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Oligonucleotides (ODNs) tethered to protein-binding small
molecules have received much interest,1 inter alia, as a result of
the unique self-assembly capabilities of the ODN domains. For
instance, the research groups of Neri and Hamilton have indepen-
dently shown that ODN-linked small molecules can form duplexes
that project synthetic protein-binding fragments in a bidentate
manner, leading to selective sequestration of protein targets
(including serum albumin,1c carbonic anhydrase,1c trypsin,1e and
streptavidin1d).

Since chelate interactions play a central role in enhancing the
affinity of the abovementioned bidentate binders,1g we reasoned
that a single molecule capable of switching between bidentate and
monodentate protein-binding modes (Via addition of external
stimuli) could result in a generalizable strategy for developing agents
with regulable protein-binding ability. Herein we demonstrate this
proof of concept using a DNA-small molecule chimera (DC) 1 that
targets the serine protease trypsin. DC 1 (Scheme 1) reversibly
projects bidentate or monodentate synthetic trypsin-binding frag-
ments (Via an intramolecular quadruplex-to-duplex transition and
vice versa)2 in response to specific ODN stimuli. Moreover, the
bidentate conformation exploits chelate interactions, leading to a
20-fold enhancement in trypsin-binding potency (with a 0.8 µM
dissociation constant, Kd) versus the monodentate form. Such DCs
may have application as responsive pharmacophores with potency
that can be modulated after administration,3 potentially leading to
safer therapeutic agents.

The design of DC 1 includes an 18-mer core ODN domain,
derived from a sequence (underlined in Scheme 1A),4 capable of
folding into a chair-type quadruplex conformation in the presence
of potassium ions. The core domain also incorporates a spectro-
scopic handle (fluorescein-linked deoxythymidine) on the 5′-
terminus for fluorescence polarization (FP) based binding studies.
The 5′- and 3′-termini flanking the core domain are functionalized
with spacers-linked to the trypsin-binding groups benzamidine (ba)
and iodophenylthiourea (ipt), respectively.

These synthetic fragments were chosen because ba is a known
active site (S1 pocket) inhibitor of trypsin,5 and the potency of
small molecules containing a ba moiety can be dramatically
increased by covalent attachment, Via appropriate linkers, to
aromatic hydrophobic elements such as ipt.1e While not conclusive,
literature precedence5b and preliminary modeling studies (SI-8)
indicate that ipt potentially binds to the S4 pocket in a similar
manner to other aromatic hydrophobic modules. Based on these
putative trypsin-binding pockets, C10 and C6 spacers were chosen
as appropriate linkers for DC 1 (Figure 2A). In addition to preparing
1, control ODNs 2 and 3 lacking the 3′-ipt or 5′-ba arm,
respectively, were synthesized. The double mutant 4 containing
neither binding arm was also prepared.

Prior to performing any trypsin-binding studies, circular dichro-
ism (CD) experiments were undertaken to confirm the ability of 1
(and controls 2-4) to fold into an intramolecular quadruplex.6

Indeed, a characteristic CD profile for an antiparallel quadruplex

with a positive ellipticity at 292 nm and a negative ellipticity at
266 nm was observed (SI-4).7 ODN controls 2-4 gave similar
profiles.

FP titrations were undertaken to probe whether the folded
structure of 1 leads to enhanced trypsin binding as a result of
exploiting bidentate interactions (Scheme 1Bi). Hence folded ODNs
1-4 were incubated with increasing concentration of trypsin (20
mM KCl, 200 mM NaCl, 25 mM Hepes, pH 7.4) at 25 °C for 30
min. The anisotropy associated with the fluorescein emission was
followed at 525 nm (excitation at 495 nm). The resultant binding
isotherms (Figure 1) were fitted using nonlinear regression analysis
to a 1:1 binding mode. As the inset in Figure 1 indicates, the Kd

for bidentate DC 1 ((8.1 ( 1.2) × 10-7 M) is substantially tighter
(a binding enhancement of 100- and 30-fold over ODNs 3 and 2,
respectively) than that for the monodentate controls. Importantly,
the negative control, ODN 4, which lacks both binding arms
displayed only weak binding to trypsin (Kd ) (2.9 ( 1.8) × 10-3

M). Taken together, these results clearly indicate that a bidentate
interaction facilitated by the quadruplex fold dramatically enhances
the affinity of 1 to trypsin.

In addition to forming a quadruplex structure in the presence of
potassium, we hypothesized that incubation of folded 1 with an
appropriate complementary strand should result in the formation
of a duplex that necessarily projects the ba and ipt arms on opposite
sides (Scheme 1Bii). This conformational switch should signifi-
cantly decrease the trypsin-binding ability of DC 1. Thus DC 1
was annealed with 1 equiv of ODN 5 (5′-ACCAACCACAC-
CAACCA-3′), capable of forming Watson-Crick base pairs with
all except the terminal 5′ (fluorescein containing dT) residue on 1,
followed by incubation with trypsin (Scheme 1Biii). The titration
of duplex containing 1 (i.e., 1:5)8 resulted in a binding profile that
was fitted to the Hill equation.9 From this fit, a Hill coefficient (h)

Scheme 1 a

a (A) Design of DC 1. (B) Controlled trypsin-binding through addition
of external ODN-derived stimuli.
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of 2.2 was obtained, a finding that supports the notion that duplex
1:5 binds to two molecules of trypsin (i.e., one binding site on
each end of the duplex) with positive cooperativity. Furthermore,
the concentration of trypsin that yields half-maximal binding
([trypsin]1/2) was determined to be (1.6 ( 0.1) × 10-5 M. This
value indicates that the quadruplex form of 1 is ca. 20 times more
potent in binding to trypsin than the double helical structure.

A further versatility of DC 1 is that the structure-switching
mechanism can be reversed (Scheme 1Biv). For instance, incubation
of duplex 1:5 with 1 equiv of ODN 6 (5′-TGGTTGGTGTGGT-
TGGT-3′), capable of forming a perfect duplex with 5, followed
by incubation in the presence of trypsin, leads to an anisotropy
profile (Figure 2B, Bar graph iii) that closely matches the one

obtained for preformed quadruplex 1. These results clearly suggest
that incubation of duplex 1:5 with ODN 6 reverts a significant
amount of DC 1 back to the quadruplex form, which in turn, can
sequester trypsin in a bidentate fashion.

In conclusion, we have developed a DC that can switch between
a folded quadruplex conformation and a duplex form. The former
structure exploits bidentate interactions, mediated Via two designed
synthetic molecules, to dramatically enhance trypsin binding. On
the other hand, the duplex of 1 presents its binding arms on opposite
sides and cannot bind as tightly to trypsin. Since a diversity of
bivalent synthetic fragments can be prepared against salient protein
targets,10 and because alternative structure-switching ODNs11 and
stimuli molecules12 can be readily developed, it is envisioned that
such DCs may find application as safe and regulable therapeutic
agents.13
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Figure 1. Fluorescence anisotropy titrations of ODNs 1 (black), 2 (green),
3 (blue), 4 (orange), and duplex 1:5 (red) in the presence of increasing
trypsin concentration in 20 mM KCl, 200 mM NaCl, 25 mM Hepes, pH
7.4. The concentration of all ODNs was 2 nM.

Figure 2. (A) Schematic illustrating possible bidentate interactions between
the quadruplex 1 and trypsin (shown in brown). The 5′-ba arm and 3′-ipt
arm (space-filling models) are bound to residues in the trypsin S1 and S4
pockets, respectively (key residues labeled in yellow and green). The two
stacked guanine quartets formed by 1 are depicted as space-filling models.
The model of 1 bound to trypsin was derived from the X-ray structures of
the ODN sequence underlined in Scheme 1A and trypsin (PDB codes: 1HUT
and 1f0u). For clarity the fluorescein moiety has been omitted. (B) Bar
graphs illustrating the increase in fluorescence anisotropy as trypsin binds
to (i) DC 1, (ii) duplex (1:5), and (iii) duplex (1:5) incubated with ODN 6.
All binding studies were performed in 20 mM KCl, 200 mM NaCl, 25
mM Hepes, pH 7.4. The concentration of ODNs 1, 5, and 6 was 2 nM.
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