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Glycosylation profoundly affects the function and activities of
many proteins.1,2 However, detecting and differentiating variations
in glycosylation as an integral part of a glycoprotein is not a trivial
matter, mostly because of a lack of good tools. Two most powerful
methods exist for developing “binders” for glycoproteins: antibody
production and nucleic acid-based aptamer selection.2 However,
none of these methods has the intrinsic ability to specifically focus
on the glycosylation site, which include both the glycan and the
surrounding structures, in epitope selection. We are interested in
examining the possibility of directing the selection of aptamers to
preferentially go after the glycosylation site of a glycoprotein (the
sweet spot). By taking advantage of many published methods on
incorporating modified nucleotides into DNA/RNA for aptamer
selection,3 we decided to incorporate a boronic acid-modified
thymidine-5′-triphosphate (B-TTP, Figure 1) into DNA for aptamer
(boronolectin)4f selection. Because of the intrinsic ability for the
boronic acid moiety to interact with diols4 and single hydroxyl
groups,5 we hypothesized that the incorporation of the boronic acid
moiety into DNA would allow the selection to gravitate toward
the glycosylation site and therefore for the specific recognition of
the glycosylation site. When necessary, counterselection can be used
to eliminate unwanted cross-reactivity for binders as described in
the literature.3,6 Herein, we report our work that demonstrates the
feasibility by using a model protein, fibrinogen, which was chosen
because of its commercial availability in large quantities and its
known glycan structures.

We used the systematic evolution of ligands by exponential
enrichment (SELEX) approach for aptamer selection.2,3 Introduction
of the boronic acid moiety was accomplished through tethering to
the 5-position of TTP (Figure 1) because (1) modification at this
position has long been known to have minimal effect on poly-
merase-catalyzed incorporation,3 (2) 5-position modified TTP has
been widely used in aptamer selections to tune their affinity and
bestow novel properties,3 and (3) we have demonstrated that B-TTP
can be successfully incorporated into DNA using DNA polymerases,
and the synthesized boronic acid-modified DNA (B-DNA) can serve
as templates for further amplification.7

For the aptamer selection work, fibrinogen was immobilized to
magnetic beads using amidation chemistry. A library of DNA
containing 50 randomized positions was used. 32P was used as a
radioactive tracer for monitoring the percentage of DNA retained
by immobilized fibrinogen. After 13 rounds of selection following
procedures described in Scheme 1, nearly 80% of the radioactivity
was retained by the beads (Figure 2), indicating a high percentage
of specific binders for fibrinogen.

We recognize that many aptamers without boronic acid incor-
poration might bind to fibrinogen. There may also be other aptamers
that contain boronic acid, but do not use the boronic acid moiety
for binding. However, without the “pull” of the boronic acid moiety
toward the glycans, such aptamers would likely bind randomly to
various parts of fibrinogen without a predilection for the glycosy-
lation site, which would be undesirable. Therefore, we needed to
“select out” this pool that had no intrinsic preference for the
glycosylation sites. For this reason, after the 13th round, we
amplified the library using all natural dNTPs (without B-TTP) and
collected only those that remained unbound to the immobilized
fibrinogen. In this way, aptamers that could bind fibrinogen tightly
without the involvement of boronic acid interactions were elimi-
nated, thus removing those without an intrinsic preference for
carbohydrates.

The enriched DNA library was cloned into E. coli. Twenty out
of the several hundred colonies that appeared were randomly
selected for sequence analysis (Figure S1). Among the 20 colonies,
three sequences, 85A-C, were randomly selected for further
analysis. Then the dissociation constants (Kd) of these aptamers
were measured using an equilibrium filtration method with 32P-
label aptamers (Table 1, Figure 3, and Supporting Information
Figures S2-19).6 All boronic acid-labeled aptamers, referred to as
B-TTP aptamers, bound fibrinogen with Kd in the low nM range.
In contrast, the DNA pool after the 13th round of selection showed
an average Kd of about 5 µM.

To examine whether binding indeed involves the glycosylation
site and involves boronic acid interactions with the glycan, we
designed a series of 11 types of experiments to probe this issue.
These experiments include binding studies using fibrinogen (1) after
glycan removal using literature procedures,8 (2) after periodate
treatment, which should modify the glycan portion and thus decrease
binding affinity, and (3) after sialidase treatment, which should
remove the terminal sialic acid moiety. We also examined the roles
that the boronic acid moiety plays in binding by conducting the
binding studies using (1) TTP-aptamer, which do not have the
boronic acid moiety and should have reduced affinity, (2) H2O2-
treated B-TTP aptamer, which should have the boronic acid moiety
removed and decreased binding, (3) DNA synthesized using H2O2-
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Figure 1. The chemical structures of B-TTP and M-TTP.
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treated B-TTP, which should have decreased binding, and (4) DNA-
synthesized using M-TTP (Figure 1), which has a thymidine-5-
position side chain, but not a boronic acid. As additional controls,
we also performed the aptamer binding studies (1) in the presence
of an added boronic acid, (2) in the presence of added fructose,
and (3) in the presence of the glycan cleaved from fibrinogen. All
three experiments should show competitive inhibition if glycan-
boronic acid interactions were involved in binding. We also studied
whether the aptamers identified compete against each other for
binding.

Overall, all results suggest that the aptamers identified indeed
bind to fibrinogen through recognition of the glycosylation site with
the involvement of the boronic acid moiety. Specifically, the Kd

values of TTP aptamers were 10-20 fold higher than that of B-TTP

aptamers (Table 1), which suggests an important role in binding
for the boronic acid moiety. For example, for 85A the Kd of the
B-TTP aptamer for fibrinogen was 6 nM, while the Kd of the TTP
aptamer was about 100 nM. When M-TTP was incorporated instead
of B-TTP, aptamer 85A showed a Kd value (138 nM) that is over
20-fold higher than that of the B-TTP aptamer. Similarly, aptamer
treated with H2O2 showed a much higher Kd value (173 nM) than
the B-TTP aptamer (Supporting Information Figure S15). Control
experiments showed that the same H2O2 treatment of the TTP
aptamer (no boronic acid incorporation) resulted in no significant
changes in its Kd (139 nM), indicating that the DNA was stable
under the hydrogen peroxide treatment conditions (Figure S15).
We have also used H2O2-treated B-TTP, which had the boronic
acid replaced by a hydroxyl group, in the synthesis of modified
DNA aptamer. The resulting aptamer (85A) showed a Kd of about
300 nM. The fact that the Kd of the aptamer synthesized from H2O2-
treated B-TTP is higher than that of postsynthesis H2O2 treated
B-TTP aptamer (173 nM) suggests the possibility of incomplete
boronic acid cleavage when intact DNA was treated with H2O2.

When fibrinogen with modified glycan or complete removal of
glycan was used in binding, significantly reduced binding affinity
was observed (Table 1), indicating an important role the glycan
plays in binding. For example, with deglycosylated fibrinogen, the
B-TTP aptamer 85A showed a 60-fold lower affinity when
compared to binding with unmodified fibrinogen, with a Kd of 390
nM. With periodate-treated fibrinogen, the B-TTP aptamer 85A
showed an approximately 12-fold lower affinity (Kd 70 nM) when
compared to binding with unmodified fibrinogen. After treatment
of fibrinogen with sialidase, B-TTP aptamer 85A showed about
26-fold lower affinity (Kd 165 nM) than toward the original
fibrinogen (Figure S16). Also very important is the fact that the
aptamer also binds to fibrinogen even after glycan modification.
This indicates that the aptamer also recognizes the protein portion

Scheme 1. SELEX Scheme for Selecting DNA Aptamers with High Affinity for Fibrinogen

Table 1. Calculated Dissociation Constants (nM) of Aptamers with Fibrinogen and Glycan-Modified Fibrinogena

fibrinogen deglycosylated fibrinogen periodated fibrinogen

aptamer B-TTP TTP B-TTP TTP B-TTP TTP

85A 6.2 ( 1.4 102 ( 39.7 390 ( 145 60.2 ( 18.0 70.7 ( 18.4 67.4 ( 25.0
85B 6.4 ( 0.8 63.8 ( 16.9 86.2 ( 16.4 140 ( 15.9 118 ( 17.0 130.2 ( 18.7
85C 17.1 ( 2.1 122 ( 43.7 371 ( 61.9 256 ( 28.9 202 ( 28.1 321 ( 39.7

a All studies were done in triplicate.

Figure 2. Retention of radioactive DNA on fibrinogen-immobilized beads
during 13 rounds of selection.
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of fibrinogen, which is very much desirable, as aptamers that bind
only to the sugar portion can be prepared in a more direct fashion
and would not be as useful for the detection of intact glycoproteins.

The binding of B-TTP aptamer was also inhibited by the addition
of fructose and boronic acid in a concentration dependent manner,
further indicating the important roles that boronic acid-glycan
interactions play in binding. For example, at 50 mM of fructose,
the apparent Kd of aptamer 85A for fibrinogen was about 500 nM
(Figure S17), which was close to 100-fold higher than in the absence
of fructose (6 nM). Similarly, 1 mM of 4-isoquinolinylboronic acid
resulted in an increase of the apparent Kd from about 6 to 130 nM
(Figure S18). In the presence of the glycan cleaved from fibrinogen,
the apparent Kd of 85A increased by 12-fold to about 80 nM (Figure
S19). We have also found that all aptamers compete with each other
for binding, indicating that they all bind to the same general site.
Any single experiment above would not allow us to draw
unequivocal conclusions. However, combined together, they all
indicate that the aptamer binding was indeed through recognition
of the glycosylation sites through boronic acid-mediated actions.

To further demonstrate the crucial role that the boronic acid
moiety plays in the aptamer selection process, a control selection
by using natural TTP (instead of B-TTP) was conducted. After the
12th round of SELEX, there was about 35% of radioactivity
retention by the immobilized fibrinogen. After 16 rounds, only 40%
of the radioactivity was retained by fibrinogen immobilized on
magnetic beads (Figure S20). Selection was stopped after 16th round
because it seemed to have reached a plateau.

This selected pool was then cloned into E. coli and 10 colonies
were randomly picked for sequencing (Figure S21). Among these
10 sequences, two aptamers were randomly selected for further
binding analysis. The dissociation constants (Kd) of these aptamers
were measured using an equilibrium filtration method (Figures
S22-29). Binding of the TTP aptamers from the control selection
work was much weaker (e.g., aptamer 121A: Kd ) 450 ( 150 nM;
121B: Kd ) 540 ( 160 nM) compared to the aptamers selected
using B-TTP (Kd, 3-30 nM, Table 1). Furthermore, the binding
affinity of the TTP aptamers from their control selection with
deglyco-fibrinogen was very similar to the binding with intact
fibrinogen. For example, the binding of 121A with deglyco-
fibrinogen has a Kd of 410 ( 120 nM, which is within experimental
error of its binding with intact fibrinogen. Such results indicate that
the binding site for aptamers from the control selection was not
the glycosylation site. In addition, incorporation of the boronic acid
moiety into the aptamer selected using TTP did not result in a
significant improvement in binding either. For example, the Kd for
121A binding with fibrinogen after boronic acid incorporation was
300 ( 80 nM, which is within experimental error of the binding

without boronic acid incorporation. Such results indicate that
random introduction of the boronic acid moiety does not help to
improve binding. Overall, the control results support the hypothesis
that the incorporation of the boronic acid moiety into the DNA
during the selection process confers crucial advantage in guiding
the selection toward the glycosylation site.

In conclusion, we have described the first method for the selection
of boronic acid-modified aptamers that allows for carbohydrate
substructure focused selection of aptamers for a glycoprotein. The
same approach should also be applicable for the selection of
aptamers for the recognition of other glycoproducts, such as
glycolipids. It is interesting to note that with the aptamers identified,
there is no consensus in their sequences. This might be because
the glycan is large and the aptamers identified might not all bind
to the same specific position. Work is ongoing to sequence more
aptamers and to conduct detailed structural studies.
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Figure 3. Binding curves of B-TTP-, TTP-, and M-TTP-derived 85A with fibrinogen (left), deglycosylated fibrinogen (middle), and periodated fibrinogen
(right).
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