable domains of human IgG2 have been replaced with the D1D2 domains of
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human CD4 (1), was a kind gift from William Olson. This molecule was used in
the present study as a surrogate for CD4. MAbs 15¢ and F91, which react with
epitopes overlapping the CD4bs on gp120 (20, 39, 40, 58, 71), and MAb 17b,
which recognizes an epitope overlapping the coreceptor binding site on gp120
(68, 70, 77), were kindly provided by James Robinson. Human IgG purified from
pooled plasma obtained from healthy asymptomatic seropositive individuals and
MADb F105, another anti-CD4bs antibody (55, 56, 71), were obtained from the
National Institutes of Health AIDS Research and Reference Reagent Program
(NIH ARRRP). MADb 2G12, which recognizes an epitope involving «1—2 man-
nose residues on the carbohydrate-rich “silent” face (30, 76) of gp120 (59, 62,
73), was a generous gift from Hermann Katinger.

Plasmid constructs and mutagenesis. Alanine mutations (Table 1 and Fig. 1A)
were generated by using a Quikchange mutagenesis kit (Stratagene). For anti-
body mapping experiments, plasmid pSVIIIeXE7pA ™~z csp Was used as a tem-
plate. This plasmid was derived from plasmid pSVIIIexE7pA ™ gy,5, (19), which
was modified as described previously (82) in order to subclone the env gene of
HIV-1;g_csp, @ molecularly cloned primary HIV-1 strain (28). Two variable-loop
deletion mutants were also generated by using pSVIIIexE7pA ™ ;i sk as a PCR
template. A V1 deletion (AV1) mutant (deletion of residues 134 to 154) was
constructed by PCR with primers csf120-f (5'-GTCTGAGTCGGAGCTAGCG
TAGAAAAGTTGTGGGTCA-3") and csfdV1-r (5'-GTCTGAGTCGGAACC
GGACCCATCTTTGCAATTTAAAGTA-3') and primers csfdV1-f (5'-GTCT
GAGTCGGATCCGGTTCTGGGAAAAACTGCTCTTT-3') and csf120-r (5'-
GTCTGAGTCGGACTCGAGTTTTCTCTTTGCACCACTCTTC-3"). Primers
csfdV1-f and csfdV1-r both contain a BsaWT restriction site (underlining). The
PCR products were cloned into pSVIIIexE7pA ™ jr_csp by using Kpnl, BsaWI,
and Mfel in a two-step ligation reaction. A AV3 mutant (deletion of residues 303
to 324) was generated in a similar manner by using primers csf120-f and csfdV3-r
(5'-GTCTGAGTCGGAACCGGACCCATTGTTGCTGGGCCTTGT-3') and
primers csfdV3-f (5'-GTCTGAGTCGGATCCGGTTCTGGGGATATAAGAC
AAGCCC-3") and csf120-r. Primers csfdV3-f and csfdV3-r contain unique
BsaWI restriction sites (underlining). To generate a AV1/V2 mutant (V2 loop
deleted from residues 160 to 193), the pSVIIIexE7pA ™~ jr.csp-AV1 mutant was
used as a template. First, the BsaWI site introduced into the AV1 mutant was
changed by site-directed mutagenesis so that the amino acid sequence was
retained. Deletion of the V2 sequence was performed in a manner analogous to
that used for the AV1 and AV3 mutants by using primers csf120-f and csfdV2-
r2 (5'-GTCTGAGTCGGAACCGGACCCGAAAGAGCAGTTTTT-3") and
primers csfdV2-f (5'-GTCTGAGTCGGATCCGGTTCTGGGATAAGTTGT
AACACC-3") and csf120-r. (The unique BsaWI restriction sites in primers
csfdV2-r2 and csfdV2-f are underlined.) The PCR fragments were cloned into
pSVIIexE7pA ™ ;g csp by using Kpnl, BsaWI, and Mfel. In all variable-loop
deletion mutants, the deleted sequences were replaced by a Gly-Ser-Gly-Ser-Gly
linker.

Mutants containing multiple alanine substitutions were also generated by
using Quickchange, except that plasmid pPCMV-Tag-tpa;r_pgp120 Was used as a
template. This plasmid was derived from plasmid pCMV-Tag4A (Stratagene).
First, a DNA fragment encoding the tissue plasminogen activator protein (Tpa)
was generated by PCR with primer tpal (5'-CGTTGAATTCGCCGCCACCA
TGGATGCAATGAAGAGAGGGCTCTGCTGTGTGCTGCTGCTGTGTGG
AGCAGTCTTCGTTTCG-3"), which contains an EcoRI restriction site (under-
lining), and primer tpa2 (5'-GCACCTCGAGGCGCGCTCCTCTTCTGAATC
GGGCATGGATTTCCTGGCTGGGCGAAACGAAGACTGCTCCACACA
G-3'"), which contains Xhol and BssHII restriction sites (single and double un-
derlining, respectively). This fragment was cloned into pCMV-Tag4A by using
EcoRI and Xhol to generate plasmid pCMV-Tag-tpa. The env gene from HIV-
1yr-r (28) was amplified by PCR with plasmid pSyngp140;g_g; (obtained from
the NIH ARRRP and contributed by Eun-Chung Park and Brian Seed) (2, 17)
as a template; in this plasmid, most wild-type gp140 codons have been replaced
with codons from highly expressed human genes. For PCR, primer jr-fl5" (5'-C
GTTGCGCGCGTGGAGAAGCTGTGGGTG-3"), which contains a BssHII re-
striction site (underlining), and primer fiXho-r (5'-GCAGAGGGAGAAGCGC
CTCGAGGCTGTGGGCATTGG-3"), which contains an Xhol restriction site
(underlining), were used. The PCR fragment was cloned into pCMV-Tag-tpa by
using BssHII and Xhol to generate pCMV-Tag-tpa;g_gy gp120- All plasmids and
mutations generated in this study were verified by DNA sequencing.

Generation of recombinant HIV-1 virions. To produce recombinant virions,
293T cells grown in Dulbecco’s modified Eagle’s medium (Gibco) supplemented
with penicillin, streptomycin, L-glutamine, and fetal bovine serum (10%) were
transiently transfected with wild-type or mutant pSVIIIexE7pA ™ ;g _csr plasmids
(2 pg) along with the luciferase reporter plasmid pNL4.3.LucR™E™ (4 pg)
(obtained from the NIH ARRRP and contributed by Nathaniel Landau) (11, 18)
by using FUGENES transfection reagent (Roche). At 24 h posttransfection, the
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TABLE 1. Alanine and variable loop deletion mutants generated in this study and their binding to MAbs and CD4

Domain” Mutant” Apparent affinity relative to wildtype gp120r.csr (%) for:
b3 b6 b12 cD4’ 2G12
114 ND*
ND
94 111 134 50 ND

E87A
MO95A
Cl K97A
E102/A
W112A
D113/A
KI1215A
L1228A
6| TI123¢A
(V1/V2-stem)  L125%"A
VI275A
1165A
RI166A
K171A
E172A
V2 F176A
D180A
1184A O
DI85A
T190A
N1975A
&3 T198'A
(V1/V2-stem)  S1995A
T202A
K2075A
F210A
1213%A
R252A
S2568A
T257%A
2 N2628A
R273A
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Continued on facing page



TABLE 1—Continued

Domain®

Mutant”

Apparent affinity relative to wildtype gp120,r.csr (%) for:

N276A
D279 A
N280"A
K282'A
T283"A

@

b3 b6 b12 CD4’ 2G12

80 250 55 53 ND

C3

Q337A
K343A
R350A
S365"A
G366'"A
G367"A
D368 A
P369A
E370"A
13717 A
V372A
M373A
Y384%A
N386'A
T388'A

(®] ® @ O O

© O

V4

W395A

C4

K421%A
N425"A
M426"A
W4275"A
Vv430"A
K432A
1439A
T450°A
T455"A
R456"A
D457¢" A
G458"A
G459"A

© © 0O © 0 .

0O O O O O @ O

185 500 83 122, ND

V5

N461A
E462A
S463A

300 100 50 i ND

Continued on following page
645
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TABLE 1—Continued

Domain Mutant”

Apparent affinity relative to wildtype gp1205r.csr (%) for:

b3

1467A
R469""A
P470/A
G471A
G472"A
G473 A
D474 A

C5 M475/A
R476/A
D477A
W479¢A
R480'A
AV1

O € O OO O O 0O]0O0 OO

V1-V3 AV1/2

AV3

cD4?

b6 bl2

2G12

“ gp120 domain. C, constant domain; V, variable loop.

® Amino acid numbering is relative to that of HIV-1y;,5,, where 1 is the initial methionine (26). A, amino acid deletions: AV1, amino acids 134 to 154; AV1/V2, amino
acids 134 to 154 and 160 to 193; and AV3, amino acids 303 to 324. White circles indicate that an amino acid is identical among 51 to 98% of all HIV-1 isolates. Black
circles indicate that an amino acid is identical among 99 to 100% of all HIV-1 isolates. Amino acid identity was determined from a sequence alignment of HIV-1 isolates
listed in the HIV sequence database at http://hiv-web.lanl.gov/content/hiv-db/mainpage.html.

¢ Apparent affinities were calculated as the antibody concentration at half-maximal binding. Apparent affinities relative to those for wild-type gp120 were calculated
with the formula (apparent affinity for the wild type/apparent affinity for the mutant) X 100. The color scheme is the same as that in Fig. 3; substitutions which resulted
in an apparent affinity of <50% relative to that for the wild type are colored blue, those which resulted in an apparent affinity of 50 to 200% relative to that for the

wild type are colored grey, and those that resulted in an apparent affinity of >200% relative to that for the wild type are colored yellow.

4 CD4-IgG2 was used as a surrogate for CD4 in this study.
¢ ND, not determined.

/ Amino acid residues conserved among all HIV-1 isolates. Amino acid conservation is defined as in reference 30: single amino acid changes are allowed, as are larger
substitutions, as long as the character of the side chain is maintained (e.g., Lys to Arg or Phe to Leu).

& Amino acid residues conserved among all primate immunodeficiency viruses.

" CD4 contact residues (as determined from the crystal structure of the gp120-CD4-17b complex by Kwong et al. [30]).

 Data were derived from reference 62.

culture supernatant was replaced with serum-free medium, and incubation was
continued for another 24 h. Cell culture supernatants containing pseudovirions
were subsequently harvested and stored at —80°C for neutralization assays (see
below). Alternatively, recombinant virions were lysed by the addition of deter-
gent to the harvested culture supernatants, which were then stored at —20°C
until further use.

Expression of recombinant gp120. pCMV-Tag-tpa g gy gp120 plasmids express-
ing wild-type or mutant gp120 were used to transiently transfect subconfluent
293T cells grown in serum-containing medium as described above, except that no
pNL4.3Luc was used. At 2 days posttransfection, culture supernatants containing
recombinant gp120 were collected and stored at —20°C.

ELISAs. For enzyme-linked immunosorbent assays (ELISAs), microtiter plate
wells (flat bottom; Costar type 3690; Corning Inc.) were coated overnight at 4°C
with anti-gp120 antibody D7324 (International Enzymes, Inc.) at a concentration
of 5 pg/ml (250 ng/well; diluted in phosphate-buffered saline [PBS]). Subsequent
incubation steps were performed at room temperature. Coated plates were
washed twice with PBS supplemented with 0.05% Tween, blocked for 1 h with
PBS supplemented with 3% bovine serum albumin, and then incubated for 2 to
4 h with cell culture supernatants that had been diluted 1:3 in PBS containing 1%
bovine serum albumin and 0.02% Tween (PBS-B-T). Plates were washed with
PBS supplemented with 0.05% Tween (10 times) and then incubated with MAbs

serially diluted in PBS-B-T (starting at a concentration of 10 pg/ml). Human IgG
purified from pooled plasma obtained from healthy asymptomatic seropositive
individuals (1 pg/ml; diluted in PBS-B-T) was used as a control to ensure that
similar amounts of envelope protein were captured. After plates were washed as
described above, peroxidase- or alkaline phosphatase-conjugated goat anti-hu-
man IgG [F(ab’),-specific; Pierce] was added (diluted 1:1,000 in PBS-B-T), and
incubation was continued for another hour. Plates were washed again and then
incubated with tetramethylbenzidine substrate (Pierce) when peroxidase-conju-
gated secondary antibody was used or p-nitrophenyl phosphate (Sigma) when
alkaline phosphatase-conjugated secondary antibody was used. The color reac-
tion was stopped by adding 2 M sulfuric acid (when tetramethylbenzidine was
used), and absorbances were measured at 450 nm. Absorbances in assays devel-
oped with p-nitrophenyl phosphate were measured at 405 nm without stopping
the reaction. Apparent binding affinities were calculated as the antibody concen-
tration at half-maximal binding; percent changes in affinity relative to that of the
wild type were expressed as (apparent affinity of the wild type/apparent affinity of
the mutant) X 100.

HIV-1 neutralization assays. Recombinant virions competent for a single
round of infection were generated as described above. Neutralization assays were
performed essentially as described previously (82) by using an initial seeding
density of between 1 X 10* and 3 X 10* target cells (U87.CD4.CCRS; obtained
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FIG. 1. Locations of amino acid substitutions on gp120, spatial relationships of epitopes on gp120, and variability of gp120 residues among
primate immunodeficiency viruses and HIV-1. (A) Ribbon amino acid sequence diagram of gp120;,_csp indicating the locations of the alanine
substitutions in this study. Arrows indicate amino acids that were mutated to alanine. Variable-loop deletions are indicated by white letters
encircled by blue spheres. Light blue dots indicate the positions of amino acid mutations in b12 neutralization escape mutants (38, 54). Red and
yellow dots indicate primary and secondary b12 contact residues, respectively, based on a computational docking model of b12 and the gp120y,5-
core (44). Primary b12 contacts are gp120 residues that, based on our docking model, contact MAb b12; secondary contacts are gp120 residues
within 3 to 5 A of MAb b12. (B) Locations of mutations (shown in blue) mapped onto the structure of the gp120 core of HIV-1;; 5. The view
is from the perspective of CD4. (C) Approximate locations of the faces of the gp120 core, defined by the interactions of gp120 and antibodies (30,
76, 78). The region in the CD4bs that is accessible to neutralizing ligands on primary HIV-1 isolates (i.e., MAbs CD4-IgG2 and b12), termed the
neutralizing face, is shown in yellow. The region that is believed to be poorly accessible on oligomeric gp120 and that elicits nonneutralizing
antibodies is shown in cyan. The location of the immunologically silent face, which encompasses the epitope recognized by broadly neutralizing
MAD 2G12 (59, 62, 73), is shown in magenta. The coreceptor binding site is shown in light grey. Modeled carbohydrate chains are shown in dark
grey and black. The approximate areas that are believed to be covered by the V2 and V3 loops (primarily the coreceptor binding site) are indicated.
The locations of the Phe43 cavity (30), involved in CD4 binding, and the stem of the V1/V2 loop are also indicated. (D) Molecular surface of gp120
depicting the sequence variability of the amino acid residues among primate immunodeficiency viruses and HIV-1: green, residues that are
conserved among all primate immunodeficiency viruses; yellow, residues that are conserved among all HIV-1 isolates but not among all primate
immunodeficiency viruses; grey, residues that are variable among HIV-1 isolates. Amino acid conservation is defined as in reference 30.

from the NIH ARRRP). The degree of virus neutralization by antibody was
determined by measuring luciferase activity. The percent neutralization at a
given antibody concentration was expressed as [(luciferase activity in the absence
of antibody — luciferase activity in the presence of a given antibody concentra-
tion)/luciferase activity in the absence of antibody] X 100. To determine the
degree of correlation between neutralization efficiency and the change in anti-

RESULTS

Effect of alanine substitutions and variable-loop deletions
on CD4 and anti-CD4bs antibody binding to monomeric
gp120. A number of previous mutagenesis studies reported on

body binding affinity for each mutant relative to the wild type, a neutralization
index was defined. This index was expressed as [(antibody concentration required
to achieve 90% neutralization of the wild type X apparent antibody affinity for
wild-type gp120)/(antibody concentration required to achieve 90% neutralization
of the mutant X apparent antibody affinity for mutant gp120)]. Neutralization
indices of between 0.2 and 5 were considered indicative of a reasonable corre-
lation between the change in antibody affinity for monomeric gp120 and neu-
tralization efficiency.

the effects of amino acid substitutions on binding by anti-
CD4bs antibodies (20, 36, 67, 69, 71). However, only the study
by Roben et al. (57) described such an analysis applied to MAb
b12. In that study, wild-type and mutant gp120s were tested for
their ability to bind a saturating concentration of each anti-
body, the results being expressed as the ratio of antibody
bound to mutant gp120 to that bound to wild-type gp120. This
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approach is most satisfactory for substitutions that produce
large effects in binding but may be less reliable for detecting
smaller effects, since a change in saturation does not necessar-
ily indicate a change in antibody affinity.

In the present study, we therefore opted for a more rigorous
approach by determining the change in apparent antibody af-
finity for gp120 of each mutant relative to that for wild-type
gp120. Alanine scanning mutagenesis was performed on mo-
nomeric gpl20 to define in more detail which residues on
gp120 influence or modulate b12 reactivity. In parallel, CD4-
I1gG2 (used as a surrogate for CD4) and two nonneutralizing
anti-CD4bs MAbs (b3 and b6) (4) were assayed to compare the
effects of alanine mutations on binding by neutralizing versus
nonneutralizing MADbs, as well as to distinguish between amino
acid substitutions that uniquely affect MAb binding and muta-
tions that affect the binding of anti-CD4bs ligands in general.
Mutagenesis was performed by using gp120 from HIV-1;; _csp
(gp120,k_csr) as the parent. A total of 81 mutants containing
single alanine substitutions and 3 variable-loop deletion mu-
tants were generated (Fig. 1A). The residues that were mu-
tated to alanine were selected primarily from a list of likely
contact residues based on the docking model of the crystal
structure of MAb b12 and the CD4-complexed gp120 core
structure of HxB2 (44). As might be expected, most mutations
were in or adjacent to the CD4bs (Fig. 1B), encompassing the
neutralizing face as well as the nonneutralizing face of gp120
(Fig. 1C). However, a number of amino acids that were se-
lected for mutagenesis were also located on the silent face. As
shown in Fig. 1D, amino acids that were selected for mutagen-
esis ranged from those that are highly conserved among pri-
mate immunodeficiency viruses to residues that vary signifi-
cantly among HIV-1 isolates.

To determine apparent antibody affinities, mutant mono-
meric gp120 from pseudovirions was captured on ELISA plate
wells and probed with various concentrations of antibodies to
generate a binding curve for each mutant. Apparent binding
affinities were determined from the antibody concentration at
half-maximal binding. The apparent antibody affinity for each
mutant gp120 was then related to that for wild-type gp120
(Table 1). Changes in the relative affinity of greater than 200%
were designated increases, whereas those of less than 50%
were designated decreases. Intermediate values were recorded
as having no effect or a limited effect on antibody binding.

Three variable-loop deletion mutants of gp120 (AV1, AV1/
V2, and AV3) were investigated. Deletion of the V1 loop alone
or together with the V2 loop had an adverse effect on the
binding of CD4 and all three MAbs to gp120, whereas deletion
of the V3 loop decreased the binding affinity for CD4 and
MAbs b6 and bl2 but not b3 (Table 1). Nineteen alanine
substitutions in gp120 reduced the affinity for CD4 and all
three MAbs. Three substitutions (at D180, 1184, and F176) are
located in the V2 loop; one (at K207) is located at the base of
the stem of the V1/V2 loop; one (at 1213) is located on the
nonneutralizing face at the putative gp120-gp41 interface (30,
76); six (at T257, E370, 1371, Y384, M426, and G472) line the
so-called Phe43 cavity (30) of gp120; four (at N386, P470,
R476, and W479) are in close proximity to the CD4 binding
pocket (30); three (at R350, W395, and T450) are on the
carbohydrate-rich silent face of gp120; and one (at 1439) is
close to the junction of the silent and neutralizing faces (30,
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76), adjacent to the base of the stem of the V1/V2 loop. Except
for R350 and W395, these residues are all conserved among
primate immunodeficiency viruses or HIV-1 isolates in terms
of identity or similarity of the amino acid side chain (Table 1).
Four of the nineteen residues listed above (E370, 1371, M426,
and G472) are CD4 contact residues (Table 1) (30), and their
conservation is probably required for the optimal interaction
of gp120 with CD4. For the remaining residues, conservation
may be associated with maintenance of the structural integrity
of gp120 (30, 76). To determine whether monomeric gp120
from these mutants was globally perturbed, we also investi-
gated the binding of MAb 2G12, which recognizes a carbohy-
drate-dependent conformational epitope on the silent face of
gp120 (59, 62, 73). For most mutant glycoproteins, 2G12 bind-
ing was unchanged (Table 1). It would thus appear that these
proteins are not globally misfolded. Interestingly, mutating
residue F176 (V2 loop) to alanine caused a fourfold increase in
2G12 binding relative to that seen with wild-type gp120, indi-
cating that mutations in the V2 loop of gp120 can have some
effect on 2G12 binding to its carbohydrate epitope. Alanine
substitutions at three residues (N386, W395, and W479)
caused moderate to significant decreases in 2G12 relative af-
finity (Table 1). None of these residues is believed to be a
contact residue for MAb 2G12 (59, 62), suggesting that these
alanine replacements may cause significant perturbations of
gp120 structure.

The decrease in CD4 binding affinity observed with the
W395A mutant is somewhat striking, considering that the res-
idue at position 395 shows significant variability among HIV-1
isolates (30). However, alignment of the sequences from
HIV-1 clade B isolates shows that this amino acid is identical
in 106 of the 107 isolates listed in the HIV sequence database
at http://hiv-web.lanl.gov/content/hiv-db/mainpage.html. In the
single clade B isolate in which this amino acid is not Trp, it is
replaced by a His residue. Position 395 may thus play a role in
preserving a structural conformation that is required for opti-
mal CD4 binding in clade B isolates and that is achieved by the
incorporation of aromatic amino acids. The same may hold
true for R350, which is 60% conserved as arginine in clade B
isolates but 80% conserved as a positively charged side chain.

The remaining 62 alanine substitutions had various effects
on CD4 and antibody reactivity (Fig. 2). A noticeable differ-
ence in the effects of alanine substitutions on ligand binding
was that, whereas some substitutions enhanced MAb binding,
CD4 binding was always either reduced or unchanged. Many
substitutions produced similar effects on MAb and CD4 bind-
ing (Table 1 and Fig. 2). For 31 mutations, the effects on b3
binding were similar to the effects on CD4 binding. In com-
parison, the effects on b6 and b12 binding were similar to the
effect on CD4 binding for 24 and 26 mutations, respectively.
However, when we focused on substitutions that decreased
ligand binding, we found the greatest correspondence between
MAD b12 and CD4, closely followed by MADb b6 and CD4, and
the greatest discrepancy between MAb b3 and CD4. Thus,
when we excluded the 19 alanine substitutions that uniformly
reduced binding by CD4 and the three MAbs, we found that 18
substitutions decreased the binding of both b12 and CD4, 17
decreased the binding of both b6 and CD4, and only 11 de-
creased the binding of both b3 and CD4.

Amino acid substitutions that affected MAb binding were
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FIG. 2. Apparent affinity of MADbs for alanine mutants of
gp120;x_csr relative to the wild type. Numbering is based on the
sequence of HIV-1j,5, (26). (A) b3 binding (green bars). (B) b6
binding (grey bars). (C) b12 binding (blue bars). On the x axis, only
every second amino acid residue listed in Table 1 is numbered. Orange
bars represent CD4 binding. A schematic of the conserved and variable
regions of HIV-1 gp120 is also shown. Numbers indicate amino acid
residues (HxB2 numbering). C, conserved domain. V, variable region.

mapped onto the crystal structure of the gp120 core of HIV-
1ixm2 to Obtain a better understanding of the spatial arrange-
ment of the amino acid residues that were mutated (Fig. 3).
Although the mutagenesis studies were done with gp120,,_csp,
this approach was thought to be valid since the structure of the
core seems to be highly conserved among HIV-1 isolates (29).
One caveat to note is that the structure of gp120 is that of a
core molecule complexed to CD4 and Fab 17b; some differ-
ences in the conformations of this molecule and the corre-
sponding noncomplexed molecule have been proposed (30, 76,
78), but no structural data to address this issue yet exist. The
epitope maps for the antibodies, particularly MAbs b6 and b12,
were highly similar (Fig. 3). This result is not surprising, given
that anti-CD4bs antibodies compete with each other for bind-
ing to gpl20 (41). The map observed for CD4 was in good
agreement with the CD4 footprint derived from the crystal
structure of the CD4-gp120 complex (30, 76). Notably, the map
for b12 was also in agreement with the footprint obtained from
a docking model of the bl2 structure and the gp120 core
structure (44).

To gain a better understanding of the differences between
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the MAbs, only those alanine substitutions for which the effect
(or lack of effect) on antibody reactivity was unique compared
to the effects on the other two antibodies were mapped onto
the structure of the gp120 core of HIV-1,p, (Fig. 4, top
panels). The differential map for MADb b3 shows clusters of
several alanine mutations on the neutralizing face (30, 76)
(G366A, G367A, T388A, K421A, D457A, G458A, and
R469A) and close to the stem of the V1/V2 loop (30, 76)
(K121A and V430A) of gp120 that uniquely do not affect b3
binding. This result implies that the epitope recognized by b3
may not involve these particular regions. The differential map
for MAb b6 shows that, in contrast to b3 and b12, b6 is not
affected by certain substitutions (D279A and E462A) in the
upper region of the neutralizing face of gp120 or by some
alanine mutations which cluster around the Phe43 cavity
(D368A, W427A, and G473A). The differential map for MAb
b12, in contrast to the maps for the other two antibodies, shows
little clustering of amino acid mutations that uniquely do not
affect b12 binding. Rather, alanine substitutions to which b12 is
uniquely insensitive are located at the tip of the stem of the
V1/V2 loop (V127A), at the junction of the neutralizing and
nonneutralizing faces (D474A and M475A), and in the upper
half of the neutralizing face (I467A). Interestingly, most mu-
tations that uniquely reduce b12 binding were located in close
proximity to the Phe43 cavity (Fig. 4, top panels).

In addition, we also mapped those alanine substitutions that
had a unique effect on b3 or b6 (nonneutralizing antibody)
binding compared to b12 (neutralizing antibody) binding (Fig.
4, bottom panels). The differential map for b3 shows that it is
not affected by many alanine substitutions, particularly those
on the perimeter of the CD4bs, compared to b12. The strik-
ingly high number of colored residues in the map for b3 sug-
gests that b3 and b12 differ significantly in gp120 contact res-
idues. Indeed, many of the residues that, when replaced by
alanine, uniquely cause a decrease in the binding of b3 com-
pared to b12 are located on the nonneutralizing face and the
inside face of the bridging sheet which faces the nonneutraliz-
ing face. The differential map for b6 shows fewer colored
residues than the map for b3, suggesting that there are few
differences between b6 and bl2 in their interactions with
gp120.

Effect of alanine substitutions on susceptibility of pseudoviri-
ons to neutralization. Mutants which are able to escape neu-
tralization by MAb b12 have been generated in vitro and in
vivo (38, 54) and are characterized by amino acid mutations in
the V2 loop (D167N and D185N), as well as in the C3 region
(P369L and P369Q) adjacent to the Phe43 cavity. To deter-
mine the extent to which alanine substitutions in the present
study resulted in neutralization escape, 19 alanine mutants
with various effects on b12 binding affinity for monomeric
gp120 were selected to encompass the entire gp120 envelope
and were used in an assay in which an env-defective HIV-1
provirus encoding the firefly luciferase gene (pNL4.3Luc) was
complemented for a single round of infection by a plasmid
encoding wild-type or mutant envelope glycoproteins (Table
2). A neutralization index was defined to determine the degree
of correlation between antibody affinity for monomeric gp120
and neutralization efficiency.

For 12 mutants (K97A, T123A, L125A, R166A, F210A,
R252A, T283A, Q337A, P369A, G459A, G471A, and D474A),
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FIG. 3. Effects of alanine substitutions on antibody binding mapped onto the structure of the gp120 core of HIV-1;;,,. The view is from the
perspective of CD4. Only substitutions that affected antibody binding are colored and labeled. Alanine substitutions of residues colored yellow
significantly enhanced MAb binding (>200% affinity relative to the wild type), whereas those colored blue significantly reduced MAb or CD4
binding (<50% affinity relative to the wild type). Amino acid substitutions in the V2 loop that affected antibody or CD4 binding are indicated by

colored circles to the left of each structure.

there was a reasonable correlation between the neutralization
sensitivity of pseudovirions expressing mutant gp120s and the
antibody affinity for monomeric gp120 of the corresponding
mutants. For the remaining seven alanine mutants, discrepan-
cies were observed between the change in b12 binding affinity
for monomeric gp120 and neutralization efficiency (Table 2
and Fig. 5). Strikingly, for five mutants (D113A, V127A,
D180A, N197A, and S256A), neutralization efficiency was
maintained or increased despite a decrease in antibody affinity
for monomeric gp120. For instance, whereas the binding affin-
ity of b12 for monomeric gp120 from the D113A virus was
reduced 100-fold compared to the binding affinity for wild-type
gp120, the D113A virus was neutralized by b12 as efficiently as
the wild-type virus. In contrast, the neutralization indices for
the remaining two mutants, N276A and S365A, were low (0.14
and 0.04, respectively), because of decreased neutralization
efficiency despite increased binding affinity for monomeric
gp120. These results suggest that antibody affinity changes ob-
served with amino acid substitutions for monomeric gp120 are
not always maintained in the context of functional oligomeric
gp120 present on the surface of the virus.

To determine whether the observed discrepancies between
binding to monomeric gp120 and neutralization were applica-
ble only to b12, we also tested MAbs CD4-1gG2, 2G12, 15e,
and 17b with six of the seven mutants described above in
neutralization assays. Mutant V127A was excluded because the
observed neutralization index was only slightly higher than the
cutoff value and thus was considered only marginally discrep-
ant. MAD 15e recognizes an epitope overlapping the CD4bs on
gp120 (58), whereas MAb 17b recognizes an epitope which
overlaps the coreceptor binding site on gpl120 and is better
exposed upon CD4 binding (70). Both MAbs, which neutralize
HIV-1 primary isolates poorly (14, 37, 72), were not able to
achieve 90% neutralization of any of the mutant viruses or
wild-type virus at concentrations of up to 100 wg/ml, although
both MAbs bound monomeric gp120 from all mutants with
affinities comparable to that for wild-type gp120 (data not
shown). These results suggest that the introduced mutations do
not dramatically increase the sensitivity of JR-CSF to neutral-
ization by these MAbs. Further, all six mutants showed sensi-
tivity to neutralization by MAb 2G12 similar to that of the
wild-type virus (Table 3). Therefore, it seems likely that the
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FIG. 4. Epitope maps of the unique effects of alanine substitutions on MAb binding affinity. Color scheme and labeling are as described in the
legend to Fig. 3, except that amino acid mutations that did not significantly affect antibody binding are also indicated (colored black). (Top panels)
Differential maps of alanine point mutations for which the effect on MAb binding was unique compared to the effects on the binding of the other
two MAbs. (Bottom panels) Differential maps of the unique effects of alanine substitutions on binding by MAbs b3 and b6 in comparison to MAb
b12.

TABLE 2. Neutralization of wild-type and mutant pseudovirions of
HIV-1;z_csp by MAb b12

changes in neutralization efficiency observed with mutant - -
Apparent affinity relative

pseudovirions are restricted to the b12 epitope. Interestingly, Pseudovirus ( IC;)I)G to that for wild-type Neuy;zlei)zﬁtion
for mutant S365A, a neutralization index of <0.2 with MAb re/ 2p120;x_csr (%) !
2G12 was obse-rved; 2G12 had a higher aﬂ“mi.ty for monorn.eric Wild type 14 100 1
gp120 from this mutant, but the corresponding pseudovirions K97A 12 134 0.87
were not neutralized better than the wild-type virus. In view of D113A 6 1 233
the location of the 2G12 epitope on gp120 (59, 62, 73) and Ti23A 4 233 1.50
considering that residue S365 is located in the CD4bs of gp120, %/112257§ i 323 ggg
it would appear that mu'tating this rcfsidue to ala.nine causes a R166A 8 50 337
conformational change in monomeric gp120 which leads to a D180A 10 1 140
better presentation of one or more glycans on the silent face of N197A 1 25 56
gp120, to which 2G12 binds. However, this conformational F210A 4 77 4.55
hange does not appear to take effect on the viral spike, since R2524 43 17 1.92
change d pp © viral SpIKe, SiI S256A 16 13 6.73
mutant viruses are not neutralized more efficiently than wild- N276A 46 225 0.14
type viruses. T283A 13 55 1.96
For MAb CD4-IgG2, neutralization efficiency for two — Q337A 9 83 1.87
(S256A and N276A) of the six mutant pseudovirions that were ?,%2‘32 6‘; gg (1)(3)2
tested was decr.eased with respect to that for the wild-type virus G459A 9 54 288
(Table 3). This decrease correlates well with the observed G471A 11 37 3.44
decrease in CD4-1gG?2 affinity for monomeric gp120 (Table 3). D474A 11 91 1.40

For the remal.nmg four mutants’ therc? was a dls.crepancy be- “ICyy, antibody concentration yielding 90% neutralization efficiency.
tween neutralization efficiency and antibody affinity for gp120. b See the text for details.
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FIG. 5. Alanine mutants that were selected for neutralization as-
says. Labeled amino acids colored grey indicate mutant pseudovirions
for which there was a reasonable correlation between b12 binding to
monomeric gp120 and neutralization efficiency. Residues labeled and
colored yellow indicate pseudovirions which were neutralized equally
as well as or better than wild-type virus despite a decrease in the b12
affinity for monomeric gp120 of the respective mutant. Residues la-
beled and colored red indicate pseudovirions which were not neutral-
ized as well as the wild-type virus despite an increase in the b12 affinity
for monomeric gp120 of the respective mutant.

For mutants D113A, D180A, and N197A, we observed the
same discrepancy as that seen with b12: an increase in neutral-
ization efficiency despite a decrease in binding affinity for the
monomer. Interestingly, for mutant S365A, the effects on CD4-
IgG2 and b12 binding and neutralization diverged. Monomeric
gp120 of mutant S365A showed enhanced affinity for b12 and
reduced affinity for CD4-1gG2. However, whereas the corre-
sponding virus was neutralized by CD4-IgG2 equally as well as
the wild-type virus, a decrease in neutralization efficacy was
observed for bl2 with pseudovirions from mutant S365A.
Thus, although mutations in gp120 can affect the binding of
b12 and CD4-IgG2 to monomeric gp120 differently, these dif-
ferences are apparently not necessarily maintained when gp120
is oligomerized.

Generation and expression of recombinant gp120 contain-

TABLE 3. Neutralization of wild-type and selected mutant
pseudovirions of HIV-1;;_ s by MAbs CD4-1gG2 and 2G12

Apparent affinity
relative to that
for wild-type
8p120;g csk
(%) for MAb:

Neutralization

1Cyy (pg/ml) for
MAb“: index for MADb:

Pseudovirus

CD4-1gG2  2G12 CD4-IgG2  2G12 CD4-IgG2 2GI12

Wild type 13 6 100 100 1 1

DI113A 5 3 9 169 28.9 1.18
D180A 1 14 31 108 41.9 0.40
NI197A 1 6 3 318 433 0.31
S256A 20 6 47 108 138 0.93
S365A 6 9 23 1,800 942  0.04
N276A 30 3 27 169 1.60 118

“1Cq, antibody concentration yielding 90% neutralization efficiency.
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TABLE 4. Binding affinities of a panel of anti-CD4bs MAbs for
recombinant gp120,,_ ;. containing multiple alanine substitutions

Apparent affinity relative to that for wild-type
gp120g 1 (%) for:

Mutant?

bl12 b6 b3 CD4 FI1 15¢ F105
GDMR 250 0.1 0.1 0.1 82 63 0.1
DMR 167 0.1 0.1 0.1 64 112 0.1
DR 167 0.1 0.1 43 90 112 0.1
GM 120 9 0.1 0.1 75 68 0.1

¢ Mutants are denoted by the amino acids that were changed to alanine: G,
G473; D, D474; M, M475; R, R476.

ing multiple alanine substitutions. Although MAb b12 and
nonneutralizing anti-CD4bs antibodies bind monomeric gp120
with similar affinities, we hypothesized that it might be possible
to mutate monomeric gp120 so that it preferentially binds b12
but not nonneutralizing MAbs. Based on our structural anal-
ysis (Fig. 4), it was apparent that a region encompassing amino
acids G473 to R476, which partially line the Phe43 cavity,
uniquely affected MADb b12 binding compared to MADb b3 and
MADb b6 binding (Fig. 4, right panel). We therefore decided to
generate a small panel of recombinant gp120s with multiple
alanine substitutions at these amino acid positions to deter-
mine whether the unique differences in the effects observed
with the single alanine mutations could be retained. For this
experiment, we constructed a plasmid encoding the gp120 seg-
ment of a codon-optimized env gene of primary isolate JR-FL,
which is 94% identical in amino acid sequence to JR-CSF. A
tissue plasminogen activator leader sequence was placed up-
stream of the env gene to ensure the secretion of gp120 into the
culture medium. Four mutants (GDMR, DMR, DR, and GM)
were generated and tested with a panel of anti-CD4bs MAbs
(Table 4). The results showed that b12 binding affinity for the
double (DR and GM) and triple (DMR) mutants, was similar
to that for wild-type gp120, whereas b12 binding affinity was
increased for the quadruple (GDMR) mutant. In contrast, the
binding affinities of MAbs b3, b6, and F105 were severely
reduced for all four mutants. CD4 binding was also severely
diminished for the GDMR, DMR, and GM mutants, but not
for the DR mutant (twofold reduction in affinity relative to that
for the wild type). Two other anti-CD4bs antibodies, MAbs
F91 and 15e, were not as susceptible to alanine substitutions in
this region as the other MAbs; none of the mutations produced
a decrease of more than 50% with either of the two antibodies.
The binding affinity of MAb F91 was affected most by mutant
DMR, whereas the binding affinity of MAb 15e¢ was affected
most by mutants GDMR and GM. These results suggest that
these MAbs may bind to gp120 in a manner different from that
of other anti-CD4bs antibodies. Indeed, the binding of MAb
F91 has been shown to be uniquely enhanced in the presence
of anti-V2 and anti-V3 loop antibodies (41), whereas both
MADs have been shown to enhance the binding of several
anti-V2 and anti-V3 loop MAbDs (41). The other anti-CD4bs
antibodies tested here do not generally display similar effects.
The binding of MAb b12, for example, is decreased in the
presence of a number of anti-V2 loop antibodies (41).
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DISCUSSION

The CD4bs on gp120 is a particularly attractive target for
HIV-1 vaccine design because CD4 is the primary receptor on
target cells for virtually all naturally occurring viruses studied
to date (12, 23). This fact suggests a common structural frame-
work for the binding sites of all HIV-1 isolates. This notion is
also supported by the limited sequence variability among
amino acids which make up the CD4 binding pocket (27, 30,
45) as well as by the high degree of similarity between the
crystallized gp120 core structures of a TCLA strain and a
primary isolate (29). Of the three broadly neutralizing anti-
gp120 MADs that have been described to date, namely, b12,
2G12, and Fab X5, only the first binds to an epitope directly
overlapping the CD4bs (4, 8, 10, 57, 59, 62, 73; A. F. Labrijn et
al., unpublished results).

The aim of this study was to systematically define which
residues on gp120 affect binding by broadly neutralizing MAb
b12, CD4, and two nonneutralizing anti-CD4bs antibodies. Se-
lected residues were changed to alanine because alanine gen-
erally does not significantly alter the main-chain conformation
or impose extreme electrostatic or steric effects and so permits
the identification of amino acid side chains which may be
important for ligand binding. To determine antibody affinity
changes, antibody binding curves were generated from ELISA
data, and the apparent antibody affinity for each gp120 mutant
was determined and related to that for wild-type gp120.

The effects of alanine substitutions on CD4 binding were
determined by using CD4-IgG2, because it could be used with
the same detection system as that used for the other antibod-
ies. Interestingly, no increase in affinity for CD4 was observed
with any of the alanine mutants tested in the present study
(Table 1 and Fig. 2 and 3), consistent with a drive toward the
selection during viral evolution of a particular ensemble of
residues for optimal CD4 binding. In fact, of the 28 amino acid
substitutions that diminished CD4 binding to less than 20% of
wild-type levels (Table 1), all but one (I1467) are conserved (as
defined by amino acid identity or conservation of the amino
acid type) among primate immunodeficiency viruses or HIV-1
isolates and/or are CD4 contact residues. The decrease in CD4
reactivity may therefore be a reflection of the loss of certain
functional or structural features required to maintain the in-
tegrity of the CD4bs. Twenty-nine mutations caused a moder-
ate decrease (20 to 50%) in CD4 binding affinity. Of the 29
affected residues, 21 are conserved among primate immuno-
deficiency viruses or HIV-1 isolates and/or are CD4 contact
residues. The other eight residues (K171, F210, R252, R273,
N276, R350, W395, and E462) show moderate to significant
variability among HIV-1 isolates; the affinity changes observed
with CD4 when these amino acids were mutated to alanine
may therefore relate specifically to the HIV-1 isolate, i.e. JR-
CSF, used in this study.

The results obtained here are largely in agreement with
those obtained previously by Olshevsky et al. (45), who tested
a panel of gp120 mutants for binding to CD4™" target cells.
However, direct comparison between that study and the study
reported here is difficult due to the different assay formats
used; in the study of Olshevsky et al., densitometric quantita-
tion of autoradiograms of immunoprecipitated gp120 mutants
after incubation of the mutants with CD4" target cells was
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performed. Minor discrepancies between this study and the
previous study may also result from differences in amino acid
substitutions; in the study of Olshevsky et al., selected residues
were replaced by many different amino acids, whereas in this
study, all residues were replaced by alanine.

Many amino acid changes were found to affect b3, b6, and
b12 binding similarly (Fig. 2 and 3), indicating a high degree of
overlap in gp120 determinants recognized by these anti-CD4bs
antibodies. This finding is not surprising, considering that anti-
CD4bs antibodies compete with each other for binding (41).
Noticeably, increases in gp120 binding affinity were observed
with a number of alanine substitutions, in contrast to what was
seen for CD4. An increase in affinity may indicate that the
amino acid in the wild type is sterically hindering antibody
binding. Typically, alanine substitutions result in a smaller side
chain at a given position, a change which may decrease steric
interference and increase antibody affinity. However, most mu-
tations had an adverse effect on binding ability (Fig. 2 and 3).
Deletion of the V1 and/or V2 loops diminished binding by all
three MAbs, as well as CD4. Deletion of the V3 loop also
diminished binding by CD4 and by MAbs b6 and b12. These
findings support the notion that the variable loops are able to
affect the binding of anti-CD4bs antibodies (79). Alanine sub-
stitutions in the V2 loop and the C-terminal strand of the stem
of the V1/V2 loop generally decreased the binding affinity of
b12 more severely than those of b3 and b6. Previous studies
showed that b12 is sensitive to changes in the V1/V2 stem-loop
structure (6, 40), to V1/V2 deletion (38), and to mutations in
the V2 loop (38). The results obtained here are thus consistent
with previous observations, although it was noted that MADb
b12 does not appear to be uniquely sensitive to V1/V2 dele-
tion. These results are further supportive of the assumption
(76) that the V2 loop in particular is in close proximity to the
Phed43 cavity on the gp120 core. The mutagenesis results are
also consistent with those from previous studies, since many of
the substitutions that adversely affected antibody binding (e.g.,
those at residues D113, S256, T257, N262, E370, D368, K421,
and D477) diminish binding by other anti-CD4bs MAbs (20,
36, 67, 69, 71).

Unique differences between antibodies were mapped onto
the gp120 core structure to obtain better insight into how
neutralizing antibody b12 differs from the other, nonneutral-
izing anti-CD4bs antibodies (Fig. 4). The large cluster of res-
idues on the neutralizing face of gp120, which uniquely do not
affect b3 binding, suggests that the nonneutralizing face and
the inner domain (76) of gp120 and, to a lesser extent, the
neutralizing face form a major contact region for this antibody.
This notion is also supported by the insensitivity of MAb b3 to
removal of the V3 loop. For MAD b6, some substitutions that
uniquely affected antibody binding were located close to or
facing the nonneutralizing face. This finding implies that b6
may interact with an epitope extending across the nonneutral-
izing and neutralizing faces, but at an angle inclined toward the
nonneutralizing face. Based on its unique differences from
MAbs b3 and b12, MADb b6 appears to contact very few resi-
dues which line the Phe43 cavity, suggesting that this region is
less involved in the b6 epitope. For MAb b12, no spatial clus-
tering was observed for residues which uniquely do not affect
binding (Fig. 4). Most mutations that uniquely affect b12 bind-
ing are located on the neutralizing face. This observation and
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FIG. 6. Antibody binding in the context of the functional envelope trimer. (A) Trimeric gp120 model depicted as proposed by Kwong et al. (31).
Here, gp120 is depicted as viewed from the virus. (B) Model of docking of MAb b12 (yellow) to gp120. (C and D) Models of how two hypothetical
nonneutralizing anti-CD4bs MAbs (pink and green) may interact with gp120. Note that b12 and the nonneutralizing anti-CD4bs MAbs are able
to interact with monomeric gp120 but that only b12 binds at an orientation that also allows an interaction with gp120 in the context of the functional

envelope trimer. For clarity, only antibody Fab fragments are shown.

a consideration of the epitope map obtained for b12 suggest
that the epitope recognized by b12 is located primarily in this
region. This notion supports our computational docking model
of the gp120 core structure and the MAb b12 structure (44), in
which b12 binds to an epitope extending from the stem of the
V1/V2 loop across the neutralizing face of gp120 and has little
contact with the nonneutralizing face. Figure 4 (top panels)
also shows that a number of mutations around the Phe43 cavity
on gp120 uniquely diminished b12 binding, supporting recent
results that residues comprising the antigen binding region,
particularly those in the extended finger-like loop of the third
complementarity-determining region (CDR) of the heavy
chain of Fab b12, make crucial contacts with the residues close
to the CD4 binding pocket on the gp120 surface (44; M. B.
Zwick, P. W. H. I. Parren, E. Ollmann Saphire, M. Wang, J. K.
Scott, P. E. Dawson, I. A. Wilson, and D. R. Burton, submitted
for publication).

We sought to derive a model to explain the differences
between b12 and nonneutralizing antibodies, based on the data
and the epitope maps obtained here. Figure 6 depicts how two
hypothetical nonneutralizing antibodies may be excluded from
interacting with trimeric gp120, in contrast to b12, which binds
effectively. As shown in Fig. 6C and D, nonneutralizing anti-
bodies binding to gp120 molecules in a functional trimer may
be hindered by the close proximity of a neighboring gp120
molecule. In contrast, b12, in this view, is not hindered by
adjacent gpl120 protomers because the angle of interaction
permits binding to both monomeric gpl20 and oligomeric
gp120 (Fig. 6B).

The neutralization sensitivity of pseudovirions from a selec-
tion of alanine mutants was determined to investigate how well
changes in b12 binding affinity for monomeric gp120 correlated
with neutralizing ability. For this experiment, a neutralization
index was defined: mutants with high indices are neutralized by
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MADb bl12 better than or equally as well as wild-type virus,
despite a decrease in b12 binding affinity for monomeric gp120,
whereas mutants with very low indices are neutralized worse
than wild-type virus, despite an increase in b12 binding affinity
for the monomer. Although there was a reasonable correlation
for most mutants, e.g., an increase in b12 binding affinity and
an increase in neutralization efficacy, discrepancies were ob-
served for 7 of the 19 mutants that were selected (Table 2).
This result implies that the effects of certain substitutions on
antibody binding to monomeric gp120 are nullified or reversed
in the context of a functional oligomeric gp120 complex on the
viral surface, because the ability of an antibody to bind to
functional oligomeric gp120 is generally believed to correlate
with neutralization efficacy (14, 46, 51, 60). Interestingly, mu-
tants for which there was a discrepancy between binding to the
monomer and neutralization were located on opposite sides of
the core (Fig. 5). Three of the five mutants (D113A, N197A,
and V127A) for which bl2 binding affinity for monomeric
gp120 was reduced, but which were still neutralized efficiently
by the antibody (neutralization indices of 233, 56, and 5.65,
respectively; Table 2), were located in close proximity to or on
the stem of the V1/V2 loop on the inside face of the bridging
sheet which faces the nonneutralizing face. Considering that
the location of the V1/V2 loop may affect b12 binding, we
speculate that the substitutions described for the stem region
lead to a repositioning of the V1/V2 loop, the effect of which
is markedly different for monomeric gp120 and functional oli-
gomeric gp120; i.e., the substitutions lead to increased obstruc-
tion of the CD4bs for monomeric gp120 but have little effect
for oligomeric gp120. The observations are reminiscent of re-
sults obtained recently by Kolchinsky et al. (24, 25). In one of
their studies, mutant pseudovirions of primary isolate ADA
with an N—K or Q substitution at position 197 became highly
sensitive to neutralization by various anti-gp120 MAbs (25).
These mutations, which eliminate an N-linked glycan at posi-
tion 197, are believed to cause movement of the V2 loop, as
inferred from the ability of the viruses to infect target cells
independent of CD4 (24, 25). Surprisingly, the N197A mutant
generated here was not sensitive to neutralization by MAbs
15e and 17b (data not shown), which neutralize ADA viruses
containing the N197K mutation well (25). The exceptional
sensitivity of the ADA mutant pseudovirions to antibody
neutralization may therefore relate specifically to ADA and
may not apply to other HIV isolates to the same extent. In
fact, preliminary results indicate that the N197A mutant of
JR-CSF is not able to infect target cells which do not express
CD4.

The other two mutants, D180A and S256A, for which a
similar discrepancy was observed between binding to the
monomer and virus neutralization were located in the V2 loop
and lined the Phe43 cavity, respectively. It is likely that chang-
ing residue D180 to alanine also influences the position of the
V2 loop. The reason for the observed discrepancy with mutant
S256A is not readily apparent. Residue S256 lies recessed in
the Phe43 cavity of the CD4-complexed conformation of
gp120, at the interface between the inner and the outer do-
mains (30, 76), and, therefore, is not likely to contact bl12
directly. Replacing this residue with alanine may affect the
spatial orientation of the inner and outer domains on mono-
meric gp120, whereas on functional envelope spikes this effect
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may be counteracted by oligomerization, although this notion
is speculative.

The effect on binding to monomeric gp120 and neutraliza-
tion observed for mutants N276A and S365A was opposite that
observed for the previous five mutants; i.e., although the af-
finity of binding to monomeric gp120 was increased, neutral-
ization efficiency was lost (neutralization indices were 0.44 and
0.04, respectively). Residue N276 is an N-linked glycosylation
site that is part of the D loop on gp120 (30), which is believed
to provide important residues for b12 binding (81). Removal of
the glycan may facilitate the interaction of b12 with monomeric
gp120, whereas on the native trimer, the absence of the glycan
may adversely affect the conformation of the D loop (74, 75)
and lead to the observed decrease in neutralization efficiency.
Residue S365 is part of a ridge formed by residues 364 to 368,
which make direct contact with CD4 (30) and, based on our
b12-gp120 docking model, may fit into a cleft formed by heavy-
chain CDR2 and CDR3 of b12 (44). The S365A mutation, like
the N276A mutation, may cause a conformational change on
monomeric gp120 that favors b12 binding to the monomer but
has a negative effect on b12 binding to functional oligomeric
gp120.

A feature of b12 neutralization escape mutants selected in
vivo is a mutation at position 369 that changes Pro to Gln or
Leu (38, 54). When this residue was mutated to alanine
(P369A), we observed no change in the binding affinity for
monomeric gp120 and no significant change in neutralization
sensitivity (Table 2). These results imply that this residue does
not normally form part of the b12 epitope. Rather, it is more
likely that mutating this amino acid to a larger residue causes
steric impairment of the interaction between b12 and gp120,
either directly or by altering peptide backbone conformation.

One purpose of this study was to determine by alanine scan-
ning mutagenesis which amino acids on gp120 modulate b12
binding. We expected to derive a clearer picture of how b12
may differ from other anti-CD4bs antibodies in its ability to
bind to oligomeric spikes on virion surfaces and thus efficiently
neutralize primary HIV-1 isolates. At the same time, we rea-
soned that, although monomeric gp120 binds b12 and nonneu-
tralizing anti-CD4bs antibodies equivalently, it might be pos-
sible to mutate monomeric gp120 so that b12 binding would be
maintained at the expense of nonneutralizing MAb binding.
Therefore, based on the mutagenesis results, four recombinant
gp120 molecules containing multiple alanine mutations be-
tween amino acid residues G473 and R476 were generated and
tested with a panel of five nonneutralizing anti-CD4bs MAbs,
b12, and CD4 (Table 4). The quadruple mutant GDMR was
found to increase b12 binding but to completely abolish bind-
ing by three (b3, b6, and F105) of the five nonneutralizing
anti-CD4bs MADbs tested. Of the two remaining MAbs, the
binding affinity of one MAD, 15e, was decreased for two of the
four mutants, whereas for the other MAD, F91, a slight de-
crease in binding affinity was observed.

These results thus substantiate the aforementioned postu-
late that gp120 can be engineered in such a way as to make it
less prone to recognition by nonneutralizing antibodies. For
vaccine design, it will now be interesting to test the perfor-
mance of these and other modified gp120 molecules in the
induction of neutralizing antibodies with b12-like properties.
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