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Homo- and heterooligomerization of receptors is a funda-
mental feature of cellular recognition and signal transduc-
tion.[1–3] Protein–carbohydrate interactions often achieve high
avidity by the cooperative interaction of multiple units.[4] An
example of therapeutic significance is the interaction of the
cholera toxin with cell-surface carbohydrates, for which high
avidity was achieved (106-fold enhancement over the mono-
mer) by using a synthetic oligomer with an architecture
matching the geometry of the toxin receptor.[5] While this
example illustrates the importance of accessing oligomeric
carbohydrate structures with controlled topology, the syn-
thetic challenges of accessing complex architectures have
hampered progress. Herein we report a simple method to
obtain oligomeric carbohydrates with controlled topology in a
combinatorial fashion by the self-assembly of oligosacchar-
ides tagged with peptide nucleic acids (PNAs) onto DNA
templates. The potential of this method is demonstrated with
different supramolecular architectures which mimic multiple
copies of the carbohydrates (high mannose nonasaccharide, 1,
Figure 1) that shield gp120 and are known to interact in a
multivalent fashion with 2G12, an antibody that shows broad-
spectrum activity against HIV.[6–8]

The crystal structure of 2G12 with the high-mannose sugar
1 showed that 2G12 assembled into an interlocked dimer,
thereby resulting in two additional binding sites at its
dimerization interface (Figure 2).[9, 10] This observation not
only provided a rationale for the high affinity of the antibody
for its target (HIV�s glycoprotein 120–gp120) by virtue of the

highly cooperative binding mode, but also for its selectivity
for gp120 bearing high-mannose carbohydrates compared to
the host. Indeed, the 2G12 antibody displays appropriately
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Figure 1. Structure of the high-manose nonasaccharide present on
gp120. Carbohydrate units shown in red interact directly with 2G12.[9]

Figure 2. Proposed binding mode of 2G12 dimer with gp120.[9]
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spaced binding sites that match the spacing of these structures
on the viral surface. Interestingly, the crystallographic infor-
mation suggests that only the terminal mannose moieties
shown in red (Figure 1) are involved in the interaction with
the antibody. Corroborating these results, it has been shown
that carbohydrate 1 or fragments thereof bearing the terminal
mannose presented at high density on a surface have a higher
affinity for 2G12 than their monomeric counterparts.[9,10]

While the nonasaccharide 1 has no notable affinity for
2G12, Danishefsky and co-workers have shown that a
trimer of 1 displayed on a rigid scaffold[11] binds 2G12 with
moderate affinity,[12] while Wang et al. showed that a tetramer
of a mannose tetrasaccharide on a similar scaffold also binds
2G12 with micromolar affinity.[13] The distance between the
two primary binding sites in 2G12 is 30 � (measured from
PDB 1OP5[9]), and while some level of cooperativity has been
achieved with previously reported oligomers, a more system-
atic investigation of the optimal spacing geometry between
the ligands to maximize the cooperativity has not been
reported. In fact Danishefsky and co-workers have shown
that the oligomer conjugated to an immunogenic protein is
able to elicit an antibody response that recognizes the
oligomer of 1 but fails to neutralize HIV, thereby suggesting
that it is not an optimal mimic of the epitope of gp120.[14]

Dendrons of 1 have also been shown to bind 2G12 cooper-
atively.[15]

Peptide nucleic acids[16, 17] are attractive tags for program-
ming self-assembled structures, since their chemistry is
significantly more permissive than that of natural oligonu-
cleotides. Furthermore, the higher affinity of PNAs for
natural oligonucleotides allows for shorter tags, which are
more specific and less sensitive to the ionic strength of the
solution.[18] For example, we have shown that they could be
used to encode combinatorial libraries of peptides.[19–22] In
fact, only monosaccharide–DNA conjugates have been
reported thus far for microarraying[23] and to study lectin
interactions,[24,25] whereas larger oligosaccharides with more
complex branching patterns have never been reported. As
shown in Scheme 1, carbohydrates can be efficiently coupled
to polymer-bound PNAs at the C terminus or the N terminus
by coupling a thiol (thioacetals or carbohydrates bearing a
thioalkyl group at the anomeric position) to a chloroaceta-
mide with a mild base (such as Hunig’s base or DBU). For the
purpose at hand, a 10 mer PNA was deemed appropriate as it
would provide a melting temperature (Tm) of greater than
50 8C and would present adjacent ligands on the same face of
the helix. Thus 10 mer PNA 2 obtained by standard Fmoc
chemistry and bearing a short polyethyleneglycol (PEG)
spacer (10 �) at the N terminus was coupled to chloroacetyl
chloride and treated with commercially available tetraacetyl
glucothiolactol I (Scheme 1) in the presence of H�nig�s base.
Analysis of the cleavage product by LC–MS and MALDI MS
indicated complete conversion and showed a single signal for
product 3. The acetyl groups on the glucose moiety were
removed by treatment with ammonia in MeOH, which was
found to be equally efficient prior to or after cleavage from
the resin with TFA. The same procedure was applied for the
coupling of unprotected disaccharide II[26] to afford conjugate
4 after cleavage. To our gratification, no trace of glycosidic

cleavage was observed upon treatment with acid. Saccharides
labeled with a thioalkyl group at the anomeric position[26]

could also be efficiently coupled to the chloroacetamide-
substituted PNA, but using DBU rather than H�nig�s base,
thus affording conjugate 5 after cleavage. Starting from PNA
2, a similar strategy was used to install two units of the
carbohydrate by treatment of the chloroacetamide product
with ethylenediamine. The resulting PNA–diamine conjugate
was then treated with chloroacetyl chloride followed by a
thiosaccharide to obtain, after cleavage, product 6, which
bears two copies of the carbohydrate. Assuming a trans or anti
conformation for all the bonds, the distance between the
anomeric centers in the two carbohydrate units is 11.5 �.[27]

Conversely, PNA 2 can be coupled to an orthogonally
protected lysine (Fmoc, Mtt). Cleavage of both the Fmoc
and Mtt[28] protecting groups followed by chloroacetylation
and coupling with thioglycosides II and III affords products 7
and 8, respectively, in which the same carbohydrate units are
separate by a maximum distance of 15 and 19 � repectively.
To obtain a greater distance between the carbohydrate units,
the Fmoc group can be selectively removed and a 10 � PEG
spacer added prior to the chloroacetylations to obtain 10 after
glycoside conjugation and release from the resin. Finally, to
obtain different carbohydrate units on each side of the lysine
residue, a first chloroacetylation/carbohydrate coupling is
performed after cleavage of the Fmoc group but prior to
removal of the Mtt group. A second chloroacetylation/
carbohydrate coupling can then be performed after cleavage
of the Mtt group to obtain heterodimeric conjugates such as
11. Similar sequences were utilized to conjugate carbohy-
drates at the C teminus of the PNA, starting from resin 12, to
afford conjugates 13–17 bearing a single unit of a-1,2-
mannose dimers or two units separated by distances ranging
from 11.5 to 25 �. The PNA–carbohydrate conjugates were
then assembled into dimers and oligomers by hybridization to
the appropriate DNA template. Considering the high persis-
tent length of the double helix and the fact that all the PNA
sequences are 10 mers, it can be anticipated that carbohydrate
units in architectures such as those in entries 2, 3, and 15 of
Figure 3 will be separated by 30, 60, and 90 � respectively.
However, the inclusion of a PEG linker between the PNA and
the carbohydrate allows for some degree of flexibility.

A pilot library of over 30 architectures was tested for their
affinity to 2G12 by surface plasmon resonance (SPR). The
antibody was immobilized accordingly to a previously de-
scribed protocol.[12] Under these conditions, no notable
binding was observed for nonasaccharide 1, as previously
reported by Danishefsky and co-workers,[12, 29] and in agree-
ment with the binding mode reported by Wilson[9, 10] which
involves four units of mannose disaccharide from multiple
units of 1. Significant binding (mm) was observed for
conjugates having the key a-1,2-mannose disaccharide units
(Figure 4). However, the distance between the two carbohy-
drate units of this disaccharide was critical for the binding,
thus attesting to the importance of their cooperativity for
avidity. Only conjugates bearing an 11 atom spacer between
the two disaccharide units (structure 7 and 15) displayed any
binding (entries 12–18, Figure 3). It is interesting to note that
the distance between the two mannose units involved in the
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Scheme 1. Synthesis of PNA–oligosacharide conjugates. a) ClCH2COCl, 2,6-lutidine, DMF; b) saccharide (10 equiv), for I or II : EtiPr2N (15 equiv)
or DBU (10 equiv) for III and IV, DMF; c) TFA/H2O 95:5; d) 2m H3N in MeOH; e) HO-Lys(Mtt)Fmoc, EtiPr2N, HCTU, DMF; 20% piperidine in
DMF; f) HO2CCH2(O(CH2)2)2NH2, EtiPr2N, HCTU, DMF; 20% piperidine in DMF; g) ethylenediamine (2 � 10 equiv), DMF. DBU= 1,8-
diazabicyclo[5.4.0]undec-7-ene, TFA = trifluoroacetic acid, Mtt = 4-methyltrityl, Fmoc = 9-fluorenylmethoxycarbonyl, HCTU = 2-(6-chloro-1H-benzo-
triazole-1-yl)-1,1,3,3-tetramethylaminium hexafluorophosphate, Boc = tert-butoxycarbonyl, dep = deprotection.

Angewandte
Chemie

7697Angew. Chem. Int. Ed. 2009, 48, 7695 –7700 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


Figure 3. Affinity of supramolecular complexes to 2G12 measured by SPR (ka (m�1 s�1) and kd (s�1)). Solutions were prepared by mixing
1 equivalent of each PNA with their respective template. Binding kinetics were obtained using a Langmuir 1:1 model (Rmax/c2>50). * denotes the
concentration of the template.
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binding of nonasaccharide 1 is also 11 atoms. Since the
through-space distance between the anomeric substituents is
10 � (measured from PDB 1OP5), the shorter spacer present
in structures 6 and 14 clearly do not adequately replicate this
geometry (entries 9–11), whereas longer spacers in structures
8, 10, 16, and 17 (entry 22–25, 30–32; Figure 3) do not provide
the adequate level of cooperativity. Following the same
argument, architectures based on the mannose trisaccharide
fail to provide significant binding (entries 26–28; Figure 3).
The topology of the supramolecular architecture also has a
significant impact on binding. While the PEG spacer between
the carbohydrate moiety and the PNA does provide a certain
level of flexibility, a clear trend emerges on comparison of
entries 12 to 15 of Figure 3, with the shortest distance
(entry 12) being best. Considering that a distance of about
30 � is required for cooperative binding to 2G12, the
architecture in entry 12 (the maximum distance between the
branch points joining the carbohydrate units is 38.5 �) would
be most suitable, whereas the architecture of entry 15 shows a
lower level of cooperative binding. The architecture in
entry 16 has complimentary “sticky ends” and is anticipated
to polymerize extensively.[30] The value of 6.39 mm reported in
Figure 3 is for the DNA template, and thus underestimates
the affinity of the oligomeric polymer.

The novelty of the approach reported herein is that it
exploits the programmability of hybridization to generate a
library of architectures which emulate the topologies of
complex carbohydrates. The gp120 epitope has stimulated
tremendous efforts towards the production of vac-
cines.[12,15, 31–33] While this example illustrates the importance
of multimeric recognition with controlled topology, the
generality of this concept extends far beyond pathogen
recognition[34] since it is a recurrent feature in cellular
recognition and communication, with many signal trans-
duction pathways also being regulated by multimeric inter-
actions.[2] Better insight into the mechanisms that govern
these two hierarchical levels requires methods to prepare
well-organized oligomers with controlled topology. Last but
not least, these principles should be applicable beyond
carbohydrate recognition to generate small molecules or
drug fragments in a combinatorial fashion and provide an
encoding strategy for dynamic combinatorial libraries.[35, 36]
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