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Abstract

RNA-targeted drugs are considered as safe treatment option for the cure of many chronic
diseases preventing off-targeted delivery and acute toxic manifestations. FDA has approved
many such RNA therapies in different phases of clinical trials, validating their use for the
treatment of various chronic diseases. We report herein, new water-soluble (u—oxo) bridged
polymeric Cu(ll) complexes of taurine (2—aminoethane sulfonic acid) complexes 1 and 2. The
therapeutic potency of 1 and 2 was ascertained by studying biophysical interactions with
tRNA/ct-DNA. The experimental results demonstrated that the complexes interacted avidly to
nucleic acids through intercalation mode depicting a specific preference for tRNA in comparison
to ct-DNA and, moreover 2 showed higher binding propensity than 1. The electrophoretic
behavior of the complexes with plasmid pBR322 DNA and tRNA were examined by gel
mobility assay that revealed a concentration-dependent activity with complex 2 performing more
efficient cleavage as compared to complex 1. Cytotoxicity results on cancer cell strains
displayed higher cytotoxicity than complex 1 against treated cancer cells. The synthesized
copper(ll) taurine complexes have met the basic criteria of anticancer drug design as they are
structurally well-characterized, exhibiting good solubility in water, lipophilic in nature with

superior intercalating propensity towards tRNA and cytotoxic in nature.
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1. Introduction

Medicinal chemists globally, are in search of ‘robust’ efficacious safe chemotherapeutic drugs
for cancers that can overcome the existing issues of currently used drugs viz., acquired
resistance, off-target toxicity and severe side effects [1-4]. Many drug design strategies have
emerged over a period of time, as most of the existing anticancer drug regimens have failed at
one or other stages of R& D or clinical trials that puts huge economic toll on countries and also
wasted considerable span of time [5-8]. Amongst the innovative strategies is the use of RNA-
based therapeutics that have recently gained much prominence in drug design for the treatment
of chronic diseases such as developmental health issues {metabolic, immunological and
neurological}and cancers [9-11]. RNAs fold in myriad secondary structural conformations
(Hairpin, bulges, loops pseudo knots, etc.) that provide unique binding pockets for selective and
specific recognition of small drug molecules [12,13]. In this context, several intercalative
cations, antitumor aminoglycoside antibiotics, amino acids and peptides, inorganic compounds
that include Schiff base complex drug formulations derived from many bioactive ligands have
been explored and their interaction with the therapeutic targets, DNA and sister cousin, RNAs
was vigorously undertaken [14]. Transition metal-based drug entities are unique in geometric
shapes [15] and exhibit specific preferential disposition at the biological spaces in vivo, interact
readily by both covalent as well as non-covalent interactions [16]. As a result, inorganic drug
candidates may be able to modify or tune the conformation of RNA binding sites depending on
the metal involved or the bioactive ligand scaffolds, and they may do so with exceptionally

specific molecular selectivity and recognition [17].



Literature reports reveal that structure-based design motifs are pharmaco-kinetically more drug-
likely in terms of drug stability, delivery and specificity towards therapeutic targets at the
molecular levels [18]. Nevertheless, one of the important identified hurdles for the failure of
drugs is poor solubility in water, which limits the evaluation of their pharmacokinetic parameters
from in vitro to pre-clinical in vivo research [19]. Literature reports reveal that drugs with low
water solubility have a low oral bioavailability that show varied clinical response. To address the
solubility issue, medicinal chemists have utilized water soluble analogues of such therapeutics
[20] obtained by modifying the core ligand framework by incorporating sulfonic functional
groups such as taurine ligands. The sulfur-containing analogue of B—amino acid, taurine (2—
aminoethane sulfonic acid) is the ubiquitous free amino acid discovered in the mammalian
tissues [21]. It is involved in many physiological processes such as cell membrane stabilization,
regulating intracellular calcium levels, cell growth and differentiation [22,23]. Taurine and its
derivative compounds exhibit remarkable anticancer effects that could be manifested by the
following i) suppression of cell proliferation ii) downregulating the angiogenesis process and iii)
enhancing the tumor cell apoptosis by scavenging upon the reactive oxygen species [24]. Recent
studies have suggested that the intracellular taurine levels could predict the formation of certain
tumors and serve as novel biomarkers to diagnose cancers like breast and bladder cancer at an
early stage. Therefore, taurine-as a pharmaceutical auxiliary scaffold can be added for better
therapeutic response in many classes of anticancer agents [25]. Earlier reports from Schiff bases
having taurine moiety exhibit myriad coordination modes while a ternary complex interacts by
characteristic aromatic-ring stacking intercalation mode that could stabilize the double-helical
structure of therapeutic target, DNA. H. Liang et al. reported a Cu(ll) complex, [Cu(sal-

tau(phen)]1.5H,0 possessing salicylaldehyde—taurine Schiff base and 1,10—Phenanthroline and



studied its DNA interaction behaviour. They demonstrated a dose-dependent antitumor effect on
cell cycle and apoptosis in MGC-803 cells [26]. However, there are fewer reports of taurine
Schiff base complexes targeted to tRNA that show exceptional anticancer profile. A conjugate is
formed by taurine with a uridine residue of tRNA"“Y® in normal mitochondria. The
conjugation reaction can improve the interaction of the tRNA's AAU anticodon as the modified
uridine residue is situated in the anticodon's wobble location. [27].

Copper complexes have appeared as the most prominent potent class of drugs having anticancer
properties [28-30] and a series of copper compounds casiopeinas® have entered phase | clinical
trials [31], however, they exhibit very low aqueous solubility. Interestingly, copper complexes
exhibit a good cytotoxic response against different cancer cell strains and are capable of
inhibiting cancerous cells’ growth in a dose-dependent manner at a low micro-molar ICs, values
[32]. Copper-based anti-cancer agents are known to Kkill cancer cells by various mechanisms such
as generation of reactive oxygen species (ROS), proteasome inhibition, DNA damage via
apoptosis etc [33-36].

The combinational cocktail targeted therapy incorporating multiple bioactive ligands in a single
entity such as electron-rich heterocyclic imidazole as a co-ligand with Schiff base anchoring
fragment is a unique approach that has proved instrumental for imparting enhanced cytotoxic
activity with reduced toxicities that may necessitate a reduction in dosage of drugs. Previous
literature reports revealed that imidazole-based compounds are proven as potent anti-cancer,
anti-inflammatory, and antiviral agents [37,38]. Imidazole is an aromatic moiety having both
polar and ionizable property that is known to improve pharmacokinetic properties, enhance the
solubility and bioavailability of therapeutic drug candidates [39]. The synthesized polymeric

copper(Il) taurine Schiff base appended with imidazole ligand 1 and 2 drug entities reported,



herein, are exceptionally unique in design, structurally well characterized, specifically targeted to
tRNA, fairly soluble in water and capable of inducing ROS mediated cell death in cancer cells.
2. Experimental
Synthesis of Complexes
To the stirred methanolic solution of 2—Aminoethane sulfonic acid (0.125 g, 1 mmol) was added
2-Hydroxy—3—-methoxybenzaldehyde (0.152 g, 1 mmol)/ 3—-Hydroxy—2—naphthaldehyde (0.172
g, 1 mmol) and the reaction mixture was kept on reflux for 3 h to yield a yellow-colored solution.
The completion of the reaction was monitored by wusing TLC and subsequently
Cu(CH3COO0y).H,0 (0.1999g, 1 mmol) was added which resulted in green colored solution. After
half an hour a methanolic solution of imidazole (0.068 g, 1 mmol) was added to the reaction. The
reaction mixture was filtered and kept aside at room temperature. Suitable green, thin, needle
like crystals were obtained from mother liquor after 3—4 days.
Complex [C13H15CUN30OsS], 1: Yield: 85%, M.P: 235°C, Anal. (%) Calc. for C13H;5CuN3OsS: C
(41.73), H (4.25), N (10.43), Found: C (41.74), H (4.24), N (10.45). FT-IR (KBr cm™): 1622
v(HC=N), 1243, 1139 v(S=0), 1474 v(C=N) imidazole, 543 v(M—0), 486 v(M—N). UV—-vis (A
max, M) in DMSO: 263 (t —1*), 347 (n—7*), 678 (d—d). ESI-MS (m/z): 387 [C13H14CuN30sS]".
Complex [C16H15CUN304S], 2: Yield: 87%, M.P: 248°C, Anal. (%) Calc. for C16H15CuUN30,4S: C
(46.88), H (3.93), N (10. .43), Found: C (41.74), H (4.24), N (10.45). FT-IR (KBr cm™): 1618
v(HC=N), 1236, 1136 v(S=0), 1434 v(C=N)imidazole, 588 v(M—0), 499 v(M—N). UV—vis (Amax,
nm) in DMSO: 266 (1 —*), 354 (n—*), 680 (d—d). ESI-MS (m/z): 403 [C16H14CUN3OS—3H]+.
3. Results and discussion
Two polymeric imidazole appended water-soluble Cu(ll) complexes 1 and 2 have been prepared
as shown in Scheme 1. Light green, thin, needle-like transparent crystal of complex 1 was

obtained from the mother liquor, while in the case of complex 2, the compound was crystallized



in a solvent system containing methanol and water (1:1). The spectroscopic techniques (FT-IR,
UV-vis and EPR), ESI-MS as well as single X-ray crystallographic studies were utilized to
establish the molecular structure of complexes 1 and 2. The complexes were discovered to be air-
stable and found to be soluble in water, MeOH, EtOH, Dimethylsulfoxide (DMSQO) as well as

Dimethylformamide (DMF).
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Scheme 1. Synthetic route to prepare the complexes 1 and 2.

Spectroscopic characterization
3.1 IR Spectral studies

The complexes 1 and 2 showed the presence of vibration bands associated to v(—C=N) stretching
of the azomethine group centered at 1622 and 1618 cm . The characteristic vibrational
frequencies for the stretching modes of v(S=0) group were observed at 1243 and 1139 cm* for 1
while at 1236 and 1136 cm* for 2 [40]. The absorption bands for the v (C—N) stretching
vibrations corresponding to an imidazole ligand were observed in the range of 1474-1434 cm ™.
Far-IR spectra of complexes 1 and 2 exhibited peaks in the range of 588—543 cm " and 499486
cm * attributed to v(Cu—N) and v(Cu—0) stretching vibrations, respectively.

3.2 Electronic Spectral studies

The absorption spectra of 1 and 2 were recorded in conc. range 200—700 nm in methanol. The
UV-vis spectrum showed bands at 263 and 266 nm in the UV region that were attributed to
electronic transitions (m—n*) of the aromatic chromophore while LMCT bands (ligand-to-metal
charge transfer) appeared at 347 and 354 nm. These complexes 1 and 2 also displayed lower
energy d—d bands due to the Eg — “Tyq transition centered at 678 and 680 nm in the visible
region. The electronic spectral data indicated that the complexes formed distorted square
pyramidal geometry around Cu(Il) well-corroborated with single X-ray crystal diffraction studies
[41].

3.3 EPR Spectral studies

The EPR spectra of complexes 1 and 2 in the polycrystalline form were acquired at room
temperature (Fig. S1) to investigate the coordination geometry of the complexes. Complex 1
showed a single broad signal with gl at 2.34 and gL at 1.92, whereas complex 2 had gll signals at

2.28 and gl at 1.90, which implicated a penta-coordinated geometry around the Cu(ll) metal



centers. The penta coordinated complexes with gll value greater than gL suggested a distorted
square pyramidal environment, ruling out the behaviour of complexes possessing a trigonal
bipyramidal geometry [42].

3.4 Mass Spectral studies

The ESI-MS spectra of complexes 1 and 2 were recorded, which shows positive ion peaks [M']
at m/z values corresponding to the molecular formulas of the complexes (Figure S2). The
complex 1 showed a molecular ion peak at m/z = 387 corresponding to the [C13H14CuN30sS]”
and an isotopic peak at m/z = 389. Another peak was observed due to the removal of imidazole
ligand moiety at m/z = 319 attributed to the molecular fragment [C1oH10CuNOsS]* along with an
isotopic peak at m/z = 320. Complex 2 revealed a peak at m/z = 403 corresponding to the
fragment [C16H14CuN304S—3H"] and other peak at m/z = 340 due to removal of imidazole ligand
with [C13H10CUNO4S+2H"]. Complexes 1 and 2 also showed peaks at m/z = 257 and 278, which
are assignable to the ligand moieties with molecular fragments [Ci0H:2NOsS-H]" and
[C13H12NO4S]. Thus, the mass spectra of complexes 1 and 2 correlated well with their predicted

molecular structures.

3.5 Single X-ray crystal structure description

The complex 1 crystallizes in the trigonal crystal system with the R—3 space group, according to
single X-ray crystal diffraction experiments. The copper metal center adopted a distorted
pentacoordinated square pyramidal geometry via coordinating through the N,O3z donor set. The
coordination sphere consists of —-ONO donor set from the tridentate Schiff base ligand, one
nitrogen atom from the imidazole and one oxygen atom from the sulfonate group of the
neighboring imine ligand occupying the axial position and acting as a “bridge” between the two
copper centers arranged perpendicularly (Fig. 1). The oxygen atom at the apex of the pyramid

possesses a longer Cu—O bond distance (2.506 A) than Cu—O bonds (1.907-2.001A) in the basal



plane, demonstrating the presence of Jahn—Teller distortion. The elongation results from the
unsymmetrical occupation of the electrons present in the d—orbital of the Cu(II) atom, where two
electrons are found in the d,> while one electron is accommodated in the d,”,* orbital. The
deviation from the equatorial plane in complex 1 was also ascertained by measuring the trans
angles, i.e., N(1)-Cu(1)-0O(19) and N(11)-Cu(1)-O(31), which were found to be 88.33° and
94.02°, respectively. The trigonality index (t) value was calculated according to Addison—
Reedjik geometric parameter i.e., T = (f—a)/60 where a and S represents the two largest angles
around the copper center. The value of trigonality index for ideal square pyramidal geometry is
zero and for perfect trigonal bipyramidal T = 1. In our case, at the Cu(II) site it was found to be 1
= 0.069, close to the index expected for a distorted square pyramidal geometry. The two Cu(ll)
metal centers are 5.10 A distance apart from one another.

Significant intermolecular hydrogen and C---C bonding interactions were also present along the
c axis in a one-dimensional polymeric array of the crystal (Fig. 2). Complex 1 showed extensive
hydrogen bonding between the hydrogen atoms of imidazole and oxygen atom of the Schiff base
ligand and C---C bonding interactions between the C5 carbon atoms of imidazole rings arranged

in an antiparallel fashion generating a one dimensional (1D) polymeric array along the c axis.




Fig. 1. The crystal structure of complex 1 drawn at 50% probability level.

Fig. 2. 1D polymeric structure in complex 1 showing intermolecular (a) hydrogen and (b)
carbon-carbon bonding interactions along the c axis.

The crystallographic details of complex 2 revealed that the complex crystallizes in a monoclinic
crystal system with the P2;/n space group. The copper(ll) metal ion acquired a five coordinated
distorted square pyramidal geometry at the center by coordinating via N,O3z donor set. The
coordination sphere consists of a tridentate Schiff base ligand providing the —ONO donor set,
one imidazole ligand offering the nitrogen atom, and one oxygen atom from the sulfonate group
of the adjacent imine ligand, which occupies the apical “bridging” position between the two
copper centers (Fig. 3).

The axial position was occupied by oxygen atom of the pentacoordinated copper center revealed
an elongated Cu(1)-O(12) bond (2.643 A) as compared to the Cu—O bonds (1.909-1.993 A)
present in the basal plane. The lengthening of the bonds was attributed to the
unequal/asymmetrical distribution of the d-electrons resulting in Jahn-Teller distortion within the
crystal system. The trans angles in complex 2 showed deviation from the planarity, which were

found to be N(16A)-Cu(1)-O(11) = 92.90° and N(1)-Cu(1)-O(28) = 88.70°, respectively. The
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trigonality index was found to be t = 0.075, which is close to the value for ideal square
pyramidal geometry, i.e., T = 0. The distance between the two Cu(Il) centers that are arranged
perpendicular to each other was found to be 5.24A.

The crystal structure of complex 2 involves significant intermolecular hydrogen bonding
interactions between the hydrogen atoms of imidazole (H3) and an oxygen atom (O12) of the
Schiff base ligand where the imidazole rings are arranged in an antiparallel manner providing a
ladder-like conformation to the polymer (Fig. 4). The structure of complex 2 was further
stabilized by the presence of intermolecular C---C bonding interactions between the C2 carbon
atoms of the imidazole ring and stacking interactions among the phenyl rings of the

Naphthaldehyde group generating a 2D polymeric array along the c axis.

v
Fig. 3. ORTEP view for the crystal structure of complex 2 drawn at 50% probability level.
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Fig. 4. 2D ladder-like polymeric array in complex 2 revealing intermolecular hydrogen bonding
interactions along the c axis.

3.6 Density functional theory computational studies

Density Functional Theory (DFT) computational studies were used to optimize the electronic
structure and calculate various geometrical parameters of 1 and 2 using ORCA 3.0.1 program
suite. The initial geometries which were subjected to optimization were taken from the X-ray
crystallographic data of complexes 1 and 2 (Fig. S3). The associated geometrical parameters,
including bond angles as well as bond lengths are determined from the optimized structures and
were found to correlate with the crystallographic data as presented in Tables S4 and S5.
However, slight differences in the values resulted from the optimization studies in the gas phase,
whereas the experimental data were collected in the solid phase.

The frontier molecular orbitals of a complex were related to optical and absorption properties,
and the HOMO and LUMO energy gap was associated with the kinetic stability and chemical
reactivity. The analysis of FMOs of 1 and 2 demonstrated that the LUMOs mainly outspread
over the amine nitrogen and the aromatic ring of the Schiff base ligand while the HOMOs were

dispersed around the metal coordinated sulfonate group of the Schiff base and the imidazole
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ligand. The LUMOs are responsible for the electron-donating ability of the coordinated ligand in
the unoccupied metal-centered orbitals, whereas the HOMOs show the electron-accepting ability
within the delocalized orbitals (Fig. 5). The energy for the LUMO and HOMO orbitals were
observed in negative values, which demonstrated that the complexes are thermodynamically
stable in nature. Further, the orbital analysis for complexes 1 and 2 shows that the E, ymo values
were —1.770 and —2.121 eV, whereas Enomo values were found to be —5.568 and —5.961 eV,
respectively. The AE values resulted from the DFT calculations were found as —3.798 eV and —
3.840 eV for 1 and 2. These values determined that complex 2 had a higher stability in
comparison to 1. In conclusion, higher stability of complex 2 and the lower energy band gap
values compared to 1 were observed in concordance with the findings observed from various in

vitro assays.

(%
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AE=3.798eV | AE=3.840eV

(¥
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Fig. 5. Frontier molecular orbitals contour plot of 1 and 2.

3.7 Hirshfeld surface analysis
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The Hirshfeld surface analysis was performed for complexes 1 and 2 as shown in Fig. S4,
mapped over dnorm, Shape index, and curvedness. The dnom Surface displayed circular red color
depressions which arise from the O----H interactions within both the complexes. The shape index
surface demonstrated the red and blue conjoined triangles in the shape of “bow-tie” patterns
which were attributed to shape the m—m stacking interactions in the crystal structures of the
complexes [43].

The two-dimensional fingerprint plots were generated to make it easy to quantify distinct
intermolecular interactions coming from different atomic pairs [44]. As shown in Fig. S5, two
sharp spike-like structures were observed around the lower left of the plots, which were typical
of O----H/ H----O interactions and comprised 21.9% and 25.1% of the total Hirshfeld surfaces of
1 and 2, respectively. The H----H interatomic contacts which were discovered to be another
dominating interactions contributing 45.2% and 31.2% to the total surface contribution in 1 and
2. The fingerprint plots also show the characteristic “wing” like structures that arise from C----H/
H----C interactions and contribute 17.7% in complex 1 and 30.2% in complex 2 of the total
surface area.

3.8 Stability studies in solution

The stabilities of the complexes have been confirmed by absorption spectroscopic technique. The
absorption spectra of both the complexes were performed in DMSO as well as in water at distinct
time intervals of 0 h, 1 h, 12 h and 24 h. The results showed that neither the intensity nor the
position of the absorption bands had significantly changed. Furthermore, even after 24 hours, no
discernible changes in the absorption spectra were seen, demonstrating the stability of their

geometries and coordinating spheres. (Fig. 6, S9)

14



0.70
(a) 0.70, (I))
0.60{ | | 0.60
£ 050 g osof |
a ? |
2 | 2 [
5 040/ ~\ 5 040
a II a
s £
£ 0.30 . B 0.30
2 020 2 0.20
- / -
\
0.10 \_/ 0.10
.00 0.00
245 300 400 500 600 700 245 300 300 500 600 700
Wavelength (nm) Wavelength (um)

Fig. 6. Stability studies of complexes 1 (a) and 2 (b) in DMSO at different time intervals (Oh, 1h,
12h, 24 h), [Complex 1] = [Complex 2] = 10° M

3.9 Binding profile with therapeutic targets, ct-DNA/tRNA

In vitro interactions with complexes 1 and 2 were performed to investigate their binding mode,
and their preferential selectivity towards ct-DNA and RNA as therapeutic targets. Since most of
the prominent metal-based anticancer drugs in clinical use have their pharmacological target as
DNA, targeting DNA provides a rationale therapeutic approach for their drug design. In the
recent past, RNAs have gained paramount importance for designing efficient metal-based drug
candidates due to their biological role and diverse structural motifs providing unique binding
pockets for selective specific recognition. Despite this, there are fewer reports that describe the
binding profile of small metal-based drug candidates such as Schiff base complexes with tRNA.
Thus, investigating the molecular mechanism of metallo-drugs targeted to tRNA biomolecule
serves as a prerequisite to design efficient metal-based chemotherapeutic agents.

3.9.1 Absorption spectral studies

To determine the binding propensity and target selectivity of complexes 1 and 2, absorption
titration experiments with ct-DNA and tRNA were performed. Titration curves of complex 1
with increasing ct-DNA/tRNA concentration in aqueous Tris-saline buffer revealed an increase

in the absorption spectrum at the ligand centered n—n* (A = 277) and while a decrease at the
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LMCT band (A = 396) along with a redshift (67 nm) (Fig. 7) were observed. Such spectral
changes implicate a partial intercalative binding mode of the complex 1 [45]. On the other hand,
complex 2 exhibited a decrease in in the absorption intensity at T—n* (A = 304) band and at the
LMCT band (A = 403 nm). The “hypochromic effect” in absorption spectra of complex 2 could
be ascribed to n—n stacking interactions between the planar aromatic chromophore of Schiff base
ligand scaffold and nucleobases of ct-DNA and tRNA molecules, which is compatible with an
intercalative binding mode [46].

Complex 1 suggested 15.43% and 17.85% hypochromism, whereas complex 2 resulted in
19.04% and 21.41% hypochromism for ct-DNA and tRNA, respectively. The greater extent of
hypochromism towards the biomolecules for 2 resulted in higher binding affinity in comparison
to 1. To further quantify the extent of binding, Wolfe-Shimer equation [47] was used to calculate
Ky values, and the values are presented in Table 1. The values for Gibb’s free energy were also
evaluated for 1 and 2. Furthermore, higher values of K, upon interaction with tRNA clearly
indicate the preferential selective binding of the complexes towards RNA as compared to ct—

DNA.
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Fig. 7. Changes in absorption intensity of complexes 1 and 2 with progressive addition of DNA
(aand b) and tRNA (c and d), respectively.

3.9.2 Fluorescent intercalator displacement assays

To gain a better understanding of the mode of interaction, a fluorescent intercalator displacement
assay with increasing aliquots of 1 and 2 using ethidium bromide was carried out. With the
subsequent addition of 1 and 2 (Fig. S6), the emission intensity decreased as the bound
intercalator, ethidium bromide was gradually replaced from the ct-DNA/tRNA nucleobases. The
observed shifts in the emission intensity of 1 and 2 suggested an intercalative binding mode
towards ct-DNA and tRNA [48]. The classical Stern—Volmer equation was applied to calculate
the quenching constant Ksv values (Fig. 8) for complexes 1 and 2. The complex 2 observed
higher Ky, value, as shown in Table 1, which revealed its stronger quenching ability than

complex 1 towards ct-DNA/tRNA biomolecule.
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Table 1. Binding values of complexes 1 and 2 on the interaction with ct-DNA and tRNA.

Ky (M™) AG (KJ/mol) % Hypo Ke (10°M™)
Complexes chromism
DNA RNA DNA RNA | DNA RNA DNA = RNA
1 4.37(+0.04) x10°  5.62(x0.02) x10° -32.15 -32.77 1543 17.85 1.07 1.37
2 5.82(+0.05) x10° = 6.34(x0.03) x10° —32.87 -33.07 19.04 21.41 115 221

3.9.3 Circular dichroic studies

Circular dichroic spectral studies were carried out to analyze the conformational alterations in

the secondary structure of ct—-DNA and tRNA macromolecules. The CD spectrum of the B—form

ct-DNA exhibited a positive peak centered at 275 nm arising from nucleobase stacking and a

negative peak at 245 nm due to helicity. Intercalative binding resulted in significant perturbations

of these optical signatures; however, electrostatic interactions or groove binding causes less or no

disruption in these bands.

Upon addition of 1 and 2, there is an upward shift in the positive signal and a decrease in the

negative signal along with a wavelength shift in the ct-DNA’s CD spectrum was observed, as

shown in Fig. 9. Such changes were suggestive of the intercalative mode of binding of the

complexes within the DNA helix, causing unwinding and inducing conformational changes in

the B-DNA structure [49].
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Fig. 9. CD spectra of ct-DNA alone (blue) and in the presence of complexes 1 (pink) and 2
(brown).

Due to ellipticity, the CD spectrum of tRNA revealed two positive bands at 270 and 221 nm,
while the right-handed helical A—conformation showed two negative peaks at 240 and 208 nm.
Upon incubation of 1 and 2, a marked increase was observed in the positive bands and a decrease
in the signal intensity of the negative bands accompanied by a wavelength shift (Fig. 10). These
spectral changes suggested that the complexes interact via intercalative mode resulting in

conformational changes within the tRNA molecule [50].

7 =
= 1
E. of — . ~—
a k- 7 N~
-1~
220 240 260 280 300

Wavelength (nm)
Fig. 10. The observed shifts in CD spectra of tRNA molecule upon interaction with complexes 1
(pink) and 2 (brown). Spectrum of tRNA alone was indicated with blue line.

3.9.4 EPR interaction studies

Previous literature reports have shown that the copper(ll) ion could attack the DNA base pairs
and coordinate monodentately with the ring nitrogen atom of the guanine nucleobases at pH=7.5
[51]. With the addition of nucleic acids, EPR signal intensity either diminutes or increases,
which suggested interaction of metal complexes with the ct-DNA/tRNA. EPR spectral
measurements were performed to investigate the binding of Cu(ll) complexes with

ct—DNA/tRNA. The low-temperature X—band EPR spectrum of 1 and 2 with ct-DNA and tRNA
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at physiological pH are presented in Fig. 11. The EPR spectra of 1 and 2 in the frozen solution
state revealed a single resonance at gll and gL, which were characteristic of coupled Cu(ll) ion.
However, upon addition of an equivalent amount of ct-DNA/ tRNA to 1 and 2, the spectral
signatures revealed a shift in EPR spectral signatures along with the hyperfine splitting having gl
and gL values corresponding to the copper complex with apical chelation by a donor atom.

The structural features of complexes 1 and 2 show that Cu(ll) was coordinated through two
nitrogen atoms and two oxygen atoms in the equatorial plane, with one of the oxygen atoms
coordinated at the axial site. After titration with ct-DNA /tRNA, EPR spectra suggested that the
Cu(Il) was bound equatorially with one nitrogen from DNA/RNA base after the replacement of
axially coordinated oxygen atom [52]. Furthermore, the signal intensity was diminished to a
larger extent with the addition of tRNA, resulted in a stronger interaction of the complexes with
tRNA as compared to ct-DNA. The changes observed in the EPR spectral parameters of

complexes 1 and 2 in the absence and presence of ct—DNA /tRNA are shown in Table 2.
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Fig. 11. EPR spectra of 1 and 2 (black) show shifts in the signal amplitude on interaction with
ct-DNA (red) and tRNA (green).
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Table 2. EPR spectral parameters of complexes 1 and 2.

Complexes | Complex alone Complex + ct-DNA Complex + tRNA
1 9)=2.34,0:=1.94 0)=2.47,9.=1.88 g)=2.32, g.=1.89
2 gy =2.39, 9.=1.93 gy =2.45, 9:=1.90 g, =2.31, 9.=1.88

3.9.5 Cleavage studies pPBR322 DNA

The DNA cleavage mechanism plays an important role in cellular biology as it can cause DNA
damage, prevent replication, and ultimately results in cell death. [53] Metal complexes could
exert their cytotoxic effects by inducing DNA damage through redox activity or hydrolysis of
phosphate sugar backbone. Thus, studying the cleavage mechanism provides a pathway for
designing efficient metallonucleases which were capable of inducing DNA damage.

Gel electrophoresis is a frequently used technique for evaluating DNA cleavage behaviour by
measuring the variations in DNA mobility when an electric field is applied to incubated
complexes. When plasmid DNA is subjected to electrophoresis, the fastest travelling supercoiled
form (Form 1) is converted to a relaxed nicked form (Form II), implying single-strand DNA
scission. Between Form | and Form 11, on the other hand, the development of the linearized form
of DNA (Form Il1) predicted more lethal double-strand breaks of the DNA helix inducing cell
death.

To investigate the DNA cleaving activity of 1 and 2, a concentration-dependent pBR322 DNA
agarose gel electrophoretic assay was performed under physiological conditions. With the
progressive addition of complexes 1 and 2, the plasmid DNA was incubated for 1 h, and the
electrophoretic bands showed that the supercoiled form (Form 1) was converted to nicked
circular form (Form I1) along with the appearance of the linearized form (Form Ill) (Fig. 12 a &
b). These results demonstrated that complexes 1 and 2 had the ability to induce double-strand

DNA cleavage at low micromolar concentrations. Furthermore, complex 2 was able to induce
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much more efficient cleavage at 5 uM as compared to complex 1 whose cleavage activity was

observed at 8 uM.

Form II
Form III
Form I

Form II
Form III
Form I

12 3 45 6 7 8 9 1011

Fig. 12. Complexes 1 and 2 showed pBR322 DNA cleavage (0.1 pg/ul) at different
concentrations at 37 °C with an incubation time of 1 h: (a) lane 1, DNA; lane 2, DNA + 1 (1uM);
lane 3, DNA + 1 (2uM); lane 4, DNA + 1 (3uM); lane 5, DNA + 1 (4uM); lane 6, DNA + 1
(5uM); lane 7, DNA + 1 (6uM); lane 8, DNA + 1 (7uM); lane 9, DNA + 1 (8uM); lane 10, DNA
+ 1 (9uM); lane 11, DNA + 1 (10uM); lane 12, DNA + 1 (11uM); (b) lane 1, DNA; lane 2, DNA
+ 2 (1uM); lane 3, DNA + 2 (2uM); lane 4, DNA + 2 (3uM); lane 5, DNA + 2 (4uM); lane 6,
DNA + 2 (5uM); lane 7, DNA + 2 (6uM); lane 8, DNA + 2 (7uM); lane 9, DNA + 2 (§uM); lane
10, DNA + 2 (9uM); lane 11, DNA + 2 (10uM); lane 12, DNA + 2 (11uM).

Earlier reports observed that the copper(l1) complexes had the ablilty to cleave the plasmid DNA
in H,O, presence via an oxidative pathway mediated through Fenton’s mechanism. In lieu of
this, the cleavage behaviour of 1 and 2 was studied with the addition of H,O; as a redox agent.
The gel electrophoretic bands (Figure 12 a & b, lane 3) demonstrated that the complexes were
found to effectively cleave the DNA with the addition of H,0,, suggesting the involvement of
hydroxyl radicals in the cleavage pathway following an oxidative mechanism.

To explore the role of various reactive oxygen species in the cleavage mechanism, the complexes
were incubated with different additives such as singlet oxygen quencher (NaNs), superoxide
oxygen scavenger (SOD), and hydroxyl radical scavenger (EtOH and DMSQO). Since copper
complexes are well known to participate in DNA cleavage reaction by generation molecular
oxygen or superoxide anion radical, it was observed that the addition of NaN3 and SOD (Fig. 12

a & b, lane 4 & 5) to complexes 1 and 2 determined significant cleavage inhibition behaviour.
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Furthermore, a marked inhibition of the cleavage activity of 1 and 2 was also observed in the
presence of EtOH and DMSO, suggesting that diffusible hydroxyl radicals (*OH) were also
involved in the cleavage reaction mechanism (Fig. 12 a & b, lane 6 & 7). The corroborative
observations suggested that the these complexes were able to induce an oxidative cleavage of the
plasmid DNA by generating reactive oxygen species (*O, and O,™) and hydroxyl radicals (+OH)
resulting in the formation of copper-oxo species [54,55].

To investigate the complexes’ preferential groove binding mode, cleavage activity was measured
with the addition of minor groove binding agent, DAPI (4',6—diamidino—2—phenylindole). The
electrophoretic bands (Fig. 13 a & b, lane 8) demonstrated that the addition of DAPI resulted in
considerable cleavage inhibition activity resulted in the minor groove preference of 1 and 2.
These findings are of considerable interest as most of the oxidative cleaving reagents interact

preferentially through minor grooves rather than major grooves [56].

- Form I
Form I

Form II

1 2 3 4 5 6 7 8

Fig. 13. cleavage behavior of pPBR322 DNA (0.1 pg/uL) in the prescence of 1 and 2 at 37 °C
with an incubation time of 1 h with the addition of different additives: (a) lane 1, DNA; lane 2,
DNA + 1; lane 3, H,0; (0.25 uM) + DNA + 1; lane 4, sodium azide (0.4 uM) + DNA + 1; lane 5,
SOD (0.4 uM) + DNA + 1; lane 6, Ethyl alcohol (0.4 uM) + DNA + 1; lane 7, DMSO (0.4 uM)
+ DNA + 1; lane 8, DAPI (0.16 uM) + DNA + 1; (b) lane 1, DNA; lane 2, DNA + 2; lane 3,
H,0; (0.25 uM) + DNA + 2; lane 4, sodium azide (0.4 uM) + DNA + 2; lane 5, SOD (0.4 uM) +
DNA + 2; lane 6, Ethyl alcohol (0.4 uM) + DNA + 2; lane 7, DMSO (0.4 uM) + DNA + 2; lane
8, DAPI (0.16 uM) + DNA + 2.

3.9.6 RNA Cleavage studies
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The RNA molecule was involved in various cellular processes and performed regulatory
functions, thus could be exploited as a viable therapeutic target. The metal-based complexes
were found to promote specific degradation of the RNA molecule through hydrolysis of the
phosphate backbone or as a sequence—recognizing moieties. Thus, investigating the RNA
cleavage pathway in the presence of metal complexes could be envisaged for controlling RNA
structural features and developing metallonucleases that could selectively hydrolyze RNA at the
target site.

The RNA cleavage activity was monitored at a fixed concentration of tRNA which was
incubated with an increasing concentration of the complexes 1 and 2 at room temperature for a
period of 3 h and 24 h. After 3 hours of incubation, the complexes caused a partial cleavage of
the tRNA molecule and showed moderately decreased bands, according to the gel electrophoretic
pattern (Fig. 14 a & b). However, with concentration range from 6.25 pM to 17.50 uM, the
cleavage activity was increased and found to be higher in complex 2 than 1. The cleavage
activity was also monitored after 24 h of incubation which revealed the occurrence of largely
diminished electrophoretic bands suggesting complete degradation (90-95%) of the tRNA (Fig.
14 ¢ & d). Furthermore, with increasing concentration, the complexes demonstrated higher
activity implicated by the diminishing band intensity, which was higher in complex 2. These
findings showed that RNA cleavage was time- and concentration-dependently promoted by

complexes 1 and 2 [57].
 —
"

1 2 3 4 5 6 7 1 2 3 45 67

Fig. 14. The gel electrophoresis pattern of tRNA molecule with the addition of increasing
concentration of complexes 1 and 2 (6.25-17.50 uM) for 3h (a and b) and for 24h (c and d).



3.10 Lipophilicity

Lipophilicity is used to determine various biological parameters of the complexes, such as
cellular uptake, metabolism, bioavailability, and lipid solubility. The study has gained
importance as it is ideal for predetermining the ADMET properties of drug candidate correlate
structure and lipophilicity profiles, thus, rendering them a safe throughput in clinical trials. The
lipophilicity can be calculated in terms of Log P, demonstrating the membrane permeability of
the complexes. The SwissADME software calculated Log P values of complexes 1 and 2 as 1.28
and 2.82, respectively. The greater lipophilic nature of complex 2 than complex 1 was reflected
by their LogP value, followed by their enhanced biological activity [58].

3.11 Cytotoxic profile

The cytotoxicity of both the complexes was assessed using MTT assay against three cancer cell
lines viz., MDA-MB-231 (triple negative breast cancer cell line), HCT 116 (human colon cancer
cell line) and A549 (lung cancer cell) (Fig. 15). When 1 and 2 were treated at a dosage of 10-200
pg/ml, it was found that the complexes effectively inhibited the growth of these malignant strains
in a dose-dependent manner. The complex 2 observed greater inhibitory response as quantified
by the calculated ICsy values (Table 3). This is caused due to its unsaturated and planar
geometric preference that facilitates the insertion of 2 into the plasma membrane. The complex
displayed a stronger inhibitory response on the tested MDA-MB-231 cancer cell line as a result
of the positive association between DNA/RNA interaction and cytotoxicity. Furthermore, ROS
species produced by the complexes may be responsible for inducing apoptosis in cancer cells by
producing H,O, levels above the toxic threshold. In vitro tumour cell growth is directly and
dose-dependently inhibited when anticancer drugs are combined with ROS species. The
morphological alterations detected in the cell lines exposed to complexes for 48 h are presented

in Fig. 16 indicating that with the exposure of complexes to the cell lines, complexes 1 and 2
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presented round features and were nonadherent in culture as compared to control. These
morphological changes indicated that these complexes are capable of inducing cell death,
probably by apoptosis cells. However, changes in complex 2 were more pronounced as

compared to complex 1, making it as a potential cytotoxic agent.

Table 3
Complexes 1Cs values (pg/ml)
MDA-MB-231 HCT-116 A549
1 118.5 81.97 77.61
2 22.96 51.59 53.53
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Fig. 15 Cell viability of treated cancer cells at different complexes concentrations under dark and

visible conditions.

27



Complex 1 Complex 2

A549

MDA-MB-231

HCT-116

Fig. 16 The morphological alterations in different cancer cells upon treatment with complexes at
their 1Csq values (ug/ml)

3.12 Molecular docking studies

Molecular docking studies with DNA and RNA biomolecule were conducted to further confirm
the binding mode as well as selective recognition sites for 1 and 2, were carried out [59]. The
docked pose model of 1 and 2 with DNA (PDB ID: 1BNA) delineated that the complexes
preferentially target the minor groove GC region in proximity to G-24, C-23, G-22, G4, G4,
A-5 and A-6 nucleobase pairs (Fig. S7 & S8a). The Schiff base ligand in the complexes was
found to intercalate within the DNA nucleobases, while the imidazole moiety interacted through
hydrogen bonding interactions stabilizing the overall molecular interactions. The binding
energies were found to be —248 KJmol ™ and —270 KJ mol™ for complexes 1 and 2, respectively,

suggesting the higher binding propensity of complex [C16H15CuN30,4S] with DNA duplex.
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The Docking profile of the complexes 1 and 2 with tRNA (PDB ID: 6tRNA) demonstrated that
these complexes fit snugly into the RNA intercalation site i.e., inserted into the active pocket of
the anticodon arm in proximity to C-28, C-27, A-29, G-26, C-25, G-30, C—40, G—42, G-43
and U—41 (Figure S7 & S8b). In addition, van der Waals and hydrophobic interactions also play
a major role in the stronger binding of the complexes with tRNA. The binding energies for
complexes 1 and 2 were found to be —265 KJmol™ and —299 KJmol™, respectively, which
validates the higher binding propensity of complex 2. Furthermore, the higher negative binding
energy values of the complexes with tRNA as compared to ct-DNA demonstrated that they were
better targeted towards tRNA therapeutic biomolecule.

4. Conclusions
New water soluble polymeric (p—oxo) bridged Cu(Il) complexes derived from taurine Schiff
base and appended with imidazole ligand were synthesized. The structures of complexes were
established by various spectroscopic and single X—ray crystallographic studies. The complex 1
crystallizes in the trigonal crystal system with the R-3 space group and complex 2 crystallizes in
a monoclinic crystal system with the P 21/n space group. The crystal structure of the complexes
was further stabilized by the intermolecular C----C and H----H bonding interactions resulting in a
two dimensional supramolecular framework.
The DFT studies were carried out to determine the frontier molecular orbitals and other
geometrical parameters of the complexes and to correlate their energy and stability. The results
of DFT studies demonstrated higher stability of complex 2 as compared to 1.
The binding profile of complexes 1 and 2 was evaluated by employing various biophysical
methods viz., absorption titrations, fluorescence intercalator displacement assay, circular

dichroism spectroscopy, and electron paramagnetic resonance binding studies with ct—
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DNA/tRNA. The corroborative results of these experiments revealed that the complexes
interacted via an intercalative mode with higher binding propensity of complex 2 as compared to
1. Furthermore, the complexes show higher binding propensity towards tRNA as compared to
ct—-DNA implicating their selective preferential binding towards RNA. The gel electrophoretic
experiments of complexes 1 and 2 were carried out with plasmid pBR322 DNA which
demonstrated that the complexes were able to cleave the plasmid DNA in a dose dependent
manner at low micromolar concentrations. The mechanistic insight of DNA cleavage in presence
of ROS radical scavengers showed that DNA scission was facilitated suggesting the involvement
of singlet oxygen (*O,) and superoxide anions (O.*"). The cleavage studies in presence of H,0,
implicated a lethal double—strand DNA scission via the oxidative pathway involving the
formation of copper—oxo species mediated through Fenton’s reaction mechanism. The tRNA
cleavage experiments of the complexes 1 and 2 were performed which revealed efficient
cleavage activity of the complexes as a function of both increasing concentration and time.
Molecular docking studies were also performed with DNA and RNA biomolecules which
revealed higher negative binding energy values of the complexes with tRNA, validating the
results obtained from spectroscopic studies.
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