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Dynamic covalent chemistry (DCC) is a reversible exchange
process which allows noncovalent interactions to template
covalent-bond formation.'! A dynamic combinatorial library
(DCL) is an equilibrating mixture, under thermodynamic
control, in which each of the species is represented in
proportion to its free energy”) The introduction of a
molecular template to a DCL will shift the equilibrium to
favor individual library members that bind the template and
are thus stabilized. Since its conception, DCC has been
applied to both small-molecule” and macromolecular tar-
gets.’l Examples of DCC that involve biomolecules include
the work of Ramstrom and Lehn who generated a small
disulphide-based carbohydrate library and screened in situ
against the common jack bean-lectin Concanavalin A, and of
Miller and co-workers*! who targeted oligonucleotides with
non-nucleotide building blocks and selected metal-ligand
complexes that bind nucleic acid hairpins with high affinity
and selectivity. An experimentally challenging aspect of
employing biomolecules as templates in DCLs is the analysis
of the reversibility of the dynamic chemistry and quantitation
of ligand amplification. This analysis requires detailed inves-
tigations on a relatively simple DCL, and has been a key
objective of the work we report in this paper.

The molecular target for our study is a four-stranded G-
quadruplex formed by DNA sequences with stretches of G-
nucleotides under near physiological salt conditions in vitro."!
Quadruplex structures may be involved in cellular functions
that include chromosomal alignment!® and telomere length
regulation.” In particular, the latter has been implicated in
the control of cellular aging and mechanisms of cancer
proliferation.” Furthermore, recent studies reported for the
oncogene c-mycl® suggest that quadruplex stabilization might
have the potential to control gene expression. Therefore,
there is considerable interest in developing quadruplex-
stabilizing ligands for novel therapeutic approaches and a
desire to understand the molecular basis of quadruplex
recognition.” The G-quadruplex structural motif has features
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that distinguish it from double-stranded B-DNA and that can
be exploited in the design of quadruplex specific ligands. A
number of promising small-molecule ligands have been
reported based on recognition of the terminal G-tetrad
through hydrophobic and m—m interactions.””! There is poten-
tial for specific ligands that make contacts with loop and
groove regions of quadruplex DNA.'! The philosophy of
combining distinct binding elements to generate improved
ligands has been effective for nucleic acids.""l Herein, we
investigate the potential of DCC to generate quadruplex
ligands through a reversible, covalent combination of two
distinct recognition elements: a hydrophobic acridone unit,
designed to interact with the terminal G tetrad of a parallel
quadruplex,!'? and a tetrapeptide sequence (FRHR), which
was recently shown by us to have quadruplex-recognition
properties."”!

Disulphide chemistry was chosen because it is water
compatible, relatively fast, and thiol exchange operates at
mild pH. It allows the mixture of DCL components to
interconvert and reach equilibrium, and can be switched off
by lowering the pH value to < 5. The peptide fragment,
FRHR, was derivatized with sulfanylacetic acid at the
N terminus to give monomer P, which has an N-terminal
thiol group. P was synthesized by using standard solid-phase
Fmoc-peptide chemistry (Fmoc = 9-fluorenylmethoxycar-
bonyl) on Rink amide resin. Acridone A was prepared by
coupling of 3,6-bis[(2-carbamoylethyl)methylamino]acetic
acid-substituted acridone™ onto cysteine-loaded Wang
resin. Based on preliminary modeling studies, the sarcosine
linker was shown to position the cysteine residue at the top of
a quadruplex groove (data not shown). In our DCC experi-
ments we employed a human telomeric quadruplex, formed
from the deoxyoligonucleotide 5'-biotin(GTTAGG)s.I'*

The experimental design principles are detailed in
Scheme 1. An exchange buffer containing an excess of both
oxidized (G-G) and reduced glutathione (G) mediates
exchange between the components of the DCL, which
enables the use of relatively low concentrations of A and P.
Furthermore, both, G and G-G, have the potential to interact
with the quadruplex and thus act as competitive library
members. When equilibrium is reached, the exchange reac-
tion is stopped by lowering the pH from 7.4 to 2 and the
biotinylated quadruplex target, with bound ligands, can be
isolated from the solution by immobilization onto streptavi-
din beads. The quadruplex is heat-denatured at 85°C to
release any bound ligand and HPLC is used to identify and
quantify all members of the DCL. A parallel control experi-
ment, without quadruplex target, enabled us to make a
comparison that identified species amplified by the quad-
ruplex-DNA template.

Critical features of any DCC experiment are the need to
prove thermodynamic control and demonstrate an equili-
brium shift induced by a template. To investigate disulfide-
exchange reactions of A and P under thermodynamic control,
a glutathione-containing buffer was used. The glutathione was
utilized in a large excess to mediate fast exchange at relatively
low levels of A and P!

In the absence of target quadruplex DNA, the system
equilibrated within 22hours and remained unchanged over
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Scheme 1. Schematic experimental method. Step 1: Monomers P and A are used in the presence of glutathione (oxidized: G-G (375 um), reduced:
G (1.5 mm)) in redox exchange buffer to equilibrate in either the presence or absence of the target quadruplex DNA. Step 2: The exchange is
frozen by reducing the pH to 2 with 0.1% TFA in water, the quadruplex (4 ligand) is removed from solution by streptavidin immobilization and
heat denatured to dissociate bound ligands. All ligands are analyzed by HPLC. TFA =trifluoroacetic acid.

the next 26 hours (Figure 1a). The same distribution of
species was reached in 48 hours but starting from homodi-
sulfides A-A and P-P (data not shown), which showed that
the system is truly reversible and under thermodynamic
control. At equilibrium, building block P was predominantly
found in the form of a heterodisulfide with glutathione, P-G.
In contrast, building block A was predominantly found as the
homodisulfide A-A, despite the excess of competing G
present. This observation is in accordance with air oxidation
experiments (see Supporting Information) and suggests self-
recognition of the acridone.™”

Parallel experiments were carried out in the presence of
200 um 5'-biotinylated, folded!® human telomeric quadru-
plex, under otherwise identical conditions. Equilibrium was
achieved within 48 hours (Figure 1b) and the same distribu-
tion of species was reached starting with A and P as either
free thiols or as homodisulfides A-A and P-P, which
confirmed a true equilibration of the system in the presence
of quadruplex DNA. Analysis of the reaction stopped at 12,
24,48, and 100 hours revealed an increase in the proportion of
both, acridone—peptide heterodisulfide (A-P) and peptide
homodisulfide (P-P), until equilibrium was reached within
48 hours with a constant A-P/P-P ratio of 1.4:1. The
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formation of A-P and P-P was at the expense of disulfides
P-G and A-A and thiols A and P. At equilibrium the
acridone—peptide heterodisulfide A-P and peptide homo-
disulfide P-P are 19 and 12 %, respectively, of the library's
mole composition (Figure 1c). This is a four and fivefold
amplification of A-P and P-P, respectively, induced by the
presence of the quadruplex DNA (Figure 1d).

The amplification of P-P was particularly surprising since
there are no reports of short peptide ligands that bind
quadruplex DNA with high affinity. To confirm this result,
exchange experiments were carried out by using P alone in
the G/G-G-containing buffer. In the absence of quadruplex
DNA the major species observed was P-G, as expected. Upon
introduction of the quadruplex DNA, the proportion of P-P
in the exchange mixture rose from 2 to 12%, a sixfold
increase at the expense of P-G (see Supporting Information).

Quantitative-binding studies of species A-P, P-P, and A-A
were carried out by using surface plasmon resonance (SPR)
with the same quadruplex-DNA target. SPR is a valuable and
extensively used method for the study of DNA small molecule
interactions.'*!® Figure 2 shows the binding curves derived
from the SPR data. A-P and P-P bind the human telomeric
quadruplex DNA with dissociation constants of 30+ 1.5 and
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Figure 1. a) HPLC traces showing the component composition for exchange experiments in glutathione-containing buffer with use of A and P
(200 um each) in the absence of quadruplex DNA, at times denoted. b) HPLC traces showing the component composition for exchange experi-

ments in glutathione-containing buffer with use of A and P (200 um each) i

n the presence of quadruplex DNA, at times denoted. c) Histogram

showing the change in equilibrium mixture composition on introduction of quadruplex DNA. Values were measured by HPLC-peak area, taking
into account differences in extinction coefficients. d) Histogram showing the percentage changes in each species of the equilibrium mixture upon

introduction of quadruplex DNA.
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Figure 2. Binding curves obtained from SPR measurements for the
determination of Ky values for A-P, P-P, and A-A with quadruplex DNA.

22.5+ 1.1 um, respectively, consistent with their selection in
the DCC experiments. No binding of A-A was detected at
88 uM indicative of a lower limit for the K}, of 2.5 mM (see
Supporting Information).

This study shows that dynamic covalent chemistry can be
used to evolve molecules that bind to quadruplex DNA from
a DCL. The critical requirements of thermodynamic control
and target-mediated shifting of the position of equilibrium,
have been satisfied. The heterodisulfide A-P and, more
surprisingly, homodisulfide P-P have been selected from a
library of nine species and shown to have good quadruplex
affinity. Based on the design principles, we propose that
binding of A-P is mediated by acridone—m— interactions with
the top tetrad of the quadruplex and quadruplex-loop/groove
interactions with the appended peptide. This result is also
suggested by modeling studies of amide-linked acridone-
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peptide conjugates with human telomeric quadruplexes (data
not shown). The mode by which P-P binds quadruplex DNA
is presently unknown and will be the subject of future high-
resolution NMR spectroscopic studies. Thus, the DCC
approach has generated two novel quadruplex-binding
ligands and will be exploited to select aromatic cores and
peptide/nonpeptide side chains against G-quadruplex targets
in future studies.
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