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1,3,5-Triazine derivative of dipyridyl amine (dpyatriz) and the Cu(Il), Zn(II) complexes have been prepared,
characterized by CHN, IR, NMR and mass measurements and interacted with HTelog and HTelo,, the two types of human

telomere repeat DNA (TTAGGG)n; n =

8, 20. The telomere DNAs have been treated with all three compounds (dpyatriz,

Cu-dpyatriz and Zn-dpyatriz) under parallel/antiparallel and random coiled conditions. The interactions are followed by
circular dichrosim measurements, fluorescent intercalator displacement (FID) assays and molecular docking studies through
MOE program. The free ligand and its Cu(II) and Zn(II) complexes stabilize predominantly antiparallel G-quadruplex form
under antiparallel and no salt conditions. The binding constant (K,) values calculated for the ligand and complexes are in the
range of 1.9 x 10> M to 4.2 x 10’ M! under various conditions show the higher affinity of G-quadruplex conformations.
The FID assay using thiazole orange with HTelo,, clearly depicts the G-quadruplex stabilization through strong binding
mode. Also, all the three compounds dpyatriz, Cu-dpyatriz and Zn-dpyatriz show an intercalative mode of interaction with
antiparallel G quadruplex DNA in molecular docking studies. The compounds show cytotoxicity with the ICs, values in the
range of 50 — 90 nM, and antitelomerase activity in the range of 5 to 10 uM.
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The telomerase enzyme which is responsible for the
maintenance of telomere length in cancer cells and
thus for their immortalisation, catalyses the formation
of telomeric DNA repeatsl. Telomerase, is also
considered as a biomarker for finding the stage of
cancer as it is expressed in 80-90% of cancer cells,
but not in normal somatic cells*’. So, it is therefore
considered as molecular target for selective
therapeutic intervention. The human telomere DNA
with its TTAGGG repeat sequence tend to form
inter/intramolecular G-quadruplex secondary
conformation in the presence of suitable small-
molecules*” (Scheme 1).

The stacked conformation of guanines together in
quadruplex formation may physically detach the
association of telomere substrate to the active part of
the telomerase enzyme and other telomere-binding
proteins, which would turn on a DNA damage signal
and eventual inducement of apoptosis pathways®. A
large number of such quadruplex-binding/inducing/
stabilizing molecules have been studied, and most of
them possess a planar aromatic chromophore such as

an acridine, anthraquinone, perylene diimides and
porphyrin derivatives’ "> which can interact with the
planar G-quartet surface of a quadruplex through
n-m interactions. Also the substituents containing
hetero aromatic chromophores like the natural
product telomestatin, neomycin conjugates, pyridine,
phenanthroimidazole and triazine derivatives also
tend to stabilize G-quadruplexes'®?’. The binding
affinity of these ligands can further improved by the
presence of positive charge. 1, 3, 5-Triazine
derivatives are widely used as herbicides, drugs or
polymers like melamine formaldehyde that has
excellent thermal and electrical properties. They have
exhibited promising potential as antitumor agents,
enzyme inhibitors, and other bioactive agents.
However, their metal complexes received little
attention for biological applications partly due to their
poor solubility in both water and common organic
solvents. The dipyridyl amine based Ru, Rh and Ir
complexes were reported in the synthesis of
luminescent compounds and nickel complexes were
used in the copper-catalyzed oxidation of DTBC had
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the activity of the catalyst’ ®. Also the Ir(III)
complexes had the stronger influence in
photophysical properties and Fe(Il) complexes are
used in the formation of insoluble molecular material
consisting of 1D polymeric chains and showing great
diversity in magnetic behavior’® **. Number of pseudo
polymorphic phases was derived from Pt(Il) complex
of this ligand and used in the development of new
antitumor agents dpyatriz acts as an hexadentate
ligand with Zn(Il) and Co(Il) complexes. Some
of the Zn(Il) complexes have been found to be
efficient fluorescent sensors for benzene molecules,
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Scheme 1 — (a) G-tetrad, (b) parallel and (c) antiparallel
G-quadruplexes
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photoluminescent properties of this ligand derivatives
were also investigated for their electroluminescent
applications, Copper complexes are extensively
studied and accepted because of their biologically
accessible redox potential values’® . Trinuclear
complexes of Cu(Il) used as building blocks for the
controlled assembly of 2D honeycomb-type networks
and shows prominent DNA cleavage activity .
Fluorescent titration experiments of Cu(l) and Ag(Il)
complexes of this ligand has distinct electronic
property differences. This ligand and its Pd(Il)
complex have been of particular interest for use in
organic light emitting diodes (OLEDs) largely due to
their good film forming properties®®*’. Although,
numerous reports of this star shaped ligand and their
metal complexes were available and extensively used
in earlier literature for their magnetic and
photophysical properties, but their biological activity
applications have not been explored so far, only few
of them are reported. Accordingly, in this paper we
discuss the results on interaction of 1,3,5-triazine
derivative of dipyridylamine and its Cu(Il), Zn(II)
complexes (Fig. 1) with telomere DNA to stabilize
G-quadruplex conformation and their application
towards antitelomerase and anticancer properties.

Experimental Details
Materials and Methods

Cyanuric Chloride, DIPEA, 2,2’-dipyridylamine,
THF, CDCls, Ethanol, Methanol, CuCl,, ZnCl, were
purchased from sigma-aldrich and of analytical grade.
Calf thymus DNA (CT DNA) and Human telomeric
DNA with short and long range (HTelog and HTelo,)
were purchased from Microsynth, Swizterland. For
the biological studies milli Q water was used. The
distilled and dried organic solvents were used for the
synthesis. The stock of the compounds synthesized
were prepared in DMSO for biological studies, and
then appropriately diluted with phosphate buffer. The
FT-IR spectrum was recorded in Alpha Bruker
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Fig. 1 — (a) Ligand dpyatriz, (b) Cu-dpyatriz and (c) Zn-dpyatriz compounds
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spectrophotometer. CHN analysis was done on a
Perkin-Elmer 2400 series II analyser. 'H and "C
NMR were done on Bruker 500 MHz.

Preparation of dpyatriz

Cyanuric chloride (5 mmol) was dissolved in THF
and refluxed for 10 min. Then the base
diethylisopropylamine (DIPEA) was dissolved in 5
mL of THF and was added dropwise to the reaction
mixture and refluxed for another 10 min. To this
mixture, 15 mmol of 2,2’-dipyridylamine was added
under stirring condition. Then the total mixture was
refluxed continuously for another 48 h. The solvent of
the reaction mixture was removed under pressure and
the product was isolated as pale white solid. To this
solid excess double distilled water was added and
stirred for 24 h to remove HCI salt, then the
precipitate was filtered and weighed 2.061 mg *®. The
synthesis scheme is shown in Scheme 2.

Synthesis of the complexes

The Cu(Il) and Zn(II) complexes of dpyatriz ligand
were prepared by reacting the ligand in methanol to
CuCl, or ZnCl, solution in methanol at 1: 3; ligand to
metal ratio, respectively. The resulting mixtures were
stirred at 60°C for 6 h, and then it was cooled to room
temperature. Green precipitate was obtained for Cu-
dpyatriz and pale white color precipitate was obtained
for Zn-dpyatriz after filtering”’. The complexes were
dried under vacuum in the oven. The yield was
calculated as 65% (3.22 mg) for Cu-dpyatriz and 72%
(3.59 mg) for Zn-dpyatriz. The synthesis scheme is
shown in Scheme 3. The CHN analysis report
and observed spectra for all the compounds are shown
in Table S1 and Fig. S1-S6, respectively, in
Supplementary Information.
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Scheme 2 — Synthesis of the ligand dpyatriz
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Characterizations of Cu-dpyatriz

MALDI-TOF m/z: 991.98 [CU3C33H24N12C15]+.
Elemental analysis calculated (%) for
C33H24N12C16CL132 C, 3996, H, 244, N, 1694, %
found: C, 39.13; H, 2.48; N, 16.12; IR (KBr): 3147
(m), 1603 (s), 1551 (s), 1466 (s), 1381 (s), 1299 (s),
1157 (s), 774 (m), 651 (m) cm™.

Characterizations of Zn-dpyatriz

MALDI-TOF m/z: 994.52 [Zn;C33H4NCls+
CH;OH]'". Elemental analysis calculated (%) for
C33H24N12CIGZH3§ C, 3973, H, 242, N, 1685, %
found: C, 39.12; H, 2.46; N, 16.11. IR (KBr):3147
(m), 1604 (s), 1552 (s), 1466 (s), 1377 (s), 1299 (s),
1155 (s), 771 (m), 651 (m) cm™.

Circular dichroic spectral studies

Circular dichroic (CD) spectra of calf thymus DNA
(CT DNA), HTelog and HTelo,, of human telomeric
DNA sequence in different buffers with or without
compounds treated were recorded by using JASCO
J-715 spectropolarimeter at 37°C. All experiments
were done using 0.2 cm path quartz cell. Each CD
spectrum was collected after averaging over at least 5
accumulations using a scan speed of 100 nm min™
and 1 s response time. Machine plus cuvette baselines
were subtracted and the resultant spectra zeroed
outside the absorption bands. Necessary equilibration
time (normally 5 min) was allowed prior
to the collection of each spectrum. CD-melting
studies of d(TTAGGG), 10 x 10° M incubated under
no salt conditions with the compounds dpyatriz, Cu-
dpyatriz and Zn-dpyatriz were performed by
measuring OD at 290 nm. Absorption spectra from
200 to 350 nm was collected as a function of
temperature at a ramping rate of 1 °C/min. UV
measurements were performed on a Cary 60
UV-visible spectrometer (Agilent, USA). Melting
temperature (Tm) of each sample was obtained by
first derivative analysis of obtained denaturation
curves using of Origin 9.0. CD data are commonly
reported as ellipticity (0), which is related to
absorbance by a factor of 32.98 (0 = 32.98 Aaps).

_N Cl/\Z“ Q Q\I—Zn—Cl
s o B Y i T\j

Meihanol

Scheme 3 — Synthesis of the complexes Cu-dpyatriz and Zn-dpyatriz
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Conversion from molar extinction (absorbance
corrected for concentration) to molar ellipticity uses a
factor of 3298 ([6] = 3298A¢). By using these
equations above absorbance was calculated and
applied. With the purpose to quantitatively compare
the binding strength, the intrinsic binding constant
(Ky) values of the complexes with Human telomere
DNA were calculated by the following equation,*.

[DNA] [DNA] 1
£, & & & Ky (& &)

Where ¢,, &, and &, are the apparent, free and
bound complex extinction coefficients, respectively.
A plot of [DNA]/(e,—¢;) versus [DNA] gave a slope
of 1/(e,—&r) and a Y intercept equal to 1/Kj (e — € f);
K}, is the ratio of the slope to the Y intercept.

Fluorescent intercalator displacement assay

FID assay is used to check the ability of the
treating compounds to displace thiazole orange (TO),
the specific G-quadruplex intercalator bound to the
nucleic acid, upon their strong binding. The
fluorescence spectra of TO bind to the nucleic
acid were recorded with Ay at 491 nm and A., at
580 nm. The experiments were done in JASCO
spectrofluorimeter with base line corrected using
appropriate reference cell at 25°C. The cuvettes are of
1 cm path length and made out of quartz. The DNA
sample of d(TTAGGG) concentrations used were
5 x 10° M (in 10 mM phosphate buffer) and the
HTeloy, were stabilized under appropriate parallel
or antiparallel conditions as required. The TO
concentration used was 10 x 10° M and the
compounds concentration used was 15 x 10° M.
An incubation time of five minutes was given before
each spectrum recording for equilibration.

Molecular docking and dynamics

Molecular docking studies were carried out using
Molecular Operating Environment (MOE v.2019.01)
software package (Chemical Computing Group,
Montreal, Canada) to investigate the binding mode
and interactions between the synthesized compounds
and the receptor telomeric DNA. The pure ligand
dpyatriz  and their Cu-dpyatriz, Zn-dpyatriz
complexes were built using chemdraw office ultra (R)
version 7.0.4. These structures were converted into
three-dimensional coordinates of MOE files and
energy minimized. The MDB format of the ligand and
complexes were obtained using MOE v.2019.01
software with potential fixed and partial charges

added. These compounds were docked with X-ray or
NMR derived telomere DNA stabilized in parallel
(PDB ID: 1KF1), antiparallel (PDB ID: 2MCO) and
hybrid (PDB ID: 6CCW) conformations. These PDB
files of telomere DNA were converted to .MOE files,
H,O added and energy minimized. The RMS gradient
was fixed as 0.1 kcal/mol/A. Atoms farther than 8A
were fixed. Docking of the receptor DNA with the
above mentioned compounds were done using the
method triangle matcher and with scoring function
London dG in GBV/WSA dG force fields. The
refinement of the docking data was done under
induced fit protocol. The output was based on 30 runs
and the best five poses with the lowest RMSD were
shown, and the one selected as the best binding mode
was based on again the least RMSD value. Further
interaction map and binding energies were obtained as
the induced fit docking results.

Antitelomerase assay

The TRAP assay was done by using TRAPeze kit
from Sigma-Aldrich. The concentrations of the
compounds used were from 1 uM to 250 uM, and
even from the lowest concentrations, PCR
amplification products could not be observed, except
for the control, 36 bp amplification product. The non-
radiative polyacrylamide gel was used to view the
products.

Anticancer studies

The MTT assay measures the cell proliferation rate
or the cell viability based on the cell metabolic
activity. The adenoma stage respective cancer cell
lines, which are kept under constant cultures were
treated with the compounds and were analysed
for cytotoxicity profile using the MTT assay as
described by Alley et al.**. The method uses (2-(4,5-
dimethylthiazol-2-yl)-  2,5-diphenyl-2Htetrazolium
bromide), for the mitochondrial reduction in living
cells to produce blue insoluble purple formazan
crystals. The cells used for the study were cultured in
McCoy’s medium, with 10% fetal calf serum and the
antibiotics streptomycin (100 pg/mL) penicillin (100
units/mL). For the assay, cells were placed in 96 well
plates and cultured in the above-said buffer for 24 h
under 5% CO, atmosphere at 37°C. Then the
compounds were added to the micro well plates,
appropriately from the stock (in DMSO) to the final
concentrations of 0-200 pM. An incubation period of
48 h was allowed and the cell survival conditions
were determined by the absorbance of DMSO
dissolved formazan crystals at 590 nm. This was done
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using a BIO-RAD microplate reader (model 680). The
concentration of the complex that kills the cell growth
to 50% in comparison to the starting control was
calculated from the graph obtained by plotting the cell
survived (%) and the complex concentration (in uM).
The results reported are an average of three
experiments. The Graph Pad Prism Software, version
3.0, 2000 was used to construct the graph and analyse
the data.

Results and Discussion

Synthesis and characterization

The ligand dpyatriz was prepared by a simple
condensation method as explained® in the
experimental section. The yield obtained was 70%.
ESI-MS m/z: 589 [M+H]". Elemental analysis
calculated (%) for C33HuNyp: C, 67.33; H, 4.10; N,
28.55; % found: C, 67.16; H, 4.48; N, 28.74. IR
(KBr): 3147 (m), 1567 (s), 1488 (s), 1408 (s), 1352
(s), 1234 (s), 1168 (s), 1082 (m), 860 (m), 802 (s),
755 (s). '"H NMR (CDCls, 500 MHz) 6.90 (d, 6H, py-
H), 7.33 (m, 6H, py-H), 7.66 (m, 6H, py-H), 8.51 (d,
6H, py-H) ppm; "C NMR (CDCl;, 500 MHz)
121.1(6C, py-C), 122.9(6C, py-C), 137.4(6C, py-C),
145.2(6C, py-C), 157.9(6C, py-C), 164.4(3C, triazine-
C) ppm. Mass data of dpyatriz, Cu-dpyatriz and Zn-
dpyatriz complexes are shown in Table 1.

Circular dichrosim (CD) studies

The compounds dpyatriz, Cu-dpyatriz and Zn-
dpyatriz were interacted with two different human
telomere DNA sequence, HTelog and HTelo,,. HTelog
— a DNA sequence of d(TTAGGG)g with a repeat of
eight (in total 40 bases) and HTeloy - a DNA
sequence of d(TTAGGG),, with a repeat of twenty (in
total 140 bases) are used to study the interactions of
the compounds under study towards G-quartet
formation and G-quadruplex stabilization. HTelog has
the ability to form G-quadruplex at short-range and
HTeloy expected to form 4 to 6 G-quadruplex
structures in long range. The selection of two different
HTelo DNA in short and long range order are to
check the ability of the compounds to stabilize the
G-quartet and then to G-quadruplexes under parallel
and antiparallel stabilized conditions (100 mM KCl

and 100 mM NaCl, respectively) and also with no
cationic conditions which is a random coiling form. The
parallel or antiparallel G-quadruplex conformation
adapted by the human telomeric DNA sequence
d(TTAGGG)n under induced conditions shall be
effectively described by circular dichroic spectral
features. The base lines for buffer and the compound
absorptions were appropriately deducted in the
telomere DNA response during the compounds
titration. The compounds were added incrementally
with  increasing concentration in 1:5 ratio
(DNA:compound) and the interactions were followed
by circular dichroism spectroscopy. The parallel G-
quadruplex conformation stabilized under 10 mM
phosphate buffer, 100 mM KCI shows a negative
band around 240 nm because of right-handed helicity
and a positive band around 275 nm due to base-
stacking™. The antiparallel G-quadruplex conformation
stabilized under 10 mM Phosphate buffer, 100 mM
NaCl shows a positive band at 240 nm and negative
band at 260 nm together a base stacking band at
290 nm™®.

When HTelog stabilised under parallel G-
quadruplex conditions was treated with the pure
ligand and Zn-dpyatriz, the negative 240 nm elipticity
band was stabilized and due to base stacking band at
290 nm depicting the G-quartet formation (Fig. 2).
In HTeloyy, under parallel G-quadruplex condition,
the pure ligand, and Zn-dpyatriz were found to
interacted in such a way that the negative band at
240nm decreases along with the 290nm band increase
similar to the HTelog DNA (Fig. 2). This effect was
observed previously by many literature reports***. In
conclusion HTelog and HTeloy, under parallel
G-quadruplex condition, the ligand dpyatriz and
Zn-dpyatriz ~ stabilized the induced antiparallel
conformation. But the Cu-dpyatriz showed the
intensity increase at 290 nm base stacking band with
HTelog and HTelo,, and the negative helicity band at
240 nm began to increase with HTeloy,. Thus
interaction of Cu-dpyatriz with HTelo,y DNA clearly
stabilized antiparallel G-quadruplex conformation
with some induced CD intensity due to Cu-dpyatriz
stacking over bound Cu-complexes®*. Because of
the presence of external loop residues all CD spectra

Table 1 — Mass data of dpyatriz, Cu-dpyatriz and Zn-dpyatriz complexes

Molecular formula
Cs3HygNyy
Cu;3C33H,4N1,Clg
Zn3C33Hp4N,Clg

Compound
dpyatriz

Cu-dpyatriz
Zn-dpyatriz

Molecular weight calculated ~ Molecular weight observed

588.58 589 [Cs3HaeN, + H]
991.98 991.98
997.51 997.52
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Fig. 2 — CD spectra of HTelog under parallel G-quadruplex stabilized conditions (10 x 10°°M) treated upto 5 equivalents of (a) dpyatriz,
(b) Cu-dpyatriz and (c) Zn-dpyatriz; CD spectra of HTelo,, under parallel G-quadruplex stabilized conditions (9.9 x 10°M) treated upto

5 equivalents of (d) dpyatriz, (¢) Cu-dpyatriz and (f) Zn-dpyatriz
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Fig. 3 — CD spectra of HTelog under antiparallel conditions (7.14 x 10°M) treated upto 5 equivalents of (a) dpyatriz, (b) Cu-dpyatriz and
(¢) Zn-dpyatriz; CD spectra of HTeloy, under parallel G-quadruplex stabilized conditions (9.28 x 10°M) treated upto 5 equivalents of

(d) dpyatriz, (e) Cu-dpyatriz and (f) Zn-dpyatriz

under parallel conditions shown a dominant band at
290 nm which revealed the coexistence of dimeric
parallel G-quadruplex structures® . It has been
resulted that the interaction of compounds with
HTelog and HTeloy, under the solution of K* forms a
chair-type quadruplex, as a replacement to the basket-
type structure™ ",

HTelog, when

G-quadruplex conditions

stabilized under
with the pure

antiparallel
ligand

dpyatriz, Cu-dpyatriz and Zn-dpyatriz, the negative
band at 260 nm was not disturbed by all the
compounds and the positive bands at 242 and 290 nm
were highly stabilized with the increase in the
intensity revealed the stability of antiparallel
G-quadruplex conformation as a yield of the
interactions with compounds treated™ (Fig. 3). On
interaction with HTeloyy under antiparallel conditions,
very similar observations as for Htelog were found on
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interaction with all the three compounds and
confirmed the antiparallel stabilization both in the
short and long range sequences (Fig. 3).

When HTelog and HTelo,, under no salt conditions
were treated with dpyatriz, Cu-dpyatriz and Zn-
dpyatriz the antiparallel G-quadruplex conformation
was stabilized with a lot increase in the CD intensity
at 290 nm band*~°. Also the band at 260 nm showed
increase on incremental addition of all the three
compounds (Fig. S7). Inspite of the fact, without any
prior incubation step of DNA and the compounds, the
conformations got stabilized within five minutes for
parallel and antiparallel G-quadruplex conformations
under K', Na" and no salt conditions, respectively. On
the whole, these results suggested that all compounds
selectively induce or stabilize the antiparallel
quadruplex form of telomeric DNA under the
presence of K" or Na' ions and no salt solutions.

The parallel or antiparallel G-quadruplex
stabilization may be due to the presence of strong n-nt
interaction between the triazine, pyridine ring of the
ligand and guanine bases of the DNA, the
stabilization of G-quadruplexes under no salt
conditions depicts the ability of the ligand and its
complexes towards orienting the guanines toward
G-quartet formation and coupling the G-quartet towards
G-quadruplexes. Hence the compounds dpyatriz, Cu-
dpyatriz and Zn-dpyatriz have high affinity to induce
and stabilize parallel and antiparallel G-quadruplexes.
The changes seem to be irreversible, which are tested
through ethidium bromide treatment, a classical
intercalator which would revert any molecular
binding by its classical intercalation binding mode
(data not shown). Additionally, based on the intensity
values obtained in the titration, the ligand or complex-
DNA binding constant, K, was calculated as
described in the experimental procedure.

The K, values reported in the literature for the
complexes like salicylidene-phenyldiamine complexes
of Ni(Il) and Cu(II) were 5.42 x 10° M and 1.42 x
10° M'®D and for the schiff-base complexes of
Cu(II) and Zn(II) were 2.04 x 10° M and 1.98 x 10°

magnesium — carrole complexes are reported with
the binding constants values as 2.16 x10* and
434 x10° M'®™) and for trinuclear Ru(Il)
polypyridyl complex it was reported as 2.44x10°
M RO ynder  antiparallel  conditions.  Our
compounds binding constants are in the order of 1.9 x
10° M™ to 4.2 x 10" M (Table 2) under parallel,
antiparallel and no salt G-quadruplex conditions.
These K, values strongly suggest the high affinity
binding of the compound to telomere DNA and their
folding to G-quadruplex conformations.

Irrespective of the cation present (K™ or Na") or
without any cations our compounds were able
to stabilize the antiparallel conformation. On
comparison with binding constants, the results
showed that the K, values for HTelog in KCl solution
were nearly 10 to 15 times greater than the DNA
solutions in antiparallel and no salt conditions. Each
phase of the folding of G-quadruplex conformation is
favoured by K’ coordination because it reduces
electrostatic repulsions. Since Na' residing in the
center of the tetrads holds the guanines more tightly
than K* which reduces the reactivity of the guanines
not allowing to the investigated compound to interact
with lateral loop. Moreover, the shorter eight-repeat
sequence (HTelog) also exhibits a clear cation-
dependent folding topology rather than higher-repeat
one (HTeloy). In addition, this is well correlated to
our observation of modeling results that the guanine
G10, despite being out of plane, secems well
positioned to coordinate K™ with its O6 resulted end
stacking mode of binding interaction.

The right-handed double helix of CT DNA is
defined by the positive band at 272 nm due to base
stacking and the negative band at 242 nm due to right
handed helicity. On interacting with the pure ligand
dpyatriz and its Cu, Zn complexes, the right-handed
helicity bands are affected little by decrease in
intensity and the base stacking bands showed a slight
shift (about 3 nm) with an increase in intensity
(Fig. S8). The increase in intensity on the base
stacking band on interaction with all three compounds

MRS ynder parallel conditions. Copper or

can be attributed to the stacking interactions by the

Table 2 — Binding constant values K, (M) of dpyatriz, Cu-dpyatriz and Zn-dpyatriz complexes on interaction with telomere DNA

Compound K, (M™") values for HTelog K, (M) values for HTelo,g
Parallel condition antiparallel condition No salt Parallel condition antiparallel condition No salt
(100 mM KCI) (100 mM NaCl) condition (100 mM KCI) (100 mM NaCl) condition
dpyatriz 42x 10’ 3.16x 10° 1.5x10° 43x10° 7.0x10° 7.6x10°
Cu- dpyatriz 3.6x 107 1.9x10° 9.6x 10° 497x10° 7.01 x 10° 4.1x10°
Zn- dpyatriz 9.3 x 10° 4.6x10° 1.2x10° 47x10° 6.8x 10° 92x10°
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compounds with the DNA bases®’. The thermal
denaturation experiments clearly demonstrated the
strong binding of the compounds under no salt
conditions, with AT,, values of 22, 27 and 35°C for
dpyatriz, Zn-dpyatriz and Cu-dpyatriz, respectively®.
According to these findings, the compounds
intercalates to G-quadruplex and CT-DNA via 1 —n
stacking on one or two different types of dependent
binding sites. The high affinity site appears to
undergo intercalation first, then the low affinity site.
The number of binding sites for both types of sites is
the same, with n = 6 for G-quadruplex and 9.3 x 10
for CT-DNA. According to these numbers, the
G-quadruplex molecule has one binding site for every
two base pairs while the CT-DNA molecule has two
to three binding sites for every base pair. According
to the binding constants, compounds had a similar
or 10-12 higher affinity for G—quadruplex than
CT-DNA. The increased hydrophobicity of the
grooves in CT-DNA compared to those between the
G-G-quartets quadruplex's may be the cause of
compound's similar or lesser affinity for CT-DNA.

Fluorescent intercalator displacement (FID) assay

The binding affinity of the compounds under study
towards G-quadruplex conformation of DNA was
evaluated using a displacement assay. The compound
thiazole orange intercalates with high affinity to G-
quadruplex/double stranded stabilized DNA and emits
on intercalation between the base pairs. Compounds

1 1

INDIAN J. CHEM., MARCH 2023

are treated with G-quadruplex DNA which is already
pre-treated with thiazole orange and the displacement
of thiazole orange by the compounds under study
would lead to then quenching of the thiazole
orange emission induced due to intercalation on
G-quadruplex/double stranded DNA®**. The thiazole
orange dye is also highly selective towards
G-quadruplex over duplex DNA in comparison to
ethidium bromide®. The assay is based on the
decrease in fluorescence that follows when a ligand
displaces the DNA intercalator thiazole orange from a
DNA structure. Thiazole orange is excited at 510 nm
and on intercalation it emits at 510 to 700 nm. The
FID assay is done for HTelo,y, human telomeric DNA
sequence stabilized in parallel (10 mM phosphate
buffer, 100 mM KCI) and antiparallel (10 mM
phosphate buffer, 100 mM NaCl) conditions. The
dpyatriz, Cu-dpyatriz and Zn-dpyatriz compounds
were then treated with G-quadruplex DNA which was
already pre-treated with thiazole orange. When the
pure ligand dpyatriz, Cu-dpyatriz and Zn-dpyatriz
were added to the thiazole orange treated HTeloy
under parallel conformation, the emission was fairly
quenched by the free ligand dpyatriz. The emission of
Cu-dpyatriz and Zn-dpyatriz were highly quenched
(Fig. 4). The strong decrease of the fluorescence of
the TO revealed the Cu and Zn complexes had higher
affinity to G-quadruplex DNA and were binding
strongly to the parallel conformation and TO was
removed away from the G-quadruplex folding.

(@) l (b) l

12000000

() l
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Wavelength (nm)

Fig. 4 — Emission spectra of TO in the presence of HTelo,, stabilized under parallel G-quadruplex conformation before (i) and after
treatment (ii) with dpyatriz (a), Cu-dpyatriz (b) and Zn- dpyatriz (c); Emission spectra of TO in the presence of HTeloy, stabilized under
antiparallel G-quadruplex conformation before (i) and after treatment (ii) with dpyatriz (d), Cu-dpyatriz (e¢) and Zn-dpyatriz (f)
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The Cu-dpyatriz and Zn-dpyatriz showed TO
emission quenching as observed for the parallel
conformation, under the treatment of antiparallel
conditions also. The pure ligand showed little
emission intensity decrease under antiparallel G-
quadruplex conditions. These results suggest the
strong and effective binding of the compounds to the
telomere DNA displacing the TO through an
intercalative way (Fig. 4).

MOE molecular docking studies

The parallel, antiparallel and hybrid G-quadruplex
forms of DNA were obtained from PDB for molecular
docking experiments. The ligand and its Cu and
Zn complexes were docked as described in the
experimental. The major interactions, bond distances

and energy of binding were presented in Table 3.
1KF1 from PDB was chosen for parallel
G-quadruplex DNA, and converted to MOE file. The
cations present in the central channel of 1KF1 were
removed and energy minimized to leave the empty
binding sites®®. The ligand dpyatriz, Cu-dpyatriz and
Zn-dpyatriz compounds were docked with 1KF1 and
the binding modes were investigated. The ligand
dpyatriz interacted in an end stacking mode on top of
the G-quadruplex structure with strong interaction
with G4, G10, G22 guanines (Fig. 5). The triazine and
the pyridine ring of the dpyatriz ligand were involved
in strong m-m and m-H interactions through end
stacking mode with the G16 guanine base of DNA.
The ligand showed weaker interactions with T17

Table 3 — Major interactions of dpyatriz, Cu-dpyatriz and Zn-dpyatriz with G-quadruplex DNA

Receptor Compound Ligand / complex

atom in interaction
Parallel G dpyatriz C 43
quadruplex DNA 6-ring
(PDB ID: 1KF1) Cu-dpyatriz N 56
Zn-dpyatriz 6-ring
Anti parallel G dpyatriz 6-ring
quadruplex DNA C 49
(PDB ID: 2MCO) N 51
Cu-dpyatriz N 34
Cu 76
N 16
Zn-dpyatriz Zn 79
N 16
Hybrid -2 form of G dpyatriz C 35
quadruplex DNA C 41
(PDB ID: 6CCW) Cu-dpyatriz Cl 81
Cu 80
N 36
N 74
Zn-dpyatriz Zn 76

Receptor Interaction  Distance (A) E
(kcal/mol)

6-ring DG 16 H-pi 4.42 -0.7
c2 DG 16 pi-H 4.74 -0.9
OP1 DG 14 H-donor 3.18 2.1

6-ring DG 8 pi-pi 3.90 -0.1
c4' DT 12 pi-H 4.00 -1.1
5-ring DA 13 H-pi 4.66 -0.7
cr DT 12 H-acceptor 3.50 -0.7
OP2 DT 11 H-donor 3.05 -3.9
OP2 DG 10 Metal 2.54 -1.2
o4 DT 12 H-donor 2.95 -3.0
OP2 DT 11 Metal 2.00 -3.0
6-ring DT 12 H-pi 4.63 -0.7
6-ring DT 2 H-pi 3.36 -0.5
6-ring DG 12 H-pi 4.29 -0.6
06 DG 16 H-donor 3.18 -2.5
OP1 DG 6 Metal 2.65 -1.0
6-ring DT 13 H-pi 4.00 -3.1
OP2 DT 14 H-donor 2.81 -11.6
OP1 DG 12 Metal 2.02 -2.3

Fig. 5 — Docking pictures of parallel G-quadruplex strand with (a) dpyatriz, (b) Cu-dpyatriz, (c) Zn-dpyatriz and their interaction maps
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thymine, G4, G10, and G22 guanines also. The
Cu-dpyatriz interacted with the G114 guanine
primarily in an end stacking mode. The G14 guanine
was interacted highly with both the triazine and
pyridine N part of the Cu-dpyatriz through =n-n
interactions. Secondary interactions were observed
between the G2, G8, G15, G20, T17 and A19 bases of
DNA and the Cu complex. The G8 guanine base of
DNA was highly interacted with the Zn-dpyatriz
through 7m-n interactions. The T11, A7, A13, G2, G14
and G20 bases showed secondary interactions with
Zn-dpyatriz. Thus, the ligand dpyatriz, Cu-dpyatriz
and Zn-dpyatriz compounds showed an end stacking
mode of binding interaction with the parallel G
quadruplex DNA.

For antiparallel DNA a NMR solution structure
derived PDB file, 2MCO - the basket type antiparallel
G-quadruplex structure was chosen for docking
experiments®’. The cations present in the central
channel were again removed, energy minimized and
then docked with dpyatriz, Cu-dpyatriz and Zn-
dpyatriz. All the three compounds showed an
intercalative mode of binding between the basket part
of the antiparallel strand and the G-tetrad as binding
result (Fig. 6). Strong n-m interactions were observed
between G10, G14 and G22 guanine bases and the
triazine, pyridine ring of the dpyatriz ligand. G2, G21
and T11 bases involved secondary interactions with

the ligand. In Cu-dpyatriz, pyridine ring involved H-
donor interactions with the G10, G14, G22 and T11
bases. Secondary interactions were involved with G2,
G9, G14, G21 and T12 bases. Like Cu complex the
Zn-dpyatriz, pyridine ring involved H-donor
interactions with the T12 base. Prominently the Zn
metal of Zn-dpyatriz complex involved in interaction
with T11 base. Secondary interactions were also
observed with G9, G10, G14, G22 and A13 bases
with Zn complex. All the three compounds, the
intercalative mode of interaction was observed with
added interactions as described in Fig. 6. These
extensive interactions might be the primary reason for
these compounds to induce and stabilize the
antiparallel G-quadruplex conditions.

Another NMR derived hybrid structure of telomere
DNA (6CCW)®™ was also docked with the dpyatriz,
Cu-dpyatriz and Zn-dpyatriz under the conditions as
described above. Similar to the antiparallel G-
quadruplex binding mode, intercalation mode of
interaction was the primary binding modes for
dpyatriz and Cu-dpyatriz. But the Zn-dpyatriz showed
an end staking mode of interaction. Strong m-m
interactions were observed with T2, T13 and G12
bases with pyridine ring of the dpyatriz. Secondary
interactions were also observed between G4, G5, G6,
G16, A3 and A15 bases and the ligand (Fig. 7). The
total ligand intercalated between the G-quartets and

Fig. 6 — Docking pictures of antiparallel G-quadruplex strand with (a) dpyatriz, (b) Cu-dpyatriz, (c) Zn-dpyatriz and their interaction

maps
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Fig. 7 — Docking pictures of hybrid G-quadruplex strand with (a) dpyatriz, (b) Cu-dpyatriz, (c) Zn-dpyatriz and their interaction maps

extended their binding, thus stabilizing the hybrid
G-quadruplex conformation. On interaction with
Cu-dpyatriz, H donor acceptor interactions were
observed between chlorine, pyridine nitrogen of the
ligand and G4, G12, G16 bases. The Cu metal of the
Cu-dpyatriz also interacted with G6 guanine base.
The H-m interaction was also observed between T13
base and Cu complex. Secondary interactions were
observed between G4, G5, G11, G22, A3, Al5 and
T2 bases and Cu-dpyatriz. On interaction of
Zn-dpyatriz with hybrid DNA, The Zn metal of the
Zn-dpyatriz was interacted with G12 guanine base.
The pyridine nitrogen of Zn-dpyatriz was involved in
interaction with T14 base of the DNA. Secondary
interactions were found between T13 base and with
the Zn-dpyatriz complex. The Zn-dpyatriz was
intercalated by end stacking binding mode shown in
Fig. 7. Interaction report for parallel, antiparallel and
hybrid DNA docking with all the three compounds
are given in Tables S2-S10 in Supplementary
Information.

Antitelomerase activity

The TRAP assay was done with reference to the
previously published procedures®®. The preliminary
experiments towards antitelomerase activity showed
inhibition of telomerase enzyme with ICsy values in
5-10 uM concentrations for the pure ligand and Cu,
Zn complexes7°. The ICsy values were presented
in Table 4 and the procedure was described in

Table 4 — ICs, values of the compounds for their antitelomerase
activity done through TRAP assay

Compound ICsp value (uM)
dpyatriz 10
Cu-dpyatriz 5
Zn-dpyatriz 6

ICso - 50% inhibitory concentration of telomerase activity

experimental. The concept of the experiment is the
effective and stable induction of G-quadruplex forms
especially from the intramolecular telomere sequence
would then make the sequence unavailable for the
telomerase enzyme to elongate it for the cell survival.
Compounds showing weak or moderate binding to the
G-quadruplex do not result in antitelomerase activity.
Our compounds in the tested range (from 1 uM to
250 uM), do not show any elongation products
except the control revealing the high induction of
the G-quadruplex conformations on the telomere
sequence. The intercalative mode of binding and
further extended interactions by the multidendate
ligand (dpyatriz) and with the coordinated metal ions
in their Cu-dpyatriz and Zn-dpyatriz compounds
rendered the stable G-quadruplex folding with
biological significance and resulted in prominent
antitelomerase activity.

Anticancer activity
The compounds dpyatriz, Cu-dpyatriz and Zn-
dpyatriz were tested for anticancer activity against
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Table 5 — ICsq values (in nM) of the compounds for their anticancer activity done through MTT assay on different cancer cell lines

Compounds MCEF7 M19-MEL EVSA-T A2780
dpyatriz 80 92 78 69
Cu-dpyatriz 50 62 56 72
Zn-dpyatriz 58 69 70 77
ICsq - 50% inhibitory concentration of cell growth
MCF7 (breast cancer cell line), M-19 MEL (human 2  Meyerson M, J Clin Oncol, 18 (2000) 2626.

melanoma cancer cell line), EVSA-T (harmone
independent human breast cancer cell line) and A2780
(ovarian carcinoma cell line). All the three
compounds were very active with their ICsy values
ranging in nanomolar concentrations (Table 5). The
compounds stabilize the antiparallel G-quadruplex
conformation, even under no salt conditions. The
strong interaction of these compounds with telomere
DNA towards G-quadruplex folding and stabilization
may result in the interruption of the telomerase
enzyme action and can be very effective as seen with
the anticancer activities.

Conclusion

The dpyatriz, Cu-dpyatriz and Zn-dpyatriz
compounds induce and stabilize antiparallel G-
quadruplex conformations in both short and long
range human telomeric sequences, both in the
presence and absence of alkali ions. The CD studies
reveal the strong stabilization of the G-quadruplex
forms on interaction with the above compounds. The
FID assays also reveal the strong binding of the
compounds with the G-quadruplex stabilized form by
displacing the bound thiazole orange. Molecular
docking studies on the G-quadruplex stabilized
sequence models with the compounds under induced
fit conditions revealed the intercalative mode of
interaction of the compounds as the most
preferred one. The formed G-quadruplexes were
thermodynamically stable and irreversible, thus
resulting in efficient antitelomerase and anticancer
activity in-vitro.
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