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Abstract

Critical to the search for an effective HIV-1 vaccine is the development of immunogens capable of
inducing broadly neutralizing antibodies (BnAbs). A key first step in this process is to design
immunogens that can be recognized by known BnAbs. The monoclonal antibody PG9 is a BnAb
that neutralizes diverse strains of HIV-1 by targeting a conserved carbohydrate-protein epitope in
the variable 1 and 2 (V1V2) region of the viral envelope. Important for recognition are two closely
spaced A-glycans at Asn160 and Asn1%6. Glycopeptides containing this synthetically challenging
bis- A-glycosylated motif were prepared by convergent assembly, and were shown to be antigenic
for PG9. Synthetic glycopeptides such as these may be useful for the development of HIV-1
vaccines based on the envelope V1V2 BnAb epitope.
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INTRODUCTION

Few important structures in nature are more heavily glycosylated than is the envelope spike
(Env) of human immunodeficiency virus type 1 (HIV-1).1 A multitude of designed
constructs that might simulate the unique architecture of Env have been considered and
pursued in the context of potential HIV-1-directed vaccines. Yet, until recently, the only
template for immunological recognition of this dense “glycan shield” has been the broadly
neutralizing antibody (BnAb) 2G12.2 Following its discovery, many laboratories,3 including
our own,* were able to generate mimics of the oligomannose cluster that constitutes its
epitope, in the hope of eliciting 2G12-like antibodies. Unfortunately, these efforts were not
successful. While many factors have been cited to explain the general difficulties
surrounding BnAb induction,® the case of 2G12 is likely complicated further by the unusual
domain-exchanged arrangement of its heavy chains, which is thought to be responsible for
its unique mode of glycan recognition.2d

In 2009, two new and potent BnAbs, PG9 and PG16, were isolated from an HIV-1-infected
donor from sub-Saharan Africa.5 These monoclonal antibodies (mAbs) were found to
neutralize 70-80% of circulating HIV-1 isolates. Initial epitope mapping suggested that PG9
and PG16 were targeting a new glycan-dependent Env epitope, entirely distinct from that of
2G12. A sensitivity to quarternary structure was also noted, as these BnAbs exhibited a
preference for binding fully assembled trimeric viral spike over monomeric Env.
Subsequently, a co-crystal structure of PG9 with gp120 variable regions 1 and 2 (V1V2)
grafted onto a mini-protein scaffold revealed that the antibody engages high mannose
glycans at Asn160 and Asnl56 and an adjacent Bstrand (Figure 1A).” In contrast to 2G12,
which apparently does not interact with the gp120 peptide backbone, PG9 binds an epitope
that contains both carbohydrate and peptide components, while possessing a normal heavy
chain arrangement.

In light of our continuing involvement in the synthesis of glycoproteins and complex
glycopolypeptide motifs,® we regarded these new structural observations with particular
interest. It seemed not unlikely that successful design of vaccines based on the PG9 epitope
would depend crucially on close simulation of the detailed surface glycopeptide architecture
of Env. Given the importance of the glycan domains in forming this conserved epitope, it
seemed that access to Env constructs that are well-defined and homogeneous with respect to
glycosylation state would greatly facilitate immunogen development efforts. Past work has
largely relied on recombinant Env preparations, supplied as mixtures of glycoforms.® This
serious heterogeneity complicates efforts to draw precise correlations between glycan
composition and immunoactivity. Absent a detailed understanding of the structural biology
of the problem, informed vaccine design is, naturally, much more difficult. We were stirred
by the prospect that de novo chemical synthesis could provide the complex, yet
homogeneous probe substrates needed for rationally based advances in this urgent endeavor.

More specifically, we hypothesized that fully synthetic, homogeneous gp120 V1V2
polypeptide domains, bearing defined glycosyl patterns, might be able to function as
minimal mimics of the PG9 epitope. If such uniform, synthetically-derived constructs were
able to simulate the conformation of the pertinent native envelope glycoproteins, they would
provide a logical starting point for immunogen design. Moreover, a minimal construct could,
in theory, present the desired BnAb epitope without interference from other potentially more
immunogenic Env determinants.>

Herein, we describe the chemical synthesis of gp120 V1V2 glycopeptides as single
glycoforms' that were found to bind the BnAb PG9 with surprisingly high affinities.
During the course of this work, we had to deal with and overcome the fundamental synthetic
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challenge arising from the close spacing of large glycans along the peptide backbone. In
engaging this challenge, we would be pressing against the limits of the prior art we had
developed in the realm of glycopeptide ligations.1

RESULTS AND DISCUSSION

Design and Strategy

The structure of the gp120 V1V2 domain in the context of a bound PG9 mAb Fab consisted
of four anti-parallel f-strands (A-D) that folded into what is known as a Greek key motif
(Figure 1B).” Based on these x-ray crystallographic data, PG9 makes contacts with the C 3
strand, and with the MansGIcNAc, glycans!? (Figure 1C) at Asn160 and Asn16, which
reside on strand B. Since most of the structural features recognized by PG9 appear to be
localized on the B and C strands,!3 we reasoned that an epitope mimic should, at the very
least, encompass this region. Our initial prototype is shown in Figure 1D. The 35-amino acid
peptide corresponds to positions 148-184 of gp120 (HXB2 numbering) derived from the
A244 sequence,1* an Env variant that is known to bind PG9 in monomeric form (i.e.,
without requiring trimerization).1> With regard to the glycan structure, MansGIcNAc, was
thought to be the best candidate on the basis of prior studies involving perturbations of
glycan processing.16:17 The primary target that emerged from this analysis was glycopeptide
1 with MansGIcNAC; units installed at the two glycosylation sites, Asn160 and Asn1%6; we
also planned to gain access to simpler glycoforms 2 and 3 bearing Man3GIcNAc, and
chitobiose (GIcNAG,), respectively.18 These could be used to probe the importance of the
outer mannose residues for recognition.

We term the general synthetic approach that our laboratory has applied to complex
glycoprotein targets as convergent assembly.1! In our usual modus operandi, N-linked
sugars are installed via aspartylation of unprotected glycosyl amines, drawing from the
precedent of Lansbury,1® which we?0 and others?! have extended in substantive ways. As
we examined goal structures 1-3 in particular, we noted that the close spacing of the two
glycans, especially with larger oligosaccharides, could present a difficult challenge for their
incorporation. We anticipated that application of our methods in this demanding context
would afford valuable teachings regarding the synthesis of the required clustered A~glycan
motifs. As for the sugars themselves, Man3GIcNAc, constitutes the common
pentasaccharide core of all ALglycans; it has been synthesized previously by our laboratory
and others.22 By contrast, MansGIcNAc, seems to have received less attention as a synthetic
target.23:24 We start by describing our route to the desired glycans.

Synthesis of MansGIcNAc, and Man3GIcNAc, glycans

Our studies commenced with experiments directed to the synthesis of the MansGIcNAc,
heptasaccharide. The f~-mannosy! linkage of the core trisaccharide 6 was constructed as we
have in prior contexts2® by uniting Crich donor 426:27 with chitobiose acceptor 5250 (Scheme
1). Fortunately, the minor quantities of undesired a-isomer formed (<10%) could be
separated by careful chromatography to afford trisaccharide 6 as a single diastereomer in
86% yield. The PMB group was removed in 83% yield. Coupling of the resulting acceptor 7
with thioglycoside donor 8 was accomplished under NIS/TMSOTT activation conditions,
yielding tetrasaccharide 9. Cleavage of the benzylidene acetal with aqueous acetic acid
afforded diol 10 in 63% overall yield from 7.

Assembly of the heptasaccharide at first in protected form was accomplished convergently
by selective mannosylation at C-6 of 10 with branched donor 15. Synthesis of the requisite
trisaccharide 15 was achieved by elaboration of mannosy! building block 11 (Scheme 2).
Reductive ring opening was accomplished selectively with borane-THF complex in the
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presence of copper triflate in 96% yield.28 Cleavage of the PMB group afforded the 3,6-diol,
13, which underwent double mannosylation with imidate donor 14 to furnish the bis-&
mannosylated trisaccharide 15 in 75% yield.

With the stage set for the key coupling, 15 was activated (NIS/TMSOTTf) and joined with 10,
thus providing the fully elaborated protected heptasaccharide 16 in 64% yield (Scheme 3). A
four-step sequence involving ester saponification, phthalimide cleavage, N-acetylation, and
hydrogenolysis proceeded smoothly to give fully deprotected heptasaccharide 17 as a
mixture of anomeric alcohols in 77% yield. This compound underwent apparently
quantitative conversion to the f-anomeric amine 18 under Kochetkov amination
conditions.?®

The pentasaccharide, Man3GIcNAc,, was obtained from tetrasaccharide intermediate 10 by
selectively coupling donor 8 to the C-6 hydroxyl group (Scheme 4). Although this reaction
was complicated by a small amount of bis-glycosylation, the protected ManzGIcNAc unit
was isolated in 94% yield. Subjection of this material to the 4-step global deprotection
protocol described above resulted in a 74% overall yield of fully deprotected
pentasaccharide 19 as a mixture of anomers. The fanomeric amine 20 was subsequently
generated by application of the Kochetkov conditions.

Convergent assembly of V1V2 glycopeptides

The most risky phase of the effort involved the assembly of the peptide domain of the
targeted glycopeptide constructs, and their coupling to different oligosaccharides. Two basic
strategies were considered. Our first thoughts envisioned installing both glycans
simultaneously on the full-length peptide, bearing in mind our prior successes with two- and
three-fold aspartylations on cyclic scaffolds.4d Pilot experiments using chitobiose as a model
glycan, however, yielded only unmanageable mixtures of mono- and bis-glycosylated forms,
presumably due to the steric demands imposed by the close proximity of aspartylation sites.
Anticipating that driving the reaction to completion with larger oligosaccharides might
require a substantial excess of precious glycosyl amine, we decided to pursue an alternative
approach involving the ligation of two pre-built glycopeptide fragments. Here, the presence
of Cys1®7 served to raise the possibility of native chemical ligation (NCL).30

We anticipated that this approach would not be without its own complications, given the
close positioning of the glycans. Indeed, one of the coupling partners (1le}48—Asn156) must
carry the sterically demanding oligosaccharide on its C-terminal thioester-bearing amino
acid. Nevertheless, this scheme was successfully reduced to practice, as described below.

In the event, A-terminal fragment, peptide thioester 21, was obtained by Fmoc solid phase
peptide synthesis (SPPS) and post-resin C-terminal functionalization procedures3! used by
our laboratory in the context of other glycopeptide endeavors (Scheme 5).32 Using our
recently reported one-flask aspartylation/deprotection protocol, 20 the free carboxylic acid
side chain at position 156 was joined to the MansGIcNAc, glycosyl amine 18, followed by
TFA treatment to provide glycopeptide thioester 22 in 44% yield after purification by
reversed-phase HPLC. The formation of a side product of identical mass was observed in
small quantities (5-10%), presumably due to base-induced epimerization of the thioester
during the aspartylation. Fortunately, it could be easily separated during the purification.

For the C-terminal fragment, a similar one-flask sequence was used to convert protected
peptide 23 to deprotected glycopeptide 24 in 22% yield. As has been previously observed,
emplacement of a pseudoproline motif at Thr162 (n+ 2 relative to Asp16%) was helpful in
suppressing undesired aspartimide formation during the aspartylation.2%-21 The isolated yield
for this fragment was eroded by factors that complicated the final purification of
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glycopeptide 24, including near overlap of the unglycosylated peptide, and the persistence of
capped truncation products that had formed during the course of the SPPS (by an as yet
undefined mechanism). Despite these obstacles, sufficient quantities of fragments of 22 and
24 could be synthesized and joined by NCL to afford the fully elaborated glycopeptide 1
bearing MansGIcNAc, units at Asn160 and Asn156 in 55% yield. The simpler glycoforms 2
and 3, possessing two Man3GIcNAc, and two chitobiose glycans, respectively, were
prepared by an analogous route (see Supporting Information for details).

In all cases, the final ligation proved to be difficult. Indeed, three equivalents of thioester
were required for the reaction to progress to completion.33 Careful control of the reaction
pH was needed to avoid apparent epimerization or excessive formation of succinimide (via
cyclization of the asparagine side chain nitrogen onto the thioester). While certainly less
than optimal, these ligations represent, to the best of our knowledge, the first examples of
NCL with peptide thioesters carrying an A-glycan directly at the C-terminus. Furthermore,
no other syntheses have been reported of linear glycopeptides bearing such closely spaced
N-glycans, i.e., separated by three amino acids or less.34 While the yields for the overall
sequence are likely to benefit from optimization,35 our concerns at first were focused more
on the purity of the synthetic constructs rather than on maximizing material throughput.
Fortunately, the synthesis, even in its present form, has produced sufficient quantities to
initiate the biological studies now underway both /n vitroand in vivoto chart a path forward
to a clinically evaluable HIV-1 vaccine (vide infra).

Antigenicity studies

To assess the extent to which our synthetic V1V2 glycopeptides are able to recapitulate the
mAb PG9 V1V2 BnAb epitope, we studied the binding of constructs 1-3 to PG9 by surface
plasmon resonance (SPR) analysis (Figure 2). PG9 was captured by surface-immaobilized
anti-human Ig Fc, and the V1V2 glycopeptide constructs were injected as analytes on
BlAcore 3000 instruments as described previously.36 We found that the MansGIcNAc,
V1V2 (1) and Man3GIcNAc, V1V2 (2) glycopeptides both exhibited significant affinity for
mAb PG9 (Figures 2A and 2B), with Ky’s of 311 and 119 nM, respectively (obtained by
using a global fit of multiple titrations to a 1:1 Langmuir model). By contrast, the
chitobiose-bearing construct 3 did not bind mAb PG9 (Figure 2C), suggesting that the
presence of a-linked mannose residues on the glycans is important for recognition.
Furthermore, binding by the unglycosylated V1V2 peptide (i.e., “aglycone™) (Figure 2D) or
the solitary protein-free MansGIcNAc, and MangGIlcNAC, oligosaccharides was not
detected (Figure 2E and F). Mixtures of “aglycone” and glycan similarly failed to show
measurable binding (not shown).

Taken together, these data demonstrate that PG9 recognition of our V1V2 constructs is
critically dependent on both the peptide and carbohydrate domains. Covalent linkage
between them is essential, since the apparent affinities for each individual component in
isolation are very low. Indeed, NMR studies have shown that the Kj for binding of PG9 to
MansGIcNAc,—Asn alone is ~1-2 mM,8 consistent with the general trend that individual
protein-carbohydrate interactions tend to be weak. The overall high “avidity” observed may
be attributed to the synergies afforded by multivalency, wherein the binding to PG9 is
enhanced by multiple simultaneous interactions with the C S-strand, and the Asn160 and
Asn156 glycans.” Conformational effects may also play a role, as glycosylation of the
peptide backbone could have a favorable orienting influence on the involved peptide and/or
sugar residues.3” Evidence of such “cross-talk” between peptido and glyco domains has
been observed by our laboratory in other settings.38

In light of these findings, it seems likely that proper evaluation of the optimal glycans and
peptide sequences for mimicking the V1V2 BnAb epitope—and other similar glycopeptide
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antigens—will require their presentation in their native Atlinked context (or as some close
isostere). Adopting this approach enabled us to make the unexpected discovery that the
ManzGIcNAcy-based construct 2 binds PG9 just as well, and perhaps even a little better,
than construct 1 (bearing MansGIcNAC,).39 Studies are underway to better understand the
robust recognition of this non-canonical“C glycan by PG9. In the meantime, we note that
such fine structure preferences were not detected by previous approaches, such as glycan
array analysis, that interrogated PG9 binding to isolated carbohydrates in the absence of a
peptide backbone.#!

More profound, perhaps, is the overall question of how the modestly sized glycopeptides 1
and 2 are able to simulate the antigenicity of native envelope glycoproteins so well. PG9 and
other BnAbs that target the same V1V2 epitope (e.g., PG16 and CHO1 to CH0415) are
thought to be sensitive to quarternary structure, binding Env trimers better than monomeric
Env.8:13 Indeed, relatively few Env sequences are known to bind PG9 in monomeric form,
so it is noteworthy that comparatively small (6—7 kDa), linear 35-mer Env glycopeptide
fragments like 1 and 2 are able to bind PG9 with respectable affinities, with Ky’s on the
order of 1077 M.#2 Such affinities compare favorably with the published K’s of ~5 x 1078
M for the full-length A244 Env monomer (from which 1 and 2 are derived),® and ~1078 M
for a recently reported trimeric Env construct.13 We are actively investigating the nature of
the binding interaction with PG9; preliminary results suggest that it cannot be fully
explained by a simple “induced-fit” mode of association.

CONCLUSION

In summary, we have designed and chemically synthesized homogeneous gp120 V1V2
domain glycoforms that demonstrate robust antigenicity (Ky ~10~7) for the HIV-1 gp120
V1V2 BnAb PG9. Key to these initial successes were significant achievements at the level
of chemistry, which include the development of a scalable synthetic route to the
MansGIcNAcC, heptasaccharide 17, and the execution of, arguably, some of the most
ambitious glycopeptide ligations known to date. As a whole, this work represents a
promising first step toward the development of experimental vaccine immunogens to be
tested for the capacity to elicit gp120 V1V2 BnAb epitope-targeted antibodies. Further work
is underway to characterize the antigenic properties of 1 and 2 in detail, and evaluate their
immunogenicity in animal models. Similar and perhaps even more ambitious chemical
synthesis strategies may be of use in preparing homogeneous glycopeptides for other HIV-1
gp120 BnAb epitopes.*3 This is an ongoing program whose results will be disclosed in due
course.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Design of gp120 V1V2 domain broadly neutralizing epitope mimics. (A) Crystal structure of
a scaffolded V1V2 domain from the CAP45 strain of HIV-1 (red ribbons) in complex with
PG9 Fab (gray surface) (PDB ID 3U4E with scaffold hidden). The glycans at N160 and
N156 are depicted with colored spheres representing atoms of the mannose (green) and A-
acetylglucosamine (blue) residues. Disulfide bonds are shown as yellow sticks. Dashed
arrows indicate where the disordered region of the V2 loop would be connected. Figure was
created using PyMOL. (B) Schematic of the Greek key topology of the V1V2 domain.
Strands are represented as arrows and disulfide bonds as yellow bars. (C) Chemical structure
of MansGIcNAc,—Asn. (D) Structures of candidate BnAb antigens, derived from residues
148-184 of the A244 strain gp120 (HXB2 numbering), encompassing the B and C fstrands
(approximate location shown with red arrows) of the V1V2 domain, and bearing two N-
linked MansGIcNAc,, Man3GIcNAC,, or GIcNACc, oligosaccharides.
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Figure2.

Binding of mAb PG9 to gp120 V1V2 glycopeptides. SPR sensorgrams showing binding of
mAb PG9 to V1V2 glycopeptides derivatized with MansGIcNAc, (A) and ManzGIcNAc,
(B). V1V2 MansGIcNACc; binding curves are shown for glycopeptide concentrations at 5,
10, 20, 30 and 40 pg/mL and V1V2 ManzGIcNAc; at 1, 2, 5, 10 and 20 pyg/mL. Control
SPR sensograms showing minimal to no binding of mAb PG9 to V1V2 GIcNAc, (C), V1V2
aglycone (D), MansGIcNAc; glycan alone (E), and Man3GIcNAc, glycan alone (F). V1V2
GIcNACc, and aglycone peptides were injected at 200 ug/mL (C, D) and MansGIlcNAc, and
ManzGIcNAc, glycans at 25 pg/mL (E, F) over PG9 captured on anti-human 1gG (Fc-
specific) surfaces. SPR data were derived following subtraction of non-specific signal on a
control anti-RSV mAb (Synagis, red curve in C—F).
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Synthesis of tetrasaccharide 10.4

4Reagents and conditions: (a) Tf,0, DTBP, MS AW-300, CH,Cl,, -=78 °C, 86%); (b) DDQ,
CH,Cly, H,0, 83%; (c) thioglycoside 8, NIS/TMSOTf, MS AW-300, CH,Cl,, 0 °C - r.t.,
(d) AcOH, H»0, 63% (2 steps).
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Synthesis of trisaccharide donor 15.2

4Reagents and conditions: (a) Cu(OTf),, BH3 THF, THF, 0 °C, 96%); (b) DDQ, CH,ClIs,
H,0, 89%; (c) TMSOTf, MS AW-300, CH,Cl5, 0 °C, 75%.
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Scheme 3.

Synthesis of heptasaccharide 18.4

4Reagents and conditions: (a) NIS/TMSOTf, MS AW-300, CH,Cl,, 0 °C - r.t., 64%; (b)
NaOMe, MeOH, CH,Cls; (c) HoNCH,CH,NH,, 7BuOH, PhMe, 90 °C; (d) Ac,0, Et3N,
MeOH; (e) H,, Pd(OH),/C, MeOH, H,0, 77% (4 steps); (f) sat. ag. NH4HCO3, 40 °C,
quantitative.
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Synthesis of pentasaccharide 20.4

4Reagents and conditions: (a) NIS/TMSOTf, MS AW-300, CH,Cl,, 0 °C - r.t., 94%; (b)
NaOMe, MeOH, CH,Cls; (c) HoNCH,CH,NH,, 7BuOH, PhMe, 90 °C; (d) Ac,0, Et3N,
MeOH, 95%; (e) Hy, Pd(OH),/C, MeOH, H,0, 74% (4 steps); (f) sat. ag. NH4HCO3, 40 °C,
quantitative.
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Scheme 5.

Synthesis of V1V2 glycopeptide 1.4

4Reagents and conditions: (a) MansGIlcNAc,—-NH, (18), PyAOP, DIEA, DMSO; (b)
Cocktail B = 88:5:5:2 TFA/phenol/water/triisopropylsilane, 44% (2 steps); (c)
MansGIlcNAco,—NH> (18), PYAOP, DIEA, DMSO; (d) Cocktail R = 90:5:3:2 TFA/
thioanisole/ethanedithiol/anisole, 22% (2 steps); (¢) 6 M Gnd-HCI, 200 mM NayHPQOyg4, 200
mM MPAA, 20 mM TCEP-HCI, pH 7.2, 55%.
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