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The triarylpyridines are potent G-quadruplex ligands that are
highly discriminating against duplex DNA and show promising
selectivity between intramolecular quadruplexes.

G-Quadruplexes are nucleic acid secondary structures formed
from guanine-rich sequences, and comprise a planar arrange-
ment of four guanines (G-tetrad) stabilised by Hoogsteen
hydrogen bonding and monovalent cations.' Putative quad-
ruplex forming sequences have been identified throughout the
genome, raising the possibility of function.> The best-studied
example is that of the human telomeric quadruplex, whose
stabilisation by a small molecule leads to the inhibition of
telomerase activity® and interference with telomere biology.*
Quadruplex motifs are enriched in gene promoters,*” which is
suggestive of their involvement in gene transcription. Promo-
ter quadruplexes have been studied for several proto-onco-
genes that include c-myc,5 VEGE.® bel-2,” KRAS? and c-kit.’

Quadruplex ligands have potential as anti-cancer agents'®
that act by interference with telomere maintenance'' or by
alteration of oncogene expression levels.>'? The modification
of flat, aromatic molecules has led to G-quadruplex ligands
that bind by a mode presumed to involve stacking with the
terminal G-tetrad(s).!> However, the G-tetrads are common to
all quadruplexes, making discrimination between quadru-
plexes challenging. Given the potential for a large number of
quadruplexes to exist in the genome,? it is an important goal to
create quadruplex ligands that show specificity between differ-
ent quadruplex structures.

We considered that the triarylpyridines (TAPs, Fig. 1) offer
an attractive template for ligand design. The TAPs possess
adaptive structural features arising from three rotatable bonds
that provide potential for different conformations while re-
taining a degree of rigidity, somewhat akin to o-helix mimics
that have been based on linked aryl groups.'* The TAP
scaffold could allow recognition of the quadruplex whereby
the central core orients side chains to target the hypervariable
loops that distinguish each quadruplex, thereby providing the
potential for G-quadruplex discrimination.

The TAPs were synthesized by straightforward 1-4 step
procedures'>!'® from commercially available starting materials
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+ Electronic supplementary information (ESI) available: Experimental
procedures for synthesis of the TAPs, SPR and FRET. See DOI:
10.1039/b718854d
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Fig. 1 Synthesis of triarylpyridines, X = CH or N.

(Fig. 1 and ESI¥). Side chains R, _; were introduced to provide
interactions with distinct quadruplex features (Table 1). In
particular, the amine substituents provide potential for hydro-
gen bonding and cation dipole interactions with the
sugar—phosphate backbone and the loops. The heteroatom
X was varied (X = CH, N) to explore the effects arising from
altered rotamer preferences and potential cation coordination.

Ligand—quadruplex interactions were evaluated by two
complementary methods: Surface Plasmon Resonance'’
(SPR) and Fluorescence Resonance Energy Transfer'®
(FRET) melting. SPR measures equilibrium binding, while
FRET melting analysis provides a measure of the ligand-
induced stabilisation of a folded quadruplex.

SPR experiments were performed using three different im-
mobilized DNA targets: the human telomeric sequence
d(biotin-[GT,A(G3T>A)4G;]) (hTelo), a c-kit promoter
quadruplex% d(biotin-[C3G3;CG3CGCGAG;AGL4AG;))
(c-kit) and double-stranded DNA (ds) comprising the oligo-
nucleotide d(biotin-[G,CATAGTGCGTG;CGT,AGC]) hy-
bridized with its complementary strand. FRET experiments
were performed using dual-labeled hTelo and c-kit quadru-
plexes, in addition to a double stranded DNA (see ESIt). The
two quadruplexes differ in their conformational heterogeneity
and dynamics.!>?° The results are summarized in Table | and
example data for ligand 1 are given in Fig. 2.

In support of our reasoning, we found that relatively small
changes in the structure of TAPs significantly altered binding
and selectivity with respect to DNA quadruplexes (Table 1). It
is noteworthy that none of the TAPs showed detectable
interaction with double-stranded DNA by SPR} or by FRET
melting. This is indicative of a general preference of TAPs for
quadruplex, rather than duplex DNA, a pre-requisite for
selective chemical intervention of cell biology.

There was gratifyingly wide variation in quadruplex binding
affinity observed. Ligand 4 showed the highest affinity for a
quadruplex with a preference for c-kit (K3 = 180 nM).
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Table 1 Structures of the triarylpyridines 1-20, dissociation constants (Ky) determined by SPR and stabilization potentials (AT),,) determined by

FRET melting

K4/uM1 and stoichiometry ()

AT,,/°C at 1 pM*“

Specificity
Cpd X R, R, R; hTelo n c-kit n c-kit : hTelo hTelo c-kit ds
1 N ,__l_ H H 0594004 2:1 0414002 1:1 07:1 3.7 40 0.1
2 CH H T Y 60+3  2:1 >25 4201 5.6 3500
\__/ \__/
3 CH H Y W% e e - e 0.0 04 00
\__/ _/
4  CH nfa T T 0344001 1:1 0184002 1:1 05:1 11.9 94 00
\__/ \__/
[e] (e}
5 CHH HN)OI\/D HNJOK/'D 74405 2:1 246  2:1 3:1 24 1200
6 CH H HNJ\/\NO HNJ\/\NQ > 25 N n/a 1.0 14 00
o JN
7 N H " oy o 20406 1:1 27401 1:1 12:1 5.0 47 06
8 CH H LD 1 > > — > — 6.8 58 0.0
HNMN HN)J\/\/N : ) :
[} NH o] NH
9 CH H 5 (W 23409 2.1 =25 — >109:1 96 7.5 0.0
HNiK/N\) HNiJ\/N
10 CH H HNJVL HN O >25b — >25" — nla 3.4 1.1 0.0
NH NH
| —\ —\ , . .
noocH ol N w 032402 2:1 064+02 2:1 2:1 2.0 172 37
| /N N\ . . .
2 CH ol m O 5543 2:1 76+2  2:1 l4:1 42 67 0.0
B CH ol M e 044402 1:1 20406 2:1 45:1 6.0 61 07
4 CcH .l NH NH, 49408 1:1 99+1 2:1 2:1 0.8 15 00
15 N O\/\/Nl\ NH, NH, >25" — >25" n/a 3.0 53 0.6
[e] [e]
16 CH O\/\/J,\ HNJ\/\NQ HN)J\/\NQ 21404 2:1 28+1 2:1 13:1 4.4 76 0.0
[e] [e]
7N ol HNJ\/\NQ HNJ\/\NQ 8542  2:1 11+4 2.1 13:1 104 229 00
[e] [e]
18 CH | HNJK/\Nﬁ HNJK/\Nﬁ 0374005 1:1 15405 2:1 4:1 9.1 56 08
> o k/NH o k/NH
9 N ol HNJK/\Nﬁ HN)K/\NO > 25" N — na 31 135 00
NH NH
20 N ' o (W o >25" — 1 8.5 110 0.0
R NN HN)K/N\) HN)J\/N\)

“ FRET ATy, &+ 1 °C. % >25 uM estimated lower limit. ¢ No binding. ¢ 2-Thiazole instead of 4-substituted phenyl.

Ligands 11, 13 and 18 show a preference for hTelo with
submicromolar affinities (Ky values of 320, 440 and 370 nM,
respectively). In contrast, TAP 3 showed no detectable inter-
action with either DNA quadruplex or duplex by SPR or
FRET melting. Overall, the ligands exhibited a wide range of
quadruplex binding affinities spanning greater than 2 orders of
magnitude. Our design hypothesis presumed that side chains
are the key to quadruplex discrimination. Ligand 1 has only
one side chain and displays good affinity for quadruplexes
hTelo and c-kit (K4 values of 590 nM and 410 nM, respec-
tively), but without discrimination between them. While sev-
eral ligands exhibited a preference for either c-kit or hTelo in
the 2-5 fold range (5, 11, 13, 18), ligand 9 showed a preference
for hTelo vs. c-kit of at least an order of magnitude.f

The relationship between stabilisation (AT,,) and equili-
brium binding (Kj) is not straightforward, and thus a simple

correlation for AT, and K4 was neither observed nor expected.
However, for cases where no significant binding was detected by
SPR the associated AT, was always found to be near zero (e.g.
most cases for duplex). Ligand 11 is an example that showed
good binding affinity to hTelo and c-kit (Ky = 320 nM and 640
nM, respectively) and stabilisation (AT, = 21 °C and 17 °C,
respectively). However, some molecules showed strong stabilisa-
tion of DNA without a correspondingly high binding affinity.
For example, 17 exhibits a large AT}, for c-kit (23 °C)§ but a
modest Ky (11 uM for c-kit). Molecules that induce a large ATy,
may be able to influence DNA topology by stabilisation of the
quadruplex form, whereas a molecule with low Ky (strong
binding) but low AT}, (weak stabilisation) may be better suited
to interfere with protein—quadruplex recognition."*q

There are noteworthy correlations between structural fea-
tures of TAPs and their binding properties. The terpyridines
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Fig. 2 (Left) SPR binding curves for 1 binding to hTelo (%), c-kit

(@) and ds (A) DNA (running buffer: 50 mM Tris-HCI pH 7.4, 100

mM KCI). (Right) FRET assay for hTelo (%), c-kit (@) and ds (A)

DNA in the presence of 1 (buffer: 60 mM potassium cacodylate

pH 7.4).

(X = N) always show higher stabilisation temperatures com-
pared to their benzene (X = CH) counterparts. For example,
16 shows moderate stabilisation of hTelo and c-kit (AT, =
4 °C and 8 °C, respectively), whereas 17 shows significantly
higher stabilisation (AT, = 10 °C and 23 °C, respectively).
The simple replacement of an amine in 2 with oxygen (3) leads
to loss of detectable binding and stabilizing properties, sug-
gestive that protonation of the amine of 2 may be critical.
Replacement of the benzene ring in the 4-position of the
central pyridine of 2 with a thiazole (i.e.4) results in > 100-
fold stronger binding to c-kit (K4 = 180 nM for 4) compared
to 2 (Kg > 25 uM for c-kit). The origin of this may be steric
interactions between the hydrogens on the phenyl ring and the
central pyridine core of 2, which could cause the ring to reside
slightly out of plane, in contrast with 4 being able to adopt a
more planar structure owing to reduced steric interactions of
the heteroatoms (N and S) and smaller ring size. It was also
notable that some ligands were found to bind with 2 : 1
stoichiometry and others with 1 : 1 binding, suggestive of
more than one mode of binding. Overall it was found that the
ligand 4 is the tightest binder and has preference for c-kit
quadruplex, while ligands 11, 13 and 18 show preference for
hTelo quadruplex.

The TAPs are a new class of quadruplex binding ligands
that show versatility in their specificities, affinities and stabi-
lisation potential. These ligands do not bind to duplex DNA
and have provided proof of concept for the discrimination
between different genomic DNA quadruplexes by a small
molecule. Investigations into the biological activities of these
molecules are currently underway.
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