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Abstract

Biophysical Aspects of Binding Interactions between Anticancer
Drugs and G-Quadruplex DNA

The G-quadruplex (GQ-DNA), an alternative structure motif of DNA, has emerged as
a novel and exciting target for anticancer drug discovery. GQ-DNA structure formed
in G-rich sequence in presence of monovalent cations such as Na'/K*. At the end of
human telomeric sequence consisting of tandem repeat of TTAGGG single stranded
DNA sequence forms G-quadruplex. GQ-DNA formed by human telomeric DNA at
the chromosomal end is the point of interest due to their direct relevance for cellular
aging and abnormal cell growths. Small molecules that selectively target and
stabilize G-quadruplex structure(s) may serve as potential therapeutic anticancer
agents. In this work, we have studied the interaction of proflavine and harmine with
human telomeric DNA sequence. Spectroscopy and calorimetric studies indicate that
association of proflavine (PF) with GQ-DNA is an enthalpically as well entrophically
driven phenomenon with a 3:2 (PF:GQ-DNA) stoichiometry and the binding of PF to
GQ-DNA is characterized by intrinsic association constants of ~1 x10° M™. PF
binding with G-quadruplex induces G-quadruplex structure more towards parallel
structure. When GQ-DNA complexes with PF, it gains extra stabilization, which is
reflected from the rise in melting temperature of ~8°C. With observed binding
stoichiometry (PF:GQ-DNA = 3:2) from isothermal titration calorimetry (ITC) and
job’s plot, we propose that one molecule of proflavine (PF) gets sandwiched between
two molecules of GQ-DNA, and two PF molecules are stacked to each of the two

remaining ends of GQ-DNA.

In the case of study of interaction between harmine and GQ-DNA, we have
observed that a noteworthy decrease in absorption and severe quenching in
fluorescence intensity upon addition of GQ-DNA. This observation indicates a strong
binding interaction between harmine and G-quadruplex. It is further supported by
excited state time-resolved measurements. Increase in hydrodynamic radius of
harmine bound GQ-DNA compared to drug alone (calculated from time-resolved
anisotropy data) confirmed a complex formation between harmine with GQ-DNA. We

have calculated the binding stoichiometry of the complex from Job’s plot and we



have found 3:2 (harmine:GQ-DNA) binding stoichiometry. Presently, we are also
trying to get insight into the thermodynamics of this binding process with the help of

ITC measurements.



1. INTRODUCTION

Living in an era of upraising cancer threats, one of the prime focuses of modern
science is anticancer drug developments and its application towards a hazard free

humanity. A countless number of drugs® are known either to intercalate or bind to
G

groove which results inhibition for DNA replication and R H
N—I-f----NAN’R
hence cell division. Not only the canonical genomic DNA {:(;;[H G
h
H
|

but several non-canonical DNA structures are also treated =

as potential targets for anti-cancer drugs.> Among various ;:}—v &:}
non-canonical DNA motifs, a special kind known as G- R’"V"“““*"J\"
guadruplex demands burgeoning attention since discovery \ G- qua“e‘

of tetramer guanosine residue by Gellert et. al. in 1962°. G- \ /
guadruplex is a four-stranded DNA (GQ-DNA) structure,

having stacked G-quartets held together by eight

Hoogsteen hydrogen bonds (Figure 1).>* G-quadruplex Figure 1. G-quadruplex
formed mainly in G-rich DNA sequences like promoter region of some proto-
oncogenes for example C-MYC, C-KIT, KRAS and at human telomeric end.®> The
guadruplex sequences are well known to stabilize in presence of metal ions. During
this metal ion assisted folding of G-quadruplex it shows polymorphism.* ® The
structural diversity of G-quadruplex DNA is largely dependent over its sequence as
well as experimental conditions (Figure 2)*. Interestingly folding of specific DNA
sequence into G-quadruplex structure of different topology depends not only over the

types of cations (such as Na*, K"), but also over small molecules, or certain cationic
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Figure 2. Polymorphic G-quadruplex.4 Different structures stabilized in presence of metal ions.*



Telomere is a segment of DNA occurring at the ends of chromosomes in
eukaryotic cell (Figure 3). Human telomeres are usually of 5-8 kb in length, formed
by 5-TTAGGG-3' tandem repeats. The bulk portion of telomeric DNA adopts a
double-helical conformation keeping G-rich sequence paired with C-rich
complimentary sequence. However, the 3’ end of such telomeric DNA resides
overhang as single stranded G-rich DNA of approximately 100-200 bases in length
(Figure 3). These single stranded DNA has very high affinity to fold into a G-
quadruplex structure in presence of small cations such as Na*, K, etc (Figure 2).
Typically, Na" induces antiparallel structure while K* induces a mixed population of
both parallel and antiparallel structure of human telomeric G-quadruplex DNA®
®®(Figure 2). Telomeric G-quadruplex structures have received widespread attention

because telomere plays an important role in cellular ageing and cancer®.
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Figure 3. Biological role of telomeric DNA and telomerase.”

1.1. Telomerase:

DNA in the cell nucleus is copied by an enzyme known as DNA polymerase.
A DNA polymerase makes a new DNA strand (the process known as replication)
from 5 to 3 direction, by adding a free nucleotide onto the growing 3-end of new

strand. DNA replication is a semi-conservative process in which the replication of
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overhanging terminal ends (lagging strand) of chromosome cannot be accomplished
by conventional DNA polymerase.® Because of the inability to replicate ends of the
chromosome, telomere would progressively gets shorter and shorter in each cycle of
DNA replication.* '° The telomeric sequence shrinks with each cycle of replication
and quickly results in the loss of vital genetic information, which is needed to sustain
a cell's activities. As a result, the chromosomes become less stable, leading to
cellular dyefunction and cell death. However, the end replication problem is solved
by an enzyme called telomerase, a ribonucleoprotein.® ** Telomerase recognises the
tip of existing G-rich telomeric sequence (TTAGGG) using a RNA template within the
enzyme telomerase, and extends the DNA strand in 5'to 3' direction (Figure 4). This
extended lagging strand now provides the necessary template for completing
synthesis of the remaining DNA by DNA polymerase. Thus, telomerase plays a
crucial role in making chromosome stable by compensating partially the loss of

telomeric DNA during DNA replications.

TELOMERE REPLICATION

Missing DNA on 1. When the RNA primer is
5 lagging strand removed from the 5’ end of
: the lagging strand (see
! Figure 14.14), a strand of
parent DNA remains
unreplicated.

e

2. Telomerase binds to the
“overhanging” section of
single-stranded DNA.
Telomerase adds
deoxyribonucleotides

to the end of the parent
DNA, extending it.

3. Telomerase moves down
the DNA strand and adds
additional repeats.

A

—_—— 4, Primase, DNA polymerase,
; and ligase then synthesize
the lagging strand in the
'—3’ direction, restoring
3’ the original length of the
chromosome.

5
AAUCCC

Sliding clamp

DNA polymerase

Figure 4. Telomerase and it's role in elongation of telomeric DNA sequences.'?
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Telomerase expression is tightly controlled in normal somatic cells in which the
telomere become shorter during each round of cell division. Therefore, the length of
the telomeric DNA sequence and the rate at which it get shorter in each cycle of
DNA replication (cell division) determine the age of a particular cell. Consequently,
these progressive decreases limit the proliferation potential of cells, whereas, 80-
85% human tumor cells having functional telomerase that keep elongated telomeric
DNA and hence it leads to an abnormal growth of cells (cancer)®. Inhibition of
telomerase and the related telomere shortening is key strategy for development of
anticancer agents. Formation of stable telomeric G-quadruplex DNA (GQ-DNA) can
resists the telomerase activity (Figure 3), as it cannot function as a potential
substrate for the enzyme. Though there are reports that G-quadruplex forming
sequences are also present in the promoter region of some proto-oncogenes for
example C-MYC, C-KIT, KRAS, etc. Among these, G-quadruplex formed by human

telomeric DNA at the chrosomal end®® > > 14

is the point of interest due to their
direct relevance for cellular aging and abnormal cell growths®.

Small molecules and/or ligands (Scheme 1) that recognize and bind to G-
quadruplex in telomeric DNA are celebrated as potential anti carcinogens.* **> The
very basic requirements for a molecule to be a G-quadruplex stabilizer is mainly
three; (i) a heteroaromatic ring capable of 1r-staking interaction with nucleobases, (ii)
a planner structural part which can fit over G-quatret plane and (iii) a cationic center
which acts as initiator through electrostatic interaction with phosphate backbone of
DNA™M™ 1% Among various such kinds of molecules, we have studied the binding
interaction of proflavine (PF) and harmine with G-quadruplex DNA and its effect over
GQ-DNA structural stabilization. We have used steady state and time resoled
fluorescence, circular dichroism (CD) and isothermal titration calorimetry (ITC) to
explore the structural impact and the thermodynamics influences due to small the

binding of planar anticancer drugs.
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derivative
Scheme 1. Structure of molecules shown anti-telomerase activity.
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1.2. Proflavine:

Proflavine (acridine-3,6-diamine) is an acridine derivative. Acridine and its
derivative belongs to the polynuclear N-hetroaromatic family and have number of
significant pharmaceutical uses'’. Therefore, interaction of acridines with DNA has
been studied extensively. For a prolonged duration acridines are well known to as
intercalator in double stranded DNA and established as mutagenic as well as anti-
carcinogenic'®. The intercalation of acridine and its derivatives with DNA leads to
inhibition of topoisomerase action that prevents important intracellular process like
replication, transcription and repair*®. Therefore, many of the acridine derivatives are
well used in chemotherapeutic agents?®®. Although a bulk of literatures are found
regarding several acridine derivatives interacting to double stranded DNA,'® but
study regarding interaction of proflavine (PF) with GQ-DNA is scarcely available.
Understanding of proflavine interaction with non-canonical forms like G-quadruplex
DNA might provide new insight towards understanding of potential telomerase
inhibitor activity of PF.

N oK,= 95 \
h H+ =
L/// N NH,

NH, H2N

H

Figure 5. Different prototropic forms of proflavine.

Literature reports on photophysics of proflavine shows that both absorbance and
fluorescence spectra strongly depends upon the nature of the species formed and
surrounding environment in their respective ground state and excited state®*. Lowest
excited singlet state of proflavine in hexane solution is strongly n-mm* in character
whereas in polar or polar protic solvents like alcohol/water the lowest excited state is
clearly -m* in character®?. An increase in polarity of the solvents leads to a blue
shift in absorption and red shift in emission spectra®. Since proflavine having higher
dipole moment (2.72 D) in excited state than ground state(1.62 D)?* leads to more
stabilisation of excited state than ground state in polar solvent, hence, red shift in
emission and blue shift in absorption are observed. In the present study we used
mainly the photo-induced emission of protonated PF (pKa = 9.5, Figure 5.) in steady

state and time resolved technique to explore its interaction with GQ-DNA.
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1.3. Harmine;:

Harmine (7-methoxy-1methyl-9H-pyrido[3,4-b]indole) is a natural alkaloid from
B-carboline family. Harmine is generally isolated from plants like P. Harmala®® |
mostly found in eastern Mediterranean region and central Asia, North Africa and
Middle East.

Harmine has many biological and pharmacological interests.?* It has
recently drawn attention due to their anticancer activities. It has been shown that
harmine interact with DNA via both groove binding as well as intercalative mode and
cause major DNA structural changes®. Harmine inhibits the activity of
topoisomerase, and thereby, prevents important intracellular process like replication,
transcription and repair.?%® Harmine is also associated with inhibition of the protein
kinase DYRKIA. Over expression of DYRIA has been implicated in multiple diseases
like tumergenesis, and uncontrolled cell proliferation®’. In addition to that, it has been
recently shown that harmine can reverse resistance to anticancer drugs
(Camptothecin and Mitoxanthrone) by inhibiting the breast cancer resistance protein
(BCRP)?® which is responsible for multidrug resistance. Although a bulk of literatures
are found regarding interaction of harmine with double stranded DNA and proteins,

but there are no such studies reported with G-quadruplex.

\ \
HsCO
HaCO \ pK, =7.8 N
NH N
/+ H+ N Z
N H
CHs CHgs

Figure 6. Different prototropic forms of harmine.

Literature reports on photophysics of harmine shows that both absorbance and
fluorescence spectra strongly depends upon the nature of the species formed and
surrounding environment in their respective ground state and excited state®. It was
observed that harmine exists in equilibrium between neutral and cationic form in
protic solvents like methanol and water. At lower pH = 7, it exists exclusive in
cationic form and shows absorption and emission maxima at 320 nm, and 400 nm

respectively. Between pH = 7 to pH = 9.5 both cationic as well as neutral form exist,
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as its pKa value is 7.8 (Figure.6), and above pH = 9.5 only neutral form exists.
Although at higher pH only neutral form exists in the ground state, two emission
bands appears: the neutral form emission (350 nm) and the zwitterions form
emission (500 nm). Excitation spectra study reveals that zwitterions is formed
exclusively in the excited state as result of double proton transfer process from
neutral form via either N*->Z* and/or N*-C*—Z** The presence of several
protophilic and protophobic functional groups (pyridine nitrogen and pyrrole nitrogen)
is responsible for the existence of different forms of harmine at different pH. In the
present study we have used mainly the photo-induced emission of protonated
harmine (pH = 6.8) in steady state and time resolved fluorescence techniques to

explore its interaction with GQ-DNA.

1.4. Motivation of the Present Work:

Looking the structure of protonated proflavine and harmine, these seem to
have high possibility that proflavine and harmine can bind to G-quadruplex because
it has (i) heteroaromatic ring capable of pi-staking interaction with nucleobases, (ii) a
planner structure which can fit over G-quartet plane and (iii) a cationic centre which
is necessary to involve in electrostatic interaction with phosphate backbone of
DNA™2. Herein, we probe G-quadruplex and drugs association through steady sate
and time resolved fluorescence spectroscopy to explore the effect of stabilization of
GQ-DNA by an extrinsic non-covalent fluorescent marker. The structural
modifications of G-quadruplex upon binding are highlighted through Circular
dichroism (CD) spectra. A very detailed insight of thermodynamics of the interaction
has been provided though Isothermal titration calorimetry (ITC) studies. The
thermodynamic parameters obtained from steady-state anisotropy and ITC helps to
gain the knowledge about the nature as well as driving forces of binding. Present
work shows proflavine can act as a telomere G-quadruplex stabilizer through an
entropically as well as enthalpically feasible process with high binding ability, and
can be further used as an anti-carcinogenic molecule for the same. From steady-
state and time-resolved spectroscopy techniques, harmine is also believed to be

involved in strong stacking interaction with GQ-DNA.
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2. MATERIALS, METODS AND INSTRUMENTATION

The 24-mer human telomeric (H24) DNA (5'-TTAGGGTTAGGGTTAGGGTTAGGG-
3') was purchased from Integrated DNA Technologies (IDT) and was used as
received. Stock DNA solution was prepared by dissolving in 5 mM KH,PO,4 and 5
mM K;HPO, (pH=6.8) containing 150 mM KCI (PBS). All experiments and sample
preparations were carried out in autoclave Millipore water. Before experiments G-
quadruplex (GQ) DNA in PBS was annealed at 90 °C for 10 minute and stored at 4
°C for 48 hrs. The concentration of GQ-DNA was determined by the absorption at
260 nm through UV-visible spectrophotometer (Shimadzu UV-2600) at 25°C using
the molar extinction coefficient at 260 nm of ~2,44,600 M™cm™. Before doing any
experiment, the formation of (3+1) hybrid G-Quadruplex (GQ) structure was
confirmed through CD. The concentration of GQ is expressed in term of the
oligomer, unless otherwise specified. Proflavine (acridine-3,6-diamine) and Harmine
were purchased from Sigma-Aldrich and used without any further purification. The
drugs were dissolved in the same buffer and concentration was determined by the
UV-visible spectrophotometer (Shimadzu UV-2600) using the molar extinction
coefficient 41,000 M*cm™. Due to less solubility of harmine in water, a highly
concentrated stock sample was made in DMSO, so that in all the experiments, the
DMSO content kept below 0.5% (v/v).

Absorbance measurements were performed in Shimadzu UV-2600 UV-Vis.
spectrophotometer, and steady-state fluorescence spectra were recorded in
FluoroMax-4 spectrofluorimeter (Horiba Scientific, U.S.A.). Time-resolved
fluorescence decays were collected on a time correlated single photon counting
(TCSPC) spectrometer (Horiba Jobin Yvon IBH, U.S.A.). In TCSPC, we have excited
drugs at its absorption maximum using, 444 nm diode laser (440 nano-LED, FWHM
= ~200 ps) and 325 nm diode (325 nano-LED, FWHM = ~200 ps) for exciting
proflavine and harmine respectively. The fluorescence signal were collected at magic
angle using a MCP-PMT (Hamamatsu, Japan) detector at respective emission
maxima. For time-resolved anisotropy study, we have used motorized polarizer in
the emission side. The emission intensities at perpendicular (lyn(t)) and parallel
polarization (l\/(t) were collected alternatively for 60 s. For typical anisotropy decay,

the difference between the peak counts at parallel and perpendicular polarization
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was kept to 3000. The analysis of lifetime and anisotropy was done by IBH DAS6
software. We have fitted both life-time as well as anisotropy data with a minimum
number of exponential. Quality of each fitting was judged by y* values and the visual

inspection of the residuals. The value of y*=1 was considered as best fit for the plots.

Circular dichroism (CD) spectra were recorded on a J-815 CD (JASCO,
U.S.A.) at 25°C. The data was collected from 200 to 350 nm at every 1 nm with band
width 1 nm. All measurements were taken in 0.2 cm path length cuvette with 300 uL
sample volume. Each CD profile is an average of 3 scans of the same sample
collected at a scan speed 100 nm/min, with a proper baseline correction from the
blank buffer. During CD measurement, DNA concentration was kept fixed and the
concentrations of drugs were increased steadily. Each spectrum was recorded 10

min after drugs addition to ensure equilibration.

Isothermal titration calorimetry (ITC) measurements were performed in
iTC200 microcalorimeter (Microcal-200) at 25°C. All samples were degassed prior to
use. The titration of G-quadruplex against drugs was performed by injecting drugs in
20 aliquot of 2 pL each with 200 seconds resting time between injections, into a
solution with fixed concentration of GQ in the cell of 200 pL. The blank experiment
was also performed by injecting drugs into PBS buffer and was used to correct
dilution effect. The isotherm was analyzed using single-site binding model and fit by
a nonlinear least squares fitting algorithm using the built-in Microcal LLC ITC
software to yield the relevant thermodynamic parameter.

Melting study was performed using Varian Cary 300 Bio UV-Vis
Spectrophotometer (Thermo Fisher Scientific, U.S.A.). Data were analyzed by using
Origin-Pro 8 software. Thermal melting was monitored at 290 nm with heating rate
1°C/min. Here we have provided melting temperatures (T,,) from best sigmoidal
curve fit of the melting profile.

17



3. RESULTS AND DISCUSSION

3.1. Interaction of Proflavine with G-Quadruplex DNA:

3.1.a. Steady State Results of PF and GQ-DNA: Proflavine (PF) in buffer (PBS, pH
6.8) shows a single unstructured absorption band at ~444 nm (Figure 8) which is in
good agreement with previous reports®. Increasing concentration of GQ-DNA results
in heavily decreased in absorption (almost 53%) along with bathochromic shift from
444 nm to 457 nm up to maximum addition of GQ-DNA (13.5 uM). The strongly
decreasing absorption peak might be an indication towards GQ-PF ground state
complex formation whereas the huge shift (13 nm) in absorption position infers
possible switch of polarity around PF molecules due to DNA binding interaction. The
red shift infers that PF senses a less polar environment as it is well established that
higher polarity around PF vicinity leads to strong blue shift of absorption®’. The
significant alteration of absorption spectra might be the first indication of interaction
between PF and GQ-DNA.

()12 iii) 10
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()} i Wavelength(nm)
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375 400 425 450 475 500
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Figure 7. Absorption spectra of proflavine (4.5 uM) in potassium phosphate buffer (pH=6.8)
containing 150 mM KCI with increasing concentration of [GQ-DNA]/ uM: (i) 0, (i) 0.25, (iii) 0.5, (iv) 1.5,
(v) 2.5, (vi) 3.5, (vii) 5, (viii) 7, (ix) 10, (x) 13.5 where inset shows stoke’s shift with increasing
concentration of [GQ-DNAJ/ uM: (i) 0, (ii) 2.5, (iii) 13.5
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The room-temperature emission spectra of PF in pH 6.8 show a single
unstructured band with the emission maximum around 512 nm (Figure 8A). With the
addition of GQ DNA, it exhibits a 4 nm blue shift (at highest GQ concentration, 13.5
MM) and, a severe quenching (80%) of fluorescence is observed up to maximum
DNA concentration implying a strong interaction with GQ-DNA. Furthermore, there
is almost 10-fold rise in steady state anisotropy value in presence of 13.5 pM GQ-
DNA (Figure 8B). As anisotropy dictates the extent of rigidity offered by surrounding
environment, a high anisotropy value concludes a strong binding interaction between
PF and DNA.
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Figure 8: (A) Fluorescence spectra of proflavine (4.5 uM) in PBS (pH=6.8) with increasing GQ-DNA
concentrations (in uyM); where, i—>x stands for 0, 0.25, 0.5, 1.5, 2.5, 3.5, 5, 7, 10, and 13.5. Inset
shows intensity vs. [GQ-DNA] plot. (B) Steady state anisotropy of proflavine in the presence of
varying concentration of G-quadruplex.

When we think about the reason of quenching two distinct possibilities comes
in picture; either resonance energy transfer or electron transfer from nucleobases to
PF. The possibility of resonance energy transfer can be easily ruled out since there
is no overlap between the emission spectra of PF (donor) and the absorption
spectrum of any of the nucleobases (acceptor). Hence probable reason for PF
emission quenching is electron transfer between nucleobases and PF. Nucleobases
(e.g. adenine (Eo=1.5 eV)*, cytidine (Eox = 1.6eV) 2, and guanosine (Eqx = 1.29
eV)®? thymidine (Eox = 1.7 eV)®® act as potential electron donor to photoexcited
proflavine ring (Eox = -0.78V)*. We feel that positively charged PF molecules
involves in electrostatic interaction with negatively charged phosphate backbone of

GQ-DNA, and then PF interacts with DNA. A very similar view of PF intercalation in
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wild DNA is recently reported by wilbee et al *3. Note that, excited state electron
transfer from nucleobases to PF leading to 80% quenching needs a very strong
stacking interaction between molecules, which is possible either by intercalation
between bases or by stacking at the top of the GQ strand. Although steady-state
studies offer a glimpse of interaction between PF and GQ-DNA, it cannot give such
explicit picture of the interaction, and hence, we have used time resolved emission,
CD measurements, ITC and Job’s plot (discussed later part of the thesis) to provide

the molecular picture of interaction between PF and GQ-DNA.

The binding constant (K, = 1.46x10° M™) is calculated from steady state

anisotropy data using following equation 13* shown in Figure 9.

= x————+1 (1)

fp Kp [GQ—-DNA]

Where, f, and K, are bound fraction of PF and binding constant, respectively. To
calculate bound fraction we used equation (2);%

fo =

Th-TF

T—Tf

(2)

where, 1, 1, andry are represent the anisotropy, anisotropy at saturation (see the Y-
axis labelling in Figure 8 (B)) and free PF, respectively. The estimated binding
constant is in good agreement with the observed binding affinity of alkaloids binding
to GQ-DNA.**®

01 02 03 04 05 06 07
1/[GQ-DNA]

Figure 9. Binding isotherm plot using equation (1).
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3.1.b Excited State Time-resolved Lifetime and Anisotropy Measurements:

Fluorescence lifetime measurement is an excellent technique to explore the
excited-state environment around the fluorophores® and hence can contribute
significantly to understand the PF-GQ-DNA interaction. In PBS buffer (pH 6.8) PF
exhibits a single exponential decay having a lifetime component around 4.8 ns
(Figure 10, Table 1), which is in close agreement to previous reports.”> A
comparison with previous works shows that irrespective to the polarity of the medium
a 4.8 ns is ubiquitously present for PF decay, which might be attributed to the normal

fluorescence lifetime of PF in water.

3000 —— PF (4.5 uM) blank
— PF (4.5 uM) + GQ (2.5 uM)
2500 - —— PF (4.5 uM) + GQ (13.5 uM)
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Figure 10: Time-resolved fluorescence decays of PF in buffer (pH=6.8) and in presence of different
concentrations of GQ-DNA. Legends carry respective meaning.

Table 1: Time-resolved fluorescence decay parameters of PF in the absence and in presence of GQ-
DNA, collected at 510 nm.

Sample u(ns) 1 (ps) ai as Tav (NS) %2

PF (4.5 uM) blank 480 - 1 - 4.8 1.04
PF(4.5uM) +GQ (2.5 uM)  4.82 732 071 029 3.63 1.01
PF (4.5 uM) + GQ (13.5 uM) 5.1 841 056 044 3.22 1.09

*

Tav = T181 T ToQ2
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With the gradual increase of GQ-DNA concentration, though the lifetime of the
long component remains same a new shorter component of 800 ps starts appearing
in the decay profile (Table 1, Figure 10). This reduced lifetime is an outcome of the
guenching effect of PF by nucelobases. The respective contribution of short-lived
component enhanced up to 45% till the maximum addition of GQ-DNA (~15 uM).
This might infer the enhanced extent of complexation between PF and DNA at higher
GQ concentration. The origin of the strong quenching in lifetime can be guessed to
the base-stacking interaction between PF and GQ-DNA, which also corroborates
well with the high extent of quenching in steady state experiment. Although our
results predict that PF involves base stacking interaction with GQ-DNA, at this stage

it will be difficult to get a clear insight about the location of PF molecules in GQ DNA.

04

0.3 = PF (4.5 uM) (Blank)
— PF (4.5 M) + GQ (2.5 M)
= PF (4.5 uM) + GQ (13.5 uM)

0 2 4 6 8 10
Time (ns)

Figure 11: Time-resolved fluorescence anisotropy decays of PF in buffer (pH=6.8) and in presence of
different concentration GQ-DNA. The legends carry respective meanings.

As polarization can give a vivid glance into the bound or unbound states of a
molecule, this technique is employed to gather additional evidence in support of the
interaction of the probe with native and DNA bound PF. Time-resolved fluorescence
anisotropy is an efficient techniqgue to measure the polarization of a molecule

calculated using the following equation®

. L(6)=GIL(¢)
r(t) = I ()+2GIL (1)

3)
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where, I;(t) and I, (t) are fluorescence decays polarized parallel and perpendicular
to the polarization of the excitation light, respectively. G is the correction factor for
detector sensitivity to the polarization direction of the emission. Excited state
anisotropy measurements infer about the rotational motion of the fluorophore, which
directly reflects the extent of restriction imposed by the surrounding environment.
When the probe binds to a DNA, the rotational motion of the probe is expected to be
retarded and is reflected through

Table 2: Time-resolved anisotropy decay parameters of PF in the absence and in presence of GQ-
DNA collected at 510 nm.

Sample 11(ns) 12(NS) a1 a Trav (NS) %2

PF (4.5 uM) blank. 0175 - 1 - 0.175  1.0704
PF(4.5uM) + GQ (25uM) 0245 255 077 023 0.774  1.0190

PF(4.5 uM) + GQ (13.5 uM) 0.360  3.39 0.29 0.71 2.525 1.0842

*
Trav = Trn@1 + Tr2@2

soaring rotational relaxation time of the probe. Time-resolved anisotropy results are
presented in Figure 11. In the absence of DNA, the single exponential anisotropy
decay is observed with rotational correlation time (t;) 175 ps. A single exponential
rotational decay indicates that the probe molecules experience a homogeneous
environment in normal buffer medium. In presence of GQ-DNA, the anisotropy decay
is found to be multiexponential which might be an outcome of distinctly different
rotational relaxation times from free and DNA-bound PF molecules. In presence of
DNA a retarded component (3.4 ns) along with the ~175 ps component appears in
the anisotropy decay profiles of PF. The fast anisotropy component represents the
rotational time of unbound PF, whereas the long component represents the rotational
motion of DNA bound PF. The estimated rotational relaxation times 1, are used to
determine the hydrodynamic volumes of inclusion complex formed between PF and

GQ-DNA by using the following Stokes—Einstein relationship(4)*°.

1 v
T, =— == (4)

6D, KT
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Where D, and n are the rotational diffusion coefficient and viscosity of the medium,
respectively, and V is the hydrodynamic molecular volume of the complex at
absolute temperature T. We calculated the hydrodynamic radius of free and DNA
bound PF. Interesting to note where free PF shows a hydrodynamic radius of 5.6 A
and the DNA bound PF shows a radius of ~15 A. The increase in hydrodynamic

radius is a confirmation of GQ-DNA-PF non-covalent complex formation.

3.1.c. Circular Dichroism (CD) and Thermal Melting (TM) Measurements; a

Structural Glimpse of PF, GQ-DNA Interaction:

Circular dichroism (CD) is a very sensitive technique to explore the modification of
the secondary structure of biopolymers as a result of interaction with small
molecules®’. Therefore we have exploited the CD technique in order to examine
proflavine-induced structural alteration of G-quadruplex. In this study GQ-DNA
concentration was kept constant (5 uM) throughout the measurements and changes
of CD spectra were monitored with increasing concentrations of drug (PF). The CD
spectra of GQ-DNA exhibits peak at ~288 nm and shoulder at ~270, which are

characteristics features of anti-parallel and parallel DNA, respectively (Figure. 12).

6
- GQ (Blank)
— GQ + 2.7 uM_PF
—— GQ + 4.5 uM_PF
44 — GQ + 6.4 uM_PF
(o)
3 2
E
o
@)

225 250 275 300 325 350
Wavelength (nm)

Figure 12. CD spectra of GQ-DNA (5uM) at different concentration of PF, where legends carry the
respective meaning.

The above mentioned feature confirmed the hybrid (3+1) G-quadruplex (in which
three strands are oriented in one direction and the fourth is in the opposite direction)

structure formation and is consistent with previously reported in literature for similar
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sequences in presence of K*.*¥ Enhancement in CD signal with the gradual addition
of PF indicates the stabilization of G-quadruplex. Moreover, the CD signal at ~288
nm is shifting towards the lower wavelength and the shoulder at ~270 nm becomes
more prominent in presence of PF. This CD signal infers the PF binding to GQ-DNA
leading more towards parallel G-quadruplex structure as the 270 nm peak is

characteristic to a parallel GQ-DNA.

To confirm the stability effect by proflavine binding to DNA we have carried
out thermal melting study for free and PF bound DNA. Thermal melting profiles of
GQ-DNA and PF bound GQ-DNA is shown in Figure 13. Binding of proflavine to
GQ-DNA offers a 8(x0.5)°C increase in melting temperature, which infers
stabilization of GQ-DNA due to proflavine binding. It has been earlier reported that
Ethidium derivatives binding to GQ-DNA increasing in melting temperature between
7 to 10 °C inhibits the telomerase activity with high affinity (ICso in nM)*°. Therefore,
considering 8°C increase in melting temperature, it is reasonable to assume that
proflavine can also act as a telomerase inhibitor.

1.0
.o, = GQ-DNA
0.8 o « GQ-DNA+PF
",
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2 =, 8°C™,
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)
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Figure 13. Melting curve for GQ-DNA in absence and in presence of proflavine (PF).

3.1.d. Isothermal Titration Calorimetry (ITC): Thermodynamics of Binding

To obtain thermodynamic parameters of proflavine binding with GQ-DNA,
isothermal titration calorimetry (ITC) was performed. It is an effective and sensitive

tool to characterize binding of small molecules to biomacromolecules and might
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provide valuable key insights into molecular forces that drive the complex formation,
number of binding site and binding energies®. Isothermal titration calorimetric
profiles for proflavine with GQ-DNA are shown in Figure 14. Each peak of the
binding isotherm in the upper panels represents each of the PF injections. The
amount of heat liberated by successive addition of PF is plotted against the molar
ratio of PF to GQ-DNA in the lower panels. A standard nonlinear least-squares
regression binding model for one-site binding is employed to fit the data. The best fit
is shown in the lower panel. Thermodynamic parameter extracted from the fitting of
binding curves are summarised in Table 3. From this study it is revealed that binding
is enthalpically as well as entropically driven phenomenon with a high change of free
energy (AG) -8.24 kcal/mol having binding affinity (K) of 1.13 x 10° M™. The positive
entropy change may originate mainly from two potential sources. Firstly, it may be
attributed to the increased in solvent entropy because of binding of PF releases
water molecules. Secondly, the increased entropy may be appearing due to increase
in mobility of the adenine residues in the edgewise loops. It has been shown earlier
that when a planner aromatic compounds interact with (3+1) hybrid G-quadruplex by
end stacking, results in an increased mobility of adenine residues in edgewise loops
(Scheme 1)*. The proflavine binding-induces destacking of these bases leads to
increase in the configurational entropy of GQ-DNA.
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Figure 14. Upper panel (A) shows raw data for the titration of GQ-DNA (in cell) with proflavine (in
syringe), where as the lower panel (B) shows integrated heat profile of the calorimetric titration shown
in panel (A). The solid line represents the best nonlinear least-square fit to a single binding site model.
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Table 3. Thermodynamic Parameters from Isothermal Titration Calorimetry (ITC) data.

Binding constant (K) N AH AS AG
(M7 (kcal.mol™) (cal.mol*K?)  (kcal.mol™)
(1.13+0.65) x 10° 1.37+0.18 -2.042+0.37 20.8 -8.24

Interestingly, from ITC number of binding sites are found to be nearly 1.5,
which further supports the binding stoichiomety (GQ-DNA:PF = 2:3) determined from
the break point in the Job’s plot*?

ratios of PF (Figure 15).
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Figure 15: Job’s plot of PF with GQ-DNA interaction. Here npr represents mole fraction of proflavine
(PF)

Literature reports of binding stoichiometries for the small molecules
interaction with G-quadruplex are highly diverse. Planar aromatic compounds are
known to bind with GQ-DNA via external end 1r-11 stacking to the surface of the G-

1041 Molecules like porphyrins®, phenanthroline

guartet at the one or both of ends
derivatives®, plant alkaloids (Berberine and Sanguinarine)*, Quindoline and its,
isaindigotone derivatives*®, etc show multiple binding modes with GQ-DNA. Whereas

Ellipticine binding was found to be 3:2 (Ellipticine:H24)%?

Combining all these
previous reports along with the observed binding stoichiometry (PF:GQ-DNA = 3:2)
from ITC and job’s plot, we propose that one molecule of proflavine (PF) gets

sandwiched between two molecules of GQ-DNA. Moreover, two proflavine
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molecules are bound (end stacked) to the two remaining ends of GQ-DNA (Scheme
2).

GQ-DNA:PF
complex

Scheme 2. Proposed molecular picture of binding interaction between PF and (3+1) hybrid telomeric
GQ-DNA.
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3.2. Interaction of Harmine with G-Quadruplex

3.2.a. Steady-State Absorption and Emission Results:
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Figure 16. Absorption spectra (A), and excitation spectra (B) of harmine (4.4uM) in potassium
phosphate buffer (pH=6.8) containing 150 mM KCI with increasing concentration of [GQ-DNA]/ uM:
(1) 0, (2) 0.32, (3) 0.129, (4) 2.55, (5) 4.4, (6) 6.78, (7) 11.82, (8) 17.

Absorption spectra of harmine in presence of different concentration of GQ-DNA are
shown in Figure 16. The absorbance is exclusively coming from the cationic form of
the drug, because all the measurements were carried out in PBS of pH = 6.8 and it is
known that the protonation pKa, of hamine is 7.8%. The absorption band in between
280 and 400 nm are mainly coming from the T-T* transition®*. Upon addition of GQ-
DNA, absorption profiles show a significant decrement. These noteworthy changes
in absorption features provide preliminary notion about strong binding interactions
between protonated harmine and G-quadruplex in the ground state. We have further
employed steady state and time resolved emission measurements to divulge specific
details of the interaction, and will be discussed afterwards

At the room-temperature emission spectra of harmine in pH 6.8 show a
single unstructured band with the emission maximum around 420 nm (Figure 17)
which is exclusively from cationic form of harmine. With the successive addition of
GQ-DNA, emission spectra exhibit a severe quenching, and at maximum DNA

concentration the fluorescence is quenched ~65% of its original intensity.

29



—_ (1) 10(m
= 1.0 \
s g\
-"?0'8_ go.e \'\
(79} i l\
_9 n
£ 061 504 SN
8 £ ‘ 16
o 0.4
(O]
O
£ 0.2
=)
[T
0.0-

450 500 550
Wavelength (nm)

400

Figure 17. Fluorescence spectra of harmine (4.4 pM) in potassium phosphate buffer (pH=6.8)
containing 150 mM KCI with increasing concentration of [GQ-DNAJ/uM: (1) 0, (2) 0.32, (3) 0.129, (4)
2.55, (5) 4.4, (6) 6.78, (7) 11.82, (8) 17.

This implies a strong interaction of the drug with GQ-DNA. When we think about the
possible reasons of quenching, two distinct possibilities comes into the picture; either
resonance energy transfer or electron transfer from nucleobases to harmine. The
possibility of resonance energy transfer can be easily ruled out, since there is no
overlap between the emission spectra of harmine (donor) and the absorption
spectrum of any of the four nucleobases (acceptor). ). Hence probable reason for PF
emission quenching is electron transfer between nucleobases and PF. Nucleobases
(e.g. adenine (Eo=1.5 eV)*, cytidine (Eox = 1.6eV) 2, and guanosine (Eqx = 1.29
eV)*? thymidine (Eox = 1.7 eV)®®) act as potential electron donor to photoexcited
harmine ring acts as an acceptor (Eox = 0.3 eV)*. We anticipate that the cationic
form of the drug is attracted by the phosphate backbone of GQ-DNA and binds to the
DNA. After that electron transfer from nucleobases to harmine takes place and leads
to severe quenching. A very similar view of harmine intercalation in calf thymus DNA
is reported by Guy Duportail and Hans Lami'®® Note that, excited state electron
transfer from nucleobase(s) to harmine leading to 65% quenching needs a very
strong stacking interaction between molecules, which is possible either by
intercalation between bases or by stacking at the top or bottom of the GQ strand.
Although steady-state studies offer a glimpse of interaction between harmine and
GQ-DNA, it cannot provide such explicit picture of the interaction, hence we have to
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use other techniques like, time resolved emission, CD measurements, ITC

measurements and Job’s plot, which will be discussed hereafter.

3.2.b. Excited State Time-resolved Emission and Anisotropy Measurements:

Fluorescence lifetime measurement is an excellent technique to explore the
excited-state environment around the fluorophores and hence can contribute
significantly to understand the harmine-GQ-DNA interaction. InPBS (pH 6.8) harmine
exhibits a single exponential decay having a lifetime component around 6.6 ns
(Figure 18, Table 4), which is in close agreement to previous reports.?**° With the
gradual increase of GQ-DNA concentration, though the lifetime of the long
component (6.6) remains same a new shorter component of 1.2 ns starts appearing
(Table 4) in the decay profile. The contribution of short-lived component enhanced
up to 33% till the addition of maximum concentration of GQ-DNA (~17 uM).The
reduced lifetime is a definitely outcome of the quenching effect of harmine by

nucelobases.

The origin of the quenched lifetime can be guessed to the base-stacking
interaction between harmine and GQ-DNA, which corroborates well with the high

extent of quenching in steady state spectra.
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Figure 18: Time-resolved fluorescence decays of harmine in buffer (pH=6.8) and in presence of
different concentrations of GQ-DNA. Legends carry respective meaning.
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Table 4. Fluorescence decay parameters of harmine (4.37 pM) in absence and presence of GQ-DNA
collected at 420 nm.

[GQ-DNA)/UM 11 (NS) 1, (nS) a1 as Tav (NS) 2
0 655 - 1 - 6.55 1.06
4.4 6.68  1.08 0.86  0.14 5.92 1.05
6.78 6.71  1.28 0.83  0.17 5.82 1.01
11.82 6.80  1.04 0.73  0.27 5.23 1.07
17 6.81  1.01 067  0.33 4.92 1.10

*
Tav = T1a1 + Toa2

Excited state anisotropy measurements infer about the rotational motion of the
fluorophore, which directly reflects the extent of restriction imposed by the
surrounding environment. When the probe binds to a DNA, the rotational motion of
the probe is expected to be retarded and is reflected through soaring rotational
relaxation time of the probe. Time-resolved anisotropy results are presented in
Figure 19. In the absence of DNA, the single exponential anisotropy decay is
observed with rotational correlation time(t;y) 146 ps. A single exponential rotational
decay indicates that the probe molecules experience a homogeneous environment in
normal buffer medium. In presence of GQ-DNA, the anisotropy decay is found to be
multi-exponential which might be an outcome of distinctly different rotational
relaxation times from free and DNA-bound harmine molecules. In presence of DNA a
retarded component (2 ns) along with the ~146 ps component appears in the
anisotropy decay profiles of harmine. The fast anisotropy component represents the
rotational time of unbound harmine, whereas the long component represents the
rotational motion of DNA bound harmine. The estimated rotational relaxation times
7, are used to determine the hydrodynamic radius of inclusion complex formed

between harmine and GQ-DNA by using Stokes—Einstein relationship (equation 3).
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Interesting to note, the DNA bound harmine shows a radius ~12.6 A, where free
harmine shows a hydrodynamic radius 5.3 A. The significant increase in
hydrodynamic radius is a proof for the non-covalent GQ-DNA-harmine complex
formation, which supports our conjecture that harmine involves in stacking
interaction either intercalation between bases or by stacking at the top or bottom of
the GQ strand.

0.2

== Har (4.4 uM) blank
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= Har + GQ-DNA (17 pM)

r(t)
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Figure 19: Time-resolved anisotropy decays of harmine in buffer (pH=6.8) and in presence of
different concentrations of GQ-DNA. Legends carry respective meaning.

Table 5. Anisotropy decay parameters of harmine (4.37 puM) in absence and presence of GQ-DNA
collected at 420 nm.

[GQ-DNAJ/UM 111 (ps) T2 (PS) ai az Tra (PS) x2
0 146 - 1 - 146 1.05
11.82 142 2000 0.83 0.17 462 1.07
17 146 2000 0.79 0.21 553 1.01

*

Trav = Traidy + Tpd2

3.2.c. Cicular Dichroism (CD); a Structural Glimpse of Harmine, GQ-DNA
Interaction:

Circular dichroism (CD) is a very sensitive technique to explore the modification
of the secondary structure of biopolymers as a result of interaction with small

molecules®’. Therefore we have exploited the CD technique in order to examine
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proflavine-induced structural alteration of G-quadruplex. In this study GQ-DNA
concentration was kept constant (8 uM) throughout the measurements and changes
of CD spectra were monitored with increasing concentrations of harmine. The CD
spectra of GQ-DNA exhibits peak at ~288 nm and shoulder at ~270, which are
characteristics features of anti-parallel and parallel DNA, respectively (Figure 20).
This confirmed hybrid (3+1) G-quadruplex (in which three strands are oriented in one
direction and the fourth is in the opposite direction) formation are consistent with
previously reported in literature for similar sequences in presence of K*.*

Though CD is a very sensitive technique for examining the structural change in
G-quadruplex due to drug interaction, but it pose an unique problem when drug itself
shows huge CD signal in the same region of G-quadruplex. Herein, we tried to do
CD experiment in order to examine harmine-induced structural alteration of G-
quadruplex, but we didn’t get any pattern in CD signal because harmine itself shows
a huge CD signal in the same region of G-quadruplex(200 nm to 350 nm) shown in

Figure 20.
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Figure 20. CD spectra for for G-qudruplex (8uM) and harmine at different concentration, where
legends carry the respective meaning.

We also had plan to do isothermal titration calorimetry (ITC) study to get insight into
the thermodynamic parameters, which may provide valuable key insights into
molecular forces that drive the complex formation, and also number of binding site
and binding energies. But we could not carry out due to instrument (ITC)

malfunctions since last one month. In future, we can provide more information about
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harmine-G-DNA interaction, as soon as instrument starts functioning. We are also
planning to do thermal melting study to explore the stability of GQ-DNA achieved by
the binding of harmine. All the above mentioned studies are required in order to
predict precisely the binding feature of GQ-DNA and harmine. Although in absence
of the above mentioned studies it is hard to predict the binding characteristic, we
have tried to find out the stoichiometry of binding between harmine and GQ-DNA
with the help of Job’s plot. The break point in the Job’s plot (using fluorescence
intensities at different molar ratios of harmine)** (Figure 21), indicates the 2:3
binding stoichiometry (GQ-DNA:Harmine) of the complex. Therefore, based on the
Job’s plot and other experimental evidences we propose that one harmine is stacked
in between two quartets of the DNA where each of the other open side of GQ-DNA
contained a stacked harmine (Scheme 3).
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Figure 21. Job’s plot of harmine with GQ-DNA. Here ny, represents mole fraction of harmine.

GQ-DNA:Harmine
complex

Scheme 3. Proposed molecular picture of binding Interaction between harmine and (3+1) hybrid
telomeric GQ-DNA.
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4. CONCLUSIONS:

In this thesis, we have shown that proflavine binds to human telomeric GQ-DNA with
high binding affinity (K, = 1 x 10° M™). Binding is entalpically as well as entropycally
driven phenomenon with a 3:2 (PF:GQ-DNA) stoichiometry. Moreover, PF binding to
GQ-DNA induces G-quadruplex structure more towards parallel structure.
Furthermore, GQ-DNA complexed with PF is stabilized and it is reflected by
increased melting temperature (~8 °C). With the observed binding stoichiometry
(PF:GQ-DNA = 3:2) from ITC and job’s plot, we propose that one molecule of
proflavine (PF) gets sandwiched between two molecules of GQ-DNA. Moreover, two
proflavine molecules are bound (end stacked) to each of the two remaining ends of
GQ-DNA.

Study of interaction between harmine and G-quadruplex depicts a noteworthy
decrease in absorption and severe quenching in fluorescence intensity upon addition
of GQ-DNA and is an indication of a strong stacking interaction between harmine
and G-quadruplex. The stacking interaction is further supported by excited state
time-resolved studies, where it is found that hydrodynamic radius increased
significantly in harmine bound GQ-DNA. From job’s plot, we got 3:2 (Harmine:GQ-
DNA) binding stoichiometry, which suggests that one harmine molecule resides in
between two molecules of GQ-DNA, and two other harmine molecules are bound
(end stacked) to each of the two remaining ends of GQ-DNA. The confirmed
molecular picture and thermodynamic parameters of interaction between harmine

and GQ-DNA will be provided by ITC study, which will be performed in near future.
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