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Molecular dynamics simulations were used to investigate the
binding of four different 2,4,6-triarylpyridines to G-quadruplex
DNA. Both the binding free energies, and the kinetics of binding
are required to explain the measured degree of ligand induced
stabilisation of the compounds, with bulky substituents having
the potential to prevent the ligand from reaching the lowest
energy binding site.

G-quadruplex DNA (G4-DNA) is a highly dynamic and
polymorphic four stranded DNA structure that can form
from certain guanine rich (G-rich) sequences, such as those
occurring at the 3’-terminus of human telomeric DNA (HTelo)
and in the promoter region of certain oncogenes.' Small
molecules that bind and stabilise G4-DNA have been shown
to down regulate oncogene expression and induce telomere
disruption, hence G4-DNA is an attractive target for selective
anti-cancer therapy.®”’

We previously reported the G4-DNA stabilisation ability of
a series of novel 2,4,6-triarylpyridines with three quadruplex-
forming oligonucleotides that mimic: (i) the G-rich HTelo
overhang, (ii) a G-rich sequence in the c-kit promoter, and
(iii) a G-rich sequence in the K-ras promoter.® In terms of the
stabilisation ability of these ligands, we found that there exists
three categories within this series of compounds: (1) com-
pounds which exhibit high stabilisation of G4-DNA that are
comparable or superior in magnitude to the best G4-DNA
ligands; (2) compounds which show mid-range stabilisation;
and (3) compounds which exhibit low stabilisation of G4-DNA.

Herein, we conducted molecular dynamics simulations to
further investigate the molecular basis of binding of these
compounds to G4-DNA and the reasons for their different
ability to stabilise the quadruplex. Furthermore, we report the
first use of metadynamics simulations to examine the kinetics
of binding of these triarylpyridines to G4-DNA. Structural
information derived from the modelling of G4-DNA-ligand
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interactions can lead to new and more effective G4-DNA
stabilisers.

Simulations focused on the interactions of 4 compounds
from our previously reported 2,4,6-triarylpyridine series with the
NMR solution structure of the HTelo Repeat, d(AG;[T,AG3];)
in Na® conditions (PDB 143D).*° The non-polymorphic
nature of HTelo in Na™ conditions and the availability of a
high resolution structure makes it an ideal candidate for
molecular modelling studies. Results obtained from the simu-
lations were compared to the ligand induced change in melting
temperature (AT,) for the F2IT G4-DNA sequence,
d(G;[T,AG;3);), in Na*t conditions previously measured by
us using Forster Resonance Energy Transfer (FRET).® F21T
is a commonly used sequence to mimic HTelo, and differs by
only one nucleotide. The compounds studied were: compound 1
which exhibited high stabilisation of F21T G4-DNA in 100 mM
Na " buffer (pH 7.2) with a AT,, of 31.6 + 1.8 °C; compounds 2
and 3 which exhibited mid-range stabilisations with AT,
values of 10.2 £ 0.2 °C and 10.6 £+ 0.0 °C respectively; and
compound 4 which exhibited low stabilisation with a ATy, of
5.7 £+ 0.5 °C (Fig. 1).8

As for compounds with acridine based central scaffolds,
the compounds in the present study bind strongly between the
upper G-quartet and the connecting loop, with up to 2
additional adenine nucleotides stacking above them (Fig. 2),
although other binding modes cannot be excluded. In this
position there is a very large contact area between the extended
aromatic regions of the compounds and the guanine and
adenine nucleotides that can be expected to assist in stabilising
the quadruplex.

The ability of the compounds to stabilise the quadruplex
can be influenced by both how strongly they bind as well as
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Fig. 1 Schematic representation of compounds studied.
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Fig. 2 Location of ligand binding between the upper G-quartet and
the connecting loop, viewed at right angles and normal to the plane of
the G-quartet for each compound. Snapshots from molecular dynamics
simulations are shown with guanine coloured orange, adenine green,
the DNA backbone transparent and Na™* yellow.

how easily they can find this binding position, that is, by both
thermodynamic and kinetic factors. Thermodynamic factors
can be studied by examining the binding free energy (AG) of
each compound which is reported in Table 1. Each compound
has multiple similar binding modes associated with rotation
around the central axis of the G-quartets, leading to the side
chains of the ligand extending into different grooves. In
general these different binding modes had similar binding
energies, with differences less than about 4 kcal mol ™!, thus
only the mode with the most negative binding energy is shown
(Fig. 2 and Table 1). It is clear that 1 binds more strongly
than 2 or 3 which in turn bind more strongly than our
previously reported triarylpyridine compound lacking the
charged side chains, which displayed a simulated AG value
of —24.6 kcal mol~"."3

Table 1 Binding free energies to HTelo, AG, for each compound
studied (kcal mol™")

Compound Binding free energy AG
1 —42.7
2 —38.6
3 —33.6
4 —46.2

As can be seen in a breakdown of the ligand—DNA inter-
action energies (Table S1, ESIT), the inclusion of charged side
chains notably increases the electrostatic attraction of the
compounds to the DNA, with the side chains pointing either
up or down to contact the negatively charged DNA backbone
of either the loop (above) or strand (below). Although com-
pound 1 contains the same side chains as compound 3, the
electrostatic interactions of the side chains with the DNA are
very different in each case. This suggests that the 4-aryl
substituent on the central pyridine ring is an important factor
in determining the overall positioning of the ligand within the
quadruplex. The larger p-thiomethylphenyl substituent in 1
allows for greater interaction with the DNA backbone com-
pared to the thiophene substituent of 2 and 3. This ability of 1
to form strong interactions with three different loops of the
DNA (compared to only two for 2 and 3), along with its more
negative binding free energy, may account for its much greater
ability to stabilise F2IT G4-DNA seen experimentally.®
Compounds 2 and 3 differ only in their amidoalkylpyrrolidine
side chain length, propyl (C;) for 2 vs. butyl (C4) for 3.
Increasing the length of the side chains, as in 3, places the
positive charges further from the backbone, reducing the
electrostatic interaction and consequently the magnitude of
the binding energy (Table 1 and Table S1, ESIt). However,
despite the difference in binding energy seen in the simulations,
compounds 2 and 3 did not differ in their stabilisation ability
for the F21T G4-DNA in the melting experiments.®

Most interestingly, compound 4 has a very high binding
energy despite the fact that it shows low experimental stabi-
lisation of F21T G4-DNA compared to compounds 1, 2
and 3.% As seen in Fig. 2, the bulky 4-aryl substituent on the
central pyridine ring does not appear to impede binding, the
only difference being the lack of interactions with one of
the adenine nucleotides. If the difference in stabilisation for
4 cannot be explained by the thermodynamics of binding,
it must arise from the ability of the compounds to find the
binding site.

To examine the kinetics of binding, metadynamics simula-
tions were conducted to allow the unbinding of each of the
four compounds to be simulated. As can be seen in Fig. 3A,
the unbinding of 2 takes place in a smooth fashion, with the
compound sliding out of the quadruplex before binding on the
outside of the molecule with only limited energy barriers on
the way. A notable aspect of this process is that the small
thiophene substituent at the 4-position of the central pyridine
ring is able to swing inside the DNA backbone such that it can
occupy the same pocket of the DNA as one of the side chains.
From this position, the compound can leave the DNA with
little impediment. The energy barrier associated with unbinding
of 2 (8 kcal mol™") is similar to that found for compounds 1
and 3 (10 & 11 kcal mol™" respectively).

In contrast, Fig. 3B shows that 4 has great difficulty in
leaving the binding site, with a barrier for unbinding of greater
than 20 kcal mol™!. As a consequence, much less of the free
energy surface is sampled during the 35 ns. As the benzyl
phenyl ether substituent at the 4-position of the central
pyridine ring in compound 4 is larger than the thiophene
substituent in compound 2, it cannot swing past the DNA
backbone. Thus, the compound must leave by moving over
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Fig. 3 Free energy surface and transient structures for the unbinding
of (A) 2 and (B) 4 from HTelo G4-DNA from metadynamics simula-
tions with free energy plotted as a function of the position of the
central pyridine of the compound relative to the distance from the axis
passing through the G-quartets and the distance above the plane of the
top G-quartet. Contour intervals of 1 kcal mol™! are shown. Colours
are as for Fig. 2. Local minimum energy c, d and f and transition state e
structures for 2 are shown along with their location on the free energy
surface. Local minimum energy g and i and transition state h
structures for 4 are shown along with their location on the free energy
surface. For 4, the high energy of the transition state structure h results
from the upper G-quartet dissociating to allow the compound to exit
the binding site.

one of the end strands. This requires the top G-quartet to
break apart, which comes at a large energy cost as seen in the
large ridge in the free energy surface between the two minima
that represent the compound stacking on the G tetrad and
binding on the outside of the G4-DNA. As the same barriers
that prevent 4 from leaving will also hinder entry of the
compound into the binding site, the simulations suggest that
this compound can only enter the binding site by breaking the
G-quartet. For this reason it is kinetically more favourable for
this compound to bind on the outside of the DNA where it has
only a limited stabilising influence on the quadruplex.

The metadynamics simulations also suggest possible binding
pathways for 2 to HTelo G4-DNA, as highlighted in Fig. 3.
Initial binding is likely to occur on the outside of the quadruplex
with the two side chains clamping over the top or side of the
DNA (c). From here, one of the side chains can swing into the

centre of the quadruplex above the top G-quartet (d). Finally,
the rest of the molecule can follow the chain through the
transition state (e) into the binding site and stack above the
guanine nucleotides (f). Movies showing the unbinding of 2
and 4 are included in the ESI.{

We have predicted through molecular dynamics simulations
that the presence of a large 4-aryl substituent on the central
pyridine ring of the 2,4,6-triarylpyridines, as in compounds 1
and 4, allows for stronger interactions of these ligands with
G4-DNA. This is not only due to the greater interaction of the
larger 4-aryl substituents with the DNA backbone, but also
due to the ability of these larger 4-aryl substituents to better
position these ligands within the G4-DNA resulting in greater
interactions with the charged side chains and larger binding
energies. However, a more negative binding free energy (AG),
does not necessarily imply greater stabilisation (AT},) as seen
for compound 4. Using metadynamics simulations to model
the unbinding of these compounds from G4-DNA, we suggest
that the ability of the compounds to stabilise G4-DNA also
depends on the kinetics of binding, i.e. the ability of the ligand
to enter the G4-DNA binding site. Hence, in the case of
compound 4, large 4-aryl substituents impede the ability of
the compound to enter the G4-DNA binding site, resulting in
the compound binding weakly on the outside of the DNA and
where it provides less stabilisation. In order to design more
potent G4-DNA ligands which demonstrate both tight binding
and high stabilisation, it is crucial that we consider how
substituents on the ligands influence both the thermodynamics
and kinetics of binding.
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