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The envelope spike of HIV is one of the most highly N-glycosylated
structures found in nature. However, despite extensive research
revealing essential functional roles in infection and immune evasion,
the chemical structures of the glycans on the native viral envelope
glycoprotein gp120—as opposed to recombinantly generated gp120
—have not been described. Here, we report on the identity of the
N-linked glycans from primary isolates of HIV-1 (clades A, B, and C)
and from the simianimmunodeficiency virus. MS analysis reveals a re-
markably simple and highly conserved virus-specific glycan profile
almost entirely devoid of medial Golgi-mediated processing. In stark
contrast to recombinant gp120, which shows extensive exposure to
cellular glycosylation enzymes (>70% complex type glycans), the na-
tive envelope shows barely detectable processing beyond the bio-
synthetic intermediate MansGIcNAc, (<2% complex type glycans).
This oligomannose (Mans_gGIcNAC,) profile is conserved across pri-
mary isolates and geographically divergent clades but is not reflected
in the current generation of gp120 antigens used for vaccine trials.
In the context of vaccine design, we also note that Mana1—2Man-
terminating glycans (Mang_oGIcNAC,) of the type recognized by the
broadly neutralizing anti-HIV antibody 2G12 are 3-fold more abun-
dant on the native envelope than on the recombinant monomer and
are also found on isolates not neutralized by 2G12. The Mana1-2-
Man residues of gp120 therefore provide a vaccine target that is
physically larger and antigenically more conserved than the 2G12
epitope itself. This study revises and extends our understanding of
the glycan shield of HIV with implications for AIDS vaccine design.
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he surface antigen of HIV, gp120, is covered by an extensive

array of N-linked glycans (1, 2). These host-derived carbohy-
drate structures comprise half the mass of gp120 and shield much
of the underlying protein surface (3, 4). Although progress has
been made in the structural elucidation of the protein component
of gp120 (5, 6), the identity of the glycans that form the immu-
nological shield on the native virus has not been established. A
gp120 antigen is likely to be a component of any successful AIDS
vaccine (2, 7-9), and this glycoprotein has formed the basis of
extensive phase III clinical trials (10). However, half of this
recombinant antigen is of unknown similarity to the native virus.
To improve our picture of the antigenic structure of HIV, we
therefore sought to determine the composition of the glycan
shield of gp120 as expressed on virions.

The position of N-linked glycans is directly encoded within the
viral genome (within the consensus sequence Asn-X-Ser/Thr-X,
X # Pro), whereas the type(s) of glycans found at a given Asn is
determined by the biosynthetic processes of the endoplasmic
reticulum (ER) and Golgi apparatus of the infected cell (11, 12)
(SI Appendix, Fig. S1). The transition from oligomannose type
(Mans_oGlcNAC,) to hybrid or complex type glycans arises from
the action of UDP-N-acetyl-D-glucosamine:a-3-D-mannoside
p1—2-N-acetylglucosaminyltransferase I (GnT I). This medial
Golgi-resident enzyme catalyzes the addition of a p1—2-linked
GIcNACc residue to form GIcNAcpl1—-2MansGlcNAc,, the obli-
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gate biosynthetic intermediate for mature complex glycosyla-
tion (11-13).

In contrast to this classic model of cell-directed glycosylation,
a small number of glycoproteins exhibit the phenomenon of
protein-directed glycosylation. In these cases, glycan processing
may be enhanced by the recruitment of glycosyltransferases (14)
or may be limited by the 3D structure (15) or subcellular traf-
ficking (16) of the protein, thus preventing exposure of glycans to
the full range of glycosylation enzymes. One such glycoprotein is
gp120, which contains a number of unprocessed oligomannose
glycans on its heavily glycosylated outer domain (1). This cluster
of ectopically expressed ER glycans provides a window for im-
munological recognition and forms the epitope for one of the few
known broadly neutralizing antibodies against HIV, IgG 2G12
(17-20). We have hypothesized that divergence from host glycan
processing arises because of the limited accessibility of the ER
and Golgi al—2 mannosidases to the unusually dense arrange-
ment of Mang_¢GIcNAc, carbohydrates on gp120 (1, 4). Here, we
confirm that a small population of ManyGlcNAc, glycans on
gpl120 is entirely resistant to recombinant ER a-mannosidase I.

The glycans around the variable loops and the receptor binding
site are fully processed into cell type-specific complex glycans on
recombinant gp120 (1,21, 22). In this study, we report the chemical
structures of the glycans of the envelope spike from infectious viral
particles. We show that the N-linked glycans of native HIVjrcsp
envelope, derived from both peripheral blood mononuclear cells
(PBMCs) and cultured human cells, are composed of oligo-
mannose glycans. We find that the abundance of Mang_gGlcNAc,
glycans is dramatically increased compared with recombinant,
monomeric gp120. Moreover, >98% of the glycans show no evi-
dence of further Golgi-resident glycan processing at or beyond the
GnT I stage and are exclusively Mans ¢GlcNAc,. The carbohy-
drate profile of HIV is therefore entirely divergent to normal
glycosylation of the cell from which it derives. This uniquely con-
served HIV-specific glycosylation pattern exists across all isolates
of HIV-1tested here (clades A, B, and C) as well as on the gp120 of
simian immunodeficiency virus (SIV).

Results

Native HIV Glycans Are Oligomannose. Common to all analyses of
recombinant gp120 is the observation of both oligomannose and
complex type glycans, which are proposed to exist in discrete
domains on the protein surface (1, 21, 22). Here, we expressed
recombinant monomeric HIV-1 gp120;rcsp, a primary clade B
isolate, from human embryonic kidney (HEK) 293T cells and
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analyzed the isolated N-linked glycan component. MALDI-TOF
MS analysis showed extensive chemical diversity, with glycan
structures characteristic for this cell line (23) (Fig. 14 and SI Ap-
pendix, Table S1). The spectrum is composed of both oligo-
mannose type glycans (24% of total N-linked carbohydrates) and
a large array of complex type glycans (76%), and is therefore
consistent with previous analyses of gp120 glycosylation (1, 21, 22).

We subsequently purified the same glycoprotein from functional
JRSCEF virus produced in the same HEK 293T cell line. In this
case, MALDI MS analysis of isolated viral envelope glycans
revealed an exclusively oligomannose population with peaks at m/z
1,257.4, 1,419.5, 1,582.5, 1,743.6, and 1,905.6 (IM + Na]" ions)
corresponding to the mannose series Mans ¢GIcNAc, (Fig. 1B).
This dramatic diminution of the amount of heterogeneous com-
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Fig. 1. MALDI-TOF MS analyses of the N-linked glycans released from
gp120,rcse- Spectra of released N-linked glycans ([M + Na]* ions) from desia-
lylated recombinant gp120 expressed in HEK 293T cells (A), native HIV enve-
lope derived from pseudovirions from HEK 293T cells (B), recombinant gp120
expressed in GnT I-deficient HEK 293S cells (C), native HIV envelope derived
from pseudovirions from GnT I-deficient HEK 293S cells (D), and desialylated
envelope isolated from HEK 293T culture supernatant after removal of virions
(E) are illustrated. Representative glycan structures are shown for masses that
may contain multiple isobaric structures. The full assignment of A and E is
presented in S/ Appendix, Table S1. Symbols used for the structural formulae
in this and subsequent figures are as follows: >, Gal; ll, GIcNAc; O, Man; ©,
Fuc; %, NeuNAc (50). The linkage position is shown by the angle of the lines
linking the sugar residues (vertical line, two-link; forward slash, three-link;
horizontal line, four-link; back slash, six-link). Anomericity is indicated by full
lines for p-bonds and by broken lines for a-bonds (50).
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plex type glycans is matched by changes in the amounts of the
oligomannose glycans. Most notably, the MansGlcNAc, glycan,
which is only found as a minor (5%) species on the monomeric
envelope, is observed as the single most abundant (37%) glycan on
the envelope trimer. To determine the residual amount of complex
type glycans present on viral envelope, HIV;grgy virions were
produced in HEK 293T cells in the presence of swainsonine (S/
Appendix, Fig. S2), a Golgi a-mannosidase II inhibitor. As a result,
the heterogeneity of processed glycans is reduced, allowing
a GIcNAcp1—-2MansGIcNAc, intermediate to be observed as
a trace population (S Appendix, Fig. S2; peak at m/z 1,460.6, [M +
Na]*, <2% of total N-glycans).

When interpreted in the context of the biosynthetic pathway
(SI Appendix, Fig. S1), the virus, unlike recombinant monomeric
gp120, exhibits a lack of processing by GnT I or any of the sub-
sequent Golgi-resident glycan processing enzymes. To demonstrate
that evasion of GnT I activity is sufficient to explain the divergence
in glycosylation patterns, we used a GnT I-deficient HEK 293S cell
line (13) to express recombinant gp120;rcsk (Fig. 1C). The glycan
types obtained from this cell line reproduce those observed from
native virus glycoproteins from GnT I-competent cells (Fig. 1B); in
both cases, glycan processing appears stalled at the MansGIcNAc,
biosynthetic intermediate. Consideration of the biosynthetic path-
way indicates that the abundance of MansGIcNAc, can be inter-
preted as representing both the naturally occurring MansGIcNAc,
population for gp120 (5%) and a population of glycans that would
usually be complex glycans (76%), which are trapped in this GnT I-
deficient cell line at the MansGIcNAc, biosynthetic intermediate.
The predicted level of MansGIcNAc, abundance based on this
addition (81%) correlates well with that observed here (83%) by MS
analysis (Fig. 1C).

For comparison, we analyzed the N-linked glycans from the
envelope of HIV;rcsk virus produced from this GnT I-deficient
cell line, which, as for the virus expressed in the GnT I-competent
HEK 293T cell line, revealed a major MansGIcNAc, peak and an
additional range of Mang ¢GlcNAc, glycans (Fig. 1D). Thus, the
major differences between glycosylation profiles observed for
recombinant gp120 from GnT I-competent and -deficient cells
(Fig. 1 A and C, respectively) were not found in the glycosylation
profiles of native viral envelope obtained from these cell lines (Fig.
1 B and D). We conclude that the evasion of GnT I processing is
sufficient to result in the purely oligomannose range of glycans
observed for the native virus. However, GnT I activity is fully
functional in virus-producing cells, as evidenced by the presence of
complex type glycosylation on soluble nonvirion-associated enve-
lope glycoprotein isolated from culture supernatant (Fig. 1E).

Oligomerization Prevents Golgi-Resident Fucosylation. A crucial
feature of recombinant gp120 derived from the GnT I-deficient cells
is the presence of the fucosylated structure, MansGlcNAc,Fucy, at
mj/z 1,403.6 (Fig. 1C). This glycan is not observed in the corre-
sponding analysis of the native viral glycans from the same cell line
(Fig. 1D) and represents the only qualitative difference evident
between the two spectra. Fucosylation of the reducing-terminal
GIcNAc in the al—6 position is performed by the Golgi-resident
al—6-fucosyltransferase. We have previously shown that such fu-
cosylation can occur in human cells in a GnT I-independent manner
to produce MansGlcNAc,Fuc; (24) and that this structure is evident
on gp120g,r. expressed in HEK 293S GnT I-deficient cells (19). This
core fucosylation is also observed here for recombinant gp120;rcsk
(Fig. 1C). In contrast, we note that recombinant trimers, made from
artificial disulfide-stabilized envelope expressed in HEK 293S GnT
I-deficient cells, exhibit no detectable core fucosylation (25). There-
fore, as for GnT I activity itself, the absence of GnT I-independent
fucosylation on the native envelope (Fig. 1 B and D) shows that the
HIV envelope avoids medial Golgi-resident glycan processing and
that this evasion appears to be driven, at least in part, by the steric
consequences of oligomerization.
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Cross-Clade Conservation of HIV Glycosylation. We next determined
whether the oligomannose type glycosylation obtained for
HIV-1jrcsk Was a general feature displayed by different viral iso-
lates. Analysis of viral envelope N-linked glycans from clade A
(gp12092RW020) and clade C (gplZODU422) by MALDI-TOF MS
(Fig. 24) showed almost indistinguishable profiles of structures
compared with those seen for the clade B isolate (gpl120jrcsr;
Fig. 1B). This demonstrates that in marked contrast to the un-
derlying protein epitopes, there is a high degree of conservation of
the surface-exposed glycan structures. Furthermore, glycans from
SIVmac239 €nvelope were similarly lacking in complex type glycans
(Fig. 24). In all cases, MansGIlcNAc, was by far the most abundant
glycan structure detected, indicating that evasion of Golgi-resident
GnT Iis a conserved feature for all these immunodeficiency viruses.

Native Glycosylation of HIV from PBMCs. HEK 293T cells are rou-
tinely used to produce pseudoviral particles in research laborato-
ries; however, these cells are not naturally infected by HIV-1.
Virions thus derived do not therefore necessarily reflect the gly-
cosylation of the native envelope. To address this concern, we
infected PBMCs with HIV-1;rcsr and determined the composi-
tion of the N-linked glycosylation of the envelope. MALDI MS
analysis of isolated glycans from infectious PBMC-derived virus
again showed the same profile of oligomannose structures ob-
served for virus from HEK 293T cells: Mans_¢GlcNAc; (Fig. 2B).
As for the HEK 293T-derived virus, the absence of complex gly-
cans correlates with an increase in the amount of oligomannose
glycans, with MansGIcNAc, again observed as the single most
abundant glycan structure. A trace population (1.8%) of fucosy-
lated biantennary complex type glycans in the spectrum of the
envelope glycans from PBMCs derives from the capture antibodies
used to isolate viral particles [their identity as IgG Fc glycans is
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Fig. 2. MALDI-TOF MS analysis of released N-linked glycans from native HIV
envelope. 92RWO020 (clade A), DU422 (clade C), and SIV 4239 isolates derived
from pseudovirions from HEK 293T cells (A) and JRCSF isolate derived from
pseudovirions from PBMCs (B) are shown.
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indicated by the highly distinctive fucosylated and partially gal-
actosylated biantennary structures (26) and independently con-
firmed by MALDI MS analysis of the N-linked glycans of the
capture antibodies themselves; ST Appendix, Figs. S3 and S4].

Mannosidase Processing Is Limited on the Native Trimer. The viral
envelope spike shows a resistance to glycan processing by GnT I or
by subsequent Golgi-resident enzymes (Fig. 1B). However, there are
also differences between virus envelope and recombinant monomer
glycosylation that indicate differential processing by enzymes up-
stream of GnT 1. Specifically, there is an increase of Manal—2Man
terminating glycans on the viral envelope when compared with those
from sequence-matched monomeric recombinant gp120 from the
same cell line. The amount of Mang ¢GIcNAc, on the functional
virus envelope (63%; Fig. 1B) is over 3-fold greater than the amount
seen on the recombinant mononer (19%; Fig. 14). Moreover, the
same trimeric HIVrcsk envelope derived from PBMCs shows an
even more extended array of these Manal—2Man terminating
glycans (Fig. 2B). The differential between the monomeric and tri-
meric Mang ¢GIcNAc, abundances is perhaps most clearly illus-
trated in the simplified spectrum provided by the GnT I-deficient
system (Fig. 1 C and D), which shows a similar 3-fold increase rel-
ative to that observed for the GnT I-competent cell line. Thus,
a-mannosidase processing during the early steps of viral glycopro-
tein assembly and secretion is limited to a greater extent on the
native virus than on monomeric gp120. This would be compatible
with a model in which envelope oligomerization occurs in com-
partments with active al—2 mannosidases (SI Appendix, Fig. S1).

Mannosidase Kinetics Explain Divergence of HIV and Host Glycosylation.
There are clear differences in the glycosylation of recombinant
monomeric gp120 and virus-associated envelope (Fig. 1). How-
ever, the initial divergence of viral from typical host glycosylation
is visible even with the monomeric envelope subunit (Fig. 14).
The persistence of the 2G12 epitope and a core population of
Mang_¢GlcNAc; glycans in both recombinant monomeric gp120
and native trimeric envelope suggests that this patch is intrinsic
to the monomer and is formed by a process independent of that
which prevents viral glycan processing beyond MansGIcNAc,.

The first enzyme to process MangGIcNAc; is the ER-resident
a-mannosidase I, which removes a single D-mannose residue from
the D2 arm of ManyGIcNAc, to generate D1,D3-MangGlcNAc,
(SI Appendix, Fig. S1). The persistence of ManyGIcNAc, on ma-
ture glycoproteins is therefore a marker for reduced ER glycan
processing. We generated a glycoform of gp120 bearing exclusively
ManyGlcNAc,, which replicates the immature early ER form of
this glycoprotein (19, 27). A kinetic analysis of the hydrolysis of
ManyGIcNAc, to D1,D3-MangGlcNAc, on this gp120 by recom-
binant ER o-mannosidase I revealed dramatically differential
rates of processing: 50% of the ManyGIcNAc, was rapidly trim-
med to D1,D3-MangGIcNAc, (Fig. 3 A and B), whereas the re-
maining MangGIcNAc, was processed at a much (x100-fold)
slower rate, with a significant population of ManyGIcNAc, (30%)
left unprocessed even after exhaustive digestion. This residual
MangGIcNAc, population is also evident in gp120 from the GnT
I-deficient cell line, which effectively represents the intermediate
compartment (IC)/cis-Golgi glycoform of gp120 (SI Appendix, Fig.
S1). The MangGlcNAc, glycans remaining on this glycoprotein are
entirely resistant to ER a-mannosidase I (Fig. 3 C and D). The
observed kinetics provide direct support for a model in which the
rate(s) of a-mannosidase hydrolysis are responsible for the bi-
furcation in glycan processing, that this oligomannose patch is
intrinsic to the monomer, and that this patch is generated in-
dependent of the secondary population Mang_¢GlcNAc, glycans
found on trimeric envelope.

The epitope recognized by the broadly neutralizing antibody,
2G12, is formed by Manal—2Manal—2Man residues within the
D1 arm of Man;_¢GlcNAc; glycans on gp120 (17, 19). 2G12 binds
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Fig. 3. Kinetics of ER a-mannosidase | processing of gp120. Two glycoforms were used: an ER gp120 glycoform bearing predominantly the MangGIlcNAc, glycan
(expressed in the presence of kifunensine) and an ICUcis-Golgi glycoform exhibiting predominantly MansGIcNAc, glycans, with a residual Mang ¢GIcNAC, pop-
ulation (expressed in GnT I-deficient cells). The rates of mannose hydrolysis were determined by MALDI-TOF MS analysis of released N-linked glycans ([M + Na]*
ions): Abundances of MangGIcNAG, (@), MangGIcNAC, (), and MansGIcNAC, (O) were recorded. (A) Hydrolysis of the ER gp120 glycoform was monitored in the
presence of 1 pug (solid line) or 5 pg (dashed line) of ER a-mannosidase I. (B) MALDI-TOF MS for the released N-linked glycans for initial (t = 0) and processed sample
(t = 120 min) abundances of MangGIcNAC, (m/z = 1,905.5) and MangGIcNAc, (m/z = 1,743.5) is shown for this ER gp120 glycoform. (C) Hydrolysis of the IC/cis-Golgi
gp120 was monitored in the presence of 1 pg of ER a-mannosidase I. (D) MALDI-TOF MS for the released N-linked glycans for initial (t = 0) and processed sample
(t = 120 min) abundances of MangGIcNAc, (m/z = 1,905.6) and MangGlcNAc, (m/z = 1,743.6) is shown for this IC/cis-Golgi gp120 glycoform.

to both monomeric and trimeric gp120, suggesting that most of
the Man;_¢GIcNAc, glycans found on the native envelope are
unrelated to the 2G12 epitope. To test this hypothesis, we
generated mutant viruses with glycosylation site deletions that
disrupt the 2G12 epitope: N295A and N332A, either of which
abrogates 2G12 neutralization of HIVrcsr (17). Analysis of the
N-linked glycans from these envelopes shows a modest decrease
in abundance of Mang ¢GIcNAc, glycans, consistent with the
loss of the single glycan required for productive 2G12 recogni-
tion, but the overall profile remains unperturbed (SI Appendix,
Fig. S5). This confirms the exquisite sensitivity of 2G12 for
a small subset of Manal—2Man terminating glycans, with pre-
cisely defined geometries of presentation that exist within
a wider array of Mangs_¢GIlcNAc, glycans on the native virus.
These results also suggest that the overall composition of the
glycan shield is not much affected by sequence variation, con-
sistent with the abundance of Mang_¢GIcNAc, glycans on clade
C envelope, which is also not recognized by 2G12 (Fig. 24) but
is recognized by Manal—2Man-specific antibodies (19, 28). The
non-self-glycosylation of HIV extends beyond the 2G12 epitope.

Discussion

Mammalian N-linked glycosylation is strictly compartmentalized
and follows a unidirectional and highly ordered processing path-
way (11, 12) (SI Appendix, Fig. S1). Therefore, the presence or
absence of a specific glycan structure can serve as a helpful marker
of exposure to enzymatic activity restricted to intracellular pro-
cessing compartment(s). In the present study, the chemical
composition of the native trimeric HIV envelope glycans is shown
to exhibit markedly constrained protein-directed glycan process-
ing when compared with that of the host cell. We integrated the
findings from this study into a revised model for the glycan shield
of HIV (Fig. 4). The 2G12 epitope is contained within a conserved
Mans_oGIcNACc, patch that is intrinsic to gp120 and is present in
both monomeric and trimeric envelopes; the complex type glycans
found on recombinant monomeric gp120 are largely absent on the
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viral envelope trimer and are replaced by incompletely processed
Mans_¢GlcNAc, glycans.

Two possible explanations exist for incomplete glycan process-
ing: (i) steric constraints prevent substrate recognition by glyco-
sidases/glycosyltransferases, or (ii) the viral envelope is physically
sequestered away from compartments containing these enzymes.

Protein-directed glycosylation via steric hindrance is perhaps
most dramatically illustrated when the structure of a glycoprotein
renders its conjugate glycans resistant to the enzymatic activities of
the initial stages of the glycan processing pathway (15). We show
here that the resistance to a-mannosidase activity offers an ex-
planation for the core population of Mans_¢GIcNAc; glycans and
provides direct support for the model of Zhu et al. (1), who argue
for a clustered subdomain of oligosaccharides on gp120, which
appears to exclude a-mannosidase processing. Within this intrinsic

Monomer Trimer
Intrinsic Intrinsic
Mannose Patch Mannose Patc
2G12 2612
Epitope Epitope
Complex-type Man, 4GIcNAC,

glycans

Fig. 4. Mannose patches of recombinant monomeric (Monomer) and virion-
associated trimeric (Trimer) gp120. The glycosylation of monomeric gp120
reveals an unprocessed intrinsic patch of Mans_oGIcNAG; glycans (Fig. 1A), which
appears to have resisted a-mannosidase activity, consistent with the results from
the kinetic study (Fig. 3). Within this patch, in some isolates of HIV, the precise
arrangement of Mana1—2Man-terminating oligomannose glycans supports
binding of 2G12. The remaining glycans in the monomer are a cell-specific
mixture of complex type glycans. The trimer contains the original mannose
patch, as evidenced by the neutralization of functional virus by 2G12. The array
of complex glycans is absent in the native trimer, however, and appears to be
replaced by a further range of Mans_qGIcNAC, glycans (Figs. 1C and 2 A and B).

PNAS | August 3,2010 | vol. 107 | no.31 | 13803

IMMUNOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1006498107/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1006498107/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1006498107/-/DCSupplemental/sapp.pdf

L T

/

1\

=y

patch, a specific subset of glycans provides the Manal—2Man
termini that form the epitope recognized by 2G12 (Fig. 4).

The oligomannose type glycans found on recombinant mono-
meric gp120 therefore constitute a population that is independent
of envelope trimerization. However, we nonetheless observe
a much higher level of these Manal—2Man terminating glycans
(Mang_¢GlcNAc,) on the virus envelope trimer, indicating that
these additional structures derive from a mechanism separate from
the one leading to formation of the monomer intrinsic mannose
patch. We suggest, given the extensive opportunities for glycan-
glycan and glycan-protein interactions at the trimer interface, that
these structural constraints alter HIV glycan processing.

The fundamental divergence of host and viral envelope glyco-
sylation occurs at the biosynthetic transition from precursor oligo-
mannose to mature complex type glycans (Figs. 1 and 2). The
obligate committed step in the biosynthesis of complex type glyco-
sylation is the addition, by GnT I, of a single p1—2-linked GlcNAc
residue to MansGIcNAc,. Given the dominance of this substrate
on the virus envelope trimer (Figs. 1B and 2B), the lack of pro-
cessing by GnT Lis remarkable. However, in contrast to the evidence
that the Mang ¢GlcNAc, glycans arise as a consequence of steric
occlusion, it is less obvious that the more exposed MansGIlcNAc,
glycans of gp120 are similarly protected. For example, the terminal
mannose residue, which we show here does not participate in the
formation of the p1—2 linkage catalyzed by GnT I, does participate
in the glycosidic linkage accessible to and hydrolyzed by the al—2
mannosidases that produce MansGIcNAc,. Furthermore, the same
MansGlcNAc, glycans, on the same strain of gp120, are readily
accessible to GnT I and to subsequent processing enzymes when this
protein is expressed as a soluble monomer (Fig. 14). However, in
the context of the functional virus, these abundantly conserved
Man;sGIcNACc; glycans are entirely unprocessed. Furthermore, lack
of GnT I activity cannot be attributed to infection per se, because
complex glycans can still be obtained on soluble nonvirus-associated
envelope glycoprotein from infected culture supernatant (Fig. 1E),
which presumably has been processed in a monomeric form, and
thus resembles the diversity of glycosylation observed for the re-
combinant monomer. An additional contribution to this glycan
spectrum may also derive from material dissociated from mature
virions, which would add to the observed abundances of oligo-
mannose glycoforms. Although trimerization may induce a global
ordering of glycans that limits processing of the envelope, the ab-
sence of complex type glycosylation is nonetheless surprising and
raises the possibility that other factors, beyond steric constraints,
may operate to exclude GnT I activity.

Regardless of its genesis, the Mans_¢GIcNAc, array of the HIV
envelope represents a major component of the viral surface anti-
gen, which is likely to affect many aspects of its structure and an-
tigenicity. The presence of the trimer-induced mannose population
may indicate that there are interactions or contacts between the
carbohydrate and the neighboring subunit that are not present in
the recombinant monomer. Artificially assembled, recombinant
trimers may not exhibit native glycosylation, and may thus fail to
mimic native spike conformation. The data presented here should
therefore assist in the development of envelope trimers for struc-
tural or antigenic studies (6). We suggest that GnT I-deficient cell
lines provide a helpful approximation of the native glycosylation of
HIV and should be considered for use in such cases.

From the perspective of viral transmission and pathogenesis, it is
proposed that oligomannose glycans are required for the inter-
action with dendritic cell-specific intercellular adhesion molecule-
3—grabbing nonintegrin (DC-SIGN) on peripheral dendritic cells,
which promotes the capture and dissemination of HIV in the
early stages of infection (29). The broad conservation of the oli-
gomannose array reported here, especially the Manal—2Man-
terminating glycans that are optimal for DC-SIGN binding (30),
indicates that such interactions are highly efficient for any isolate
or clade of HIV.

13804 | www.pnas.org/cgi/doi/10.1073/pnas.1006498107

Another well-characterized ligand for the oligomannose glycans
of HIV is the broadly neutralizing antibody 2G12. The identifi-
cation of its epitope as a cluster of Manal—2Man termini within
the intrinsic mannose patch of gp120 (17) has encouraged the
development of vaccines based around biological (19, 27, 31-33)
and synthetic Manal—2Man clusters (34-38). A major limitation
of any vaccine based on 2G12 recognition is the absence of its
cognate epitope on the epidemiologically important clade C. The
specific Asn residues required for 2G12 neutralization are absent
in clade C isolates, explaining their resistance to 2G12. However,
the Manal—2Man cluster(s) extend beyond the recognition motif
of 2G12 (SI Appendix, Fig. S2) and are found even in resistant
viruses, including those from clade C (Fig. 24). Moreover, the
prevalence of MansGIcNAc, compared with recombinant enve-
lope may explain the surprising antiviral efficacy of lectins to
Manal—3 and Manal—6 terminating glycans (39). Furthermore,
as the most conserved and abundant glycan structure on the viral
envelope, MansGIcNAc, should itself be evaluated as a target for
vaccine design.

Carbohydrates modulate the antigenicity of the gp120 protein
core and can have profound effects on antibody binding to gp120
(40-43). Recombinant gp120 is used extensively in animal studies
and human vaccine trials. However, there are radical differences
between recombinant (Fig. 14) and viral (Figs. 1B and 2B) en-
velope glycosylation. Consideration should therefore be given to
the use of glycoprotein immunogens with an antigenic surface
resembling that of naturally circulating virus.

Materials and Methods

PBMC Virus. Human PBMCs were isolated and stimulated as previously de-
scribed (44). HIV-1,rcsk virus stocks were grown and titered on CD8*-depleted
PBMCs (45). Virus production was monitored by p24 ELISA (Aalto Bioreagents).

Pseudovirus Preparation. Pseudovirus was generated in HEK 293T or GnT
I-deficient HEK 293S cells, as described (46). Briefly, cells were transfected
with plasmids (pSVIII) carrying the reporter gene expressing the virus back-
bone PSG-3 and the functional envelope clone at a ratio of 2:1 using Fugene
(Roche) according to the manufacturer’s instructions. Virus was harvested
after 3 d. Swainsonine was used at a concentration of 20 pM.

Envelope Isolation. Virus particles were pelleted by ultracentrifugation (22,000
rpm for 1 h using Optima L-90K preparative ultracentrifuge, SW32 Ti Rotor
[Beckman Coulter, Sunnyvale, CA]). Virus pellets were lysed with Nonidet P-40
(1% in PBS with protease inhibitors, 20 min at 4 °C). The debris was removed by
centrifugation, and the envelope protein was immunoprecipitated with HIV
envelope-specific monoclonal antibodies (D7324, b12, b6, F425-b4e8, 5B11,
8C7, or 7D3 depending on virus isolate) or serum from SIV-infected animals.
Protein A and G beads were added and incubated overnight at 4 °C. The
protein was eluted by heating in loading buffer (containing DTT) for 10 min
at 100 °C and resolved by SDS/PAGE. The envelope band was confirmed by
Western blot and cut to use directly in glycan analysis. Where discrete bands
for gp160 and gp120 were detected, each was analyzed separately to confirm
similar glycan profiles. Culture supernatant is defined as the supernatant
after the virus particles have been pelleted.

Protein Expression and Purification. Recombinant human ER a-mannosidase |
and gp120g,. were cloned, expressed, and purified, as previously described
(19). Recombinant gp120rcsr (corresponding to residues 1-507, numbering
based on alignment with the HxB2 reference strain) was similarly cloned and
transiently expressed using the pHLSec expression vector (47). Expression of
glycoproteins was determined in either HEK 293T (no. CRL-1573; American
Type Culture Collection), with or without 20 uM kifunensine (Cayman Europe),
or in HEK 293S cells deficient in GnT | (13).

MannosidaseKineticAssay.Recombinant gp120g,, (20 1g) and ER a-mannosidase | (1
or 5 pg) were separately prewarmed at 37 °C for 5 min in a reaction buffer [80 mM
piperazine-N,N'-bis(2-ethanesulfonic acid), 1pg/uL BSA, 4 mM CaCl,, 0.0016% NaN3
(pH 6.5)]. Samples were then mixed to a final volume of 250 uL, aliquots were taken
at different time points, and gp120 glycans were analyzed by MS.
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MALDI-TOF MS. Oligosaccharides were released from gp120 by in-gel peptide-
N-glycosidase F digestion (New England Biolabs) following the method of
Kuster et al. (48). Glycan samples were cleaned using a Nafion membrane
(Sigma Aldrich), and mass spectra were recorded using a Shimazu AXIMA
TOF? MALDI TOF/TOF mass spectrometer (Kratos Analytical), as previously
described (49).
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