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ABSTRACT

Flavonoids are polyphenolic secondary metabolites produced by the plants. They are extensively studied within drug discovery programs due to
their beneficial and pharmacological activities such as antioxidant, antimicrobial, antitumor, antidiabetic and cardio-protective. The ability of
flavonoids to coordinate with metal atoms has presented new leads for drug innovation programs, with enhanced pharmacological activities and
clinical outputs than the parent flavonoids. Recently, we have reported the synthetic method, spectral analysis and antidiabetic properties of a new
Zinc —Avicularin complex. The present effort was focused on the DNA binding of Avicularin and its ternary transition metal complex with Zinc. The
nature of the binding interactions between complex and calf thymus DNA (CT-DNA) was studied by electronic absorption spectra, fluorescence
spectra, circular dichroic and viscosity measurements. The data obtained evidence that the Avicularin and its Zn (1) complex could interact with
CT-DNA via partial/moderate intercalative mode.
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INTRODUCTION

Currently, cancer is progressively becoming the second most cause of mortality after cardiovascular diseases, causing about a quarter of all deaths
around the world. Most of the currently available anticancer drugs are not only costly but also elicit undesirable side effects. Hence, the search for
novel therapeutic agents with maximum efficacy and without undesirable side effects continues [1]. Metal-based therapeutics has become a viable
field of research in medicinal chemistry after the serendipitous discovery of cisplatin. At present nearly half the number of cancer patients is treated
with platinum-based drugs [2]. Nevertheless, their well-known drawbacks, such as general toxicity, multi-factorial drug resistance, low solubility
and general toxicity, have restricted their extensive use in chemotherapy [3], which prompted the search for effective non-platinum drugs. Over the
years, complexes of Ru, Ir, Cu, Ni, Zn, Co, etc., have been reported to possess comparable anticancer property to cis-platin [4].

A wide range of Schiff’s bases with their reactive azomethine linkage shows interesting inhibitory activity against tumor cells. Schiff’s bases could
be hydrolyzed selectively by the tumor cells to act as alkylating agents; at the same time, the active amine becomes free to act as an antimetabolite
[5] A Schiff base acts as a flexible-dentate ligand and often coordinates across the O-atom of the de-protonated phenolic group. The N- atom of the
imine group is found to be a competent ligand capable of facilitating the graceful artificial linkage of diverse functional moieties with N-terminal
groups to generate a variety of fascinating multidentate metal complexes [6]. Likewise, the metal complexes of Schiff base have diverse
applications such as clinical, pharmaceutical, biochemistry, agricultural and in other various fields. The variation of groups or atoms in the Schiff
base ligand shows different electronic, geometric and biological properties upon complexation with metal ions [7].

When the metals are chelated with Schiff base ligand, the biological activity of the metal ions was significantly increased based on the geometry,
reactivity, and functional group present in the ligand. Coordination of such ligands with metal ions likewise, copper, zinc, cobalt, and nickel, has
antimicrobial, antioxidant, and DNA interaction properties [8].

The biological properties of flavonoids witnessed significant progress, with the number of research publications increasing by more than six-fold
between the years 1990 to 2017. Flavonoids are polyphenolic plant-derived secondary metabolites comprised of two benzene rings that are linked
together with a heterocyclic pyran or pyrone ring [9]. They are synthesized by the phenylpropanoid pathway to protect the plants from
environmental stress and microbial invasion in addition to their physiological role. However, flavonoids are known to elicit significant
pharmacological actions in the treatment of various chronic human due to the presence of hydroxyl and oxo groups. Flavonoids can act as
modulators of cell signaling pathways that are directly involved in cellular functions and survival [10-13]. In addition, they possess significant
metal-chelating abilities that can have profound effects on their pharmacokinetic and pharmacological properties [14]. Thus, the flavonoids can be
regarded as potential chemo-preventive agents against certain carcinogens.
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Over 5000 different flavonoids have been described to date, and they are classified into at least 10 chemical groups such as flavones, flavonols,
flavonones, anthocyanins, and isoflavones which are commonly found in plants [15]. Despite their established role of safeguarding against
carcinogens, flavonoids are also considered mutagenic and have the ability to damage DNA [16]. Several flavonoids- metal complexes ((M-Fls)
bind to DNA more strongly than their flavonoids counterparts. Several reports are available in the literature evidencing that the metal-flavonoids
complexes can intercalate into DNA strands, whereas flavonoids alone bind to DNA in other ways or intercalate into DNA to a lesser extent [17].
The nature and dynamics of binding of small molecules (drugs and flavonoids) to biomacromolecules like DNA represent an active area of
investigation which can lead to rational drug design [18].

Avicularin, a quercetin-3- O-a-arabinofuranoside, is a flavone glycoside of quercetin widely present in a number of plant species including apple,
mango, onions, tea, guava and cranberry [19]. It is known to display diverse pharmacological properties such as antioxidative, anti-inflammatory,
anticancer, anti-depressant, anti-allergic, antimicrobial and hepatoprotective [20]. Though Avicularin is a glycoside of quercetin, it is hydrophilic
while quercetin is lipophilic in nature and hence they may differ in absorption rate. The pharmacokinetic studies on the concentration-time profiles
of Avicularin suggesting that the peak plasma concentration of Avicularin takes place after 30 min and the concentration remained for more than 4 h
[21]. A recent study revealed that Avicularin may reverse multidrug resistance in human gastric cancer by increasing the expression levels of B-cell
lymphoma 2 (Bcl-2)-associated X protein (Bax) and BOK [22].

Zinc is one of the most abundant essential trace elements next to iron in the human body. It is distributed in all parts of the body and its total content
is approximately 2-4 gm [23]. Zinc is found to be a crucial element that plays a pivotal role in numerous physiological and pathological processes
including cell proliferation, differentiation, and viability including apoptosis [24]. Its catalytic functions in about 1,000 human enzymes of all six
enzyme classes are used predominantly in hydrolytic reactions and in some committing steps in intermediary metabolism observed [25]. Zinc
complexes also strongly bind DNA and exhibit predominant antitumor activities.

Though zinc is considered to be relatively nontoxic, particularly if taken orally, lower levels of zinc supplementation even closer to the
Recommended Dietary Allowance (RDA), (100-300 mg Zn/d vs RDA of 15 mg Zn/d) may interfere with the utilization of copper and iron,
adversely affect HDL cholesterol concentrations and impaired immune function [26]. In order to circumvent the adverse effect of zinc at chronic
doses, several zinc complexes have been synthesized using biologically active organic ligands. Recently, we have reported the synthesis of a new
zinc-Avicularin complex and its antidiabetic properties in experimental type 2 diabetes in rats [27]. In the present study, an attempt has been made
to evaluate the binding properties of the transition metal complex with double-stranded calf thymus DNA using electronic absorption spectra,
fluorescence spectra, circular dichroic and viscosity measurements to elucidate its binding and pharmacological potential.

MATERIALS AND METHODS

Commercial solvents were distilled and then used for the preparation of the ligand and its metal complex. DNA was purchased from Bangalore
Genei (India). Tris (hydroxymethyl) aminomethane-HCI (Tris—HCI) buffer solution was prepared using deionized and sonicated triple distilled
water. UV-Vis spectra were recorded using a Perkin Elmer Lambda 35 spectrophotometer operating in the range of 200-900 nm with quartz cells
and ¢ are given in M-1cm-1. The emission spectra were recorded on a Perkin Elmer LS-45 fluorescence spectrometer. Viscosity measurements were
recorded using a Brookfield Programmable LV DVII+ viscometer. Circular dichoric spectra of CT-DNA were obtained using a JASCO J-715
Spectropolarimeter equipped with a Peltier temperature control device at 25 + 0.1°C with 0.1 cm path length cuvette.

Synthesis of Schiff base Zinc complex of Avicularin.

The zinc-Avicularin complex was synthesized as schematically represented below and previously reported by us [27].

Scheme 1: Schematic representation for the synthesis of Zinc-
Avicularin complex

DNA-binding experiments

DNA binding experimentations were carried out in 0.5 mL Tris—HCI/NaCl buffer [50mM Tris—HCI and 5mM NaCl (pH 7.2)] using DMF solution
(15pL) of the synthesized Zinc-Avicularin complex. To illustrate the mode and efficiency of our newly synthesized compounds with calf-thymus
DNA (CT-DNA), different techniques have been used to study the interaction such as electronic absorption spectra, circular dichroic, viscosity
measurements, fluorescence titration, and competitive ethidium bromide (EB) displacement assay. The non-linear least square analysis was
performed using Origin lab, version 6.1.
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Absorption spectral studies

Absorption titration experiments were performed by using graded concentration of CT-DNA (0, 40, 80, 120, 160, 200, 300 and 400 uM) while
maintaining the concentration of the drug and its metal complex constant (40 uM). The corresponding buffer solution was used as a reference. Upon
measuring the absorption spectra, an equal amount of CT-DNA solution was added to both the compound solution and the reference solution to
eliminate the absorbance of DNA itself. The solutions were allowed to incubate for 10 min at room temperature before the absorption spectra were
recorded in the range of 200— 400 nm. The titration processes were repeated until no change in the spectra, indicating binding saturation had been
achieved. The equilibrium binding constant (Ky) values for the interaction of the complex with CT-DNA were obtained from absorption spectral
titration data using the following equation (1) [28].

[DNAY/ (ea - €f) = [DNAJ/ (eb - &f) + 1/Kb (eb-£f) 1)

Where &, is the extinction coefficient observed for the charge transfer absorption at a given DNA concentration, & the extinction coefficient at the
complex free in solution, g, the extinction coefficient of the complex when fully bound to DNA, Kb the equilibrium binding constant, and [DNA]
the concentration in nucleotides. A plot of [DNA]/ (g, - &) versus [DNA] gives Kb as the ratio of the slope to the intercept. The non-linear least
square analysis was performed using Origin lab, version 6.1.

Fluorescence emission spectral studies

The emission spectrum is obtained by setting the excitation monochromator at the maximum excitation wavelength and scanning with emission
monochromator. Often an excitation spectrum is first made in order to confirm the identity of the substance and to select the optimum excitation
wavelength. Further experiments were carried out to gain support for the mode of binding of complexes with CT-DNA. Non-fluorescent or weakly
fluorescent compounds can often be reacted with strong fluorophores enabling them to be determined quantitatively. On this basis molecular
fluorophore, Ethidium Bromide was used which emits fluorescence in presence of CT-DNA due to its strong intercalation. Quenching of the
fluorescence of EthBr bound to DNA were measured with increasing amount of metal complex as a second molecule and Stern—\Volmer quenching
constant Ksvwas obtained from the followingequation[29].

lo/I=1+Ksyr. 2

Where lo, is the ratio of fluorescence intensities of the complex alone, | is the ratio of fluorescence intensities of the complex in the presence of CT-
DNA. Ksvis a linear Stern-Volmer quenching constant and r is the ratio of the total concentration of quencher to that of DNA, [M] / [DNA]. A plot
of lo / Ivs. [complex]/ [DNA], Ksvis given by the ratio of the slope to the intercept. The apparent binding constant (Kapp) was calculated using the
equation Keg[EB] / Kapp[complex], where the complex concentration was the value at a 50% reduction of the fluorescence intensity of EB and
KeB = 1.0 x 10'M™{([EB] = 3.3uM).

CD spectral studies

Circular dichroic spectra of CT-DNA in the presence and absence of metal complex were obtained by using a JASCO J-715 Spectropolarimeter
equipped with a Peltier temperature control device at 25 + 0.1°C with a 0.1 cm path length cuvette. The spectra were recorded in the region of 220
320 nm for 200 uM DNA in the presence of 100 uM of the complexes.

Viscosity measurements

To find the binding mode of the complexes towards CT-DNA, viscosity measurements were carried out on CT-DNA (0.5 mM) by varying the
concentration of the complexes (0.01 mM, 0.02 mM, 0.03 mM, 0.04 mM, 0.05 mM). Data were presented as (n/mo) versus binding ratio of

concentration of complex to that of concentration of CT-DNA , where 1) is the viscosity of DNA in the presence of complex and no is the viscosity
of DNA alone.

RESULTS AND DISCUSSIONS

DNA binding studies are a commonly used preliminary testing method for antitumor activity of compounds. It is essential to know the type of
interaction between small molecules with double helix to demonstrate the underlying mechanism of binding mode. In general, the molecules bind
with DNA through three different binding modes, electrostatic, groove and intercalative. Most of the heteroaromatic molecules display intercalative
mode of binding with DNA because of the larger planarity of the compound with extended conjugation and the greater stacking interaction between
the compound and base pairs of DNA [30].

UV-Vis spectroscopy is an effective technique to detect interactions between DNA and small molecules. The mode of the interactions is reflected
from the changes in the position of the peak and absorptive intensity [31]. The absorption spectra of tested compound (Figure 1), in the absence and
presence of CT-DNA have shown that increase in the concentration of CT-DNA to the synthesized metal complex causes hypochromism, due to the
intercalative mode involving a strong stacking interaction between an aromatic chromophore and the base pairs of DNA of various percentage. The
appreciable decrease in absorption intensity and significant red shift of the n—n* band of complex is similar to that observed for its interaction with
DNA in DMSO solution, suggesting that the complex bind to DNA strongly. The extent of the hypochromism commonly parallels the intercalative
binding strength [32]. In order to attain the binding strength of the synthesized Zinc-Avicularin complex, the intrinsic binding constants (Kp) was
calculated from the ratio of the slope to intercept in the plot of [DNA]/ (ga - ¢f) = [DNAY/ (b - &f) + 1/Kb (eb - f).
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Figure 1: Absorption spectra of complex Zn(11) (1 x 10° M) in the absence and presence of increasing amounts of CT-DNA (0-2.5 x 10° M ) at
room temperature in 50 mMTris- HC1 / NaCl buffer (pH = 7.5). The Inset shows the plots of [DNA] / (ea-€f) versus [DNA] for the titration of DNA
with Zn(Il) complexes.

Intrinsic binding constants Kb of the synthesized Zn(11) complex obtained is 5.11 x 10* M respectively from the decay of the absorbance at 372 nm
with increasing concentrations of DNA by using equation (1). So, it is obvious that the present complexes are involved in intercalative interactions
with CT-DNA. Our attained outcomes are consistent with earlier reports on preferential binding to CT-DNA in the metal complex [33]. Viscosity
and circular dichroism measurements could have been supportive to us to confirm the intercalative binding mode.

Emission spectral studies

The results derived from the absorption studies prompted us to get an insight into the mechanism by which Zn-Avicularin complex binds towards
DNA. Owing to the fact that the synthesized complex contains planar rings in its structure, there is a possible that the synthesized Zn (II) complex
may interact towards CT-DNA by the formation of intercalation complex. For compounds that do not display luminescence either alone or in
aqueous buffer, ethidium bromide is commonly used. Ethidium bromide is an intercalating molecule emitting intense fluorescence when bound to
DNA [34]. Relative binding activity of the complexes towards CT-DNA was studied by the fluorescence spectral method using ethidium bromide
(EB) bound CT-DNA solution in Tris—=HCI/NaCl buffer (pH = 7.2).

Ethidium bromide is non-emissive in aqueous buffer due to fluorescence quenching of the free ethidium bromide by the solvent molecules. In the
presence of DNA, ethidium bromide shows enhanced emission intensity due to its intercalative binding to DNA. If competitive binding of a
compound to DNA resulted in the displacement of the DNA-bound ethidium bromide and considerable decrease in ethidium bromide emission
intensity is observed, then the mode of binding of the complex to DNA is by intercalation [35]. The Zinc-Avicularin complex does not fluoresce
with an excitation at 612 nm. The EB competition assay results are shown in Figure 2.
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Figure 2: Emission spectrum of EB bound to DNA in the presence of Zn(I): ([EB] = 3.3 uM, [DNA] = 40 uM, [complex] = 0-25 uM, Aex= 440
nm). Inset shows the plots of emission intensity 1o / I vs [DNA] / [complex] for the titration of DNA with Zn(ll) complexes.

The fluorescence intensity of DNA- bound EB around 610 nm decreased outstandingly with an increase of the complex concentration while there
was no change in the position and shape of the emission peaks. This decrease in fluorescence intensity may be due to the quenching of some EB
molecules that were released from DNA into the solution after being substituted by the synthesized Zn(ll) complex. The phenomenon that the
fluorescence of DNA-bound EB was quenched as a result of DNA and compound interactions is a typical sign of intercalation [36]. The quenching
plots (insets in Figure 2) illustrate that the fluorescence quenching of EB bound to DNA Zn(Il) complex in linear agreement with the Stern—Volmer
equation, which confirms thatthe complexes bound to DNA. The Kapp values for Zn(ll) complex are found to be 6.04 x 10° M respectively. The
attained results are in consistent with that of absorption spectroscopic studies.

Viscosity studies

Binding modes of the complexes were further investigated by viscosity measurements. Though photophysical experiments provide information
about binding modes of metal complex with DNA, they do not afford conclusive evidences for the exact mode of binding. Hydrodynamic
measurements such as viscosity which is sensitive to length changes are regarded as the least uncertain and the most critical tests of binding modes
in solution. Viscosity of DNA is increased in the case of classical intercalator due to increase in the length of DNA helix, as base pairs are separated
to accommodate the intercalator [37]. Further suitable conditions intercalation causes significant increase in the viscosity of DNA solution due to
the disjointing of base pairs at intercalation spots. The results of the viscosity measurements for the synthesized complex which bound to DNA show
increase in relative viscosities with an increase in the [complex]/[DNA] ratio (where [complex] is 50,100,150 and 200 pl) as shown in Figure 3.
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Figure 3: Viscosity measurements of the Zn(l) complex.

Thus, the increase in the viscosity has been attributed to the enlargement of the separation between base pairs, which are pushed apart to
accommodate the intercalating molecule. These results suggested an intercalative binding mode of the complexes with DNA and also hold up the
results obtained from electronic absorption studies [38].

Circular dichoric spectral studies

Circular dichroism spectroscopy is a useful tool to study the change in DNA conformation during interaction. In DNA spectrum, there are two
specific bands, the positive band (273 nm) related to base stacking and the negative one (264 nm) related to right-handed helicity. These bands are
highly sensitive to the interaction between DNA and molecules [39]. Due to simple groove binding and hydrophobic interactions, very little changes
appeared in the base stacking and helicity bands. This is while intercalation causes a noteworthy change in the intensity of both bands. The CD
profile of right handed B-DNA exhibits two positive (220 nm and 268 nm) and two negative (210 nm and 246 nm) elliptical signals and slight
variations arise when the %GC content is varied. CD is typically used to determine the preferred binding mode (e.g. minor groove, major groove,
and intercalation) within the asymmetric DNA environment by observing the CD signal relative to untreated DNA at wavelengths of ~ 210, 220,
246 and 268 nm [40]. As shown in Figure 4, the CD spectrum of DNA exhibits a positive absorption at 277 nm due to the base stacking and a
negative band at 240 nm due to the helicity of B-DNA.
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Figure 4: CD spectra recorded over the wavelength range 220-320 nm for solutions containing 2:1 ratio of CT-DNA (200 uM) and Zn(IT) complex
(200 pM).

In the presence of the complex, both the positive and negative peak intensities of the CD spectra of DNA were increased. The changes in the CD
spectra in the presence of the complex show stabilization of the right handed B form of CT-DNA. So, the key interactions of the complex with CT -
DNA can be ascribed to the intercalative mode.

CONCLUSION

In conclusion, in the present study a zinc-Avicularin complex was designed to reduce the toxicity of the zinc with improved efficacy. The data
obtained through systematic studies demonstrated that the Zinc-Avicularin complex as synthesized and reported by us earlier exhibits high binding
affinity to CT-DNA. Various instrumental methods were used for finding the interaction mechanism. The subsequent findings sustained the fact that
the complex can bound towards CT-DNA viz intercalation binding mode.

In absorption spectrum, the absorption intensity of the complex increased (hypochromism) evidently after incremental addition of DNA, which
indicated the interactions between DNA and thecomplex.

1) The intrinsic binding constant (Kp = 5.01 x 10* M%) is comparable to intercalative binding complexes.

2) The Zn (1) complex binding to CT DNA via intercalation is given through the emission quenchingexperiment.

3) The Kapp values for Zn (11) complex are found to be 6.04 x 10°Mrespectively.

4) The increase in the viscosity has been attributed to the enlargement of the separation between base pairs, which are pushed apart to
accommodate the intercalatingmolecule.

5) The changes in the CT-CD spectra of DNA in the presence of increasing amounts of the complex show stabilization of the right-handed B
form of CT-DNA.
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