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Abstract
Optimizing multivalency: Clusters of Man9 glycans which are recognized by broadly-
neutralizing anti-HIV antibody 2G12 have potential as HIV vaccines. However, optimal
recognition by 2G12 requires optimal clustering of glycans. Using our recently described SELMA
technique (SELection with Modified Aptamers), we have developed Man9 clusters in which
glycans are supported by DNA sequences selected from among 2 × 1013 variants.
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Carbohydrate-protein interactions mediate numerous important biological events, such as
cell signalling, recognition and adhesion, and host-pathogen recognition.[1] The affinity of
individual glycans for individual protein binding sites is normally very low, with Kd’s in the
mM range. High avidity binding is achieved by multivalency, wherein multiple glycans
within a cluster bind cooperatively to multiple sites in a single protein or in several clustered
proteins.[2] This concept has been extensively applied to the design of synthetic glycan
clusters that bind to interesting biological targets.[3]

However, the number of glycans (valency) is not the only important feature in multivalent
ligand design. For applications in which the carbohydrate binding sites are separated by a
fixed distance, avidity is also greatly affected by the spacing and orientation of glycans
within the cluster. Although glycans attached by long flexible linkers can easily span target
binding sites, the resulting avidity is suboptimal due to entropic costs, as the unbound ligand
has many more possible conformations than the bound one.[2b] Moreover, flexible glycan
clusters may not be specific for a single target. Design of more conformationally-defined
glycocluster ligands is desirable due to the potential to achieve high avidity and specificity,
but is challenging, as small deviations from ideal glycan arrangement may completely
prevent the desired binding interaction. For these rigid glycoclusters, rational design of the
optimal structure may require extensive trial and error as well as structural insight.

As an alternative to rational glycocluster design, we have developed SELMA (SELection
with Modified Aptamers, Scheme 1).[4] This technique enables evolution of DNA aptamers
bearing large covalent modifications such as oligosaccharides.[5] The process begins with a
library template of synthetic DNA hairpins, containing a single-stranded random sequence
region and a 3’-terminal self-priming patch of self-complementary sequence. Polymerase
extension with EdU (alkynyl U) substituted for T installs alkynes at every position in which
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the single stranded template contains an A, and then CuAAAC chemistry[6] attaches glycans
(or potentially other large modifications) to each of these alkynes. The glycosylated strand is
then displaced by extension of a small primer inside the hairpin loop, using all-natural
dNTPs. After this step, the single-stranded glycosylated DNA can adopt a sequence-
dependent fold, whereas the covalently-attached dsDNA contains a copy of the same
sequence, though with all natural bases. This “genotype” sequence can readily be amplified
by PCR if the “phenotype” portion enables survival during selection. In our original report,
we applied SELMA to the evolution of decavalent clusters of Man4 oligosaccharides, which
bound to HIV broadly-neutralizing antibody 2G12 with Kd’s of ~250–500 nM. In the
present paper, we describe further developments of this method to afford Man9 glycoclusters
of higher avidity, smaller size, and lower valency.

2G12 is a target of interest because it neutralizes a broad range of HIV strains[7] and confers
sterilizing immunity in rhesus macaque models of HIV infection.[8] As 2G12 binds to
several Man9 glycans on the HIV envelope protein gp120,[9] there has been considerable
effort to design Man9 glycoclusters which mimic the 2G12 epitope and might re-elicit
2G12-like antibodies.[10] Immunogenicity studies with Man9 glycoclusters designed so far
have been unsuccessful at eliciting a 2G12-like antibody response, so design of new
constructs which might mimic the true Man9 presentation on gp120 are desirable.

For the present study (Figure 1), we designed our SELMA selection to differ from the
original study[4] in 2 respects: 1) glycoclusters would contain the full Man9 oligosaccharide
rather than the Man4 fragment which was used previously,[11] and 2) we would begin
selection with libraries biased to contain species with fewer glycans. As depicted in Scheme
1, the positions of glycans in library sequences are dictated their CuAAAC attachment to
“alkynyl-U” (EdU) bases, which are in turn located opposite A bases in the template
strand.[6] Thus, to create starting libraries with less glycosylation, we made two
modifications which reduce the number of A’s in the original library template sequences
(Figure 1a). Whereas the original library contained two fixed A’s in a primer region and
25% A content in the random sequence region, our two new libraries contained no A’s in the
constant primer regions, and a lower percentage of A’s (7% or 15%) in the random sequence
region. Figure 1b shows the statistically predicted percentages of different valencies within
each starting library; whereas species containing 6–10 glycans were prevalent in the original
library, the new starting libraries contain larger percentages of species with fewer glycans.

To enable selection with Man9 oligosaccharides, we prepared Man9 azide by the convergent
block assembly method shown in Scheme 2. Man4 tetrasaccharide 1, containing a reducing-
terminal β-mannose and cyclohexyl linker was prepared as in our previous study.[4]

Deprotection of the benzylidene 6-hydroxyl, followed by Sinay glycosylation[12] with Man5
donor 2[13] and partial deprotection afforded Man9 derivative 3 in 52 % yield over three
steps. Global deprotection,[14] followed by Wong’s azidation protocol,[15] afforded 4 in 63
% yield (nearly 100 mg) over two steps.

With Man9 derivative 4 in hand, we then initiated SELMA selections with 40 pmol each (2
× 1013 sequences) of the 7 % and 15 % libraries shown in Figure 1. Briefly, libraries
generated as outlined in Scheme 1 (see Supporting Information for details) were incubated
with mAb 2G12, and the bound complexes were captured with protein A magnetic beads. A
counterselection with only protein A beads was run in rounds 2, 4 and 6 to remove potential
protein A binders from the library. Stringency was increased by decreasing 2G12
concentration from 50 nM in rounds 1–4 to 10, 5 and 1.4 nM in rounds 5, 6 and 7,
respectively. Library enrichment was monitored by observing the decrease in the number of
PCR cycles required to regenerate the library after selection. After seven rounds, enrichment
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levelled off and the libraries were cloned, yielding 31 unique sequences (among 93 sequence
reads, see SI Table 3).

These sequences contained from 3 to 12 glycosylation sites, with an average of 7.9, as
compared to 10.5 in the sequences obtained from our original 25 % glycosylated library
selection. Filter binding studies on nine representative sequences (Table 1) showed that
these glycoclusters were recognized by 2G12 with Kd’s ranging from 310 nM to > 1µM.
Although these sequences exhibited moderate reductions in Kd and valency compared with
those from our original library (compare with entry 9), CLUSTAL sequence alignment[16]

(SI Table 3) revealed several interesting features. Most sequences resulting from the new
selections contained a consensus motif (Table 1, in yellow), and strikingly, this sequence
was present in clones from both libraries. Moreover, the motif was located at various
positions, either early or late, within different sequences. This suggests that the multiple
clones containing this motif resulted from convergent evolution, and were not derived from
mutations of a single clone or cross-contamination between libraries.

The existence of the consensus motif in most selection winners suggested this region as a
common site of 2G12 recognition. To investigate this further, we performed Mfold
secondary structure analyses[17] on representative sequences (see Supporting Information).
As Mfold does not take into account the potential major effects of our large unnatural base
modifications we cautiously regarded the computational output only as a starting point to
suggest further experiments. For most sequences, Mfold predicted most stable secondary
structures in which the “consensus” motif was present at the end of a stem-loop region. In
the case of clone 7A8-8 from the 7 % glycosylated library, we noted that a large region of
sequence outside the consensus motif (Figure 2a, regions outside the red boxes) was not
predicted to have any predominant structure. We thus prepared truncated versions of 7A8-8,
removing regions at the 3’ and 5’ ends. In contrast to our previous work with the 25 %
glycosylated library, we found in this case that large truncations were not only tolerated, but
beneficial.

Truncation at the 5’ end (7A-8-T1, Figure 2b, entry 2) improved 2G12 recognition slightly,
from 320 to 270 nM, even though the number of glycosylation sites decreased from 7 to 5.
Additional truncation at the 3’ end (7A-8-T2, entry 3) further improved binding to 150 nM.
Although removal of two more bases from the 3’end appeared to be allowable on the basis
of the M-fold structure, this truncation (7A-8-T3, entry 4) eliminated recognition by 2G12,
showing that glycosylation at this 5th site in the 7A-8-T2 sequence is important. As
expected, binding of these more extreme 3’ truncations was not rescued by lesser truncations
at the 5’ end (entries 5 and 8). Finally, truncation only at the 3’ end resulted in Kd’s similar
to truncation only at the 5’ end (entries 6 and 7).

We were interested in whether all five of the glycosylation sites in 7A-8-T2 were necessary
for 2G12 recognition, or whether further reductions in valency would be tolerated. To this
end, we prepared a series of (S->C) mutants, corresponding to deletion of the glycan at each
of the five remaining positions (Figure 2b, entries 9–13). We were surprised to find that
deletion of glycan at any of these positions resulted in major loss of binding to 2G12. Based
on published 2G12 structural studies, it is unlikely that all five glycans bind to 2G12
simultaneously. However, each glycan likely plays a major structural role, considering that
glycans comprise 50% of the molecular weight of this small aptamer.

In conclusion, we have found that SELMA selection of Man9-cluster libraries biased toward
low carbohydrate valency leads to selection winners with significantly lower valency than
our previous library and modestly better recognition by 2G12.[4] Interestingly, these
selection winners contained a conserved 2G12 recognition motif; moreover, it was found
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that the region outside this motif could be significantly truncated, which actually led to
improved 2G12 recognition with fewer glycans. Compared with monovalent Man9 glycan
(Kd = 180 µM), these pentavalent glycoclusters exhibit up to a ~1000-fold binding
enhancement (Kd = 150 nM), though they are still 30-fold less antigenic than Wong’s
nonavalent Man9 dendrimer.[10i, 18] Our truncated oligo, 7A8-8-T2, is relatively short and
should be amenable to further structural study by NMR and X-ray crystallography. Most
importantly, this construct is a candidate for immunogenicity studies to re-elicit 2G12-like
antibodies.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) new library templates, containing reduced A’s, leading to reduced glycosylation sites (b)
predicted multivalency profile of each library (% of sequences with 0, 1, 2, 3, …, 15
glycans)
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Figure 2.
a) M-fold structure predictions of clone 7A8-8 and suggested truncation. b) Effect of
truncations/deletions on Kd of 2G12 recognition. [a] no binding
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scheme 1.
Overview of SELMA (SELection with Modified Aptamers)
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scheme 2.
Synthesis of Man9 azide. a) PhBCl2, TES-H, 4Å MS, 80 %; b) 2, Sinaÿ Reagent [(p-
BrC6H4)3N+ SbCl6ȡ], 4Å MS, 0 °C, MeCN, 81 %; c) NaOMe, MeOH/THF, 81 %; d) Na
metal, THF, −78 °C, NH3(l); e) TfN3, K2CO3, CuSO4, DCM/MeOH/H2O, 63 % (2 steps).
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Table 1

Representative 5‘->3‘ sequences after 7 rounds of SELMA selection, Kd for binding to 2G12, and consensus
sequence.

Clone ID Sequence (  = glycosylated EdU, yellow = consensus, blue=constant primer regions) Kd Bmax

7A8-4 > 1 µM NDa

7A8-9 > 1 µM NDa

15A8-B > 1 µM NDa

15A8-F 410±90 0.85±0.10

M3-HH 320±80 0.65±0.08

7A8-1 310±110 0.73±0.13

7A8-8 320±10 0.86±0.02

15A8-J n.b.b 0

M3-30 n.b.b 0

F1 controlc 430±130 0.33±0.06

a
Not determined; binding curve was linear up to highest 2G12 concentration tested.

b
no binding.

c
10-Man4 winner from previously published selection with 25 % glycosylated library (Ref 4).
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