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G-quadruplex stabilizing ligands demonstrated their capability to decrease cell growth in
vitro and in vivo cancer models. After more than a decade of investigations aimed at targeting
telomeric G-quadruplexes, the development of G-quadruplex-based binding ligands has progressed
slowly with only one candidate making it to clinical trials. The most urgent problems are the lack
of high-resolution structural data for many G-quadruplex forms and small molecules’ low
selectivity.

Two 400 ns molecular dynamic simulations of quercetin and taxifolin interactions with
hybrid form of human telomeric G-quadruplex DNA were conducted. Binding modes of ligands
were identified. Energetic parameters and hydrogen bonds formations were calculated. The
interaction of taxifolin with G-quadruplex loop is an obvious example how slight difference
between chemical compounds could define binding mode.

G-quadruplex — telomeres — molecular dynamic simulation — cancer

In vitro W in vivo pwngytnwjhu UnnGuGpnid Q-pyuwnnniwGeultn wjntuwgunn hquunutnp
gnigwpbpnud BU pghgutph wéh UJwagbgdwl niuwynieinit: NuncdUwuhpniggnilltpp, juwywd
Q-pwnpniybpultn Jwwnn |hqwunubph hGwn, nwunwn plUpwge LU niubgb), W Jhwju UGy
dhwgntejntl £ hwub) Yihuhywywu hGwnwgnuinienituuGph tneh: Hpw hhdbwwl wwwnéwnubpu Gu
pwquuwrehy Q-pdwnpniwipulltph - pwpén Gagpunpuiniejwl Ywenigdwédpwihl dutinh Jtpwptinpuw
nyjwiubph nbntywnynipjwl pugwywinienitup W hquunubph gwdp puinpnnwywunc-gjnLup:

hPpwywlwgntp U pybpgbnhuh W tweuhdnihtup thnfuwgnbgnipjwu Gpyne 400 uy UnGyne-
|wjhu nhuwdhy uhdniywghwlbn dwpnne G-pqunpniwbpuwihu ebindGpuGpwihu YU6-h htwn: Mwn-
qupwuybtu thquunutph Yuwdwu adubpp: Iwpdwpydb) Gu Eubpgbnhy ywpwdtunptn W opwédlwhu
Jwwh adbwynpnudubpp:  Swpeuhdnihuh thnfuwgnbgnginiup Q-pqunpniwiteuh hwugnygh hbuin wy
ophuwy E, pE huswbu phuhwywl Jhwgnientlubph  thnpn twppbpnipintup Ywpnn £ uwhdwuby
thqwiunh YuuwdJwu élp:

Q-pywinpnLwy bpu — pENUGNUEN — UnjEYynuwhl nhuwdhly uhdneywghw — pwngltn

G-KkBafipyIIIeKC CTAOMIM3NPYIOIINE JINTAH/IBI TPOSIBISIOT IUTOTOKCHYHOCT B OTHOIIICHUH
pocTa pakoBBIX KJIETOK B iN VIVO u in Vitro moxensx. B pesynbrare AecATUIIETHUX HCCIICIOBAHMIT
B3aUMOJIEHCTBUSI HU3KOMOJIEKYJISIPHBIX JIMTaHA0B ¢ G-KBaAPYIIIEKCHBIMU CTPYKTYpPaMH OBUIO BBI-
SIBICHO BCETr0 OJJHO COCAMHECHUE, JOCTUTIIEeE KIMHUYECKUX UCIbITaHUNH. OCHOBHBIMU NIPUYUHAMU
3TOrO SIBJIAIOTCS OTCYTCTBHE CTPYKTYPHBIX AaHHBIX BBICOKOTO paspelleHust MHOxecTBa G-KBaapy-
IJIEKCHBIX (hOpM, a TaKIKe HU3Kasi CEICKTUBHOCTh UCCIIEAYEMbIX JIMTaHIO0B.
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Beum mpoBenensr ae 400 HC MONEKYISIPHO JUHAMHYECKUE CHUMYJIIAIMN B3aHMOICHCTBHS
KBepueTnHa U Takcudoimua ¢ tenomepHoil G-kBanpymekcHoit JJHK demoBexa. Brumi BeIIBIICHBI
CalThl CBA3BIBAHUSA JIMTAHAOB. bpUIN paccuuTaHbl SHEPreTHYECKUE IIapaMeTphl U BOJOPOIHBIE CBSI3HU.
BzanmopeiictBue Taxkcudonuua ¢ neried G-KBaapyruiekca HamJISiTHO JEMOHCTPHUDYET pOilb He-
3HAUUTEINIBHBIX PA3IMYUil B XUMUUECKOH CTPYKTYype JIMTaHIIOB B UX MOJIE CBSA3bIBAHUS.

G-k6adpynnexc — menomepol — MONEKYIAPHO OUHAMUYECKAS CUMYIAYUS — PAK

Telomere is a region of repetitive nucleotide sequences at end of a chromosomes
which prevents them from non-homologous pairing, damage during cell division,
exonuclease and ligase activities [1]. The telomeric ends of human DNA consist of
tandem repeats of d(TTAGGG), 5-10 kb hexanucleotide sequences that form a terminal
single-chain 3'-overhead [2]. The structure and stability of telomeres is related to cancer,
aging, genome maintaining and genetic stability [3]. The G-quadruplex structures that
form at the distal 3' end of the human telomeres prevent hybridization of the DNA single
strand with the telomerase RNA template and therefore was considered as a potential
target for new anticancer therapy based on the use of low molecular weight ligands [4].
G-quadruplex stabilizing ligands demonstrated their capability to decrease cell growth in
vitro and in vivo cancer models [5, 6].

Based on the molecular structure and functions, dihydroquercetin (taxifolin) is
close to quercetin and routine, but it surpasses them by pharmacobiological activity: it is
not mutagenic and less toxic than the mentioned compounds [7]. Taxifolin is known for
its anti-proliferative effects on different types of cancer cells by inhibiting cancer cell
lipogenesis [8].

After more than a decade of investigations aimed to targeting telomeric
G-quadruplexes, the development of  G-quadruplex-based binding ligands has
progressed slowly with only one candidate making it to clinical trials [9]. One of the
reasons is the lack of high-resolution structural data for many G-quadruplex forms and
G-quadruplex binding ligands low selectivity. Another problem is the dynamic
polymorphism of these structures and the limitations of traditional biophysical methods
in the study of this phenomenon [10]. Low-resolution spectroscopic methods, such as
circular dichroism or UV spectroscopy, are not accurate enough to determine the
differences between structural conformers within ensemble. High resolution methods,
such as Nuclear Magnetic Resonance (NMR) and crystallography also provide limited
information in the study of structural polymorphism of G-DNA structures [11].

Molecular modeling and simulations are powerful tools to provide detailed
structural and dynamic information to decipher the binding nature of DNA ligands [12].
In this study, we conducted molecular dynamics simulations with a free ligand to
decipher the binding modes and interaction features of quercetin and taxifolin to
intramolecular human telomeric G-quadruplex structure. Major binding poses were
identified and detailed binding pathways were characterized.

Materials and methods. Intermolecular telomeric G-DNA structure were obtained from
Protein Data Bank (PDB ID: 2HY9) [13]. It’s a hybrid G-DNA topology formed in K" solution.
This topology also has AAA ftriplet that naturally occurs, capping the top tetrad of the hybrid-type
telomeric G-quadruplex. This adenine triple was reported to play an important role in the
formation and stabilization of human telomeric G-quadruplex structure in K* solution [14]. The
first model of NMR ensemble was used as the best representative conformer. 2D model of
quercetin and taxifolin were obtained from PubChem [15]. Quercetin and taxifolin 3D parameters
for molecular dynamic simulations were generated using the acpype tool [16] for the General
Amber Force Field [17] with AM1-BCC partial charges. ACPYPE (AnteChamber PYthon Parser
interfacE) is a python script within the ANTECHAMBER software that generates small molecule
topologies and parameters for GROMACS and other MD software. Figures of ligands interaction
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with G-quadruplex DNA structure were obtained with using of VMD tool [18]. Diagrams and
plots of electrostatic and Van der Waals (VdW) energies were obtained using xmgrace module of
GROMACS software. Hydrogen bond identification diagram was obtained using matplotlib [19].

We conducted two Molecular Dynamics (MD) simulations of G-DNA with taxifolin and
quercetin using the GROMACS suite, v 2016.5 [20]. Amber ff99SB-ILDN force field was used
for the MD simulations [21]. In all cases, Short-range non-bonded interactions were cut off at 1.4
nm. Particle Mesh Ewald (PME) was used for the calculation of long-range electrostatics. A time
step of 2 fs was used during heating, the production run, and coordinates were recorded every 2 ps.
Each MD simulation of 200 ns were performed.

Structures were placed in a dodecahedron box of TIP3P water, to which additional K
counter-ions were added for neutralizing system. After that two steepest descents minimization
were performed and then equilibrated in two stages. The first stage involved simulating for 200 ps
under a constant volume (NVT) ensemble. The second stage involved simulating for 2000 ps
under a constant-pressure (NPT) for maintaining pressure isotropically at 1.0 bar [22]. The
temperature was sustained at 300 K using V-rescale algorithm. For isotropic regulation of the
pressure, the Parrinello-Rahman barostat was used.

Mdtraj were used for identification of hydrogen bonds formation between quercetin and
taxifolin with human telomeric G-quadruplex. Gromacs energy module was used for the
calculations of VdW and electrostatic energy and rms module was used for RMSD calculations.

+

Results and Discussion. Telomeric G-DNA and taxifolin ab initio simulation.
Starting from unbound state (fig. 1A) taxifolin finds its binding mode within first 55 ns of
simulation. Taxifolin interacts with the top of DNA molecule inducing conformational
changes to the AAA loop, especially to adenin26 and adenin15 (fig. 1B). Both molecules
are stable during 200 ns simulation (fig. 2E). Based on VdW (fig. 1F) and electrostatic
energy calculations (fig. 1G) and hydrogen bond identification analysis (fig. 1H) it’s more
likely that interaction between taxifolin and hybrid form of telomeric human G-quadruplex
DNA is mostly driven by electrostatic forces. To confirm taxifolin binding mode, the
simulation was extended to 400 ns, during which taxifolin maintained its binding state.

Fig. 1. A) Starting point of simulation; taxifolin (left right corner) is in unbound state. B)
Interaction of taxifolin with adenin26 and adeninl5. C and D) zoomed view of taxifolin binding
mode with hybrid human telomeric G-quadruplex DNA. F) Electrostatic energies. G) VdW
energies. H) Mdtraj hydrogen identification results. 1 weak hydrogen bond forms in 200 ns.

Telomeric G-DNA and quercetin ab initio simulation. Starting from unbound state
(fig. 2A) quercetin interacts with G-DNA by stacking to the top of molecule and
inducing conformational changes to the loop at the bottom side of molecule similar as in
taxifolin-G-DNA simulation, but on the opposite side of molecule (fig 2B). Then it quickly
loses its binding state and drops out. It starting to move towards to G-DNA groove until it
reaches its final binding site (fig. 2C). Quercetin finds its binding mode in about 80 ns.
Starting from 60 ns quercetin intercalating to G-DNA in the groove and after stabilizing,
maintains its conformation till the end of the 200 ns simulation. At the beginning both
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molecules endure low structural fluctuations and stabilize after ligand reaches its final
binding state (fig. 2G). According to electrostatic and VdW energies calculation and
hydrogen bonds identification results (fig. 2E, F, H respectively) quercetin intercalation is
accompanied by high electrostatic forces and stabilized by at least two strong hydrogen
bonds. To confirm quercetin binding mode, simulation was also extended to 400 ns, during
which quercetin maintained its intercalation binding mode.

Fig. 2. A) Starting point of simulation. Quercetin is in unbound state. B) Quercetin interacts with
TTA loop. C) Zoomed view of the quercetin intercalation in G-quadruplex DNA groove. D), E), F)
RMSD, Electrostatic and VVdW energies (200 ns) respectively.

In this study, we conducted MD simulations with a free ligand to analyze the
binding modes and interaction features of quercetin and taxifolin to intramolecular
human telomeric G-quadruplex structure. Major binding poses were identified and
detailed binding pathways were characterized. As a result of comparison analysis
between quercetin and taxifolin following conclusions could be stated. One of the most
urgent problems in G-quadruplex binding ligands is selectivity. G-quadruplexes binding
ligands also bind to B-DNA through intercalation. That explains the lack of selectivity (
< 10.000 fold difference required for cancer therapy) of this compounds to two DNA
forms. Specificity of G-quadruplex structure topologies allows ligands to have several
different binding modes, such as bottom, top, side stacking, interaction with the loops
and others. Based on the results of this study, we suggest that designing small molecules
or modifying biological ones the way that prevents their intercalation to B-DNA would
improve ligands selectivity to a degree. Further investigations of taxifolin and quercetin
interaction with other human telomeric G-quadruplex structural forms are required for
better understanding of binding patterns of this molecules.
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