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Glycan Microheterogeneity at the PGT135 Antibody Recognition Site
on HIV-1 gp120 Reveals a Molecular Mechanism for Neutralization

Resistance
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Broadly neutralizing antibodies have been isolated that bind the glycan shield of the HIV-1 envelope spike. One such antibody,
PGT135, contacts the intrinsic mannose patch of gp120 at the Asn332, Asn392, and Asn386 glycosylation sites. Here, site-specific
glycosylation analysis of recombinant gp120 revealed glycan microheterogeneity sufficient to explain the existence of a minor
population of virions resistant to PGT135 neutralization. Target microheterogeneity and antibody glycan specificity are there-

fore important parameters in HIV-1 vaccine design.

he isolation of potent, broadly neutralizing antibodies

(bnAbs) from infected HIV-1 individuals has focused efforts
toward the molecular characterization of their epitopes (1-5).
These antibodies have potential value in a therapeutic context,
and their epitopes represent key vaccine leads (6-12). Structural
and biochemical studies have revealed that a number of the re-
cently isolated bnAbs penetrate the heavily glycosylated surface of
the HIV-1 envelope spike, making contacts with both the glycans
and the protein underneath (1-3, 13-22) Characterization of the
glycan-containing epitopes has revealed that much of the glycan
shield is vulnerable to antibody recognition (5). Many glycans within
the outer domain of gp120 are protected from normal glycan pro-
cessing and do not form complex-type glycans, instead remaining as
immature oligomannose-type glycans. This region is known as the
“Intrinsic mannose patch” since it contains oligomannose-type gly-
cans, regardless of whether presented in the context of isolated gp120
monomers or functional virions (23-25).

The intrinsic mannose patch is targeted by the so-called “man-
nose patch-dependent” antibodies, which include PGTI21 to
-124, 10-1074, PGT125 to -128, PGT130 and -131, PGT135 to
-137,and 2G12 (14-16, 26-29). These antibodies display remark-
able potencies against a diverse panel of HIV-1 strains, although
their breadth varies both between and within families (2, 30).
PGT135 was found to neutralize 33% of viruses from a 162-cross-
clade-pseudovirus panel. This neutralization is equivalent to the
breadth of b12, which has a protein-based epitope at the CD4
binding site, but is lower than those of other Asn332-dependent
bnAbs, such as PGT128 and PGT121, which neutralized 72% and
70% of the panel, respectively (2). This lower breadth of neutral-
ization has been attributed to the limited prevalence of the larger
number of critical contact residues (Asn332, Asn392, and His330)
across different isolates (15) compared to PGT121 and PGT128.
In addition to these properties, inspection of neutralization pro-
files reveals that, despite containing the required target residues,
for some strains of HIV-1, neutralization is incomplete, with pla-
teaus that do not reach 100% (15). A crystal structure of a PGT135
Fab domain in complex with the gp120 core revealed that the
majority of the interactions were mediated through contact with
the glycans at the Asn332, Asn392, and Asn386 sites, with 1,010 A*
and 438 A? of buried surface area contacting gp120 glycans and
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protein, respectively (15). Given the extensive contribution of
glycans to the binding interaction, we hypothesized that the
incomplete neutralization of some isolates by PGT135 could
partially derive from microheterogeneity at the target glycan
sites, whereby the presence of certain glycoforms precludes the
binding of PGT135.

To investigate this, we performed site-specific glycosylation
analysis of the glycan sites targeted by PGT135, as observed in the
crystal structure (15): Asn332, Asn386, and Asn392 (Fig. 1). The
BalL isolate was chosen as this has been demonstrated to exhibit
some resistance to neutralization by PGT135, with only about
80% of wild-type virus neutralized (15). Recombinant mono-
meric gp120g,, was expressed in HEK 293T cells and purified by
immobilized metal affinity chromatography followed by size ex-
clusion chromatography. We previously observed that recombi-
nant gp120 expressed in this way reproduces the intrinsic popu-
lation of the oligomannose-type glycans present on virus
produced in peripheral blood mononuclear cells (PBMCs), pro-
viding a good model for analyzing this component of Env glyco-
sylation (24, 25). Glycopeptides containing a target glycan site
were generated by in-solution protease digestions of reduced and
alkylated gp120g,, and isolated by reverse-phase high-perfor-
mance liquid chromatography (RP-HPLC).

Asn332-containing glycopeptides (sequence QAHCN??*LSR)
were isolated in a fraction from a tryptic digest, performed
according to the manufacturer’s instructions (Promega), and
were analyzed by matrix-assisted laser desorption ionization

Received 27 January 2015 Accepted 1 April 2015
Accepted manuscript posted online 15 April 2015

Citation Pritchard LK, Spencer DIR, Royle L, Vasiljevic S, Krumm SA, Doores KJ,
Crispin M. 2015. Glycan microheterogeneity at the PGT135 antibody recognition
site on HIV-1 gp120 reveals a molecular mechanism for neutralization resistance. J
Virol 89:6952-6959. doi:10.1128/JV1.00230-15.

Editor: F. Kirchhoff

Address correspondence to Max Crispin, max.crispin@bioch.ox.ac.uk.
Copyright © 2015, American Society for Microbiology. All Rights Reserved.
doi:10.1128/JV1.00230-15

July 2015 Volume 89 Number 13


http://dx.doi.org/10.1128/JVI.00230-15
http://dx.doi.org/10.1128/JVI.00230-15
http://jvi.asm.org

Microheterogeneity of an HIV-1 Glycan Epitope

B o
-~ |PGT135 & @ Man
W GlcNAc
@ Glycan site
. PGT135
Asn392
~
Asn386_/\
Asn332
gp120
Cc e &
120 D30 » 3 o B
9P ¢ pEE o PpEE o pEm OEE
D26 ¢ 9 b4
¢ ¢ ¢
D16 ©
MangGIcNAc, Asn332  Asn392 Asn386

FIG 1 The glycan epitope of PGT135 encompasses the Asn332, Asn392, and Asn386 sites. (A) A previously reported crystal structure reveals the interaction of a PGT135
Fab domain with the Asn332 (Man,GlcNAG, ), Asn392 (MangGlcNAc, ), and Asn386 (Man, GIcNAc, ) glycans from a gp120), ¢, core (15). The protein moiety is depicted
in a ribbon diagram, and glycans are depicted as sticks. Mannose (Man) residues are colored in green, and N-acetlyglucosamine (GlcNAc) residues are colored in blue.
(B) Enlarged view of the PGT135 glycan epitope. (C) Schematic representation of a ManyGlcNAc, glycan, with the D1 to D3 arms annotated and the glycans resolvable
in the crystal structure. Glycan structures are shown according to the proposed method of Harvey et al. (40), with residues colored according to panels A and B. Images

were made in PyMol using PDB code 4]JM2.

mass spectrometry (MALDI MS) (Fig. 2A). This revealed the
glycoforms at the Asn332 site to be overwhelmingly dominated
by MangGlcNAc, and ManyGIcNAc, glycans, with trace levels of
Man;_,GIcNAc, (Table 1). Confirmation of the glycopeptide
identity was performed by tandem MS (MS/MS) fragmentation
(Fig. 2B). Since the ionization of molecules can be influenced by
their chemical composition, the measured abundances were vali-
dated by quantitating the glycans directly. This was achieved by
PNGase F digestion of the glycopeptide fractions to release the
glycans, which were then labeled with 2-aminobenzamide (2-AB)
and analyzed by hydrophilic interaction liquid chromatography-
ultraperformance liquid chromatography (HILIC-UPLC) (Fig.
2C). Comparison of the MALDI-MS glycopeptide spectrum and
the HILIC-UPLC glycan profile revealed a very high degree of
similarity, validating the use of MALDI-MS for the analysis of
glycopeptides containing only oligomannose-type glycans.

In the crystal structure, PGT135 contacts an area of 365 A®
across the Asn332 glycan of gp120, with a further 547 A of con-
tacts with Asn392 and a minor contribution of 99 A* from Asn386
(15). The Asn392 and Asn386 sites were not resolvable using a
tryptic digestion; instead chymotrypsin (Promega) was used to
produce N**>STW and YCN?***STQLF glycopeptides (Fig. 3).
These glycosylation sites displayed different patterns of microhet-
erogeneity to the Asn332 site (Table 1). The Asn392 site was pri-
marily populated by MangGlcNAc, glycans (62%), with lower lev-
els of Man;GlcNAc, and ManyGlcNAc, and trace amounts of
Man,GIcNAc,, MangGIcNAc,, and Man,GIcNAc, (Fig. 3A; Table
1). Meanwhile the Asn386 site displayed a more even distribu-
tion of oligomannose-type glycans, with Man,GlcNAc, and
MangGlcNAc, predominating (Fig. 3C; Table 1).
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The oligomannose-type nature of the glycans at the Asn332,
Asn392, and Asn386 sites is consistent with their location on the
densely glycosylated outer domain: the crowded environment
helps restrict access by glycosidases and glycosyltransferases,
which would otherwise lead to the formation of an array of com-
plex- and hybrid-type glycan structures, as observed at more
peripheral glycan sites (24, 31-33). However, despite the more
restricted microheterogeneity at these sites, there remains a distri-
bution of the individual oligomannose-type glycans, which may
affect the capacity for PGT135 binding given its glycan specificity.
Glycan array data revealed a preference for large oligomannose-
type glycans (Man,_4GlcNAG,) (15). Such a preference, at least at
the Asn392 site, can be rationalized by the extensive interactions of
PGT135 along the full length of the D1 arm of a MangGIcNAc,
glycan present in the crystal structure (15). While the population
of smaller oligomannose glycans at the Asn392 site might not
capitalize on all possible binding interactions with PGT135, their
presence does not necessarily preclude binding. However, the pla-
teau in neutralization observed by us (Fig. 4A) and others (15) at
around 80 to 85% for BaL pseudovirus suggests there’s a popula-
tion of virus that cannot be bound effectively. Modeling of a
Man,GlcNAG, glycan at the Asn392 site revealed that the presence
of a terminal D2 mannose residue would induce a steric clash with
the complementarity determining region (CDR) H3 loop of
PGT135 (15).

To assess the compatibility of ManyGIcNAc, glycans with
PGT135 binding, we expressed gp120 in the presence of kifu-
nensine, which produced a glycan profile containing over 90%
Man,GlcNAc, (Fig. 4B). 2G12 binding, which has a known toler-
ance for ManyGIcNAc, glycans, was mostly unchanged upon ki-
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FIG 2 Glycans present at the Asn332 glycosylation site. Recombinant, monomeric gp120y,, was expressed in HEK 293T cells from the pHLsec vector (41) and
purified by metal-affinity and size exclusion chromatography, as previously described (42). gp120 was reduced, alkylated, and digested with trypsin (Promega),
before fractionation using a Jupiter C,g 5-p.m 250- by 4.5-mm column (300-A pore size) and a Dionex U3000 liquid chromatography system. Fractions were
collected every minute, at a flow rate of 1 ml/min, for 90 min, and then analyzed on an Autoflex Speed MALDI tandem time of flight (TOF/TOF) instrument
(Bruker), operated in positive-ion mode. (A) MALDI MS of pooled fractions containing the Asn332-containing glycopeptide, QAHCNLSR. The glutamine
carried a pyro-Glu modification (—17), and the cysteine was modified due to treatment with iodoacetamide (carbamidomethyl, +57). Glycan structures
corresponding to the observed glycopeptide masses are indicated. (B) MALDI MS/MS fragmentation spectrum of the 2,671.2 peak, corresponding to a
ManyGlcNAc, glycopeptide. Fragment ions were observed that were characteristic of glycopeptide MALDI MS/MS fragmentation (43), including [M,,.,+H +
83]" (corresponding to **X-ring cleavage of the innermost GlcNAc) and [M,,.,,+H + 203]™ (corresponding to Y-type cleavage of the di-N-acetylchitobiose
core). Y-type fragmentation of glycosidic bonds was also observed. (C) HILIC-UPLC profile of Asn332 glycans. Glycans were released from the QAHCNLSR
glycopeptides by in-solution PNGase F (QA-Bio) digestion, according to the manufacturer’s instructions, and then labeled using a LudgerTag 2-AB labeling kit
(Ludger Ltd., Abingdon, United Kingdom). Chromatography was performed on a Waters Acquity UPLC instrument. Glycans were assigned by comparison with
known oligomannose-type glycan standards (Ludger Ltd., Abingdon, United Kingdom).

tent with the much larger population of Many,GlcNAc, glycans

funensine treatment (Fig. 4C), consistent with previous observa-
(almost 50%) observed at the N332 site. This constraint, exclud-

tions (34). In contrast, PGT135 binding was dramatically reduced

compared to that of the wild type. Our site-specific glycosylation
analysis showed that 16% of the glycans at the Asn392 site of
recombinant gp120g,; were ManyGlcNAc,, which corresponds
well with the observed maximal neutralization of BaL pseudovirus
(Fig. 4A). In contrast the magnitude of the plateau is not consis-
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ing Man,GIcNAc, at the Asn392 site, is further supported by the
significant decrease in neutralization observed upon kifunensine
treatment (15). In contrast, modeling of a Man,GlcNAc, glycan at
the Asn332 site suggested that a D2 terminal mannose could be
accommodated with a minor conformational change, and thus
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TABLE 1 Summary of glycoforms and their abundances found at the glycan epitopes of PGT135 by MALDI MS

m/z
Asn glycan site Peptide” Peptide mass [M+H] ™" Observed Calculated Glycoform® % of total
N332 QAHCNLSR¢ 968.4 2,184.8" 2,184.9 M5 2
2,346.9" 2,346.9 M6 <1
2,509.0” 2,509.0 M7 1
2,671.2° 2,671.0 M8 49
2,833.3" 2,833.1 M9 47
N392 NSTW 507.2 1,583.4¢ 1,583.6 M4 1
1,745.4° 1,745.6 M5 19
1,907.4¢ 1,907.7 M6 <1
2,069.5¢ 2,069.7 M7 2
2,231.5¢ 2,231.8 M8 62
2,247.4¢ 2,247.9
2,393.5¢ 2,393.8 M9 16
2,409.4¢ 2,409.9
N386 YCNSTQLE® 1,032.4 2,086.9" 2,086.8 M4 2
2,249.0° 2,248.8 M5 7
2,270.9¢ 2,270.8
2,286.9¢ 2,286.9
2,411.0° 2,410.9 M6 7
2,433.0°¢ 2,432.9
2,449.0¢ 2,449.0
2,573.1° 2,573.0 M7 33
2,595.1¢ 2,594.9
2,611.1¢ 2,611.0
2,735.2° 2,735.0 M8 42
2,757.1¢ 2,757.0
2,773.1¢ 2,773.1
2,897.3% 2,897.1 M9 9
2,919.2¢ 2,919.0
2,935.2¢ 2,935.1

“The Asn glycan sites are underlined.

b IM+H]*.

¢ [M+Na]*.

4 IM+K] .

¢ Mx, ManxGIcNAc,.

/Pyro-glu modification of glutamine (—17).

¢ Carbamidomethyl modification of cysteine (+57).

the microheterogeneity observed at this site is likely to be better
tolerated. Similarly, we note that PGT128 could achieve almost
complete neutralization despite the observed microheterogeneity
at the Asn332 site (Fig. 4A). Incompatible glycoforms at the sec-
ondary binding site, N301, could account for the incomplete neu-
tralization. The interaction between PGT135 and the glycan at
Asn386 was observed to make a much smaller contribution to
binding (15), suggesting that an imperfect glycan match would
not be as detrimental to binding. Indeed, removal of the Asn392
glycan site completely abolished neutralization by PGT135,
whereas a degree of neutralization was retained upon removal of
the N386 glycan site, with the neutralization plateau reduced to
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approximately 30% (Fig. 4A). Removal of Asn137, which has been
shown to enhance neutralization of some viruses by other N332-
directed antibodies (35, 36), had no effect on PGT135 or PGT128
neutralization. Similarly the N295 glycan, which has been ob-
served to be important in a strain-dependent manner (15), had no
effect on PGT135 binding. In contrast to PGT135 and PGT128,
b12 neutralization of wild-type virus reached 100%. However,
neutralization potency was increased by removal of the Asn386
glycan (Fig. 4A). This phenomenon has been previously reported
and is thought to arise from improved accessibility to the b12
epitope at the CD4 binding site following removal of this proximal
glycan (37, 38). Thus, Env glycans can influence neutralization by
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FIG 3 Glycans present at the Asn392 and Asn386 glycosylation sites. gp120 was digested with chymotrypsin (Promega) before RP-HPLC and MALDI analysis.
(A) MALDI MS of Asn392 glycopeptides (NSTW). Sodium, [M + 23] ", and potassium, [M + 39] ", adducts were observed: both peaks were used for measuring
abundances (Table 1). (B) MALDI MS/MS fragmentation spectrum of the peak corresponding to the MangGIcNAc, glycopeptide. Fragmentation peaks
corresponded to the protonated masses. (C) MALDI MS of Asn386 glycopeptides (YCNSTQLEF). The cysteine was modified due to treatment with iodoacetamide
(carbamidomethyl, +57). Protonated glycopeptides, as well as sodium and potassium adducts, were detected: all were used for calculation of abundances (Table
1). (D) MALDI MS/MS fragmentation spectrum of the peak corresponding to the MangGlcNAc, glycopeptide. Fragmentation peaks corresponded to the

protonated masses.

both glycan-directed and protein-directed bnAbs via distinct
mechanisms.

Neutralization plateaus below 100% have previously been ob-
served with glycan-reactive bnAbs (1, 3, 15, 22, 39). The corre-
sponding resistant populations could arise from either incomplete
occupancy or the presence of unfavorable glycan structures at tar-
get glycosylation sites. A recent study suggested that most sites
were 100% occupied (33), while other work has suggested occu-
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pancy may be incomplete for some sites (32). We did not detect
unglycosylated peptides at the N392 site (data not shown) but
cannot formally exclude the possibility of such a small population
existing below our detection limits. While nonoccupancy of a tar-
get glycosylation site may offer one mechanism of neutralization
resistance, the ability of glycosylation inhibitors such as kifu-
nensine or swainsonine to modulate the plateau of neutralization
strongly suggests that the presence of tolerable glycoforms is an
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FIG 4 Influences of gp120 glycans on bnAb recognition. (A) Neutralization sensitivity of PGT135, PGT128, and b12 against BaL wild-type pseudovirus and
glycan site mutants. bnAbs PGT128 and b12 are used as controls. To produce pseudoviruses, plasmids encoding Env were cotransfected with an Env-deficient
genomic backbone plasmid (pSG3AEnv) in a 1:2 ratio with the transfection reagent polyethyleneimine (PEI) (1 mg/ml, 1:3 PEI-total DNA [Polysciences]) into
HEK 293T cells. Pseudoviruses were harvested 72 h posttransfection. Neutralizing activity was assessed using a single-round replication pseudovirus assay with
TZM-bl target cells, as described previously (2). Glycan sites N137, N295, N386, and N392 were removed using site-directed mutagenesis through an Asn-to-Ala
mutation. Mutations were verified by DNA sequencing (MWG Eurofins, Germany). (B) Glycan profile of recombinant gp120 expressed in HEK 293T cells in the
presence of kifunensine, analyzed as described in the legend to Fig. 2C. (C) Enzyme-linked immunosorbent assay (ELISA) data of PGT135 (blue) and 2G12

(black) binding to wild-type (continuous line) and kifunensine-treated (dashed line) gp120. ELISAs were performed as previously described (34).

important parameter for the efficacy of glycan-reactive bnAbs.
This is an important consideration for vaccine design, since any
elicited bnAb response will likely require a degree of plasticity in
glycan recognition in order to counteract the intrinsic microhet-
erogeneity of gp120 glycosylation. The precise degree of microhet-
erogeneity will likely differ between isolates, as the various distri-
butions of glycan sites may alter the local accessibility of
processing enzymes. While this could be considered a potential
barrier to targeting the HIV-1 glycan shield for vaccine purposes,
recent investigations into the specificity of glycan-reactive bnAbs
have suggested that they possess considerable plasticity in their
mode of recognition. This has been demonstrated in particular for
the Asn332-targeted antibodies, many of which can still neutralize
diverse viruses when the Asn332 glycan is shifted or completely
removed (30). Thus, while greater insight is needed into the mi-
croheterogeneity of key antibody epitopes and the flexibility of
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bnAb recognition, the elicitation of glycan-targeting bnAbs re-
mains a promising strategy for vaccine design.
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