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Graphical Abstract

Three new Cu(ll) complexes were synthesized, structurally characterized and their DNA binding
and cleavage properties were studied. Gel electrophoresis pattern reveaed that these complexes

cleave supercoiled DNA into nicked circular form.
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Highlights

Three new picolinic acid based Cu(ll) complexes were synthesized and structurally
characterized.

The DNA binding and cleavage properties of these complexes were studied.
The copper complexes bind to DNA in an intercal ative mode of interaction.
The complexes successfully converted supercoiled DNA into nicked circular form.

The kinetic data show that the cleavage reactions follow pseudo first order rate constants
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Abstract

In view of the importance of picolinic acid (PA) preventing cell growth and arresting
cell cycle, new PA based metallonucleases wergydediwith a view to study their DNA
binding and cleavage abilities. Three new Cu(llimptexes [Cu(ll)(DPPA)].4K0
(D, [Cu()(DPPA)(bpy)].5H0O () and [Cu(ll)(DPPA)(phen)].560 (3), were
synthesized using a picolinic acid based bifunaionigand (DPPA) and heterocyclic
bases (where DPPA: Pyridine-2-carboxylic acid {#pyl-1-[(pyridin-2-yImethyl)-
carbonyl]-ethyl}-amide; bpy: 2, 2'-bipyridine anchgn: 1, 10-phenanthroline). DPPA
was obtained by coupling 2-picolinic acid and 2epit amine with L-phenylalanine
through amide bond . Complexes were structuralgratterized by a single crystal x-ray
crystallography. The molecular structurelo§hows Cu(ll) center essentially in a square
planar coordination geometry, while compl2xshows an approximate five coordinated
square-pyramidal geometry. Eventhough we couldisoate single crystal for complex
(3), its structure was established based on othanigees. The complex3) also exhibits
five coordinate square pyramidal geometry. The dergs show good binding affinity
towards CT-DNA. The binding constants ,{Kdecrease in the order 1.35+0.01%10
(3)>1.23+0.01 x10® (2)>8.3+0.01x10 (1) M™. They also exhibit efficient nuclease
activity towards supercoiled pUC19 DNA both in thiesence and presence of external
agent (HO;). The kinetic studies reveal that the hydrolytic cleavaegctions follow the
pseudo first-order rate constant and the hydrolgiss are in the range of (5.8 — 8.0)x10
fold rate enhancement compared to non-catalyzaetldstranded DNA (3.6x10h™).
Keywords: Picolinic acid, Copper(ll) complexes, Crystal sture, DNA binding, DNA

cleavage.



1. Introduction

The interaction of metal complexes with DNA is oéat interest for the development of
artificial endonucleases followed by anticancer gdtherapies. DNA offers several
potential binding sites for transition metals, udihg the anionic phosphate backbone,
electron-rich bases, and the major or minor grog¥gsTransition metal complexes can
associate with DNA mainly in two types of bindingtifis: Covalent and non-covalent
binding (intercalation, electrostatic interactiondamajor/minor groove binding). The
well-studied first generation anticancer complexsplatin [cis-Pt(NH).Cl,], binds
covalently to the Kguanine of DNA, causing a distortion to the stmetof DNA
double helix leading to serious side effects arddemath [2-5]. Because of this, the usage
of cisplatin is limited. Hence, other metals likepper, [6—8Jand ruthenium [9-11] are
now regarded as promising alternatives to platinnngancer therapy. Copper is most
abundant bio-essential element with two oxidatitates (+1 and +2) which are important
in most aerobic organisms, is employed as a straictand catalytic cofactor, and
consequently it is involved in many biological pattys [12]. The coordination flexibility
and distortion ability of Cu(ll) complexes contrtbusignificantly to the structural
diversity, which eventually play a vital role in P\oinding and cleavage.

Nitrogen ligands have been extensively used in dination chemistry, [13, 14]
especially to obtain derivatives that are able tonim structural, spectroscopic and
catalytic features of active sites of metallo-enegnfl5-18]. As a typical heterocyclic
planar ligands, 1, 10-phenanthroline and 2, 2-hdoye have attracted attention due to
their diverse and wide-ranging antiviral, photociehand photophysical properties,

versatile coordination modes and the potentiabtanfsupramolecular aggregates through



n...m stacking interactions. Thus, the design of thestahcomplexes have continuously
increased since many of these materials may sesveaels which mimic both the
structure and reactivity of metal ion sites in cdempbiological systems and possess a
broad spectrum of biological activity [19-21].

Many useful applications of the complexes requivat tthe complexes bind to DNA
through intercalative mode since it is one of ti@artant binding modes that invariably
lead to cellular degradation [22]. Considering tv®minent role of intercalators in
enhancing DNA binding, cleavage and biological agepions, we have been focusing
our attention in the development of new metalloeasés with increased ligand
aromaticities [23-30]. Recently, it was shown thia¢ treatment with picolinic acid
disordered the cell growth and arrested cell cy8tH. Picolinic acid also stimulates
programmed cell-death (PCD) in cancer cells anttiefitly interrupts the progress of
HIV in vitro [32]. In view of this, we have synthesed a picolinic acid based ligand
(DPPA), with phenylalanine and picolyl amine [33&nd isolated its binary and ternary
copper complexes. We reported (Fig.1) herein theh®gis, characterization and x-ray
structure {&2). In the absence of crystal structure 8y, the geometry was established
based on other techniques. Their interaction wilRBINA was studied by employing
various biophysical techniques such as thermal tdest#on, electronic absorption,
viscosity and fluorescence spectroscopy. The bghdonstants (K for these complexes
were determined (1.35+0.01x1(B), 1.23+0.01 x10(2) and 8.3+0.01x1D(1) M™). The
DNA cleavage activity of the complexes was evaldiatesing gel electrophoresis

technique. They bind and cleave DNA efficiently.eTBNA hydrolysis rate constants



were also determined. The ternary complex2s 3) bind and cleave DNA more

efficiently compared to binary compleX)(
2. Experimental part

2.1. Materials

Picolinic acid, picolylamine, phenylalanine-methgister, DCC N,N’-dicyclohexyl
carbodiimide), 2, 2-bipyridine (bpy), 1, 10-phettanline (phen), Cu(OAg)H,0,
LIOH.H20 and ethidium bromide (EB) were obtained from Sagi®9.99% purity) USA
and were of analar grade. Solvents (MeOH, EtOH,@H were purchased from Merck,
India. The CT-DNA was obtained from Fluka (Switzedl), supercoiled pUC19 DNA,
agarose, tris-base and tris-HCI were obtained fi@amgalore Genei (India). The
chemicals were used as supplied.

2.2. Methods

Elemental analyses were obtained from the micrgéinal Heraeus Carlo Elba 1108
elemental analyzer. The molar conductivity was mess on a Digisun digital
conductivity bridge (model: DI-909) with a dip typell. NMR spectra obtained from
Bruker biospin Avance-lll 400 MHz spectrometer.réned spectra were recorded on a
Perkin - ElImer FT-IR spectrometer, in KBr pellatstiie 4000-400 cthrange. Magnetic
susceptibilities of the complexes were recordedomim temperature on a Faraday
balance (CAHN-7600) using Hg[Co(NC§)as the internal standard. Diamagnetic
corrections were made by using Pascal's consta3$ [ESI mass spectra of the
complexes were recorded using a Quattro Lc (Micrassn Manchester, UK) triple
quadruple mass spectrometer with Mass Lynx softwaevis spectra of the complexes

were recorded on a Shimadzu 160A spectrophoton(@@€-200nm) and Jasco V-530



UV-vis spectrophotometer using 1-cm quartz micro-cegetiGel pattern after the
electrophoresis was photographed by Alpha-Innogédgcumentation system (USA).
2.3. X-ray crystallographic procedures.

Reddish brown single crystals @#fand2 were grown by slow evaporation of reaction
solution (ag. MeOH) for a week at room temperatuésecrystal of the complex was
mounted on a glass fiber and used for data cablectCrystal data were collected at 293
K, using Bruker-Nanious SMART APEX CCD single cuajistliffractrometer equipped
with a graphite monochromator and a Ma fine-focus sealed tubé. & 0.71073 A)
operated at 2.0 kW. The detector was placed attardie of 6.0 cm from the crystal. Data
were collected with a scan width of & o and an exposure time of 15s/frame. The
SMART software was used for data acquisition ared SAINT-Plus software was used
for data extraction [35]. The absorption correctiomere performed with the help of
SADABS program [36] The SHELX-97 programs [ZXjailable in the WinGX package
[38] was used for structure solution and refinemé&he ORTEX6a [39] and Platon [40]
packages were used for molecular graphics. Allrtbe-hydrogen atoms were refined
with anisotropic displacement parameters. All tlyelrbgen atoms could be located in
Difference Fourier map. However, they were relodatg chemically meaning full
positions and were given riding model refinemertie Tefinement of water hydrogen
atoms were restrained such that they remain irvitiaity of the respective difference
peak. The selected crystallographic datd ahd2 was given in Table 1.

2.4. Syntheses of ligand (DPPA) and complexes (1-3)



The ligand DPPA was synthesized as per the literature [33]. Thisdescribed
schematically in scheme 1. TR&-I, PA-II and the final ligand@PPA) were isolated
and characterized. The details are provided inlsapgntary informatioh

The ligandDPPA (0.36 g; 1 mmol) was dissolved in methanol (10 rah)l added drop
wise to an ag. methanolic solution (10 mL) of Cu@A H,O (0.198 g; 1 mmol). The
solution was stirred for 6 h. at room temperatorelitain compleX. Complexl1 (0.421
g; 1 mmol) was dissolved in aq. methanol (10 mLd gmthis a methanolic solution (15
mL) of bpy (0.156 g; 1 mmol) / phen (0.198 g; 1 ntynwas added and stirring was
continued for 3 h. to afford and3 respectively (Scheme 1). The reaction solutionsewer
kept for slow evaporation for few days to isolategke crystals. Reddish brown crystals
were obtained fot and2. A brown solid was isolated for compl8x

[1]: Yield: (0.357g, 85%). Elemental analyses: (Found50.70; H, 5.27; N, 11.20. Calc.
for Co1H26CuNsOg: C, 51.06; H, 5.30; N, 11.34%). ESI-MBvVz 422 (M" + H, 100%),
444 (M'+ Na, 34%). UV-Vishmax (H20: MeOH, 9:1)/nm: 257, 393, 530. IRjax/ cm™:
3438br (OH), 2927w (CH), 1643vs (C=0), 1599s (C=0}04 (C=N), 1051, 824, 765,
690, 520w (Cu-N)per = 1.69 BM. Ay [Q™ cn? mol?, 10° M in ag. methanol, 2§&] =
4.60.

[2]: Yield: (0.404q, 70%). Elemental analyses: (Found55.47; H, 5.39; N, 12.33. Calc.
for C31HzsCUNsO7: C, 55.72; H, 5.43; N, 12.58%). ESI-M®/z 578 (M'+ H, 85%). UV-
Vis: Amax (H2O:MeOH, 9:1) /nm: 207, 270, 392, 690. IRiax/ cm': 3425br (OH),
2926w, 2862w (CH), 1615vs (C=0), 1596s (C=C), 14(@sN), 1339, 1292, 1157,
1084, 1023, 823, 764, 695, 580m (Cu-My= 1.73 BM. R cn? mol?, 10° M in aq.

methanol, 2%C] =12.40.



[3]: Yield: (0.420g, 70%). Elemental analyses: (Found56.92; H, 5.19; N, 12.03. Calc.
for C33H36CuUN6@ C, 57.26; H, 5.24; N, 12.14%). ESI-MB¥z 602 (M+H, 100%),
624 (M+Na, 28%). UV-VisAmax (H2O:MeOH, 9:1)/nm: 222, 264, 395, 710. Ruax/
cm™: 3427br (OH), 3079, 2925, 2861w (CH), 1618vs (C=I3P4s (C=C), 1428s (C=N),
1343, 1082, 850, 770, 730, 583m (Cu-Ni= 1.80 BM. R* cn? mol?, 10° M in aq.
methanol, 2%C] =15.70.

2.5. DNA binding

2.5.1. Preparation of stock solutions

Concentrated CT-DNA stock solution was prepare® imM tris-HCI/50 mM NacCl in
double distilled water at pH=7.5 and the conceianabf DNA solution was determined
by UV absorbance at 260 nm=% 6600 M'cm™) [41] Solution of CT-DNA in 5 mM tris-
HCI/50 mM NaCl (pH =7.5) gave a ratio of UV absaopt at 260 nm and 280 nm
Azso/Azgo Of ca. 1.8-1.9, indicating that the DNA was suéfitly free of protein
contamination [42]. The concentration of EB solotiowas determined
spectrophotometrically at 480 nre € 5680 M'cm®) [43] All stock solutions were
stored at 4°C and were used within couple of days. All DNA himgl and cleavage
experiments were carried out in tris buffer. Thecktsolutions of metal complexes were
prepared in water methanol (9:1) mixture.

Based on competitive binding experiments, it wasctaded that the saturation of
binding reaches when the concentration of readpegies (DNA & complexes) are in an
equimolar (1:1) ratio. Accordingly all the measusstts were performed only up to that
ratio. The major species present at the mediumtefaction were either 1:1 or 1:1:1 for

binary and ternary complexes respectively.



2.5.2. Thermal denaturation studies

The thermaldenaturation studies were performed on Shimadzé Ep@ctrophotometer
equipped with a thermostatic cell holder. DNA (8@) was treated with complexds3
(30 uM) in a 1:1 ratio in tris buffer at pH 7.5. The gales were continuously heated at
the rate of 1°C min® while monitoring the absorption changes at 260 file melting
temperature (f) and the melting intervaA(T,) data were obtained from the experiment
as per the reported procedure [44].

2.5.3.Interaction of CT DNA with 1-3 by UV-vis titration

Absorption spectra were recorded on Jasco V-530/1dMle spectrophotometer using 1-
cm quartz micro-cuvettes. Absorption titrations eveperformed by keeping the
concentration of the complexek§) constant (10 pM) and monitored the charge transfe
bands absorbance changes upon increasing the ¢atmenof CT-DNA from 0-10 uM.

In the reference cell, a blank DNA was placed sdoasullify the DNA absorbance at
measured wavelength. For the complexe8, the binding constants (K were
determined from the spectroscopic titration datagithe following equation [45, 46].

[DNA]/et-€;) = [DNA) (ep-&) + 1/ Ko(Ep-&f) ------- (1)

The ‘apparent’ extinction coefficientd) was obtained by calculatingofd/ [Cu]. The
termsg; and g, correspond to the extinction coefficients of frealfound) and the fully
bound complexes, respectively. From a plot of [DN&\le;) Versus [DNA] will give a
slope 1/¢,-¢f) and an intercept 1iep-€;). Kpis the ratio of the slope to the intercept.
2.5.4.Viscosity

Viscometric titrations were performed with an Odtiveiscometer at room temperature.

The concentration of DNA was 200 puM, complex coticgion was varied from 0-200

9



MM and the flow times were measured with a diditaker. Each sample was measured
three times for accuracy, and an average flow twvas determined. Data was presented

12 vs. [complex]/[DNA], wheren is the viscosity of DNA in the presence of

as fi/mo)
complex andy, that of DNA alone. Viscosity values were calculatemin the observed
flow time of DNA containing solutions (t) correctddr that buffer alone (5 mM tris
HCI/50 mM NaCl) (t), n = (t-t).

2.5.5. Competitive binding

These experiments were also performed on JascoOMBBvisible spectrophotometer
using 1-cm quartz micro-cuvettes. Absorption titnas were performed fod - 3
complexes by keeping the concentration of the EB(M), DNA (40 pM) constant, and
by varying complex concentration from 0 to 40 uM.

2.5.6. Fluorescence spectra

Fluorescence spectra were recorded with SPEX- élogr0.22m fluorimeter equipped
with a 450 W Xenon lamp. The slit widths were 2x2&2nd the emission spectral range
was 550-650 nm. Solution containing DNA and EB wasated with varying
concentrations o1-3. The concentration of DNA and EB was maintainedlatM and
the concentration of complexes was in the rang@- D36 uM. The solutions containing
DNA and EB were mixed in an equimolar ratio and ¢benplexesl-3 were added and
allowed to equilibrate till a clear solution wastaibed. They were excited at 540 nm
(Amax for EB) and the fluorescence emission at 598 k) was recorded.

Fluorescence spectra were also utilized to ob&matchardplots. For this, titration of
DNA against EB in the absence and presence of copp@aplexes were performed.

Initial concentration of DNA in tris buffer is 20Mi1and the concentrations @f3 were

10



kept at 50 pM. After each addition of EB to theusimins containing DNA and copper
complexes, the emission spectra were recorded @nrahge of 550 to 650 nm with
excitation at 540 nm at Z&. Corrections were made to the data for the volahamges
during the course of titrations. The data were yw®al by the method of Lepecq and
Paoletti [47]to obtain bound ¢ and free (§ concentration of EB an8catchardplots
were obtained by plottingg/ct Vs reg (Where r = g/ conc. of DNA).

2.6. DNA Cleavage

Electrophoresis experiments were performed usipgreviled pUC19 plasmid DNA (SC
DNA) in accordance with the established procedurés. cleavage of SC DNA (38V
base pair concentration) was accomplished by tlogiad of Cu(ll) complexes in the
absence (0-150M, 0-80 uM and 0-60uM of 1-3, respectively) and presence (018l

of 1 and 0-5 for2 &3) of 1 mM HO,.The total volume of the solution was maintained
constant at 16 puL by adding 5 ntkik buffer. The mixtures were incubated at’@7for a
period of 2h. The reactions were quenched anddbegltmg solutions were subjected to
electrophoresis. The analysis involved loading led solutions onto 1% agarose gels
containing 2.5uM EB (2 pL), and the DNA fragments separated by gel eletiwogsis
(60 V for 2 h in standard tris-acetate-EDTA (TAE)ffer, pH 8). Ethidium-stained
agarose gels were imaged, and densitometric araf$he visualized bands was used to
determine the extent of DNA cleavage.

Control experiments were carried out using Cu(QAD, free ligands at a
concentration of 1 mM. In order to gain an insighto the mechanism of hydrolytic
cleavage: the cleavage of SC DNA (3Bl base-pair concentration of SC DNA) was

carried out at a concentration of 150, 80,0 of complexesl-3 respectively in the

11



presence of 1 mM DMSO, a known hydroxyl radicalveceer. For oxidative cleavage,
the concentration of complexes wasy M8 for 1 and 5uM for 2 & 3 in the presence of 1
mM DMSO and 1 mM HO,. Each solution was incubated at &7 for 2h and analyzed
by the procedure described above. For evaluatinegtiki data, the complex concentration
was fixed at 100 uM with different incubation tim¢€8-60 min) under identical

experimental conditions.
3. Results and Discussion

The complexes were soluble in water methanol met@®:1). They were non-
hygroscopic and stable in both solid and solutitlmges. The analytical data for the
complexes are in good agreement with their fornmutgt The molar conductance values
are too low to account for any dissociation of tbenplexes in aq.MeOH, suggesting the
non-electrolytic nature of the complexes. The obsgmmagnetic moment values fbi3

in the range of 1.69-1.80 BM are suggestive of onpaired electron system with spin
(1/2), which represents the paramagnetic natur€wdl) complexes [48]. Important
physico-chemical data fdr3 were obtained and tabulated in Table 2.

Reddish brown crystals were isolated for complekesnd 2 by slow evaporation of
reaction solutions for few days at room temperatuinespite of trying in different
conditions and solvents, we could not succeed olatiig single crystals foi3.
However, the complexes were comprehensively cheniaetl by various established
physico-chemical techniques.

3.1. Crystal structure description of 1

The ortep diagram of the compleiis shown in Fig. 2a and selected bond distancds an

angles were given in Table 3. The compleis in monoclinic system with space group

12



C12/c1 and the copper center lies in a N4 coordina¢nvironment with four lattice
water molecules fol. The ligandDPPA coordinates with Cu(ll) ion in a tetra-dentate
manner utilizing N atoms of two different functipnsamely amidate (deprotonated
amide) (N1 and N2) and pyridine (N3 and N4) as piié donor sites irl resulting in
the formation of three five membered chelating $sif@UNCCN). The bond distances
from metal center to donor sites are Cu(1)-N(103(8), Cu(1)-N(2) 1.916(3), Cu(1)-
N(3) 2.013(3) and Cu(1)-N(4) 2.027(3) respectivelre pyridyl N-atoms are slightly
elongated from the ideal M-N bond distances. Thedoangles around the Cu(ll) are not
orthogonal at 82.60(13), 82.68(12), 82.45(11), &hA.24(12) for each N(1)-Cu(1)-N(2),
N(1)-Cu(1)-N(3), N(2)-Cu(1)-N(4) and N(3)-Cu(1)-N@ respectively are slightly
deviated from 99 However the sum of the angles around Cu(ll) is/\&@ose to 360°
indicating a planar geometry. Therefore, the cowtion geometry around Cu(ll) is
slightly distorted from ideal square-planar as ielated by bond angles and inter planar
angles around the metal atom, which are composedtireé five membered chelating
rings (CUNCCN) in compleg. Dihedral angle [°] between the least-squaregsa(N1-
Cu-N2) and (N3-Cu-N4) = 2.090(1) ° is a measurdexfiation from square-planarity.

3.2. Crystal structure description of 2

Similarly, the complex is also a monoclinic system with P2(1)/c spaceigrd he ortep
diagram (Fig. 2b) of2 shows N5 coordination with approximate square mydal
geometry around the copper center. In this compleRA acts as a tri-dentate ligand in
contrast to its tetra-dentate nature with Cu(1))NZD43(3), Cu(1)-N(2) 1.928(3) and
Cu(1)-N(3) 1.956(3) bond distances (Table 3), aocupying three equatorial positions

of basal plane of the square. The secondary liggoydoccupies one equatorial and one
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axial position with Cu(1)-N(5) 2.032(3) and Cu(1ja) 2.255(3) bond distances
respectively. The Cu-N axial distance is elongatégth respect to the Cu-N basal
distances by ~0.20 is typical fot €u(ll) centers with a square pyramidal geomethe T
bond angles between two coordinates in squareBar89(13), 95.29(13), 82.54(12) and
96.95(12) for each N(1)-Cu(1)-N(2), N(1)-Cu(1)-N(B)(2)-Cu(1)-N(3) and N(3)-Cu(1)-
N(5) respectively. The sum of the square angle358.67° which is slightly deviated
from ideal square (360°). The axial nitrogen (NBpashow small angle towards N(1)-
Cu(2)-N(5) plane compared to other planes due eaithidity of the bpy molecule. This
also accounts for the distortion in the geometry.

3.3. IR spectra.

The IR spectral data of the free ligaddPPA) and the Cu(ll) complexes with their
relative assignments were studied to charactehnize structures. The assignments of the
infrared spectra were made on the basis of litezadmd Nakamoto [49The IR spectra
of the complexes were analyzed in comparison vh#irtfree ligand spectrafffig.S6a-

c). In the IR spectra df-3 (tFig.S6d-f) a broad peak appeared at 3438, 3425344d
cm’ respectively forl-3 were assigned to th&O-H) of water molecules present in the
crystal lattice. ThdR spectra ofigand exhibited a sharp peak at 3293 tmhich was
attributed to the(N-H) vibrations, disappeared in the complexestdube deprotanation
of amide group upon complexation with copper. Thdicates that the nitrogen atoms of
the amide group coordinated to Cu(ll) ion. An irgerstretching absorption detected at
1655 cnit was due to the amide carbonyl gray©=0) of DPPA, which was shifted to
1643, 1615 and 1618 ¢hin complexed-3 respectively. The peaks corresponding to the

ring stretching frequencies(C=C) andv(C=N)) at 1579 and 1454 chfor free bpy and
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at 1506 and 1419 chfor phen were shifted to 1596 and 144Icfor 2 (1553 and 1428
cm® for 3) upon complexation. And the characteristic lovergy pyridine ring in and
out-of-plane hydrogen bending modes of free bpyeniesi at 758 and 619 ¢h{850 and
734 cm' for phen) were shifted to 764 and 703 cfior 2 (848 and 730 cih for 3),
which is an indication of the coordination of thetérocyclic nitrogen to copper. The new
non-ligand peaks at 527, 580 and 583'¢ar 1-3 respectively were assigneduCu-N)
vibration, [50] also indicates that the ligands are coordinaiembpper through nitrogen
atoms.

3.4. UV-vis spectra

The electronic spectra of the Cu(ll) complexgs3) recorded in ag. methanol at room
temperature show absorption bands with varied sitgnThe electronic spectra 8fwas
shown in Fig. 3 (TFig. S7 fdrand?2). The intense UV bands at 25[),(207, 270 2) and
222, 264 nm ) were assigned to intra-ligand-£*) transition of DPPA and bpy/phen
ligands, while the less intense bands in the ré@88#395 nm ofl - 3 were assigned to
the LMCT transitions. Besides, in the visible rege broad band (insets of res. Figures)
observed at 530 nm fdrwas assigned ttA, — *T; transition, which suggests that the
complex was arranged in a distorted square plaesamgtry.On the other hand for the
complexes2 and3 the bands at 690 and 710 nm were duéBi@— 2A.g transition
supporting an approximate square pyramidal geonagtynd copper [51].

3.5. ESI-MS studies

Formation of the liganddPPA) and its Cu(ll) complexes was confirmed by elegpray
ionization mass spectrometry (ESI-MS). A peak olesgrin theDPPA spectrum at m/z

361 (tFig. S5 c) assigned to the [M +"H§ of molecular ion species. The ESI-MS
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spectra of comples show peaks at m/z 422 [M + Hand 444 [M + Na], complex2 at
m/z 578 [M + HJ and complex3 show peaks at m/z 602 [M + H]and m/z 624 [M +
Na]". These m/z values indicate different stiochioneetdtios for the complexes: 1:1
(Cu:DPPA) forl and 1:1:1 (Cu:DPPA:bpy and Cu:DPPA:phen)Z@nd3 respectively.
3.6. DNA binding

DNA is the primary intracellular target of many i@ahcer drugs [52]DNA binding is
the critical step for DNA cleavage in most cases lass importance in understanding the
mechanism of tumor inhibition for the treatmentcahcer. Therefore the binding mode
and affinity involved between the complexds3] and CT-DNA was investigated by
thermal denaturation, UV-vis absorption spectrampetitive binding, viscosity and
fluorescence quenching studies in tris-HCI buffer.

3.6.1. Thermal denaturation

Thermal denaturation experiments were carried owdttidy the stability of the duplex
CT-DNA in the presence of complexes. The interactd small molecules with double-
helical DNA may increase or decreasg The temperature at which the double helix is
broken up into a single-stranded DNA. While inceeas T, values suggest an
intercalative or phosphate binding, decrease iscaydor base binding. The thermal
denaturation profile of DNA in the absence and @nes of complexe%-3 is provided in
Fig. 4. As can be seen, an increase of°GJor 1-3 (Table 4) was observed in the, T
profile of complexes as compared to free DNA. ThdADmelting data suggest an
intercalative/phosphate mode of binding with coppmnplexes. ThaT,, values follow
the order o8>2>1 which is in accordance with their aromaticity.

3.6.2. Interaction of CT DNA with 1-3 by UV-vis titration
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UV-visible absorption spectral measurements werfopaed for electronic perturbations
for the interaction of complexes with CT-DNA to dehine the intrinsic binding
constantsKy) [53]. The absorption spectra of the compBex the absence and presence
of increasing amounts of DNA is illustrated in Fig. On the addition of increasing
amounts of DNA to the compleX both hypochromic (23%) (14% fdr19% for2) and
bathochromic shifts from 264-270 nm (257-261 nm foand 270-274 for2) were
observed. The hypochromism and bathochromism weggested to arise due to the
interaction between the electronic state of anréalating chromophore (complex) and
those of the DNA bases [54, 55]. These resultanaestrate that the complex may bind
to DNA through an intercalation of the complex itih@ double helix structure of DNA.
Similar results were obtained f@érand?2 (tFig. S8). The intrinsic binding constant,JK
for the association of the complexes with CT-DNAs@ts of res. figures) were
determined as 8.3x0.0¢10° M, 1.23+0.01 x10 M and 1.35+0.01 x fom™ for
complexesl, 2 and 3 respectively (Table 4) by using equation-(1). Tower binding
constant of binary compleX) as compared to ternary complex2safid3) is due to the
absence of planar heterocyclic bases in the forrrex.higher DNA binding ability of the
phen complex compared to its bpy analogue is duth@opresence of an extended
aromatic phenyl ring (in phen) which might faciléapartial intercalation of the base
moiety through noncovalentz interaction with the DNA bases.

3.6.3. Viscosity

The viscosity measurements were carried out on GFDby increasing the
concentration of the added complexes and EB, a kRn@WNA intercalator for

comparison. The effects of the Cu(ll) complex&s8 and EB on the viscosity of CT-
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DNA was shown in Fig. 6. In the presence of comgéexhe viscosity of DNA has been
found to increase similar to that of EB, a proveNAintercalator, suggesting that the
complexes bind to DNA through an intercalation. sThésult is consistent with the
classical intercalators [56, 57]. The increasedee@f viscosity, which may depend on
their affinity to DNA follow the orderl<2<3<EB. This is attributed to an increase of
aromatic planar rings from complexes.

3.6.4. Competitive binding

Intercalative binding was also demonstrated throagmpetitive binding experiments
with EB as an intercalative probe [58] using apson spectroscopy. The study
involves the addition of complexes to DNA pre-teghtwvith EB and recording of the
intensity of absorption. On interaction with DNAeé& EB which has an absorption
maxima ~480 nm was shifted to a higher wavelengtiiowed by a decrease in
absorption. This provides a reasonable evidencthéomtercalation of EB into the DNA
base stacks [59]. Fig.7 reflects the above commius/here the absorption maxima of
free EB at 478 nm was shifted to 481 nm in the gmes of DNA. Addition of3 to the
EB-DNA solution caused an enhancement in the abisarpntensity, which is an
indication of competitive binding o8 with EB to bind to DNA. Similar trends were
observed fod and2 (TFig. S9). The results clearly suggest th&tbind to DNA through
an intercalative mode by the release of interoadfti bound EB. These results are
consistent with those obtained from the spectrascoptudies and viscosity
measurements.

3.6.5. Fluorescence spectroscopy
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The quenching experiments based on the displaceofiemt intercalating drug EB from
CT-DNA will provide further information about theelative binding affinity of the
complexes to CT-DNA with respect to EB. The flueesce quenching curves of EB
bound to DNA in the absence and presencewés given in Fig.8.

It may be seen from the Figure, the EB-DNA systbowss characteristic strong emission
at about 598 nm when excited at 540 nm, indicativag the intercalated EB molecules
have been successfully protected by the hydrophediironment inside the DNA helix
from being quenched by B; as a result the accessibility of solvent molesub EB is
reduced. A remarkable reduction in emission intgngas observed whe®iwas added to
EB-DNA system, characteristic for the intercalathiading of the complex with DNA.
Similar trends were observed farand 2 (tFig. S10). Some mechanisms have been
proposed to account for this reduction in the eimmssntensity: the replacement of
molecular fluorophores, [60, 61] electron trans{ég] energy transfer [63nd proton
transfer [64].

The quenching efficiency for each complex was eataidi by the Stern-Volmer constant
Ksq Which varies with the experimental conditiongl ¥ 1+Ksq,r; where § and | are the
fluorescence intensities in the absence and presante complex, respectively, and r is
the concentration ratio of the complex to DNAy i a linear Stern-Volmer quenching
constant. The quenching plots illustrate that thenghing emission of EB-DNA system
by the complexes are in good agreement with theatirStern Volmer equation [65],
which also suggest that the complexes are boulmN®. The Ky, value was obtained as
the ratio of the slope to intercept. The,¥alues for the complexds3 are 0.09, 0.17 and

0.25 respectively (insets of respective figures Gable 4).
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Fluorescencé&catchardplots for the binding of EB to CT-DNA in the prese of the
complexes were obtained as described by Lepecdrantetti [47]. From thé&catchard
plots, complexes can be classified as Type A oeTBpIn Type A complexe§catchard
plot show decrease in the slope in the presenagcogasing amounts of metal complex,
with no change in the intercept on the abscissg@esimg a competitive inhibition of
ethidium bromide binding (intercalation) [66, 67h&reas Type B complexes show a
change in slope and intercept, suggesting intdrealaand covalent interactions with
DNA [68, 69]. The binding isotherms of EB and DNAthe absence and presencé-&
were determined experimentally and presented itDFilys can be seen from the plots a
decrease in slope with no change in the intercegst @bserved upon the addition1e8
indicating an intercalative mode of binding of tb@mplexes with DNA. These results
also concur with those obtained from other techesquiz. absorption, viscosity and
emission spectral studies.

In summary, the DNA binding studies revealed that binding of1-3 to CT-DNA was

through an intercalation.
3.7. DNA cleavage.

Natural plasmid DNA mainly has a closed circle sapiged form (SC), and nicked
circular (NC) and linear forms (LC) as small fracts. Relaxation of supercoiled pUC19
DNA into nicked circular and linear conformation svased to quantify the relative
cleavage efficiency of the complexels3) by agarose gel electrophoresis technique. At
neutral pH, DNA is negatively charged so it mova®tgh the gel from cathode towards
anode. It is also a useful technique to investigagous binding modes of small

molecules to SC DNA. Intercalation of small mole=uto plasmid DNA can loosen or
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cleave the SC DNA form, which results in the deseeaf its (SC DNA) mobility rate and
can be separately visualized by agarose gel efguresis method. The gel
electrophoretic mobility assay (Fig.10) reveal tbaversion of supercoiled (SC) plasmid
pUC19 DNA into nicked circular (NC) form by compkx1-3. For DNA cleavage
experiments its concentration was|3@ base pairs.

3.7.1. Oxidative cleavage

The ability of the complexe$-3 in inducing oxidative DNA cleavage was studied. On
reaction with SC DNA in the presence of hydrogeropiele (H:O,), all complexes show
efficient nuclease activity (Fig.10a; lanes 7-10XpFig.10b lanes 8-10 fdt and Fig.10c
lanes 8-11 for3). Control experiment with only #, (lane 7) does not show any
appreciable DNA cleavage (<10%), but in the presasfccomplexed-3 the SC DNA
was totally converted to NC forntotal conversion of SC to NC form was achieved by
complex1 at a concentration of 1M where as only M was required for complexes
and 3. Total inhibition of cleavage was observed in pnesence of DMSO, a hydroxyl
radical scavenger. This indicates the possiblely@ment of hydroxyl radical and/or the
reactive copper-oxo species in the cleavage path@ayhe basis of this observation, the
mechanism of DNA cleavage mediated A8 may be proposed as follows: DNA
cleavage is redox-mediated — The complexes woutd finteract with DNA through
intercalation to form a Cu(ll)---DNA adduct specitslowed by its reduction by the
external agent (D) to a Cu(l)---DNA system, which then generatesrbygl radicals
on reaction with @ These hydroxyl radicals would then attack DNAusiag strand

scission (Scheme 2). This pathway was proposedipye®h and co-workers for the
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oxidative cleavage reaction of the bis(phen)copg@mplex [70] which is the most
accepted one.

3.7.2. Hydrolytic cleavage

Attempts were also made to cleave DNA through hysie of phosphodiester bond.
Since this process does not require any externahtagand light it has biological
relevance. When DNA was incubated with increasiogcentrations of complexes SC
DNA was degraded to NC form. The catalytic actestofl-3 are depicted in Fig.10. All
complexes start their activity at a conc. as lowlasyuM. At 100 uM a complete
conversion of supercoiled plasmid DNA into the eidlcircular form was observed fbr
(Fig.10a; lane 6). In contrast complete conversias achieved at §0M (Fig. 10b; lane
7) for 2 and at 6QuM for 3 (Fig. 10c; lane 6); on increasing the concentratib3 to 100
UM further conversion of the NC form to linear foxioF) was observed (Fig. 10c; lane
7). As can be seen from the above results the hygisoof DNA follows the order
1<2<3, this is due to the extended planar aromatic nesién 1-3 which can insert deeply
in to the bases of DNA.

To ensure that the copper complexes are solelyons#igle for the cleavage, several
control experiments were performed under identicalditions (Fig.10d). No cleavage of
DNA was observed with free copper and free ligagidsnM). In a control experiment
with DMSO (1 mM), a known radical scavenger, origlg inhibition (< 2% >) of DNA
cleavage was observed. This rule-out the possililitDNA cleavage via OH-based
depurination pathway and also a possible oxidatieavage [71]dioxygen + copper
complex + traces of DNA). This suggests that theADdeavage was the result of

hydrolysis of a phosphodiester bond. Thus, thegmtestudy reveals that no diffusable
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radical is involved in the DNA cleavage as no exaémlagents like kD,, MPA, ascorbic
acid or light were employed in the cleavage expenis.

3.7.3.Kinetics

The cleavage of pUC19 DNA k3 was kinetically monitored by quantification of SC
and NC forms of DNA. The observed distribution & 8nd NC DNA in agarose gel
provides a measure of the extent of hydrolysis h&f phosphodiester bond in each
plasmid DNA, and the data were used to perform knknetics. The kinetic plots
(Fig.11 for3 and tFig.S11 fot and2) which show a decrease of SC and an increase of
NC forms of DNA versus time, follow the pseudo-fiesder kinetics and both the forms
fitted well to a single exponential curve. Fromdeurve fits, the DNA hydrolysis rates
were determined as 2.09 R=0.985), 2.45M(R=0.963) and 2.89*h(R= 0.987) forl-3
respectively. The enhancement of DNA hydrolysige @nstant by metal complexes in
the range of 0.09-0.25%was considered impressive.[83] With the rate cartstof 2.09
(1), 2.45 @) and 2.89 H (3) it amounts to an order of (5.8-8.0)X1ébld rate
enhancement compared to non-catalyzed double suldbNA (3.6x1F hY) [72].

4. Conclusions

In view of the importance of picolinic acid in penting cell growth and arresting cell
cycle, we have successfully isolated three newcolpic acid based copper(ll)
complexes  [Cu(Il)(DPPA)].4O (1), [Cu(ID(DPPA)(bpy)].5HO (2) and
[Cu(I(DPPA)(phen)].5HO (3) and structurally characterized. Single crystaby
structures were determined for compleXeand 2. The complexes arranged in square
planar geometry fot and square pyramidal geometry fo& 3. Interestingly, the ligand

behaves as a tetradentate in square planar comapkbxridentate in square pyramidal
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complexes. The DNA binding studies revealed thaytlind to CT DNA in an
intercalative mode of interaction. The binding danss decrease in the ordgr2>1
which was attributed to the increasing aromatisitid the complexes. The complexes
exhibit efficient nuclease activity towards supéem pUC19 DNA. The cleavage
activity of the complexes increase in the orde2<3. The studies suggest the DNA
cleavage was carried out by involvement of hydraaglical in the oxidative pathway,
whereas in the hydrolytic cleavage hydroxyl radiess not generated. The present
Cu(ll) complexes are solely responsible for hydtiolgleavage. The kinetic data indicate
that the cleavage reactions follow pseudo firseométe constants and the rates for the
cleavage of DNA phosphodiester bond are impresdivels, the picolinic acid based
ligands with increased aromaticities may be dewsdops DNA recognition elements in

designing efficient metal based anti cancer agents.

Abbreviations.

DPPA Pyridine-2-carboxylic acid {2-phenyl-1-[(pyridin-@methyl)-carbonyl]-
ethyl}-amide

PA Picolinic acid

bpy 2, 2'-Bipyridine

phen 1, 10-Phenanthroline

CT-DNA Calf-thymus deoxyribonucleic acid

FT-IR spectra Fourier transform Infrared spectra

UV-vis Ultraviolet visible
ESI-MS Electro spray ionization mass spectra
EB Ethidium bromide
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MeOH Methanol

DMSO Dimethyl sulfoxide

SC DNA Supercoiled deoxyribonucleic acid
NC Nicked circular
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Appendix A. TSupplementary Information

Crystallographic data found at Cambridge crystalippic data centre, CCDC: 788099
for 1 and 811860 foP. Synthetic procedure of DPPA ligantj-NMR spectra ofPA-|
(Fig. S1),"H-NMR spectra oPA-Il (Fig. S2),"H-NMR spectra 0DPPA (Fig. S3),*C-
NMR spectra oDPPA (Fig. S4), ESI-ms Spectra BfA-1, PA-II andDPPA (Fig. S5),
IR spectra of free ligands and complexde3 (Fig. S6a-f), Electronic absorption spectra
(Fig. S7). DNA binding study by absorption speatagsy (Fig. S8), competitive binding
by UV (Fig. S9), fluorescence quenching (Fig. Sa@y kinetic study (Fig. S11) of
complexesl(a) and2(b).
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Figure Captions.

Scheme 1Syntheses of complexés3.

Scheme 2.A possible mechanism for the oxidative cleavageDdfA by 1-3 in the
presence of bD,.

Fig. 1. Proposed structures of the complexes

Fig. 2. An ORTEP view ofl (a) and2 (b) showing the atom labeling scheme (50%
probability thermal ellipsoids).

Fig. 3. Electronic absorption spectradfinsets: d-d transition.

Fig. 4. Thermal denaturation profiles of CT DNA before aaffer addition of1-3
(30uM). The DNA concentration was fixed at 30uM.

Fig. 5. Absorption spectra o8 in the absence (") and presence—{-) of increasing
amounts of CT-DNA. Conditions: [Cu] = 10uM, [DNA]G10uM. Arrow () shows the
absorbance changes upon increasing DNA concemtratitset:linear plot for the
calculation of the intrinsic DNA binding constakKt,.

Fig. 6. Effect of increasing amount of EB and compleke®on the relative viscosities of
CT-DNA at room temp. in 5m Tris-HCI buffer. Conditions: [DNA] = 200uM,
[complex] = 0-120 pM.

Fig. 7. Absorption spectra of free EB () and EB bound to CT-DNA in the absence (---
--) and presence--) of increasing amount & Conditions: [EB] = 40 uM, [DNA] = 40
UM, [3] = (0-40 uM). Arrow () shows the absorbance changes upon increasingeomp

concentration.
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Fig. 8. Emission spectra of EB bound to CT-DNA in the agee( ) and presence
(—) of complex3. [3/ DNA =0, 0.8, 1.60, 2.41, 3.19, 3.97, 4.78,= 540 nm, Inset:
Stern-Volmer quenching curve].
Fig. 9. Fluorescenc&catchardolots for the EB bound to CT-DNA in the absensgegnd
presence ol (A), 2 (V) and3 (e). The term gg is the concentration ratio of bound EB
to total DNA, and cis the concentration of free EB.
Fig. 10. Agarose gel electrophoresis pattern for the clgaat supercoiled pUC19 DNA
(38 uM base pairs concentration) yand2 at 37 °C in a buffer containing 5 mM tris.
HCIl /5 mM aq.NacCl.
(a) Lane 1, DNA control; Lane 2, DNA #10uM); Lane 3, DNA +1(25uM); Lane
4, DNA + 1(50uM); Lane 5, DNA +(75uM); Lane 6, DNA +1(100uM); Lane
7, DNA + H,0, (1mM); Lane 8, DNA +1(5uM)+H,O, (1mM); Lane 9, DNA +
1(10uM)+H0O, (1mM); Lane 10, DNA +1(10uM)+HO, (ImM)+DMSO
(ImM).
(b) Lane 1, DNA control; Lane 2, DNA 25uM); Lane 3, DNA +2(10uM); Lane 4,
DNA + 2(20pM); Lane 5, DNA +2(40uM); Lane 6, DNA +2(60uM); Lane 7,
DNA + 2(80uM); Lane 8, DNA + KO, (ImM); Lane 9, DNA +2(5uM)+H,0,
(ImM); Lane 10, DNA +2(10puM) +H0, (1mM); Lane 11, DNA +2(10uM) +
H,0, (1mM)+DMSO (1mM).
(c) Lane 1, DNA control; Lane 2, DNA 3(5uM); Lane 3, DNA +3(10uM); Lane 4,
DNA + 3(20uM); Lane 5, DNA +3(40uM); Lane 6, DNA +3(60uM); Lane 7,
DNA + 3(80uM); Lane 8, DNA control; Lane 9, DNA +,8, (1mM); Lane 10,

DNA + 3(5uM) +H0, (ImM).
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(d) Lane 1, DNA control; Lane 2, DNA + Cu(OA¢)mM); Lane 3, DNA +
DPPA(1mM); Lane 4, DNA + bpy (1 mM); Lane 5, DNAphen (1 mM); Lane
6, DNA + 1(100uM) + DMSO (1 mM); Lane 7, DNA 2(80uM) + DMSO (1
mM); Lane 8, DNA +3 (60 uM ) + DMSO (1 mM).
Fig. 11. Disappearance of supercoiled form (SC) DNA and &irom of nicked circular
(NC) form in the presence of compl8x Conditions: [complex] = 100 uM. Data points

(m) refer to SC DNA and data pointe)(refer to NC DNA.
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Table 1. Important crystallography data of completesnd?2.

1 2
CcDC 788099 811860
Formula C21 H18 Cu N4 05.50 C31 H36 Cu N6 O7
M 477.93 668.20
Cryst syst Monoclinic Monoclinic
T (K) 293(2) 293(2)
Wavelength/A 0.71073 0.71073
Space group Clz2icl P2(1)/c
alA 23.382(5) 11.2413(7)
b/A 14.6449(17) 23.3226(15)
c/A 13.904(2) 13.3537(9)
a (deg) 90 90
B (deg) 114.38(2) 114.2790(10)
v (deg) 90 90
VIA® 4336.6(12) 3191.4(4)
4 8 4
D/ mgm?® 1.464 1.391
Absorption coefficient/miri 1.050 0.740
F(000) 1960 1396
Crystal size / mrh 0.42 x0.30 x 0.14
0 range for data collection (deg) 2.78 t0 26.37 10r86.02
Reflections collected 9974 24640

Independent reflections

Completeness tb = 26.37

Max. and min. transmission

Data / restraints / parameters

Goodness-of-fit on ¥

Largest diff. peak and hole (e3)

4435 [R(int) = 0.0412]
99.9
0.8670 and 0.6669
4435/0/286
0.914
0.584 and -0.325

6286nt) = 0.0495]
99.6
0.92810.8196
6268446
1.262
0.538 and -0.530




Table 2. Physico-chemical data for complexe8

Complex IR (crih)® et ESI-MS UV-vi¥ Ay
v(Cu-N) (BM) (m/z) (nm) @'cnt M7

0] 578 1.69 422 530, 393, 257 4.60

) 516 1.73 578 690, 392, 270, 207 12.40

3 583 1.80 602 710, 395, 264, 222 15.70

[4] IR (KBr phase, cnl); [b] Magnetic moment (BM);[C] UV-visible spectra in bD:MeOH Qma/nM); [dl] Molar
conductance in MeOHYCm? M™Y.



Table 3. Important bond lengths and bond angles of 1 and 2.

oy

Bond lengths

Bond angles

Bond lengths

Bond angles

Cu(1)-N(1) 1.893(3)
Cu(1)-N(2) 1.916(3)
Cu(1)-N(3) 2.013(3)
Cu(1)-N(4) 2.027(3)

N(1)-Cu(1)-N(2) 82.60(13)
N(1)-Cu(1)-N(3) 82.68(12)
N(1)-Cu(1)-N(4) 165.04 (12)
N(2)-Cu(1)-N(3) 165.10(12)
N(2)-Cu(1)-N(4) 82.45(11)
N(3)-Cu(1)-N(4) 112.24(12)

Cu(1)-N(2) 2.043(3)
Cu(1)-N(2) 1.928(3)
Cu(1)-N(3) 1.956(3)
Cu(1)-N(5) 2.032(3)
Cu(1)-N(6) 2.255(3)

N(1)-Cu(1)-N(2) 81.89(13)
N(1)-Cu(1)-N(3) 60.05(12)
N(1)-Cu(1)-N(5) 95.29(13)
N(1)-Cu(1)-N(6) 94.81(12)
N(2)-Cu(1)-N(3) 82.54(12)
N(2)-Cu(1)-N(5) 166.49(12)
N(2)-Cu(1)-N(6) 117.48(12)
N(3)-Cu(1)-N(5) 96.95(12)
N(3)-Cu(1)-N(6) 103.42(12)
N(5)-Cu(1)-N(6) 75.84(12)




Table 4. DNA binding and cleavage data of complexes (1-3).

Thermal Denaturation UV-Vis absorption Fluorscence Quenching Kinetics
AT, Araim) AL H%P! Changein Abs. K, Kol Kol

0] 4 257 4 14 Hypochromism 8.3x10* 0.09 2.09

@ 7 270 4 19  Hypochromism 1.23x10° 0.17 2.45

) 9 264 6 23 Hypochromism  1.35x10° 0.25 2.89

[a]Tm of Free DNA - Tm of complex bound to DNA; (bl Percentage of Hypochromism ; [c] Intrinsic DNA binding constant
MY; [ Sern-volmer Quenching constant; ¢ bna cleavage rate constant (h™).
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