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Few individuals are fortunate enough to mount an effective
immune response following HIV infection. This is despite the fact
that the typical immunological reaction to the disease includes a
massive antibody response against the envelope spike protein,
gp120.1 However, in the majority of cases (Scheme 1, left), the
antibody repertoire is primarily targeted against regions of gp120
which are occluded in its mature trimeric form on the viral surface.
The remaining exposed faces are heavily glycosylated, and few
antibodies have been isolated which successfully bind to this
“immunologically silent” region. 2G12 is an antibody which does
bind to a portion of this “silent face” (Scheme 1, right) and is
capable of neutralizing a broad range of HIV strains.2 A successful
vaccine approach would seek to elicit a focused immune response
of 2G12-like antibodies by exposing the immune system to an
effective structural mimic of the 2G12 epitope.

Alanine-scanning mutagenesis experiments2b as well as glycosi-
dase digestion3 have shown that the surface glycans of gp120 are
necessary for 2G12 binding. Other evidence to the effect that the
2G12 epitope minimally consists of a carbohydrate motif, includes
a cocrystal structure by Wilson. This shows that multiple copies
of high-mannose glycan1 bind to 2G12 as a cluster.4,5 The crystal
structure of 2G12 also shows that it possesses a unique domain-
exchanged structure, which brings together the two Fab arms of
the antibody to form an extended antigen recognition surface.
Because this larger surface is capable of binding several copies of
the carbohydrate (Scheme 1, right side), high binding affinity can
be achieved.

Our group has been involved for some years in the synthesis of
carbohydrate-based vaccines,6 as well as complex glycans such as
1.7 These experiences placed us in a favorable position to apply
the above information about the 2G12-gp120 interaction in a
vaccine approach. Although we had previously synthesized struc-
tures6 containing1 attached to the proximal portion of a gp120
amino acid sequence (5 amino acids), the peptide alone had
exhibited no affinity for 2G12. Indeed, little is known currently
about the extent to which 2G12 directly interacts with the peptide
portion of gp120.8 It is possible that the primary importance of the
peptide component lies in its structural role of presenting the glycans
in a particular orientation. Assuming this to be the case, an unnatural
peptide might provide us with much greater design flexibility than
one based on the natural sequence. In choosing an unnatural peptide,
we desired that it be modular and tunable, allowing for variation

in the number of glycan attachments, as well as the distances
between glycans. Additionally, such a scaffold would contain a
suitable chemical handle for conjugation to a carrier protein
(necessary for immune adjuvation during vaccination).

In analogy to the modular systems designed by Dumy9 and
Robinson,10 we settled on a cyclic peptide scaffold (Scheme 2).11

In this system, containingD-Pro-L-Pro sequences12 to promote
â-turns at both ends of the macrocycle, positionsA-F (red) should
present side chains above the plane of the macrocycle as drawn.
Placement of aspartate residues in any of these positions enables
attachment of glycan1 by Lansbury aspartylation13 at up to six
positions and with variable spacing. PositionG (green, with side
chain projecting from the opposite face of the scaffold) contains a
cysteine residue, suitable for linkage to a carrier protein or biological
marker (vide infra). In similar 14-residue cyclic peptide systems,
Robinson has demonstrated the preservation ofâ-sheet character
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Scheme 1. Typical vs. Potentially Neutralizing Antibodies against
HIV

Scheme 2. Cyclic Peptide Scaffold
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in small libraries of cyclic peptides containing differential substitu-
tion at these positions.9b

We thus sought to couple multiple copies of1 to the scaffold in
a maximally convergent manner (see Scheme 3). Cyclic peptides
3 and4 (containing 2 and 3 aspartate residues, respectively) were
prepared in parallel by automated solid-phase synthesis from
prolinated trityl resin2, followed by cleavage from the resin and
an extremely facile macrocyclization.14 Following tert-butyl depro-
tection of aspartate esters to give5 and6, we were in a position to
attach the oligosaccharides via Lansbury aspartylation. Few cases
of multifold Lansbury aspartylation have been reported to date.15

Whereas the procedure for monofold aspartylation normally
employs excess peptide to consume the valuable glycosyl amine
fully, in the case where the peptide contains multiple aspartate
residues, this strategy would clearly result in monocoupled side-
products. It was thus necessary to optimize a procedure to give a
high yield with respect to peptide. Thus, after conversion of fully
deprotected1-OH6 to glycosyl amine 1-NH2 by Kotchetkov
amination,16 the peptide was activated with HATU under carefully
optimized conditions with minimal activation time.1-NH2 was then
quickly added, resulting in a high yield of the double aspartylation
product7 (with the cysteine thiol still masked as mixed disulfide;
vide infra). Alternatively, trivalent antigen8 could be constructed

in a parallel fashion by triple Lansbury aspartylation using peptide
6. These reactions represent the most complex examples of this
type of coupling performed to date.

With a panel of antigens in hand, their relative binding affinities
for 2G12 were studied by surface plasmon resonance. Each antigen
was tested on a freshly prepared 2G12 surface. Two flow cells of
a CM5 chip (Biacore) were activated with an EDC/NHS mixture;
40 nM 2G12 in sodium acetate pH 5.5 was injected over one; both
were then blocked with 1.0 M ethanolamine. The antigens were
injected over both surfaces at 50µL/minute, and signals from con-
trol channel were subtracted from the 2G12 channel. Injection of
non- and monoglycosylated peptides (5 and 7mono17) onto the
2G12-coated surface showed no measurable response (Chart 1a).
The lack of response with monovalent glycopeptide highlights the
importance of multivalency to the 2G12-glycopeptide interaction.18

However, divalent and trivalent glycopeptides7 and 8 showed
strong binding to the 2G12 surface, suggesting homology to the
natural epitope on gp120. Interestingly, the association and dis-
sociation do not follow ideal Langmuir curves; we hypothesize that
a more complex interaction involving conformational shifts may
occur at the interface.

Having confirmed the ability of our synthetic glycopeptides to
serve as 2G12 epitope mimics, we took steps to covalently attach
selected structures to a carrier protein for immune adjuvation
(Scheme 4). ThetBu-disulfide protecting group of7 was unmasked
by disulfide exchange with excess MESNa in high yield to give
the dimerization-prone free sulfhydryl structure9. This product was
covalently coupled to the purified outer membrane protein complex
(OMPC) derived fromNeisseria meningitidis. OMPC is a macro-
molecular lipoprotein complex which serves as a highly effective
immunostimulatory carrier for poorly immunogenic peptide and
carbohydrate antigens.19 OMPC was maleimidated on a portion of
its surface-accessible lysine residues using sulfosuccinimidyl-4-[N-
maleimidomethyl]-cyclohexane-1-carboxylate, and the activated
carrier was reacted with9 at near-neutral pH to give OMPC
conjugate10. The number of copies of glycopeptide monomer
incorporated in the conjugate was determined to∼2000 based on
quantitative amino acid analysis.

Scheme 3. Synthesis of 2G12-epitope Mimics Chart 1. Binding of Antigens to 2G12a

a Real-time SPR response units (RU) during the injection of monovalent
(a), divalent (b), and trivalent (c) antigens over a 2G12-coupled surface as
described in the text. Response curve for peptide alone (5) was similar to
that in panel a but is not displayed. Each antigen concentration was run in
duplicate; 2G12 activity decreases slightly during the MgCl2 regeneration
phase. The kinetics cannot be described by a simple Langmuir isotherm.

Scheme 4. Conjugation of Antigen to Immunogenic Carrier
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The ability of the 9-OMPC conjugate to bind 2G12 was
qualitatively assessed by an ELISA sandwich assay. Plates were
coated with gp160,20 9-OMPC conjugate, or OMPC alone and then
incubated with 2G12. HRP conjugated antihuman IgG was used
as secondary antibody. Although the negative control (OMPC alone)
showed no binding to 2G12, the9-OMPC conjugate showed a clear
response, although it was not as robust as that of the positive control,
gp160 (Chart 2).

In conclusion, we have designed and synthesized multivalent
glycopeptide constructs which do not contain any relation to a native
gp120 peptide sequence, yet still mimic gp120’s binding to 2G12.
At the same time, these constructs contain suitable functional
handles for attachment to a carrier protein, facilitating their use in
vaccines. Conjugation to the carrier protein has been readily
accomplished, and animal vaccination studies are in progress.
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Chart 2. Binding of OMPC conjugate to 2G12
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