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The ability to induce broadly neutralizing antibodies should be a key component of any forthcoming vaccine
against human immunodeficiency virus type 1. One potential vaccine candidate, monomeric gp120, has
generally failed to elicit such antibodies. We postulated that gp120 might be a better immunogen if it could be
engineered to preferentially bind known broadly neutralizing antibodies. In a first study, we found that four
alanine substitutions on the perimeter of the so-called Phe-43 cavity of gp120 could reduce binding of weakly
neutralizing CD4-binding site antibodies (R. Pantophlet, E. O. Saphire, P. Poignard, P. W. H. L. Parren, L. A.
Wilson, and D. R. Burton, J. Virol. 77:642-658, 2003), while slightly enhancing binding of the potent, broadly
neutralizing antibody b12. In the present study, we sought to reduce or abolish the binding of a wider range
of nonneutralizing antibodies, by incorporating extra N-glycosylation motifs at select positions into the
hypervariable loops and the gp120 core. A hyperglycosylated mutant containing seven extra glycosylation
sequons (consensus sequences) and the four alanine substitutions described above did not bind an extensive
panel of nonneutralizing and weakly neutralizing antibodies, including a polyclonal immunoglobulin prepa-
ration (HIVIG) of low neutralizing potency. Binding of b12, at lowered affinity, and of four antibodies to the
C1 and C5 regions was maintained. Removal of N- and C-terminal residues in the C1 and C5 regions,
respectively, reduced or abolished binding of the four antibodies, but this also adversely affected b12 binding.
The hyperglycosylated mutant and its analogues described here are novel antigens that may provide a new

approach to eliciting antibodies with b12-like neutralizing properties.

Global efforts to obtain an effective vaccine against human
immunodeficiency virus type 1 (HIV-1) have thus far failed.
The induction of antibodies with broad antiviral activity, con-
sidered a highly beneficial feature of a future vaccine (16, 17,
53, 68, 92, 115, 117), has proven particularly problematic. The
use of soluble monomeric gp120, the major component of the
viral envelope spike, has yielded antibodies that bind solely to
monomeric gp120 or only to a narrow range of HIV-1 isolates
(6, 23, 49). The crystal structures of the gp120 core in complex
with CD4 and an antibody Fab fragment (47, 48, 115) have
shed light on why it may be difficult to elicit antibodies that are
capable of recognizing gp120 as presented on the virion sur-
face. Conserved sequences, such as are found in the CD4-
binding domain, lie recessed within the core and are partially
occluded by (hyper)variable loops, which then reduces anti-
body recognition (48, 115, 117). Furthermore, although other
conserved regions, such as the interface between gp120 and the
transmembrane unit glycoprotein gp41 (48), may be readily
exposed on monomeric gp120, these epitopes are most likely
occluded on the envelope spike (115, 117).

Because of the disappointing results with monomeric gp120,
new approaches are being explored for eliciting broadly neu-
tralizing antibodies. Two main approaches are currently being
investigated by using HIV envelope glycoproteins. One strat-
egy focuses on the preservation or reconstruction of the tri-
meric envelope spike. For example, virions have been chemi-
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cally inactivated by modification of the zinc finger domains of
the nucleocapsid region while maintaining the native envelope
structure (2, 89). In another approach, soluble gp140 oligomers
containing the ectodomain of gp41 covalently linked to gp120
have been generated by fusing GCN4 trimerization domains or
T4 bacteriophage fibritin trimeric motifs to the C terminus of
soluble, uncleaved gp140 glycoproteins (118-120). In other
studies, cysteine residues have been incorporated into gp120
and gp41 (8, 9, 90) to prevent dissociation of the two subunits
through the formation of an intersubunit disulfide bridge upon
expression of cleaved gp140. More recently, proteoliposomes
have been generated containing native, trimeric uncleaved
gpl60ACT (with the cytoplasmic tail deleted) glycoproteins
(39). All of these approaches appear promising. However, such
attempts to mimic native HIV envelope trimers have the lim-
itation that key cross-neutralizing epitopes may be of relatively
low immunogenicity on the trimer (115, 117).

A second strategy for obtaining broadly neutralizing anti-
bodies with recombinant envelope glycoproteins focuses on the
use of monomeric, but slightly modified, gp160 or gp140 gly-
coproteins. For example, various envelope glycoproteins have
been generated in which the V2 loop has been deleted, with
the aim of increasing the exposure of neutralizing epitopes
(102). In other studies, partially deglycosylated recombinant
gp160 (10) or recombinant viruses expressing gp120 glycosyl-
ation mutants have been generated (82). Unfortunately, all of
these approaches have thus far failed to provide immunogens
that elicit the desired level of neutralizing antibodies (20, 82),
most likely because the elicited antibodies are unable to rec-
ognize their cognate epitopes on wild-type virus particles.

Logic suggests that neutralizing antibodies should target
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conserved regions on the HIV-1 envelope because such anti-
bodies are most likely to be cross-reactive and useful in pro-
tection against HIV. The CD4-binding site (CD4bs) on gp120
of HIV-1 is a particularly attractive target for vaccine design
since (i) it displays a high degree of conservation (48) and (ii)
it is accessible to neutralizing monoclonal antibodies (MADbs)
on the surface of primary HIV-1 isolates prior to CD4 binding
(86). One antibody in particular is useful as a model for the
design of a vaccine capable of inducing potently neutralizing
antibodies targeted to the CD4bs. This antibody, b12, was
isolated from a combinatorial phage display library developed
from bone marrow donated by an individual who had been
HIV positive for more than 6 years but who had not yet
developed clinical symptoms (18). MAb b12 effectively neu-
tralizes a broad range of primary isolates from various HIV-1
clades, as well as T-cell-line-adapted viruses (19, 28, 45). It has
been inferred that this capability stems from b12 being able to
bind functional oligomeric gp120 with comparable affinity to
monomeric gpl20 (76, 91, 96); nonneutralizing MAbs bind
with substantially lower affinity, or not at all, to functional
oligomeric gp120, presumably due to epitope occlusion or
steric hindrance by vicinal gp120 protomers on the viral surface
(79, 115, 117).

Monomeric gp120 thus contains all of the antigenic deter-
minants to elicit a broadly neutralizing antibody, such as b12.
However, the use of monomeric gp120 as such is jeopardized
by the exposure of nonneutralizing epitopes that are normally
occluded on oligomeric gp120 or that reside in the variable
regions, in particular the V2 and V3 loops (77, 79, 117). These
antigenic determinants are immunologically dominant over
more conserved neutralizing epitopes (55, 70). Furthermore,
they may induce antibodies that interact with gp120 in a man-
ner that is not permitted on native envelope spikes. Therefore,
we postulated that if monomeric gp120 can be engineered to
restrict antibody binding to broadly neutralizing antibodies,
such as b12, it might represent a more interesting immunogen.
As a first step, we identified, by alanine scanning mutagenesis,
residues on gp120 that are important for binding of b12, CD4,
and the nonneutralizing CD4bs MAbs b3 and b6 (75). Al-
though these three antibodies and CD4 bind monomeric gp120
with a similar footprint, we identified four residues on the
perimeter of the Phe-43 cavity (48) that, when replaced with
alanine, abolish binding of the two nonneutralizing antibodies
and CD4 (75). The binding of another nonneutralizing MAb,
F105, was also abolished, whereas that of two further nonneu-
tralizing CD4bs MAbs, F91 and 15e, was reduced. In contrast,
the binding of MADb b12 relative to wild-type monomeric gp120
was slightly enhanced (75).

Thus, these modified gp120 proteins already show promise
as prospective immunogens. However, considering that the
variable loops on monomeric gpl20 may serve as immune
decoys (29, 55, 70, 97), we surmised that it might be necessary
to further alter gp120 so as to focus the antibody response on
the CD4bs. The concept of refocusing B-cell responses has
been postulated by Delves et al. (26). They suggested that
epitope-specific molecules could be elicited by selectively mu-
tating “undesired” epitopes, while preserving the overall fold
of the protein and, hence, the desired B-cell (or T-cell)
epitope(s). In a recent report (21), the B-chain of human cho-
rionic gonadotrophin was used as a model system to show that
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this strategy is indeed feasible. That study showed that a single
amino acid substitution, which does not disrupt the overall
conformation of the protein, is sufficient to shift the immune
response away from an unwanted epitope and toward a weakly
immunogenic determinant (21).

Rather than inserting single mutations, we chose to adopt a
previously described approach (33), namely, the masking of
undesired epitopes through the incorporation of extra
N-linked glycans. We show here that this strategy indeed
blocks the binding of nonneutralizing and weakly neutralizing
antibodies, whereas binding of the broadly neutralizing anti-
body b12 is retained. These reengineered gp120 molecules are
potential immunogens as part of an HIV-1 vaccine and may
serve as a basis for alternative approaches to the development
of candidate vaccines against other viral pathogens.

MATERIALS AND METHODS

Plasmids and mutagenesis. The generation of plasmid pCMV-Tag4A-
tpayR_pLep120we Nas been described recently (75). This plasmid, which is derived
from plasmid pCMV-Tagd4A (Stratagene), contains a tissue plasminogen activa-
tor leader sequence immediately upstream of the env gene to ensure secretion of
gp120 envelope glycoprotein into the culture supernatant. The env gene, here of
JR-FL, was obtained by PCR amplification by using as a template a plasmid
(pSyngp140, ;) encoding the codon-optimized gp140 gene (1, 40) of this HIV
isolate. Site-directed mutagenesis to substitute wild-type residues for alanine and
to incorporate N-glycosylation sequence motifs was performed by using Quikchange
(Stratagene).

The generation of gpl20 containing deletions of residues in the N and C
termini (52 and 19 residues, respectively) was performed by PCR. The primers
fICORE-5 (5'-GGAGGTCAACAGCACCGCGCGCGAGGTGGTGCTGGA
GAATGTGAC-3"), which contains a BssHII restriction site, and ICORE-3
(5'-GGAGGTCAACAGCACCCTCGAGTTAATTAATTAACTCAATCTTC
ACCACCTTGTA-3'), which contains an Xhol site, were used. Restriction sites
are underlined. Plasmids encoding wild-type or mutant gp120 were used as
templates. The PCR products were cloned into pCMV-Tag4A-tpa by using
restriction enzymes BssHII and Xhol according to standard protocols. DNA
sequencing prior to use verified that the plasmids and mutations generated in the
present study were correct.

Antibodies. A total of 22 MAbs and one polyclonal immunoglobulin prepara-
tion were used in the present study. MAbs b3, b6, b12, X5, and loop 2 were from
our laboratory (4, 5, 18, 19, 30, 86), whereas the remaining antibodies were
obtained from their respective sources or from the National Institutes of Health
AIDS Research and Reference Reagent Program (NIH ARRRP). Primary ci-
tations for these MAbs are as follows: C11, 212A, 19b, 17b, 48d, F91, 15e, and
A32 (J. Robinson [42, 60-62, 65, 66, 87, 88, 98, 105, 106, 116]); 2G12 (H.
Katinger [14, 108]); G3-4 and G3-136 (M. Fung [32, 41, 104]); 447-52D (S.
Zolla-Pazner [15, 36, 37]); F105 (NIH ARRRP [80, 81, 107]); M90 (F. di Marzo
Veronese [27]); 133/290 and 133/237 (M. Niedrig [56, 66, 71]); and 522-149 (G.
Robey [64]). The epitopes recognized by the antibodies are summarized in the
HIV sequence database at http://resdb.lanl.gov/ABDB/antibody_id.htm, as well
as in the cited literature. Human immunoglobulin G (IgG) purified from pooled
plasma obtained from healthy asymptomatic seropositive individuals (HIVIG)
was obtained from the NIH ARRRP. This manufactured product (NABI, Boca
Raton, Fla.) is a 50-mg/ml solution that contains 98% monomeric IgG (24). An
affinity-purified polyclonal antibody preparation against the C5 region of gp120,
APTKAKRRVVQREKR sequence, was purchased from Cliniga (Fallbrook,
Calif.).

Transient expression of rec t HIV glycoproteins. Monomeric wild-type
gp120 and mutant glycoproteins were obtained by transiently transfecting 293T
cells, as reported earlier (75). Culture supernatants containing recombinant
glycoproteins were stored at —20°C until needed.

MAD biotinylation. MAb 2G12 was conjugated to biotin by using EZ-Link
biotinylation reagents (Pierce) according to the manufacturer’s instructions. Bi-
otin-labeled MADb was tested in an enzyme-linked immunosorbent assay
(ELISA) to assure that the conjugation did not adversely affect binding to gp120.

ELISAs. ELISAs were performed essentially as described previously (75).
Glycoproteins were captured onto ELISA plate wells by using the anti-C5 poly-
clonal antibody preparation unless otherwise indicated. Antibodies to CD4-
induced epitopes were tested in the absence of soluble CD4. MAb 2G12, or in




VoL. 77, 2003

some cases HIVIG, was used to ensure that similar amounts of envelope proteins
were captured in each experiment. In general, plates were developed with p-
nitrophenyl phosphate (Sigma), and the absorbance was measured at 405 nm.
When peroxidase-conjugated secondary antibody (Pierce) was used, plates were
developed with 3,3',5,5'-tetramethyl benzidine-hydrogen peroxide substrate
(TMB; Pierce), and the absorbance was measured at 450 nm. In this case, the
color reaction was stopped with sulfuric acid (2 M) prior to measurement. For
detection of biotinylated 2G12, peroxidase-conjugated streptavidin (Jackson Im-
munoresearch) was used in combination with the TMB system. ELISAs were
performed in duplicate and repeated on at least two different occasions.

SDS-PAGE and Western blotting. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and Western blot assays were performed essen-
tially as described elsewhere (74, 111). For electrophoresis, supernatants from
293T cells transiently expressing wild-type or mutant glycoproteins (typically one
six-well plate for each glycoprotein) were pooled and concentrated ~10 times by
using YM-50 concentrators (Amicon). The supernatants were diluted 1:2 with
concentrated sample buffer (125 mM Tris-HCI, 4% SDS, 20% glycerol, 0.02%
bromphenol blue; pH 6.8) and vortexed briefly. Of this mixture, 10 pl was loaded
onto a 5% separating gel. After electrophoresis, the proteins were transferred to
a polyvinylidene difluoride membrane by tank blotting (Bio-Rad). Blots were
incubated overnight with primary antibody (1 or 5 pg/ml, as indicated) and then
with alkaline phosphatase-conjugated secondary antibody (Pierce) and were
developed by use of BCIP (5-bromo-4-chloro-3-indolylphosphate) and nitroblue
tetrazolium as substrates (Sigma).

RESULTS

Effect of multiple alanine substitutions on the perimeter of
the Phe-43 cavity of gp120 on MAb binding. In a recent study
(75), Pantophlet et al. reported on the effects of multiple ala-
nine substitutions on the perimeter of the Phe-43 cavity (po-
sitions 473 to 476) of gp120;x_g;. on the binding of a panel of
seven CD4bs antibodies. One mutant, in which all four resi-
dues were replaced with alanine, proved to be of particular
interest. Binding of MAbs b3, b6, CD4-1gG2, and F105 to this
mutant, termed GDMR, was essentially abolished, whereas the
apparent binding affinity of MAbs F91 and 15e was reduced
relative to the wild type. In contrast, the binding affinity of
MAD b12 was unaffected or slightly enhanced.

In the present study, a larger panel of antibodies was tested
with this mutant. A total of 14 anti-gp120 antibodies were
selected, including the seven antibodies described above. One
of the antibodies, MAb A32, binds to a discontinuous epitope
involving the C1-C4 domains on gpl120 and competes with
CD4bs antibodies for binding (13, 64, 116). The affinity of this
antibody is increased in the presence of soluble CD4, thus
qualifying it nominally as a “CD4-induced” antibody. How-
ever, MAb A32 does not compete with other CD4-induced
MAbs, e.g., 17b and 48d, for binding to gp120 (116). The other
antibodies bind to continuous and discontinuous epitopes in
the C1 and C5 domains of gp120 (MAb Cl11), the V2 loop
(MADs G3-4 and G3-136), and the V3 loop (MADbs loop 2, 19b,
and 447-52D). To determine apparent binding constants, cell
culture supernatants containing recombinant glycoproteins
were captured onto ELISA plate wells with a polyclonal anti-
body preparation to the C5 region of gp120. The specificity of
this polyclonal antibody is similar to that of MAb D7324 and
does not compete for binding with any of the antibodies tested
here (64). Captured glycoproteins were then probed with var-
ious concentrations of antibody to generate binding curves.
Apparent affinities were determined from the antibody con-
centration at half-maximal binding and related to that deter-
mined for wild-type gp120.

Most antibodies bound with high affinity to wild-type
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gp120;r_gr. (Fig. 1A and B). However, MAbs G3-4 and G3-
136, which recognize similar conformational epitopes in the V2
loop, and MADb C11 bound with only moderate affinity to
monomeric gpl20;z g . The moderate binding affinity of
MADs G3-4 and G3-136 to gp120,_gy, in contrast to binding
to gpl120,;p, is most probably due to sequence differences
between the two gpl20s. The sequence STSIRGKVKEYA
FFYKLDI, which is believed to be involved in antibody
binding to gp120,,5 (78, 121), is replaced by the sequence
TTSIRDEVOQKEYALFYKLDYV in gpl20;,_ g (residues in
JR-FL that differ from those in IIIB are underlined). The
indicated residues most likely cause slight changes in the
epitope recognized by these two antibodies, thus diminishing
antibody binding. The same may hold true for MAb Cl1,
although it must be noted that the epitope of MAb C11 has not
been clearly defined.

As expected, MAbs b3, b6, and F105 did not bind to gp120
of mutant GDMR, whereas the binding of MAbs F91 and 15¢
was reduced relative to that of the wild type (55 and 45%,
respectively; Fig. 1). The binding of MAb A32 was slightly
reduced (70% relative to wild-type gp120 [Fig. 1D]). In con-
trast, binding of the other antibodies, including b12, was largely
unaffected by the alanine substitutions (Fig. 1C and D). Based
on these results, it was apparent that, although introduction of
the four alanine mutations is sufficient to abolish or reduce
binding to gp120 of nonneutralizing or weakly neutralizing
MADs against epitopes close to or overlapping the CD4bs,
further mutations would be required to eliminate the reactivity
of undesired antibodies against other gp120 epitopes.

Effect of the introduction of an N-linked glycan in the V3
loop on reactivity with V3 loop antibodies. First, we sought to
determine whether introduction of an N-glycan in the V3 loop
could inhibit reactivity by V3 loop MAbs. For this purpose, a
mutant, termed P313N, was generated. In this mutant, Arg and
Thr substitute for Pro and Arg at positions 313 and 315, re-
spectively, in the “tip” of the V3 loop (-Gly-Pro-Gly-Arg-Ala-
Phe- segment). This N-glycosylation consensus sequence (se-
quon; NXT) thus permits addition of a potential N-linked
glycan at position 313. SDS-PAGE and Western blotting were
used to investigate the presence of the extra glycan (Fig. 2A);
a slight increase in average molecular weight was observed for
the mutant glycoprotein in comparison to wild-type gp120,
suggesting the presence of an additional glycan in the mutant.

The effect of the mutation on antibody reactivity was deter-
mined for three V3 loop MAbs, namely, loop 2, 19b, and
447-52D. These three antibodies pooled together were unable
to react with glycoprotein of mutant P313N in Western blot
(Fig. 2B). ELISA, with individual MAbs, confirmed these re-
sults (Fig. 2C and D). In contrast, the apparent affinity of MAb
b12, relative to wild type, was unaffected by the introduced
mutation. We do note that the glycoprotein of mutant P313N
was stained much more strongly by b12 in comparison to wild-
type gp120 (Fig. 2A). However, this may be due to a difference
in the amount of glycoprotein present in the respective prep-
arations, which were not standardized prior to SDS-PAGE. To
determine whether the inability of the three V3 loop antibod-
ies to bind mutant P313N is due solely to incorporation of an
N-linked glycan, we replaced the Asn at position 313 with Gln,
leaving the Arg—Thr substitution at position 315 unchanged.
The three antibodies were also unable to react with this mutant
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FIG. 1. Binding of CD4bs MAbs (A and C) and non-CD4bs MAbs (B and D) to gp120,_; and mutant GDMR in ELISA. (A and B) Antibody
binding to wild-type gp120. (C and D) Antibody binding to gp120 of mutant GDMR. Supernatants containing monomeric gp120 were captured
onto ELISA plate wells and probed with various concentrations of MAD, starting at 10 pg/ml. Bound antibody was detected with alkaline
phosphatase-conjugated secondary antibody. Absorbance was measured at 405 nm.

(data not shown). This finding suggests that, even though the
V3 loop MAbs may be blocked from binding to their respective
epitopes by the introduced glycan, reactivity is probably also
abolished due to substitution of the proline residue alone or in
combination with the arginine residue. The mutations most
likely disrupt the B-turn at the apex of the V3 loop comprising
the -Gly-Pro-Gly-Arg- segment (35, 103).

Effect of the introduction of N-linked glycans in gp120 on
reactivity with anti-gp120 MAbs. Next, we sought to block
other epitopes that might be recognized by nonneutralizing
antibodies by using the same glycosylation strategy. First, we
introduced N-glycosylation sequons individually at various po-
sitions in gp120, primarily on the nonneutralizing face (115)
and in the V1 and V2 loops, to determine the effect on b12
binding. The NXT glycosylation sequon (where “X” is any
amino acid except proline) was chosen because the asparagine
in this motif is twofold more likely to be glycosylated than the
asparagine in the NXS motif (34, 44, 57, 99). In some cases two
substitutions, at the N and T positions, were required to intro-
duce the glycosylation motif, whereas in other instances only
one of the two positions needed to be substituted by the ap-
propriate residue. The mutations incorporated were Q114N/
L116T and Q246N (masking of the nonneutralizing face and
the putative gp41-gp120 interface), S143T and E150N/G152T
(masking of the V1 loop), K17IN/Y173T (masking of the V2
loop), S365T (masking of potential epitopes on the outer pe-

rimeter of the CD4bs), and R440N/Q442T (masking of poten-
tial epitopes close to the base of the V3 loop, adjacent to the
silent face). The S143T and S365T mutations were introduced
to enhance the likelihood of glycan attachment at residues
N141 and N363, respectively. Binding of MAb b12 was not
significantly affected by mutations Q114N/L116T and S143T,
whereas binding was somewhat decreased by the E150N/
G152T mutation (Fig. 3). Binding was more strongly affected
by the mutation in the V2 loop (K171N/Y173T) and by the
Q246N mutation. With the two remaining mutants, S365T and
R440N, no reactivity with b12 was observed. Notably, expres-
sion of the mutant with the R440N/Q442T substitution was
very poor (not shown), suggesting that introduction of a glycan
at position 440 may interfere with the proper folding or intra-
cellular processing of gp120.

Glycosylation motifs that did not affect b12 binding, or af-
fected it only slightly, i.e., mutations Q114N/L116T, S143T,
and E150N/G152T, were then combined. The Pro—Asn and
Arg—Thr substitutions at positions 313 and 315 (mutant
P313N), respectively, and the alanine substitutions at positions
473 to 476 (mutant GDMR) were also incorporated to gener-
ate a hyperglycosylated mutant (Fig. 4). We decided to also
insert the K171N/Y173T mutation, despite its negative effect
on b12 binding, since this was the only mutation in the V2 loop
that could potentially hinder the binding of V2 loop antibodies.
Extra N-glycosylation sites were also introduced at positions 92
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FIG. 2. Binding of V3 loop MAbs to wild-type gp120;,_ ;. and glycoprotein of mutant P313N in Western blot and in ELISA. (A) Wild-type
gp120 (lane 1) and mutant glycoprotein (lane 2) were reacted with MADb b12 (1 pg/ml). (B) Glycoproteins were reacted with MAbs 19b, 447-52D,
and loop 2 (pooled mixture; 1 ug of each per ml). Molecular mass indicators (bars) and the average molecular masses of wild-type and mutant
glycoproteins (arrows) are shown on the left in kilodaltons. (C and D) MADb binding to wild-type gp120 (C) and mutant P313N (D) was determined

by ELISA.

and 423, without prior testing with b12. Residue H92 lies on
the nonneutralizing face of gp120, and residue 1423 lies in the
coreceptor-binding site. Western blots were performed to con-
firm that the glycoprotein of this mutant, termed mCHO*-

OD (450 nm)

wt Q114N S143T E150N K171N Q246N S365T R440N

gp120 mutant

FIG. 3. Binding of MAD b12 to gp120 with added N-glycosylation
sequons. Wild-type gp120 and mutant glycoproteins (labeled I to VII)
were captured onto ELISA wells and probed with MADb b12 (10 ng/ml).
HIVIG (1 pg/ml) was used to ensure that equivalent amounts of protein
were captured. Bound antibody was detected with peroxidase-conju-
gated secondary antibody, and the absorbance was measured at 450 nm.

GDMR, was indeed hyperglycosylated. The molecular mass of
the modified glycoprotein was observed to be ~137 kDa (Fig.
5), suggesting that most, if not all, extra potential glycosylation
sites are likely to be occupied in this mutant. The largest
oligosaccharide that can be incorporated at each site is a fully
sialylated, fucosylated, and galactosylated tetraantennary com-
plex glycan (~3.5 kDa), which would increase the average
molecular mass of wild-type gp120 by ~25 kDa. However, this
complex glycan type is observed in fewer than 1% of the total
glycans on gp120,x g (94). Rather, recombinant gp120,g ;.
expressed in mammalian cells appears to contain predomi-
nantly galactosylated, fucosylated biantennary complex glycans
(sialylated and nonsialylated) and high-oligomannose glycans
(Man-8) (94). Such glycans would add an average of ~2 kDa
per glycosylation site, thus increasing the molecular mass of
wild-type gp120 to ~134 kDa, which approximates the average
mass determined from the SDS gel for the mutant mCHO*-
GDMR. However, we cannot exclude the possibility that some
sites are not glycosylated; mass spectrometric analyses of the
mutagenized protein (122) would be required to address this
issue in more detail.

To investigate the antigenic properties of this glycoprotein
mutant, binding affinities were determined for b12 and for a
large panel of nonneutralizing anti-gp120 MAbs. Most MAbs
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FIG. 4. Location of introduced N-glycan attachment sites and alanine substitutions, mapped onto the gp120 core. N-linked oligosaccharides
(yellow) were modeled onto the core structure (48) according to the most likely glycoforms, as inferred from a previous study (122). The putative
locations of the V1 and V2 loops are also indicated in each panel. The 20-A bar represents the average width of a typical antibody-combining site.
(A) Depiction of the gp120 core is shown from the perspective of CD4. The attachment sites of the extra glycans are labeled and colored dark blue;
dark blue spheres indicate those in the V1 and V2 loops. The alanine substitutions at positions 473 to 476 (GDMR) are labeled and colored red.
The perspectives shown in panels B and C are also indicated by arrows. (B) View of the gp120 outer domain (48, 116). The spatial location of the
V3 and V4 loops, which are proposed to extend from the protein surface, are also indicated. (C) View of the proposed gp41-gp120 interface (48,
116). Figures were made with RasMol (93) and modified by using Adobe Photoshop.

bound wild-type gp120,,_g; With high affinity (Fig. 6A to D).
Saturation levels were not obtained with certain MAbs against
the C1 domain (133/237, 133/290, and 522-149) and, as already
observed, by MAbs C11, G3-4, and G3-136. MADbs 133/237 and
133/290 bind better to denatured gp120 than to native glyco-
protein (63) and here display moderate affinity for gp120 in
ELISA. Whether this is also the case for MAb 522-149 is not
known. It is also possible the moderate binding affinity stems
from sequence differences between the homologous antigen
and gp120, g, . Antibodies 17b and 48d also bound with lower
affinity to wild-type gp120 due to the absence of sCD4 in these
experiments. When tested with mutant mCHO*-GDMR, bind-
ing of virtually all MAbs was abolished, whereas binding of
MAD bl12 was reduced in comparison to that of wild-type
gp120. Unfortunately, but not unexpectedly, the binding of
only two of the five C1 antibodies was inhibited. In the present
study, no glycan attachment motifs were introduced in the C1
region because glycosylation of the N terminus is reported to
be rare (34). Surprisingly, binding of the three other C1 anti-
bodies to mutant mCHO*-GDMR was nearly twofold higher

than binding to wild-type gp120 (Fig. 6E). Removal of N-
terminal residues in the C1 region reduced or abolished the
ability of these antibodies to bind gp120, and deletion of res-
idues in the C terminus of the C5 region reduced the binding
of the anti-C5 polyclonal antibody preparation used to capture
gp120 (Fig. 7). Surprisingly, b12 binding was also severely
diminished (Fig. 7), indicating that the combined removal of
these N- and C-terminal residues dramatically influences the
conformation of the b12 epitope in mutant mCHO*-GDMR.

Epitope masking by introduction of N-glycans abolishes re-
activity with a polyclonal antibody preparation. To test the
degree to which our approach was able to mask nonneutraliz-
ing epitopes on gp120, we also determined the effects of the
introduced glycans on binding of a preparation of polyclonal
antibodies. This preparation, HIVIG, which is derived from
pooled plasma of asymptomatic individuals that was selected
based on high antibody titers to the HIV structural protein
p24, neutralizes primary HIV-1 isolates poorly (24). When
tested with mutant GDMR, a twofold reduction in relative
binding affinity was observed, in comparison to wild-type
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FIG. 5. Determination of the molecular mass of mutant mCHO*-
GDMR by Western blot. Wild-type gp120, g, and mutant glycopro-
tein were separated by SDS-PAGE, transferred to a polyvinylidene
difluoride membrane, and probed with a polyclonal antibody preara-
tion generated against the C5 region of gp120 (5 wg/ml). Lane 1, wild
type; lane 2, mutant mCHO*-GDMR. Molecular mass indicators are
shown on the left, and the average molecular mass of each glycoprotein
is denoted on the right in kilodaltons.

gp120,, g (Fig. 8). However, binding was much more reduced
to the mutant with an extra glycosylation site in the V3 loop,
thus suggesting the presence of a large percentage of V3 loop
antibodies in this preparation. No binding of HIVIG to mutant
mCHO*-GDMR was observed, supporting the notion that we
may have indeed succeeded in masking a number of epitopes
on gpl20 that have the potential to induce nonneutralizing
antibodies.

Influence of the N-glycosylation motif in the V2 loop on b12
binding. We suspected that the lowered affinity of MAb b12 for
mutant mCHO*-GDMR may be caused by the K171N/Y173T
mutation in the V2 loop. To test this postulate, the mutation
was reverted to wild-type sequence. Surprisingly, b12 binding
affinity for this mutant, termed K171Nx, was similar to that for
mutant mCHO*-GDMR (data not shown). Therefore, the
lower affinity of b12 for mutant mCHO*-GDMR in compari-
son to wild-type glycoprotein most probably stems from the
introduction of a particular combination of glycans in mutant
mCHO*-GDMR rather than from steric hindrance by a spe-
cific glycan. Interestingly, the V2 loop antibody G3-4 did not
react with mutant K17INx (data not shown), indicating that
the extra V2 loop-glycan may not be required for masking
antigenic determinants in this loop. Rather, the result with
MAD G3-4 suggests that neighboring glycans that were in-
serted additionally may be sufficient to block the binding of V2
loop antibodies.

SUGAR-COATED gp120s AS POTENTIAL HIV VACCINOGENS 5895

Influence of alanine substitution at positions 473 to 476 in
mutant mCHO*-GDMR on binding of MAbs to epitopes over-
lapping the CD4bs. Although we had been successful in mask-
ing the epitopes of various nonneutralizing and weakly neu-
tralizing antibodies, it was unclear whether blockage of CD4bs
antibodies and MAb A32 could be accomplished by the glycans
alone, without the need for the introduced alanine substitu-
tions at positions 473 to 476. Therefore, another variant of
mutant mCHO*-GDMR was generated. In this variant,
termed mCHO¥, the alanine substitutions at positions 473 to
476 were reverted to wild type. As shown in Fig. 9, the binding
of MAbs 15e, F91, F105, and A32 was significantly reduced or
completely abolished, indicating that the added glycans are
indeed sufficient to block binding of many nonneutralizing or
weakly neutralizing CD4bs antibodies. However, the weakly
neutralizing antibodies b3 and b6 were still able to bind mutant
glycoprotein, albeit with lower affinity than that of MAb b12.
Thus, the extra glycans appear not to have completely blocked
access to the CD4bs but, rather, may have confined the space
available to antibodies for interaction with this site.

DISCUSSION

A major concern for HIV-1 vaccine design is that at present
no immunogen or combination of immunogens is capable of
eliciting the levels of broadly neutralizing antibodies that are
likely needed to contribute to significant protection against
infection. Nevertheless, the anti-gp120 and anti-gp41 MAbs
that have been isolated from natural infection and from im-
munization studies serve as valuable tools to screen prospec-
tive antigenic formulations for their suitability as candidate
immunogens (17, 117); antigens that preferentially bind neu-
tralizing antibodies, but not nonneutralizing ones, would nat-
urally be most desirable. In a recent report, we observed that
binding of the broadly and potently neutralizing human anti-
body b12 was unaffected or slightly enhanced by the introduc-
tion of four alanine mutations on the perimeter of the Phe-43
cavity on gp120 (75). In contrast, binding of CD4 and five
weakly neutralizing CD4bs antibodies was abolished or re-
duced. The aim of the current study was to further evaluate
and improve the antigenic properties of this gp120 mutant,
termed GDMR.

As a first step, mutant GDMR was tested in ELISA with a
selection of MAbs against various linear and discontinuous
epitopes on gp120. Only nonneutralizing or weakly neutraliz-
ing CD4bs MADbs were significantly affected by the alanine
substitutions (Fig. 1). Whether this correlates with how these
antibodies interact with gp120 and their lack of neutralizing
potency is uncertain. However, considering that antibodies of-
ten form salt bridges or hydrogen bonds with available polar
groups on the antigen, most probably because this compen-
sates for the loss in entropy upon antigen interaction (7, 11, 12,
100, 109, 110), it is noteworthy that MAbs b3, b6, and F105 are
particularly sensitive to replacement of residues at positions
474 (Asp) and 476 (Arg) with alanine (75). The results ob-
tained here with mutant GDMR suggest that these aspartate
and arginine residues may be ideal contact residues for many
nonneutralizing antibodies. Although it is speculative at this
point, these residues may be more accessible on monomeric
gp120 than on the trimeric envelope spikes of primary HIV
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FIG. 6. Binding of anti-gp120 MAbs to wild-type (A to D, left) and mutant mCHO*-GDMR (E to H, right) glycoproteins. (A and E) Binding
of MADs to the C1, C5, C1-C4, and C1-C5 domains; (B and F) binding MAbs to the CD4bs; (C and G) binding of MAbs to the coreceptor-binding
site; (D and H) binding of MADs to the V2 and V3 loops. Captured glycoproteins were probed with MAb concentrations indicated on the x axis.

The absorbance was measured at 405 nm.

isolates, thus explaining why these antibodies are unable to
neutralize virions potently.

The observation that non-CD4bs antibodies were not inhib-
ited from binding to mutant GDMR prompted us to pursue
further means of blocking epitopes recognized by nonneutral-
izing antibodies. The concept of diverting B-cell immune re-
sponses away from undesired epitopes has been discussed pre-
viously (26). A recent study (21) showed that, by introducing a
single amino acid mutation in the B-chain of human chorionic
gonadotrophin, cross-reactive antibodies to luteinizing hor-

mone, which are normally elicited upon immunization with
wild-type human chorionic gonadotrophin B-chain, could be
eliminated. The immune response was thus refocused to
epitopes that are normally only weakly immunogenic.

In the case of HIV, such a strategy is likely to be tedious and
time-consuming, particularly considering the vast genetic di-
versity that is manifested among HIV isolates. Therefore, we
chose to insert N-glycosylation sequons into the gp120 se-
quence with the aim of selectively incorporating additional
N-glycans onto the glycoprotein to mask undesired epitopes.
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FIG. 7. Glycoproteins of mutants mCHO*-GDMR and mCHO*-
GDMR AN/C (N and C termini deleted), captured onto ELISA plate
wells with indicated antibodies (10 pg/ml) and detected with biotinyl-
ated MAb 2G12 (1pg/ml). Gray bars represent mutant mCHO*-
GDMR; dark bars represent mutant mCHO*-GDMR AN/C. The ab-
sorbance was measured at 450 nm.

Masking epitopes in the (hyper)variable loops of HIV was of
particular importance, since antibodies to such sites are often
induced upon immunization with gp120 or during natural in-
fection (22, 29, 38, 52, 54, 55, 59, 93, 97, 101, 112). During
infection, these antibodies are detected relatively early, sug-
gesting the presence of immunodominant epitopes within the
loops (29, 55, 70, 97). The masking of epitopes by glycans is in
itself not novel but, in fact, a strategy employed by HIV to
avoid facile recognition by the host immune system (3, 25, 73,
82, 83, 95, 115). For example, a large portion of gpl20 is
covered by N-glycans, thus rendering those regions of the an-
tigen immunologically “silent” (115). Furthermore, changes in
the number and placement of N-linked glycans in gp120 are
known to modulate the exposure of antigenic determinants.
For example, elimination of an N-glycan in the V3 loop by
site-directed mutagenesis increases viral sensitivity to neutral-
izing antibodies (3). Also, when virus lacking an N-linked gly-
can in the V3 loop is grown in the presence of a V3 loop
antibody it rapidly reverts to a variant in which a glycan is
reincorporated at that position (95). However, in terms of
vaccine design, the approach of epitope masking by the incor-
poration of additional N-linked glycans is not widespread. In
fact, this particular approach has been applied in only one
previous study (33). In that report, incorporation of an N-
glycosylation site in the V3 loop resulted in a shift in the
immune response toward epitopes in the V1 loop (33).

Here, the approach was expanded. N-linked glycans were
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FIG. 9. Binding of CD4bs MAbs and MAb A32 to glycoprotein of
mutant mCHO*. This mutant contains all of the glycosylation sequons
that are also present in mutant mCHO*-GDMR but lacks the alanine
substitutions on the edge of the Phe-43 cavity.

introduced based primarily, but not solely, on the following
criteria: (i) the side chain of the residue to be mutated should
be solvent exposed; (ii) the introduced glycan should block a
region on gpl120 that might elicit nonneutralizing antibodies;
(iii) the site selected for introduction of the N-glycan should
contain residues that might tolerate mutation, yet still retain a
similar conformation; and (iv) the potential glycosylation site
should not be hindered by neighboring sequence elements. For
incorporation of the N-glycans, an NXT glycosylation se-
quence was chosen over an NXS motif because studies have
shown that the asparagine in the former sequon is more likely
to be glycosylated (34, 44, 57, 99). Furthermore, in an NXT
glycosylation motif, more residues are tolerated at position X
in terms of glycosylation efficiency than in an NXS sequence
(44).

First, we established whether introduction of an N-glycan in
the V3 loop could abolish binding of V3 loop antibodies. Con-
sidering that a glycan at the apex of V3 might mask a substan-
tial portion of the loop on both sides, a glycosylation site was
incorporated at position 313 (Pro). Indeed, none of the three
V3 loop MAbs tested were able to bind to this mutant. How-
ever, antibody binding to a second mutant, in which the Asn in
the glycosylation sequon was replaced by Gln, was also abro-
gated. These results suggest that incorporation of the extra
glycosylation sequon may serve two functions. First, incorpo-
ration of the glycosylation motif allows potential antibody
epitopes to be masked due to the presence of the glycan.
Whether the glycan indeed masks the entire loop is uncertain,
since there are currently no antibodies available that are reac-

—o—GDMR

—A— GDMR-P313N
—0—mCHO*-GDMR
—a—wt

—o— GDMR

—aA— GDMR-P313N
—e— mCHO*-GDMR

FIG. 8. Reactivity of HIVIG (open symbols) and MAb b12 (solid symbols) in ELISA with wild-type gp120 and mutant glycoproteins. wt,
wild-type gp120; GDMR, mutant GDMR in which residues at positions 473 to 476 in gp120 have been replaced with alanine; GDMR-P313N,
similar to mutant GDMR with the addition of an N-glycosylation site in the V3 loop; mCHO*-GDMR, similar to mutant GDMR-P313N, with the
addition of six glycosylation motifs (two in the V1 loop, one in the V2 loop, and three on the gp120 core).
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tive with residues downstream or upstream from the intro-
duced glycosylation site in the V3 loop of JR-FL. The second
effect of replacing the proline and arginine residues is that this
most likely eliminates or modifies the B-turn and B-type hair-
pin, which are characteristic of the apex of the V3 loop and
confer immunodominance to the loop (35, 84). Lowering this
predominant characteristic of the V3 loop may further increase
the potential to obtain antibodies against epitopes on gp120
that are normally only weakly immunogenic.

Next, the glycosylation strategy was extended to other
epitopes that might elicit nonneutralizing antibodies. Seven
sites were chosen for the incorporation of N-glycosylation mo-
tifs (Fig. 3). The mutations were generated in individual mu-
tants first and tested with b12 to ensure that none severely
compromised gp120 folding as detected by antibody binding.
Of the seven mutations, three were eliminated from subse-
quent studies because they indeed abolished b12 binding. The
added glycosylation site in the V2 loop also reduced b12 bind-
ing but was still selected for further studies since no other
glycosylation motifs had been incorporated in the V2 loop for
epitope masking. This mutation and the others that did not
significantly affect b12 binding were then combined together
with the glycosylation sequon in the V3 loop and the alanine
substitutions in the Phe-43 cavity to generate a hyperglycosy-
lated mutant glycoprotein. Two additional glycosylation motifs
were introduced at positions 92 and 423 to further mask the
nonneutralizing face on gp120 and the coreceptor-binding site,
respectively. This hyperglycosylated gp120 mutant, termed
mCHO*-GDMR, blocked the binding of virtually all nonneu-
tralizing and weakly neutralizing antibodies used in the present
study, including a polyclonal antibody preparation (HIVIG) of
low neutralizing potency. Importantly, b12 binding was main-
tained, albeit at lowered affinity. However, this reduced bind-
ing was not caused by the N-glycan that was incorporated in
the V2 loop, since reversion to the wild-type sequence did not
alter b12 affinity. Binding to mutant mCHO*-GDMR was also
still observed with three MAbs against the CI1 region and a
polyclonal antibody against the C5 region. Although the bind-
ing of these antibodies could be reduced or abolished by re-
moval of residues in C1 and CS, respectively, b12 binding was
also severely reduced (Fig. 7). Thus, in the mutant mCHO*-
GDMR, it appears that b12 binding cannot be maintained at
the expense of the remaining C1- and C5-reactive antibodies
by truncating the N and C termini because of the apparent
negative effect on the conformation of the b12 epitope.

Thus, we have generated a series of mutant gp120s that
diminish or abolish the binding of nonneutralizing or weakly
neutralizing antibodies to various degrees, but retain, to some
extent, b12 binding. Whether the reduced b12 affinity for mu-
tant mCHO*-GDMR translates into difficulties in using this
mutant to elicit b12-like antibodies is unpredictable. However,
one of the remarkable features of the humoral immune re-
sponse is its plasticity (50, 51, 58, 69, 113). This flexibility,
which is represented by the variable regions of immunoglobu-
lins, in particular within the paratope, may enable antibodies
with disparate sequences to recognize gp120 equivalent to b12
and neutralize viral isolates with comparable efficacy.

The primary goal of the present study has been to generate
gp120 molecules that have the potential to induce broadly
neutralizing antibodies, particularly those targeted to the
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CD4bs. It could be argued that, although the CD4bs shows a
high degree of amino acid conservation, the coreceptor binding
site is even more conserved (48, 85) and, therefore, is an
equally important target. The reason for not directing our
efforts to this site relates to recent observations which indicate
that Fab and single-chain antibody fragments of CD4-induced
antibodies, such as 17b and X5, are more effective in neutral-
izing primary isolates than the corresponding full-length anti-
body (A. F. Labrijn, P. Poignard, A. Raja, M. B. Zwick, K.
Delgado, M. Franti, J. M. Binley, V. Vivona, C. Grundner,
C.-C. Huang, M. Venturi, C. J. Petropoulos, T. Wrin, D. S.
Dimitrov, J. Robinson, P. D. Kwong, R. T. Wyatt, J. Sodroski,
and D. R. Burton, unpublished observations), presumably due
to spatial constraints between the target membrane and the
CD4-bound virus. The coreceptor-binding site may thus be a
target that is more suitable for the design of small molecules to
inhibit viral entry rather than a viable epitope to elicit neutral-
izing antibodies.

Although the approach taken is this study is novel, one
caveat may be that, because of the extra glycans, gp120 has
assumed a different conformation from that presumably
present on the viral surface. Considering that b12 binding to
mutant mCHO*-GDMR is maintained, it is unlikely that the
extra oligosaccharide moieties significantly alter the overall
gp120 core structure, including the CD4bs. Since the majority
of broadly neutralizing antibodies appear to bind equally well
to monomeric and oligomeric gp120 (31, 76, 91), antibodies
that recognize the CD4bs on gpl120 in a bl2-like manner
should also be reactive with oligomeric gp120. In fact, with the
introduction of the extra N-glycans, we may have also suc-
ceeded in creating spatial constraints around the CD4 binding
domain that antibodies are likely to encounter with native,
virion-associated oligomeric gp120.

Besides epitope masking, the extra glycans may also serve an
additional function. Recent studies suggest that monomeric
gp120 contains unusually high intrinsic entropy, which might
undermine efforts to obtain broadly neutralizing antibodies
(46, 67). Considering that asparagine-linked glycosylation is
known to influence protein structure and folding (43, 44, 72,
114) and that the addition of carbohydrate moieties may min-
imize the conformational flexibility of proteins (72, 114), it is
possible that the extra glycans incorporated into the gpl120
mutants described here reduce the overall flexibility of mono-
meric gp120. If so, this could further promote the induction of
antibodies with neutralizing properties superior to those ob-
tained with unmodified gp120.

In conclusion, we have presented here a panel of novel HIV
glycoprotein mutants that, based on their antigenic properties,
are promising immunogens. The antigenic characteristics of
the hyperglycosylated mutant mCHO*-GDMR in particular
are unparalleled. It will now be interesting to determine
whether these modified glycoproteins are capable of inducing
broadly cross-reactive neutralizing antibodies, the results of
which may provide useful information for the further develop-
ment of an effective HIV vaccine.
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