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IgG1 b12 is a broadly neutralizing antibody against human immunodeficiency virus type 1 (HIV-1). The
epitope recognized by b12 overlaps the CD4 receptor-binding site (CD4bs) on gp120 and has been a target for
vaccine design. Determination of the three-dimensional structure of immunoglobulin G1 (IgG1) b12 allowed
modeling of the b12-gp120 interaction in which the protruding third complementarity-determining region
(CDR) of the heavy chain (H3) was crucial for antibody binding. In the present study, extensive mutational
analysis of the antigen-binding site of Fab b12 was carried out to investigate the validity of the model and to
identify residues important for gp120 recognition and, by inference, key to the anti-HIV-1 activity of IgG1 b12.
In all, 50 mutations were tested: 40 in H3, 4 each in H2 and L1, and 2 in L3. The results suggest that the
interaction of gp120 with H3 of b12 is crucially dependent not only on a Trp residue at the apex of the H3 loop
but also on a number of residues at the base of the loop. The arrangement of these residues, including aromatic
side chains and side chains that hydrogen bond across the base of the loop, may rigidify H3 for penetration of
the recessed CD4-binding cavity. The results further emphasize the importance to gp120 binding of a Tyr
residue at the apex of the H2 loop that forms a second finger-like structure and a number of Arg residues in
L1 that form a positively charged, shelf-like structure. In general, the data are consistent with the b12-gp120
interaction model previously proposed. At the gene level, somatic mutation is seen to be crucial for the
generation of many of the structural features described. The Fab b12 mutants were also tested against the b12
epitope-mimic peptide B2.1, and the reactivity profile had many similarities but also significant differences
from that observed for gp120. The paratope map of b12 may facilitate the design of molecules that are able to
elicit b12-like activities.

It is of fundamental importance to the global human immu-
nodeficiency virus type 1 (HIV-1) vaccine effort to look for
potential ways in which to elicit an effective neutralizing anti-
body response against HIV-1 (6, 8, 10, 27, 32, 53, 68, 88, 92).
The target of neutralizing antibodies against HIV-1 is the en-
velope spike, which consists of the surface glycoprotein gp120
and the transmembrane protein gp41. Although not formally
proven, it is generally accepted that the spike is a trimer of
gp120-gp41 heterodimers (12, 13, 33, 40, 60, 83, 87). One of the
consequences of this quaternary arrangement is that a number
of conserved epitopes that are well exposed on purified, mo-
nomeric gp120 and gp41 are buried or partially buried in the
trimeric gp120-gp120, gp41-gp41, or gp120-gp41 interfaces
within the native spike (29, 62, 67, 69, 86). The relative inac-
cessibility of conserved epitopes in the trimeric spike likely
explains the paucity of neutralizing monoclonal antibodies
against HIV-1 (8) as well as the low titers of isolate cross-
neutralizing antibodies typically found in the serum of animals
or humans immunized with soluble envelope protein (15, 20,

21, 23, 26, 45, 72, 81, 85) or even during natural infection with
HIV-1 (38, 48).

Nevertheless, a few broadly neutralizing antibodies against
HIV-1 have been described. Immunoglobulin G1 (IgG1) b12
binds to the CD4 receptor binding site (CD4bs) on gp120 (4,
9,11, 62), 2G12 binds to a carbohydrate-rich epitope on the
silent face of gp120 (63, 70, 80), and 2F5 binds to a linear
epitope close to the membrane on the ectodomain of gp41 (52,
61, 94). In addition, three novel antibodies have recently been
identified as having broad neutralizing activity: Fab X5, which
binds an epitope on gp120, the exposure of which is enhanced
by CD4 binding (51), 4E10 (74, 94), and Z13 (94), which bind
immediately C-terminal to 2F5 on gp41. These antibodies
stand out among the population of known human antibodies as
being relatively potent and able to neutralize a wide range of
primary isolates of HIV-1 (21, 51, 94) and in combination have
been shown to neutralize HIV-1 with some degree of synergy
(43, 95). Moreover, IgG1 b12 has recently been shown to be
effective at neutralizing primary isolates of subtype C, which is
responsible for the greatest number of infections worldwide
(7). Importantly, IgG1 b12 is able to completely protect ma-
caques against vaginal challenge with the simian immunodefi-
ciency virus-HIV hybrid SHIV162P4 (58). This study, together
with other passive antibody protection studies (2, 14, 44, 46, 56,
73), establishes parameters by which antibody can mediate
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sterile protection against retroviral challenge and illustrates
the potential of broadly neutralizing antibodies for controlling
HIV-1, at least in animal models.

Of the panel of broadly neutralizing anti-HIV-1 monoclonal
antibodies, IgG1 b12 is the best characterized at the molecular
level. Somatic variants of b12 were available essentially since
its discovery by phage display methodology, providing an early
indication of residues in the antibody variable regions that
influence binding activity (4, 9, 57). Later, in vitro selection
experiments were performed in which a complementarity de-
termining region (CDR) walking strategy was used to identify
variants of b12 with greater affinity for monomeric gp120 and,
in some cases, with an enhanced ability to neutralize HIV-1 (5,
90). Recently, the three-dimensional structure of the whole
IgG1 b12 molecule was determined (66), providing a structural
framework for attempts to elucidate its broadly neutralizing
activity. In particular, a Trp residue displayed at the apex of a
long protruding H3 loop may allow b12 to penetrate and fill the
hydrophobic cavity of the CD4bs on gp120 in a way analogous
to Phe43 of CD4 (66). From a docking model of b12 with the
core of gp120 (39), b12 also makes contacts on the inside face
of the V1/V2 loop stem of gp120 and with the D loop of gp120
by a canyon created by CDRs H3, L1, and L3 (66). This model
can now be tested by additional structural and functional stud-
ies.

IgG1 b12 is also arguably the best characterized of a group
of antibodies known as anti-CD4bs antibodies, which compete
with CD4 and with each other in binding to gp120. Many
human anti-CD4bs antibodies (besides IgG1 b12) have been
described by various groups (49, 50, 75), including 15e (30),
F105 (76), F91 (50), 1125H (77), 21h (30, 75), 654-30D (41),
and Fab b6 (57, 62), the last of which was isolated from the
same seropositive subject from whom b12 was cloned. These
anti-CD4bs antibodies often show broad reactivity with mono-
meric gp120s from different isolates of HIV-1 but do not,
however, show the neutralizing activity of b12 (21, 22, 62). The
difference has been associated with the ability of b12 but not of
other anti-CD4bs antibodies to bind well to the trimeric enve-
lope spike on the surface of virions (59). It would seem that
b12 is able to bind with reasonably high affinity to both mono-
meric and trimeric forms of gp120, whereas the other CD4bs
antibodies bind well only to the monomeric form.

Clearly, one would like to have immunogens capable of
eliciting b12-like antibodies. To this end, we have been explor-
ing the interaction of b12 with gp120 from a number of aspects.
These include determination of the crystal structure of b12
(66), docking of b12 with the structure of the core of gp120
(66), and examination of the effects of mutations of gp120
residues on the b12-gp120 interaction (55). Here, we ap-
proached the problem from the point of view of the antibody
by attempting to identify the key structural features of b12
required for gp120 binding through extensive mutagenesis of
b12 residues. At the same time, for comparative purposes, we
looked at the effects of mutations on the interaction of b12
with a peptide mimotope, B2.1, that binds b12 specifically and
is being studied as a vaccine lead (93). The results provide
functional data relevant to the docking model presented pre-
viously (66) and reveal specific requirements at the tip and
base of the CDR H3 finger of b12 for gp120 recognition. In
addition, a cluster of arginine residues in the CDR L1 region

forming a shelf-like structure and a prominently displayed Tyr
residue in CDR H2 are shown to be crucial. The potential
implications for eliciting b12-like antibodies by vaccination are
discussed in terms of the demands that this puts on the anti-
body repertoire.

MATERIALS AND METHODS

Mutagenesis and crude Fab preparation. b12 Fab mutants were engineered
with the QuikChange mutagenesis kit (Stratagene) according to the manufac-
turer’s directions with pComb3H vector DNA, encoding wild-type b12 Fab, as
the template. A similar approach was used to engineer the Fab b6 mutants. The
sequences of the mutant clones were verified by DNA sequencing within the
variable regions. A complete list of the Fab b12 mutants engineered in this study
is included in Fig. 1. The CDRs were defined with IMGT delimitations (http:
//imgt.cnusc.fr:8104/home.html) (42) except for H3, for which conserved residues
A93 and R94 were omitted, as per the Kabat and Wu definition (34).

The preparation of crude Fab supernatants has been described previously (3).
Briefly, the mutant clones, wild-type b12, and an irrelevant Fab negative control
were transformed separately into Escherichia coli XL1-Blue cells (Stratagene),
and single colonies were used to inoculate 10-ml cultures in SB medium con-
taining 50 �g of carbenicillin and 10 �g of tetracycline per ml. The cultures were
shaken at 300 rpm at 37°C for 6 to 8 h, then induced with 1 mM isopropylthio-
galactopyranoside (IPTG), and incubated overnight at 30°C with shaking. The
next day, the cultures were centrifuged at 5,000 � g for 15 min at 4°C, the pellets
were resuspended in 1 ml of phosphate-buffered saline (PBS, pH 7.0), and the
bacterial suspensions were subjected to four rounds of freeze-thawing. The
bacterial debris was pelleted at 14 000 rpm in a microcentrifuge, and the super-
natants were supplemented with bovine serum albumin (BSA) and Tween 20
(1% and 0.025% final concentrations, respectively). Duplicate or triplicate crude
Fab supernatants were prepared to lessen the effect of culture-to-culture varia-
tion in Fab production, pooled, and used directly for enzyme-linked immunosor-
bent assays (ELISAs) as described below.

Crude Fab ELISA. Ninety-six-well plates (one-half diameter, flat-bottomed;
Costar) were coated with 50 �l of PBS containing 50 ng of goat anti-human IgG
F(ab�)2 (Pierce), 75 ng of gp120JRFL (Progenics), 50 ng of oligomeric gp120IIIB

(ImmunoDiagnostics, Inc.), or 7 � 109 B2.1 phage particles (the B2.1 peptide
HERSYMFSDLENRCI is a disulfide-bridged, homodimeric peptide displayed
as a fusion to the N terminus of pVIII on the filamentous phage [93]) and
incubated overnight at 4°C. The wells were washed twice with PBS containing
0.05% Tween 20 and blocked with 3% BSA at 37°C for 1 h. The wells were
washed once, and 50 �l of the bacterial supernatants containing Fab diluted in
PBS containing 1% BSA and 0.025% Tween 20 was added. The plates were
incubated for 2 h at 37°C, the wells were washed four times, goat anti-human Fab
conjugated to alkaline phosphatase (Pierce), diluted 1:500 in PBS containing 1%
BSA and 0.025% Tween 20, was added to the wells, and the plate was incubated
at room temperature for 30 min. The wells were washed five times and developed
by adding 50 �l of alkaline phosphatase substrate, prepared by adding one tablet
of disodium p-nitrophenyl phosphate (Sigma) to 5 ml of alkaline phosphatase
staining buffer (pH 9.8), according to the manufacturer’s instructions.

After �30 min, the optical density at 405 nm was read on a microplate reader
(Molecular Devices). The concentration of Fab was determined with the anti-
Fab ELISA (full curve, threefold dilution series) with simple linear regression;
the concentrations of Fab in the samples were usually within about twofold of
that of wild-type Fab b12 except for mutants V95A, Y53G, 3D3A, and 3D3N,
which were consistently 4- to 10-fold less abundant. A full threefold ELISA
binding curve was also generated for groups of Fab mutants alongside wild-type
b12 and a negative Fab control against gp120 or B2.1 phage. Apparent affinities
were calculated as the antibody concentration at half-maximal binding. Apparent
affinities as a percentage of that of wild-type Fab b12 were calculated with the
formula [(apparent affinity of the wild type)/(apparent affinity of the mutant)] �
100. All samples were tested at least twice, and the mean was taken as the final
reported value.

Competition ELISA with purified Fab. Ninety-six-well plates were coated with
gp120, washed, and blocked, as above. Wild-type and representative mutants of
Fab b12 were purified as described previously (3) with protein G-Sepharose
columns (Fast Flow; Pharmacia) and verified to be �90% pure by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The purified
Fabs were added to the wells at various concentrations in the presence of a single
concentration of biotinylated Fab b12 that was previously determined to gener-
ate an ELISA signal of 50 to 75% of maximal. After 2 h of incubation at 37°C,
the plate was washed, and a streptavidin-horseradish peroxidase conjugate (Jack-

5864 ZWICK ET AL. J. VIROL.



FIG. 1. Amino acid sequences of mutants and variants of wild-type (w.t.) b12 in CDR loops H3 (A), H1 (B), H2 (C), L1 (D), L2 (E), and L3
(F). Each panel shows the solvent accessibility (Solvent access#) of the side chains of each residue, the relevant sequences of mutants of b12
engineered for this study, and natural (*) and in vitro-evolved (**) variants isolated in previous studies (references 4 and 57 and references 5 and
90, respectively). The solvent accessibilities of the side chains were determined by the NACCESS computer program (16) and are graded as follows:
0, buried (�10% exposure); 1, partially exposed (10 to 35% exposure); 2, moderately exposed (36 to 66% exposure); 3, mostly exposed (67 to 90%
exposure); and 4, fully exposed (�90% exposure). H31L42 (37) is a whole-IgG version of the Fab designated h1.1 h3.33/L1.4L3.14 (90). The
deduced amino acid sequences of the closest related germ line DNA are shown for comparison; the germ line sequences for the heavy and light
chains are IGHV1-3*01 (DP-25; accession no. X62109) and IGKV3-20*01 (DPK22; accession no. X12686), respectively.
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son) diluted 1:1,000 in PBS containing 1% BSA and 0.025% Tween 20 was
added. After a 30-min incubation at room temperature, the plates were washed,
and the tetramethylenebenzidine (TMB) substrate kit (Pierce) was used for
developing, according to the manufacturer’s instructions. The optical density at
450 nm was read on a microplate reader (Molecular Devices), and the results
were recorded as the 50% inhibitory concentration (IC50), defined as the con-
centration of competing Fab that was required to reduce the maximal signal
generated by biotinylated Fab b12 by 50%. All competition ELISAs were per-
formed twice.

Synthesis of b12 CDR H3 peptide and coupling to BSA. A peptide correspond-
ing to CDR H3 of b12 was synthesized with the b12 crystal structure as a guide
(66); the peptide has the sequence C-PGK-A93RVGPYSWDDSPQD
NYYMDW103. Residues PGK were included to promote a type II �-turn (31),
and a Cys residue was added to facilitate cyclization via native chemical ligation
(19) and chemical coupling to a carrier molecule. The Arg 94 side chain in the
third framework region (FR3) projects into solvent in the crystal structure and so
was included in the peptide, as was Ala 93. The peptide was synthesized with
N-tert-butoxy-carbonyl chemistry (71), purified by reverse-phase high-pressure
liquid chromatography to �95% purity, and verified by mass spectrometry.

To cyclize the peptide, the backbone was linked N to C terminus by native
chemical ligation (28), and the final product was purified by reverse-phase high-
pressure liquid chromatography to �95% purity and verified by mass spectrom-
etry. The free Cys of the peptide was used to cross-link the peptide to activated
BSA (Pierce) by using the manufacturer’s instructions. Briefly, 10 mg of sulfo-
succinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate-activated BSA in
1 ml of deionized H2O was mixed with 10 mg of peptide dissolved in 0.25 ml of
dimethyl sulfoxide and 1.75 ml of PBS. The mixture was rocked gently for 2 h at
room temperature, dialyzed extensively against PBS, and then sterilized with a
0.2-�m filter. A control peptide (GTP-binding peptide of sequence CEGN-
VRSRELAGHTGY; American Peptide Co.) was similarly linked to BSA. The
protein concentration of each sample was determined with the Micro BCA
protein assay kit (Pierce) according to the manufacturer’s instructions. The
conjugates were also analyzed by SDS-PAGE, and cross-linking was confirmed
by an increase in the molecular weight of the activated BSA after reacting with
the peptide; both the b12 CDR H3 and the control peptide caused a similar shift
in molecular weight.

HIV-1 neutralization assay. The primary isolate HIV-1JRFL was assayed for
neutralization with peripheral blood mononuclear cells as target cells and de-
tection of p24 in ELISA as a reporter assay, as described previously (94).

Nucleotide sequence accession number. The sequences of the heavy and light
chains of b12 have been deposited in GenBank (accession no. AAB26315.1 and
AAB26306.1, respectively).

RESULTS

Alanine-scanning mutagenesis of CDR H3 of b12. In the
mutagenesis strategy, we chose to compare binding of different
mutants of b12 to gp120 with crude Fab supernatants prepared
from bacterial cultures (3), which facilitated the rapid analysis
of a large number of Fab mutants (Fig. 1) that otherwise would
not have been feasible. Apparent affinities relative to wild-type
Fab b12 were measured by ELISA, as described in Materials
and Methods. As a first step in our analysis of b12, we per-
formed a complete alanine scan of the CDR H3 loop and
tested the mutant Fabs by ELISA to determine their relative
binding strengths to gp120. We chose recombinant gp120 from
two different strains, one from a primary isolate (gp120JRFL)
and one from a T-cell-line-adapted strain (gp120IIIB), to see
whether any differences in binding could be found with our
mutant Fab panel. We also included in our analysis the previ-
ously described, b12-specific peptide B2.1, as displayed on fil-
amentous phage (93). The dissociation constant (Kd) of wild-
type Fab b12 against gp120LAI is �9 nM (62), against the B2.1
synthetic peptide is �2.5 �M (93), and against B2.1 phage is
closer to the Kd of the b12-gp120 interaction because of the
constraint that the phage coat imparts to the peptide, although

a precise Kd value of b12 for the phage-associated peptide is
difficult to determine (93).

The results of the alanine scan of the H3 loop of b12 are
shown in Fig. 2. Substitution of 7 out of 18 residues in H3 with
Ala reduced binding of Fab b12 to both gp120JRFL and
gp120IIIB by greater than 90%. The relevant mutants are
V95A, Y98A, W100A, Q100eA, N100gA, Y100hA, and
Y100iA. [The CDR H3 of b12 contains a 10-residue insertion.
In Kabat and Wu numbering (34), these residues are desig-
nated 100A, 100B, . . ., 100J. For clarity, these inserted residues
will be denoted with a lowercase letter after the number of the
residue position so as to avoid confusion with the mutated
residue (uppercase) when referring to mutations (e.g., muta-
tion D100aA)]. The loss of antigen binding of the W100A
mutant was not unexpected from the crystal structure of IgG1
b12 and a docking model of b12 and the gp120 core (66).
However, the behavior of some of the other mutants was more
surprising.

Substitutions in b12 that reduced gp120 binding as much as
or even more than observed with the W100A mutant included
V95A, Y98A, Q100eA, N100gA, Y100hA, and Y100iA. Most
of these substitutions are at the base of the CDR H3 and
involve side chains that are poorly exposed to solvent, as de-
fined in Fig. 1. Solvent accessibility to side chain (Fig. 1) was
not, however, predictive of the effect of a substitution on an-
tigen binding (Fig. 2). The greatest effects of an Ala substitu-
tion on gp120 recognition occurred with residues N100g,
Y100h, and Y100i at the C-terminal end of H3, which resulted
in complete loss of gp120 recognition in our assay (�0.1%
apparent affinity relative to wild-type b12). We confirmed these
results by purifying Fab protein for these mutants and were
unable to observe significant reactivity with gp120 even at 20
�g/ml (data not shown). To further explore these findings,
additional substitutions were made in these positions and
tested for binding to gp120 and the B2.1 peptide (see below).
Significantly, there was generally good agreement in the rela-
tive binding of Ala mutants to gp120JRFL (primary isolate) and
gp120IIIB (T-cell-line-adapted).

Thirteen Ala substitutions in H3 had qualitatively similar
effects on the ability of b12 to bind to gp120 and B2.1, sug-
gesting some similarity in recognition of these antigens by b12.
However, the effects of other Fab substitutions such as Y98A,
W100A, D100aA, and D100bA did not correlate, pointing to
possible ways of improving the B2.1 peptide as a b12 epitope
mimic.

Mutations in CDR H3 W100. A striking feature in the crystal
structure of IgG1 b12 is the prominent display of the aromatic
residue W100 at the apex of the long H3 loop (66). As shown
in Fig. 2 and 3A, Ala substitution at W100 significantly dimin-
ished binding of Fab b12 to gp120JRFL and gp120IIIB. This
result was confirmed with purified Fab: the W100A mutant
inhibited biotinylated Fab-b12 with an IC50 of 29 �g/ml and 50
�g/ml for gp120JRFL and gp120IIIB, respectively, compared to
an IC50 of 3 �g/ml and 1.5 �g/ml, respectively, for wild-type
Fab b12 (data not shown).

In the b12-gp120 docking model, W100 was acting to fill the
hydrophobic cavity of the CD4bs on gp120 in a way analogous
to F43 of CD4. Thus, we also made the W100F mutant to
determine whether Phe would be more or less favored than
Trp at this position. Retention of an aromatic ring in the
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W100F mutant did promote slightly better binding than the
W100A mutant to both gp120s, but the apparent affinity was
�10% relative to that of the wild type. Two other mutants,
W100S and W100V, also had considerably impaired binding to
both gp120s. Taken together, these results confirm the impor-
tance of W100 for b12 by showing that Trp is preferred over
four other residues, including another aromatic, Phe, at this
position. In contrast to the results with the gp120s, the W100
mutants were all able to bind B2.1 at nearly wild-type levels,
strongly suggesting that W100 is not involved in B2.1 recogni-
tion.

Role of Asp residues in CDR H3 of b12. Another feature of
the b12 crystal structure that initially drew our attention was a
clustered grouping of acidic moieties on one face of the H3
loop (66). We wondered whether this “acidic patch” was in-
volved in keeping the H3 loop of b12 erect via charge repulsion
with a weakly acidic patch near the base of the H3 loop. The
residues involved included D100a, D100b, and D100f, as well
as hydroxyl groups from Ser 99, Ser 100c, and Tyr 100i (D101
was not involved in this patch and moreover was found to have
little involvement in binding to gp120 and B2.1; see Fig. 2). The
Ala substitutions (Fig. 2) had mostly moderate effects on bind-
ing to gp120 (�2- to 3-fold-reduced binding relative to wild-
type b12). Further mutagenesis (Fig. 3B) yielded mutants
D100aE, D100bE, and D100fE, the substitutions in which ei-
ther had no effect (D100aE) or again only moderate effects
(D100bE and D100fE) on binding to gp120. Two additional
mutants were constructed in which all three positions were
changed to see if there was any cooperativity among these

residues. A triple Ala mutant, dubbed 3D3A, and another
triple mutant, D100aN/D100bN/D100fA, dubbed 3D2N, were
still able to consistently bind to gp120JRFL and gp120IIIB, albeit
at somewhat lower levels (data not shown).

The acidic patch on the paratope of b12 appears to have
significance for B2.1 recognition. The Ala mutants D100aA,
D100bA, and both triple mutants bound to B2.1 much better
than to wild-type Fab b12. Interestingly, the D100fE mutant
bound extremely poorly to B2.1 but bound gp120 almost as
well as the wild type. In fact, the D100fE mutant bound more
poorly to B2.1 than the “less conservative” D100fA mutant,
revealing a very distinct requirement for B2.1 recognition at
position 100f.

Mutagenesis in CDR H3 of b12 N-terminal to W100. Four
residues N-terminal to W100 in H3 of b12 were chosen for
additional study. V95 was chosen because the Ala mutation at
this position caused severe impairment in binding to gp120,
and we wished to determine whether a more conservative
substitution with Ile would also reduce binding. Figure 3C
shows that the V95I mutant bound gp120 at nearly wild-type
levels. The extra bulk of a branched aliphatic side chain at this
position is probably necessary for full activity of b12. The
residues P97, Y98, and S99 were also targeted for further
mutagenesis, inspired by previously published variants of b12
(both naturally occurring and in vitro-enhanced variants), in-
cluding 3B3, in which the sequence EWG is found in place of
PYS at these positions (4, 5) (Fig. 1A). The Y98W mutant
indeed bound �3- to 9-fold better to the gp120s than did
wild-type Fab b12 (Fig. 3C). The P97E and S99G mutants

FIG. 2. Alanine-scanning mutagenesis of CDR H3 of b12. Bars indicate the apparent affinities of Fab mutants relative to wild-type (w.t.) Fab
b12 for gp120JRFL, gp120IIIB, and the B2.1 peptide. The H3 loop and corresponding electron density from the intact b12 structure (66) are shown
(inset), with key residues indicated.

VOL. 77, 2003 MUTAGENESIS OF ANTI-HIV-1 ANTIBODY b12 5867



bound to gp120 as well as or only slightly better than wild-type
b12. Thus, the enhanced binding of 3B3 to gp120 presumably
derives mostly from the preference for a W over a Y at the
middle position of the EWG motif, with the flanking residues
perhaps providing additional fine tuning.

In contrast to the Ala mutant, P97A, B2.1 binding was not
correlated with gp120 binding for mutant P97E. Interestingly,
the substitution Y98W enhanced the binding of Fab b12 to
both B2.1 and gp120, whereas the S99G substitution was silent
for both gp120 and B2.1.

Mutagenesis in CDR H3 of b12 C-terminal to W100. The
alanine scan (Fig. 2) showed that residues Q100e, N100g,
Y100h, and Y100i in the C-terminal portion of H3 of b12 were
all important for gp120 recognition and were therefore chosen
for further mutational analysis. Q100eN and Q100eF mutants
also bound gp120 with diminished affinity relative to wild-type
Fab b12, although the gp120 binding was significantly im-
proved for Q100eF relative to Q100eA (Fig. 3D). For verifi-
cation purposes, Fab Q100eA was purified and used in a com-
petition ELISA with biotinylated Fab b12 against gp120IIIB;
the IC50 of Q100eA was �14 �g/ml, which is nine times greater
than that of wild-type Fab b12 (IC50 �1.5 �g/ml) and consis-
tent with the crude Fab ELISA. In the structure of IgG1 b12,
the side chain of Q100e is only partially accessible to solvent

and makes a hydrogen bond with the main chain of A93. A loss
of this hydrogen bond might destabilize the interaction at the
base of CDR H3 and could explain the observed reduction in
binding to gp120 for the Q100e mutants.

Next, we tested more conservative substitutions at position
N100g. Neither an N100gD nor an N100gQ mutant was able to
bind either gp120JRFL or gp120IIIB, indicating that the removal
of an amino group or the addition of a methylene group,
respectively, from the side chain of Asn100g was sufficient to
completely abolish gp120 recognition in our assay format (Fig.
3D). In the crystal structure of b12, the amino nitrogen on the
side chain of Asn100g makes a hydrogen bond with the main-
chain carbonyl of Gly96; indeed, the side chain of Asn100g is
�10% exposed to solvent (Fig. 1). Again, mutations in
Asn100g most likely affect the structure of the paratope of b12
due to the absence of the stabilizing hydrogen bond. Thus, not
surprisingly, the substitution of Asn100g with either His or Tyr
completely abolished binding to either gp120JRFL or gp120IIIB.
The Tyr substitution was chosen because the JH6 family of J
segments (the J-segment family used by b12 in VDJ-recombi-
nation) encodes a repeating string of Tyr residues, and thus
b12-like antibodies that also use the JH6 family might encode
a Tyr at this position. The complete lack of detectable binding
to gp120 by any of the 100g mutants underscores the critical

FIG. 3. Further substitution analysis of residues in the H3 loop of b12. Bars indicate the apparent affinities of Fab mutants relative to wild-type
(w.t.) Fab b12 for gp120JRFL, gp120IIIB, and the B2.1 peptide. Substitutions were made to Trp100 (A), Asp residues near the crown of the H3 loop
(B), selected H3 residues N-terminal to Trp100 (C), and key residues C-terminal to Trp100 (D).
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importance of residue N100g in the activity of b12 (see the
Discussion).

In contrast to the irreplaceability of N100g, antigen recog-
nition was found to be at least partially maintained with con-
servative substitutions to Y100h and Y100i. Thus, the
Y100i(F/W) mutants bound to gp120 at �20% to 40% wild-
type levels (Fig. 3D). These results imply that a bulky aromatic
at position 100i is required by Fab b12 for recognition of gp120
but that the added hydroxyl group of Tyr100h is important for
full antigen binding. By contrast, only a Tyr residue appears to
be sufficient for gp120 recognition at position 100h, but the
Y100hF mutant was able to bind B2.1 at wild-type levels.

Aside from mutant Y100hF, all the other b12 H3 mutants
(conservative mutations C-terminal to W100) had impaired
binding to B2.1. Interestingly, a Phe substitution at Y100h but
not at Y100i fully restored B2.1 binding. This may reflect the
observation that the two Tyr residues are pointing in roughly
opposite directions in the crystal structure of b12.

Substitution of aromatic residues in H3 loop of nonneutral-
izing anti-CD4bs antibody b6. Following our analysis of the H3
loop of b12, we were particularly interested in the role of
aromatics because substitution to Ala of all four aromatics in
the H3 loop of b12, not only W100, caused a �95% decrease
in relative binding to gp120. Thus, we chose to see if H3 loop
aromatics were important in the function of another anti-
CD4bs antibody, b6, which, like b12, has a long H3 loop with
four aromatic residues but does not neutralize primary isolates
of HIV-1 (62). The sequence of the H3 loop of b6 is given in
Fig. 4, and the aromatic residues are designated Y1A, F1A,
Y2A, and F2A. The results (Fig. 4) indicated that in contrast to
b12, mutation to Ala of only one of the four aromatics in the
H3 of b6, Y2A, led to a severe decrease in binding of Fab b6 to
gp120 and only to gp120IIIB and not gp120JR-FL. In fact, the
Y2A substitution decreased the half-maximal binding of puri-
fied Fab b6 to gp120IIIB from 0.003 �g/ml to 0.4 �g/ml, which
was far more severe than the change in half-maximal binding to

gp120JRFL (from 0.003 �g/ml to 0.007 �g/ml; data not shown).
The differences in the roles of H3 aromatics between b12 and
the poorly neutralizing antibody b6 are striking and are dis-
cussed below.

b12 H2 mutations. In the b12-gp120 docking model (66), it
was predicted that residues in H2 could contact gp120. Resi-
due Y53 is the most prominent in H2, points directly toward
gp120 in the model, and occupies a large space in the b12-
gp120 interface. We suspected that residue P52a might also
play a role in gp120 recognition by maintaining the H2 loop in
a particular conformation rather than by making extensive
contact with gp120. Interest in residues P52a and Y53 was also
strong because these were nonconservatively mutated from the
residue encoded by the closest germ line genes at these posi-
tions, Ala and Gly, respectively. The germ line genes closest to
b12 are DPK22 and DP-25 (http://imgt.cnusc.fr:8104/ [17, 78])
for the light and heavy chains, respectively, and the residues
they encode are shown for each CDR in Fig. 1. The strategy of
using germ line “back mutations” for evaluating residues out-
side of H3, where somatic mutation is key to generating resi-
due diversity, was adopted to determine the dependence of b12
binding on somatic mutation. Residues N52 and N56 were also
in the interface between b12 and gp120 and thus were targeted
for mutagenesis.

With the exception of Y53G, the H2 substitutions had only
moderate to slight effects on Fab binding to gp120IIIB,
gp120JRFL, and B2.1 (Fig. 5). Residue N52 was predicted to
make relatively minor contact with gp120, and correspondingly
the N52A substitution only moderately diminished binding
against gp120IIIB. Interestingly, the N56A mutant bound gp120
at wild-type levels (Fig. 5), implying that this residue does not
significantly contribute to gp120 binding. Residue N56 docks in
close proximity to residue K362 of gp120; however, the side
chain of N56 points away from the contact surface, potentially
accounting for the absence of an effect on gp120 binding of the
N56A substitution. The P52aA substitution was expected to
affect H2 loop structure rather than replace a contact residue,
and the effect on gp120 binding was moderate (i.e., �2-fold
reduction in apparent affinity for gp120), indicating that P52a

FIG. 4. Effect of alanine substitutions of the four aromatic residues
in the H3 loop of b6 on relative binding of Fab b6 to gp120JR-FL and
gp120IIIB. Bars indicate the apparent affinities of Fab mutants relative
to wild-type (w.t.) Fab b6 for gp120JR-FL and gp120IIIB. The amino acid
sequence of the H3 loop of b6 is QKPRY1F1DLLSGQY2RRVAG
AF2DV (the aromatic residues are in boldface and have superscript
numbers to correspond with the bar graph). By ELISA, the half-
maximal binding of the purified Fab of the Y2A mutant to gp120IIIB
was 0.4 �g/ml, which was �50 times lower than the half-maximal
binding of mutant Fab Y2A to gp120JRFL, 0.007 �g/ml (*); half-max-
imal binding of wild-type Fab b6 to both gp120IIIB and gp120JRFL was
determined to be 0.003 �g/ml (data not shown).

FIG. 5. Effect of substitutions in the H2 loop of b12 on relative
binding of Fab b12 to gp120JR-FL, gp120IIIB, and the B2.1 peptide. Bars
indicate the apparent affinities of Fab mutants relative to wild-type
(w.t.) Fab b12 against gp120JR-FL, gp120IIIB, and the B2.1 peptide. The
mutations P52aA and Y53G were back mutations to the residues en-
coded by the closest related germ line DNA (see Fig. 1).
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has a rather modest role in gp120 binding. The Y53G substi-
tution, by contrast, greatly diminished the binding of b12 to
gp120, suggesting that Y53 contributes significantly to the
binding energy between b12 and gp120. Residue Y53 pro-
trudes to form a second “finger” in the paratope of b12 and
was predicted to bury into a canyon in gp120 (see Discussion).
The Y53G substitution had little effect on B2.1 recognition,
implying that B2.1 does not contact Y53, considering that the
side chain of Y53 is mostly solvent exposed (Fig. 1). We note
that attempts to purify the Y53G mutant resulted in a some-
what impure Fab preparation that bound poorly to gp120 and
B2.1 (data not shown), whereas the crude Fab bound B2.1 at
wild-type levels, suggesting that this mutant might be unstable
to the purification conditions, which involve acid elution.

b12 L1 and L3 mutations. Finally, the b12-gp120 docking
model indicated that various residues in CDRs L1 and L3
could play a role in binding to gp120. Residues R29, R31, and
R32 in L1 were chosen for substitution to S, S, and Y, respec-
tively, because the closest germ line genes encode the substi-
tuted residues at these positions. S30 was changed simply to
Ala because the closest germ line gene already encodes a Ser
at this position. The results indicate that all four of these L1
mutants were essentially unable to recognize gp120 (Fig. 6)
and suggest that somatic mutations found in this loop are
essential to b12 specificity. Two mutations were made in L3
(A93Y and S94A), also based on predictions of their interac-
tion with gp120. The A93Y mutant suffered a significant loss in
gp120 binding (Fig. 6). Fab A93Y was purified and used in a
competition ELISA with biotinylated Fab b12 against
gp120IIIB; the IC50 of A93Y was � 10 �g/ml, which is six to
seven times greater than that of wild-type Fab b12 (IC50 � 1.5
�g/ml) and consistent with the crude Fab ELISA. Unfortu-
nately, the S94A mutant was found to be poorly produced in
crude bacterial supernatants relative to the wild type (�10-fold
reduction; data not shown), precluding a quantitative analysis
of binding of the latter Fab mutant. Nevertheless, binding of
the S94A Fab mutant to gp120 was detectable despite the low
concentration of Fab in the supernatants, and we were able to
conclude that the S94A mutation is at least not a complete
knockout mutation (data not shown).

Whereas the mutations in L1 completely knocked out the
binding of Fab b12 to both B2.1 and gp120 in our assay, the L3
mutation, A93Y, abolished binding to B2.1, but binding to
gp120 was maintained, albeit at �10% of wild-type levels (Fig.
7). It is unclear whether the residues in L1 contact gp120 or if
their mutation disrupts the b12 paratope. However, it appears
that A93Y is important for B2.1 recognition because the para-
tope of the A93Y mutant was sufficiently intact to bind to
gp120 with measurable affinity (Fig. 7). As for the poorly pro-
duced Fab mutant S94A, the result was similar for B2.1 as for
gp120; at most, only a moderate effect on B2.1 binding was
expected for this mutation (data not shown), although a quan-
titative analysis was not attempted.

Neutralization of HIV-1 by synthetic CDR H3 b12 peptide.
We recently reported the neutralization of the T-cell-line-
adapted strains HIV-1MN and HIV-1IIIB by a conjugate of BSA
and a synthetic peptide corresponding to the H3 loop of b12
(66). This neutralizing activity against HIV-1MN and HIV-1IIIB

was specific because a conjugate of BSA and an irrelevant
peptide did not neutralize virus (66). We present here some
additional observations. Whereas neutralization of HIV-1 was
found for HIV-1MN and HIV-1IIIB in H9 cells at �1 mg of
conjugate per ml (IC75 � 0.5 mg/ml for each [66]), no neutral-
ization at 4 mg of the peptide-BSA conjugate per ml was
observed for the primary isolate HIV-1JRFL in a peripheral
blood mononuclear cell assay (data not shown). It should be
noted that, in our hands, neutralization (IC90) of HIV-1JRFL

occurs at �0.8 �g of IgG1 b12 per ml (94), so HIV-1JRFL is as
sensitive to neutralization by IgG1 b12 as HIV-1IIIB (IC90 �
0.5 �g/ml). Thus, although T-cell-line-adapted viruses were
neutralized at high concentrations of the b12 H3 peptide con-
jugate, the primary isolate, HIV-1JRFL was not neutralized by
the same conjugate.

We also wished to determine whether a direct interaction
between the b12 H3 peptide and recombinant gp120 could be
established. By direct ELISA, no specific interaction between
the b12 H3 peptide or the b12 H3 peptide-BSA conjugate and
gp120 was detected by immobilizing either the peptide or re-
combinant gp120 (JRFL and IIIB) and then probing with the
partnering molecule (data not shown). Similarly, by competi-
tion ELISA, high concentrations of b12 H3 peptide (0.5 mg/
ml) or b12 H3 peptide-BSA conjugate (4 mg/ml) did not inhibit
the ELISA signal generated by Fab b12 against immobilized
recombinant gp120 (JRFL and IIIB; data not shown). Thus, it
appears that, although the b12 H3 peptide-BSA conjugate
neutralizes the T-cell-line-adapted viruses HIV-1MN and HIV-
1IIIB, we could not demonstrate a specific interaction between
the conjugate and recombinant gp120, at least by direct and
competition ELISAs, which may not detect interactions with
high micromolar to millimolar dissociation constants. These
results may be explained at least in part by differences in the
conformation of gp120 as it exists in the trimeric envelope
spike, as probed in neutralization assays versus recombinant,
plate-immobilized gp120, as probed by ELISA.

DISCUSSION

In the current study, we examined the antigen binding site of
b12 with site-directed mutagenesis to create 50 mutations in-
volving 27 different residues in four different CDRs of b12. We

FIG. 6. Effect of substitutions in the CDR loops L1 and L3 of b12
on the relative binding of Fab b12 to gp120JR-FL, gp120IIIB, and the
B2.1 peptide. Bars indicate the apparent affinities of Fab mutants
relative to wild-type (w.t.) Fab b12 for gp120JR-FL, gp120IIIB, and the
B2.1 peptide. The mutations R29S, R31S, and R32Y were back muta-
tions to the residues encoded by the closest related germ line DNA
(see Fig. 1).
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found that the use of crude Fab supernatants was reproducible
and efficient, allowing the simultaneous analysis of a large
number of Fab mutants against a panel of antigens. This type
of mutational analysis can easily be adapted for other Fabs or
single-chain Fvs that are amenable to production in E. coli, and
we are currently using this approach for other antibodies
against HIV-1. One potential drawback of the analysis is that
if a substitution leads to diminished antigen binding, it is not
known whether it is due to a direct effect on affinity for antigen
or an effect on Fab stability or folding. However, we targeted
residues in the CDR loops, most of which were at least par-
tially exposed to solvent. For buried residues such as V95,
N100g, and Y100i, it is possible that Ala substitution might
partially unfold these mutants. Nevertheless, of the mutants
that were chosen to be purified, W100A, Q100eA, N100gA,
Y100hA, A93Y, and Y53G, most gave favorable yields of Fab
and produced a single 50-kDa band by SDS-PAGE, suggesting
that the Fabs were largely intact and not degraded. Moreover,
the purified Fabs generally showed activities against gp120 very
similar to those of the crude Fabs.

A very strong correlation was found for binding of the mu-
tants to both gp120IIIB and gp120JR-FL. This correlation is
consistent with a common binding mechanism of b12 to both
the T-cell-line-adapted and primary isolate gp120 and is per-
haps not surprising for an antibody with such broad reactivity
to diverse HIV-1 envelopes (11, 54, 79). W100 was found to be
important, as its substitution generally decreased binding of
b12 to gp120. This result is also consistent with a prior exper-
iment in which a portion of the gene segment encoding the H3
loop of b12, including W100, was randomized and incorpo-
rated into a phage display library and the library was affinity
selected against gp120. A Trp residue at position 100 was
absolutely conserved in all clones selected (5). These data
caused us to speculate that perhaps a Trp residue (b12) might
be superior to a Phe (CD4) in filling the hydrophobic pocket in
gp120 that is important for CD4 receptor engagement (Phe43
is used to fulfill this role in CD4 [39]). However, an F43W
mutant of CD4 did not show enhanced binding to gp120 but
rather bound more poorly (i.e., the F43W mutant bound to
gp120 at �9% of wild-type CD4 levels, and F43Y bound gp120
at �40% of wild-type CD4 levels; Raymond Sweet, personal
communication). In addition to W100, the three remaining
aromatics in the H3 loop of b12 appeared to be important for
gp120 recognition; mutation of any of four aromatics (Y98,
W100, Y100h, and Y100i) to Ala resulted in �95% decrease in
relative binding to gp120.

By contrast, mutation to Ala of only one of four aromatics
(i.e., residue Y2, as defined in Fig. 4) in the H3 loop of the
poorly neutralizing anti-CD4bs antibody b6 resulted in a
�95% decrease in relative binding to gp120 and then only to
one of the two strains, IIIB (Fig. 4). In fact, for the Y2A mutant
of Fab b6, a much greater binding differential was found be-
tween gp120 strains than for any of the 50 b12 mutants (Fig. 4).
This result highlights a striking difference in the way that the
aromatics of b12 and b6 are used to bind gp120, at least with
respect to their H3 loops, even though the footprints of b6 and
b12 on gp120 appear to be relatively similar (55). The H3 loop
of an antibody is usually crucial in determining its specificity
(82, 89). It may be that W100 (b12) and Y2 (b6), each of which
is located near the middle of their long H3 loops, probe dif-

ferent regions within the CD4bs of gp120. Broadly neutralizing
molecules such as b12 and CD4 might be able to occupy the
conserved hydrophobic pocket of gp120, whereas b6 may not
possess this ability. We speculate that the b6 H3 loop lacks
rigidity and might lie across the CD4bs of gp120 rather than
inserting into it like b12. Given that the Y2A mutation of b6
leads to significant strain preference (Fig. 4) but W100A of b12
does not, the Y2 residue could be interacting with or proximal
to a region of gp120 that is relatively variable.

Recently, Zhu et al. showed that an engineered molecule
(MBri) containing the V1/V2 loop and a portion of the bridg-
ing sheet of gp120 (i.e., �2, �3, �20, and �21) was able to bind
to b12 (91). These authors showed that a V3 loop peptide is
able to partially inhibit the binding of b12 to MBri and attrib-
uted this effect to a physical interaction between the V1/V2
loop and V3 loop. One might speculate that b12 is able to bind
to gp120 in spite of an interaction between variable loops on
the native trimer, whereas other anti-CD4bs antibodies, such
as b6, cannot. In this vein, we have observed that most anti-
CD4bs antibodies but not b12 inhibit the binding of a novel
loop-dependent antibody to gp120 (MBZ; Robert Kelleher,
Richard Jensen, Aran Labrijn, Meng Wang, Gerald Quinnan,
Paul W. H. I. Parren, and Dennis R. Burton, submitted for
publication), suggesting that the variable loops affect other
anti-CD4bs antibodies in a manner different from how they
affect b12.

Further comparative studies, both structural and functional,
between b12 and other nonneutralizing anti-CD4bs antibodies
like b6 could help elucidate the conformational differences
between monomeric gp120 and trimeric gp120 on the HIV-1
envelope spike. In terms of vaccine design, these types of
analyses should be extremely helpful to the design of improved
gp120 constructs that would elicit b12-like antibodies by max-
imizing the exposure and immunogenicity of the b12 epitope
while limiting the antibody response against overlapping
epitopes targeted by b6 and other poorly neutralizing anti-
CD4bs antibodies.

A molecular (ribbon) model of the Fab of b12 (Fig. 7A)
illustrates the relative orientations of the CDRs and the prom-
inent H3 loop. Figure 7B details the contour of the H3 loop
and how the H3 polypeptide extends down on either side from
W100 in an extended �-ladder with a distinct twist. The �-lad-
der is roughly 4 Å in width and contains five hydrogen bonds
between strands; most notably, the main-chain carbonyl of G96
hydrogen bonds with the amino group of the side chain of
N100g. Our data strongly suggest that this stabilizing hydrogen
bond is crucial for the interaction of b12 with both gp120 and
B2.1, since mutation of N100g to A, D, Q, H, or Y completely
abolishes b12 binding to gp120 and B2.1. Another potentially
loop-stabilizing hydrogen bond exists between Q100e and A93,
and we found that changing Q100e to Ala, Asn, or Phe resulted
in diminished binding to gp120. We note that in a recent and
related study by McHugh et al. (47), it was shown by muta-
tional analysis of a single chain Fv fragment corresponding to
a b12 variant, 3B3-PE, that gp120 recognition was enhanced
�2-fold by a Q100eY mutation. Thus, it appears that an aro-
matic residue at Q100e is compatible with strong gp120 bind-
ing in certain contexts.

The last few C-terminal residues of the H3 loop of b12 are
encoded by DNA contributed by the joining region, which, in
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the case of b12, belongs to the family JH6 (4). The JH6 seg-
ment of DNA can potentially contribute up to six consecutive
Tyr residues. We considered the possibility that this portion of
the H3 loop of b12 may be a part of a more conserved and
general structural motif, since a single segment of DNA en-
codes it as a group. We performed a database search (1) on the
motif NYYMDV and found only three exact matches: one is
an antihapten human heavy chain, VH-37 (accession no.
S46393 [25]), and two are highly homologous antibodies
against rhesus D blood group antigen (accession no. Y08177
and Y08186; S. M. Miescher, personal communication). Un-
fortunately, no structure for these antibodies is currently avail-
able to compare with that of IgG1 b12.

The strong dependence of b12 on a CDR of the light chain
is consistent with a previous chain-shuffling experiment in
which the heavy chain of b12 exclusively paired with the same
light chain following affinity selection on gp120 (4). Signifi-
cantly, of the six non-H3 mutations that were found to de-
crease gp120 binding by �90%, four arose via somatic muta-
tion, and three of these were in L1. [The four substitutions,
G53Y(H2), S29R, S31R, and Y32R, (L1) were determined to
have arisen via somatic mutation on the basis of sequence
alignment (http://imgt.cnusc.fr:8104/home.html) with known
human germ line genes (see Fig. 1), and their positions in the
paratope of b12 can be seen in Fig. 7C and D.] Although germ
line antibodies can neutralize some viruses (35), given our
results, it is very unlikely that a nonsomatically mutated version
of b12 would have any HIV-1-neutralizing activity.

In a prior experiment, the gene segment encoding six resi-
dues in L1 (including R29, R31, and R32) was randomized and
incorporated into a phage display library, and the library was
affinity selected against gp120. Although there was positive
selection for Arg residues in the enriched phage pools, the
highest-affinity variant differed from b12 at every targeted po-
sition but R32, which was absolutely conserved in all the clones
sequenced (90). The L1 sequence of the highest-affinity Fab is
identical to that of H31L42, its whole-IgG counterpart (37)
(Fig. 1). Note, however, that the multiple substitutions in CDR
L1 of H31L42 occurred in the background of additional sub-
stitutions in H3 and H1, and the effects of most of these
substitutions on affinity for gp120 were nonadditive (90).

A footprint of the putative contact residues of b12 on the
deglycosylated core of gp120 (39), according to our docking
model (66), is shown in Fig. 7E. The b12 residues whose sub-
stitution diminished gp120 binding by �95% relative to the

wild type are indicated by asterisk. A useful guide in orienting
the two molecules is the insertion of the “fingers” H3 (W100)
and H2 (Y53) of b12 into the CD4 hydrophobic pocket and
into a gap between T373 and N386 in gp120, respectively. The
diminished gp120 binding of mutants W100A, Y98A, and
Y53G are supportive of and supplement the model.

We postulate that W100 and Y53 contribute to the binding
energy of b12 to gp120 largely by burying into a hydrophobic
pocket and canyon, respectively, on either side of a ridge in-
cluding S365 and D368 on gp120. Y98 of b12 is also very close
to the S365-D368 ridge, which has been shown to be important
for b12 binding by mutational analysis (55). Residues R29 and
R32 in L1 are in close proximity to residues N276/K282 and
N280/A281 in the D-loop of gp120, respectively. A recent mu-
tational analysis of gp120 shows that substitutions N276A,
K282A, and N280A slightly enhance, diminish, and have no
effect on the binding of b12 to gp120, respectively (55).

From the crystal structure of b12, we calculated that the side
chain of R32 was only partially accessible to solvent (Fig. 1),
suggesting that the observed effect of the R32Y substitution
may be due more to changes in local paratope structure than to
direct contact with gp120. By contrast, the side chain of R29 is
mostly accessible to solvent, suggesting that this residue might
contact gp120. Alternatively, long-range electrostatic effects
due to the cluster of basic residues in L1 might play a signifi-
cant role in the observed effects caused by replacing any one of
these b12 residues. N56 of b12 docks in close proximity to K362
of gp120; however, the N56 side chain points away from the
hydrophobic canyon into which Y53 is situated, potentially
explaining the absence of an effect on gp120 binding of sub-
stituting this residue. We would also add the caveat that some
Ala substitutions can be energetically neutral in receptor-li-
gand interactions, despite replacing contact residues, as found
for example in the Fab D1.3-hen egg white lysozyme complex
(18). Exactly how the b12 residues discussed above spatially
relate to residues in gp120 will require determination of a
crystal structure of b12 in complex with gp120.

Despite the extreme differences between gp120 (�120 kDa,
heavily glycosylated protein) and the B2.1 peptide (dimer �
4.3 kDa, nonglycosylated peptide), there are many similarities
in the effects of b12 mutations on its binding to these antigens:
36 mutations had qualitatively similar effects, whereas 14 had
different effects. A recently solved crystal structure of Fab b12
in complex with the B2.1 peptide should help in identifying
which of these residues represent differential contacts for B2.1

FIG. 7. Molecular features of the paratope of b12. (A) Tube diagram (36) of the combining site of Fab b12, showing the position of the
protruding H3 loop relative to the other CDRs. Residues in H3 for which replacement by Ala resulted in a �95% decrease in apparent affinity
to gp120 relative to wild-type (w.t.) b12 are labeled. (B) Stereo diagram of a ball-and-stick representation (24, 36) of the H3 loop of b12. The key
residues that were labeled in A are labeled in red. (C and D) Molecular surface rendering (64, 65) of the b12 paratope (C, side view; D, top view).
The light chain is colored pink, and the heavy chain is colored yellow. Residues that upon substitution caused a �95% decrease in apparent affinity
to gp120 relative to wild-type b12 are indicated (solid outline). Note that residue Y100i is buried. Residues S100c, P100d, A93, and S94 (dotted
outline) are shown for facile comparison with panel E. The b12 structure is taken from Saphire et al. (66). (E) Crystal structure of the gp120 core
(39) with the residues of b12 that are predicted from the docking model (66) to be in close proximity to the outlined region on gp120. Thus, the
labeled residues are those of b12, not gp120. Putative footprints in pink and yellow are from light- and heavy-chain residues, respectively. Asterisks
(*) indicate the predicted contact residues that were also found to be critical for gp120 recognition by mutational analysis in this study, as defined
in panels C and D. Note: a crystal structure of b12 in complex with core gp120 is as yet unavailable. (F) Sequence conservation map of core gp120
as defined by Kwong et al. (39). Residues in blue are conserved among all primate retroviruses, residues in green are conserved among all HIV-1
isolates, residues in yellow are moderately conserved among all HIV-1 isolates, and residues in grey are variable. Carbohydrate has been modeled
onto the core structures (39) of gp120.
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and gp120 (E. O. Saphire, M. Montero, A. Menendez, M. B.
Irving, M. B. Zwick, P. W. H. I. Parren, D. R. Burton, J. K.
Scott, and I. A. Wilson, submitted for publication). The
D100fE mutation, in particular, is interesting because it is
conservative yet it severely impairs b12 binding to B2.1,
whereas gp120 binding is almost unchanged. In addition, mu-
tations D100aA, D100bA, 3D3A, and 3D2N all enhance b12
binding to B2.1 but reduce binding to gp120, suggesting that
the “acidic patch” on the H3 loop (66) is more favorable for
binding to gp120 than to B2.1. It is also noteworthy that bind-
ing of the W100 mutants to the B2.1 peptide was the same as
wild-type b12, which may be expected since B2.1 does not have
a deep hydrophobic cavity like gp120.

IgG1 b12 is one of a very few antibodies that exhibit potent
cross-isolate anti-HIV-1 neutralizing activity (7, 8, 11, 21, 37,
79). It is therefore instructive to gather structural and func-
tional information with respect to the neutralizing activity of
IgG1 b12 in the hope of learning how to reproducibly elicit
b12-like antibodies. From the antibody perspective, a question
that surfaces in regard to this goal is how close to b12 does an
antibody need to be in order to have the same ability to neu-
tralize HIV-1. Two possibilities may exist: b12 is a unique
specificity that cannot be reproduced with antibodies with low
sequence homology to b12, or the specificity of b12 may be
reproduced by a wide spectrum of nonhomologous antibodies.

Obviously, the former possibility would present a much
greater challenge to template-driven vaccine design in that
only anti-CD4bs antibodies that use the same germ line genes
as b12 and have the correct critical residues in the CDRs would
be broadly HIV-1 neutralizing. Some of these crucial residues
are encoded by non-germ line DNA sequences. However, one
of the very hallmarks of the humoral immune response is its
ability to devise novel solutions to biomolecular recognition
with molecules that have low sequence homology (i.e., the
variable regions of antibodies) yet can still recognize the same
epitope. Such plasticity in antigen recognition has been ob-
served in other ligand-receptor systems (84). Clearly, addi-
tional broadly neutralizing anti-CD4bs antibodies are sorely
needed in order to determine whether or not the key molecular
features of b12, such as the long and rigid CDR H3 finger, the
positively charged shelf-like structure in L1, and the high level
of somatic mutation in b12, are required of other anti-CD4bs
antibodies in order to be as broadly neutralizing against
HIV-1.
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