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Abstract

A novel Pd(Il) complex, [Pd(§HsN20),], containing pyridine-2-carbaldehyde oxime ligand
has been synthesized and characterized using dl@naealysis, Fourier-transform infrared,
nuclear magnetic resonance and mass spectroschg\sifgle crystal structure of this Pd(ll)
complex has been determined by X-ray crystallogyapased on the DNA binding studies
including ultraviolet visible spectrophotometryudrescence emission titration and viscosity
measurement, the interaction of Pd(ll) complex wi#if thymus DNA occurs by groove
binding. In the absence of an external reductet,Rd(Il) complex cleaves the supercoiled
double-stranded DNA under physiological conditionreover, in the presence of Pd(ll)
complex, the Bovine Serum Albumin microenvironmantl secondary structure change. On
the basis of the competitive experiments usingregekers, the complex is mainly located in
site | of the protein. The binding of the Pd(II)naplex to DNA was modeled using molecular
docking. The antitumor impacts of the ligand anel Ed(Il) complex were evaluat&al vitro
against the mouse colon carcinoma (C26) and melan@t6-F0) tumor cell lines. The
antitumor activity has been significantly improvieg the complexation proced€s, values
smaller than those of cisplatin have been shownhkbyPd(Il) complex and oxime ligand
against cancer cell lines. In addition, Pd(ll) céemphas been tested against NIH normal
fibroblast cells. Consequently, Pd(ll) complex miag considered a selective compound

against cancer cells, according to the Sl definitio
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1. Introduction

Metal complexes, which can cleave DNA under physjmal conditions, have recently been
of interest both for their possible applicationsairiificial nucleic acid chemistry and the

development of anticancer agents based on met&p [1

The side effects of cisplatin limit its potentifli@ency despite its activity in the treatment of
several cancers types [4, 5]. The mechanism ofatispaction includes binding to DNA in a
covalent manner [6]. Thus, the development of naffieient, target specific, less hazardous

and cytotoxic drugs, which bind non-covalently tNA is inevitable.

The most abundant proteins in the circulatory sgsteerum albumins, are well known for
acting as transporters of several compounds [hsas drugs and nutrients, mainly by
forming non-covalent complexes as specific binditgs. Thus, the absorption, distribution,
metabolism, excretion properties, stability andidiyx of chemical substances can be
remarkably affected by their binding activities serum albumins [8]. Bovine Serum
Albumin has been extensively investigated becadises diomologous structure to Human
Serum Albumin [9].

Considering the unique capability of biologicallstime organic ligands to bind with different
biological targets, their coordination to trangitimetal ions is reportedly promising [10].
Oximes are a group of important functional ligaagplied in medicine [11-13], magnetism
[14], catalysis [15] and crystal engineering [1§-18ximes are universal ligands easily
designed to form compounds of different propertiegeneral, there is one active nitrogen in
the neutral oxime group, >C=NOH, which binds to ahetations. Thus, it functions as a
terminal-coordinated monodentate ligand. Howeverarge number of possibilities are
created to affect the coordination mode by usirftepidint substituents in the oxime carbon
depending on the additional coordination siteshim $ubstituents such as those in pyridine
[19-22]. Moreover, the position of the coordinata®ms in the substituent strongly affects
the structure of the material, as observed in therdination of 2-pyridyl oxime, which
usually generates a chelating mononuclear comglempared with 3-pyridyl or 4-pyridyl
oxime, which preferably yields polymeric chain liggucturesia terminal coordination [23].
In addition, complexes with a large variety of raaity can be formed by the deprotonation
of the oxime OH group using the negatively chargeghens for additional coordination [17,
18, 24]. A lot of hydrolytic processes includingygcphosphoryl or sulfuryl transfer or

cleavagesia attacking an electrophilic center, are respondinie¢he strong nucleophilicity of



the oximate anion (>C=N-Q[25]. The distinct capability of a family of pgyl oximes for
reactivation of acetylcholinesterase enzyme (AChiyon complete inhibition by
organophosphorus compounds as pesticides and dideméafare agents is particularly
interesting from the pharmaceutical aspect [26-80]addition, a wide range of biological
applications of pyridyl oxime derivatives such a&slaive, anti-depressant, anti-spasmodic,
analgesic and anti-inflammatory among others irdicaascular system has been studied
[31]. The studies on the coordination chemistrywfidine-2-carbaldehyde oxime were first
carried out in the late fifties and early sixti€dngle crystal X-ray structures were not
available back then. According to the physical apkctroscopic data based studies,
intramolecular hydrogen bonding in the type of gliee can be formed by the square planar
cationic complexes of divalent transition metalg-1]. [Cw(OH)(SQ)-{(py)CHNO} 3] was

the first structurally characterized pyridine-2fzzidehyde oxime metal complex [35]. The
2,6-diacetylpyridine dioxime (dapdeHmonoanion was originally considered a tridentate
chelate in palladium(ll) and platinum(ll) chemistyPdCl(dapdoH)] and [PtCl(dapdoH)]
have been biologically evaluated [36].

In this work, a novel Pd(ll) complex, [PdfdsN.O),], containing pyridine-2-carbaldehyde
oxime ligand has been prepared. Elemental analyssyier-transform infrared, nuclear
magnetic resonance and mass spectroscopy haveubegrio characterize the complex. The
single crystal structure of this Pd(ll) complex wa@stermined by X-ray crystallography.
Electronic absorption titration, fluorescence spesdopy and viscosimetric measurement
were used to study the DNA and BSA binding behavaidrthis compound. Furthermore, the
DNA cleavage activity of the Pd(Il) complex and me ligand has been measured. In
addition, molecular docking studies have been usedbtain detailed information on the
binding of the complex with DNA and BSA. Finalljhe cytotoxic activity of compounds
against mouse colon carcinoma (C26), mouse melaiiBaF0) and normal fibroblast cells

(NIH) has been evaluated using MTT assay.

2. Experimental Section

2.1. Materials

Commercial grade reagents in this work were useck@sived. Reagent grade Calf-thymus
DNA (CT-DNA), BSA and methylene blue (MB) were slipd by Sigma Aldrich Chemical

Co. Extra pure solvents applied in the synthesespdrysical measurements and analytical
reagent grade. Tris(hydroxymethyl)-aminomethaneis{HICI) buffer were provided by



Merck Chemical Co. Stock solutions of oxime ligaml other solutions were prepared using
doubly distilled deionized water. Stock solutions amncentrated Pd(Il) complex were
prepared in DMSO solvent and the appropriate dihgiwere prepared using Tris-HCI buffer
at pH 7.2 to obtain the concentrations requirecughout the experiments. Maximum
concentration of DMSO was 0.1% v/v. Stock solutioh&€T-DNA and BSA were prepared
by dissolution in 5 mM Tris buffer and 50 mM NaQl@H 7.2. Reagents and cell culture

media were purchased from Gibco Company (Germany).

2.2. Methods and I nstrumentation

An FT-IR JASCO 680-PLUS spectrophotometer was userecord FT-IR spectra in the
400-4000 crit* region using potassium bromide pellets. A JASC8078V-Vis-NIR double
beam spectrophotometer was used to record the@ieciabsorption spectra in a 1 cm path
length cell. Fluorescence spectra were recordaslution using a Cary Eclipse fluorescence
spectrophotometer. NMR spectra were recorded atl300IHz ¢H) and 100.61 MHZ°C
{*H} using a Bruker spectrometer. A Leco CHNS-932 apfus was used to perform
elemental analyses. An Agillent 6410 QQQ spectropheter was used to record mass
spectra. A Cannon Fenske routine viscometer was tasperform viscometric titrations at a
constant temperature of 298.0 (£0.1) K in thermastaater bath.

2.3. Syntheses
2.3.1. Synthesis of pyridine-2-car baldehyde oxime ligand (CsHsN2O)
0.276 g of hydroxylamine hydrochloride (4 mmol) wslewly added to 190.2 uL of 2-

pyridinecarboxaldehyde (2 mmol) in ethanol, follalvey the dropwise addition of an
aqueous 2 mM solution of sodium hydroxide. Thercésdution thus formed was stirred at 50
°C for 2 h. Removal of the solvent by evaporati@ided the ligand as a white precipitate.

(Yield: 93.4%). IR (KBr, cri) v (C-Hpr) = 3186-3004,v (C-Hmine) = 2882-2775,v
7.78-7.84 (m, 2H, K Hg), 8.07 (s, 1H, HC=N), 8.57 (br d, 1HH11.74 (br s, 1H, OH).

2.3.2. Synthesis of Pd(11) complex [Pd(CeHsN20),]

0.04 g of the oxime ligand (0.3 mmol) and 0.024fgsodium acetate (0.3 mmol) were
dissolved in a solvent mixture containing acetdsit{10 ml) and water (1 ml), and the
mixture obtained was stirred at ambient temperatrebout 20 min. A solution of 0.08 g
of Pd(OAc) (0.36 mmol) in 5 ml of acetonitrile was added irdrapwise manner to the

system, which was then refluxed at 60 °C for 6 blitain a dark green solution. The mixture



was concentrated to 2 ml, followed by adding 15ofmh-hexane to precipitate a dark green

powder, which was then dried at room temperature.

(Yield: 76.9%). Anal. Calc. for GH1oN4O.Pd (%) C, 41.38; H, 2.87; N, 16.09. Found C,
41.27; H, 2.63; N, 16.23. IR (KBr, chv (C-Hp) = 3049-3008y (C-Himine) =2955, 2852y
(C=Nimine) = 1612,v (C=Nyyriding = 1608."H NMR (DMSO<ds, ppm): 6= 7.4 (dd, 1H, i),
7.54 (d, 1H, H), 7.74 (s, 1H, HC=N), 8.02 (dd, 1H,)H9.65 (d, 1H, H. **c{*H} NMR
(DMSO-ds, ppm): 118.6 (§), 120.04 (G), 140.02 (C=N), 140.5 (§; 146.5 (G), 157.4 (Q).
ESI-MS, m/z (%): 348.8 [M + H].

2.4. Crystallography

X-ray diffraction experiments were performed useng Agilent SuperNova single crystal
diffractometer (Cu K(a) radiation at 150 K. The lgtiaal numeric absorption corrections
were made using a multi-faceted crystal model baseelxpressions derived by R.C. Clark &
J.S. Reid was used to make [37]. SHELXS97 and SHE(Steldrick 2008) programs were
used to solve and refine the structures by diresthods.

2.5. DNA Binding Experiments

CT-DNA experiments, were carried out in Tris-HClffea solution (pH=7.2). CT-DNA
solutions showed a UV absorbance ratigs(\2s0) of > 1.8, indicating the DNA purity [38].
Absorption spectroscopy by the molar absorptiorffient (¢ = 6600 M™* cnmi™) at 260 nm
was use to find the DNA concentration per nucleof8d, 40]. Absorption spectral titration
experiments were performed at constant 60 uM cdratgon of the Pd(ll) complex,
changing CT-DNA concentration in the range of 020-1uM. In addition, viscosity
measurements were used to further study the Ruaifhjplex binding mode. The mean values

of three replicate measurements were used in takiaiwon of sample viscosities. Relative

specific viscosity (77/770)1/3 values, in which n and n,are the specific viscosity
contributions of DNA in the presence)(and absencey{) of each compound, respectively,
were plottedvs. r (r = [complex]/[DNA]) [41]. The relatiom = (t - t)/to, in which § and t
indicate the flow times of the blank buffer and DNAntaining solutions, respectively, was
used to calculate the relative viscosities [42]e Tompetitive experiment was performed to
study the ability of the Pd(Il) complex to removetimylene blue from DNAnethylene blue
mixture. The DNA-methylene blue solution ([DNA]/[tiglene blue] = 5) was excited at a

wavelength of 630 nm in the absence and presengariolus complex concentrations [43].

2.6. DNA Cleavage Experiments



DNA cleavage was examined using agarose gel efguadresis carried out by incubation at
37 °C as follows: plasmid PUC57 (0.01 M) in 5 mMsTbuffer (pH=7.2) was subjected to
treatment with oxime ligand or Pd(ll) complex, tsled by incubation for 3 h. The samples
were then examined by electrophoresis for 1 h &t\8n 0.07% agarose gel using tris-boric
acid-EDTA buffer. Following electrophoresis, thentda were visualized using UV light and
photographed. The cleavage mechanism of PUC57 twatsed in the presence of.@;,
DMSO and NaM as the oxidizing agent, hydroxyl scavenger andlstroxygen scavenger,

respectively.
2.7. Protein Binding Studies

The stock solution of Bovine Serum Albumin was prepl by dissolving the proper amount
of BSA in the buffer solution, which contained 5 mivis-HCI/50 mM NaCl at pH 7.2, and
stored at 4 °C for further application. UV visildbsorption spectroscopy was used to obtain
BSA concentration usingso= 44300 M'cm™ [44]. Absorption titration experiments were
performed by keeping BSA concentration constar @M while different concentrations of
the complex were added (0.0-12 uM). During the giigm spectral measurements, identical
amounts of Pd(ll) complex solution were added tthlibe BSA and the reference solutions
in order to exclude the absorbance due to the ammph the tryptophan fluorescence
guenching experiment, the tryptophan residues ok B&] were quenched by maintaining
the BSA concentration constant au® while changing the concentration of the complex
(quencher) in the range of 0.0-12 uM to provideusohs with different molar ratios of
guencher to BSA. Having added the quencher, therdhcence spectra were recorded at
excitation and emission wavelengths of 280 andrBd3respectively, in the fluorometer. Site
competitive replacement tests were performed inpilesence of Warfarin, lbuprofen and
Digoxin site markers by fluorescence titration noeetho find the binding location of Pd(Il)
complex on BSA. Equal concentrations of BSA and siirker (6 M) were used, followed
by slow addition of Pd(Il) complex. The fluorescerspectra were recorded at 298 K with an
excitation wavelength and emission of 280 nm ar@ =00 nm, respectively.

2.8. Molecular Docking

Auto Dock 4.2 package was used to carry out mogeadbcking studies by the Lamarckian
genetic algorithm (LGA) [46, 47]. Conversion of Clife using Mercury software gave the
PDB format of Pd(ll) complex. The initial Bovine i&en Albumin structure was taken from
the Protein Data Bank (PDB ID: 4F5S) at a resofutid 2.47 A. DNA sequence was also



obtained from the Protein Data Bank (PDB ID: 3U2ija resolution of 1.25 A. Chain (A) of
BSA and all the other hetero atoms including wateslecules were separated during
preparation input files. The suitable binding $decomplex-DNA interaction and BSA was
found by blind docking [48, 49]. Afterwards, focdecking was carried out on the best
location. Biomolecule structures were limited tgral box with 60 x 60 x 60 Adimensions
and a 0.375 A grid spacing, which involved nearly the macromolecules. All other

parameters were maintained at their default values.

2.9. Culture Medium and Cell Lines

The National Cell Bank of Pasteur Institute, Tehran, provided melanoma B16F0 and
colon carcinoma C26 cancer cell lines. Cells werkuced in Dulbecco’s Modified Eagle

Medium (DMEM), which was supplemented with 10% hieictivated fetal bovine serum

(FBS), 100 U.nit penicillin, 100pug.mi* streptomycin and 5 mM L-glutamine. Afterwards,
the cell lines were grown at the temperature o@7in a humidified atmosphere which
contained 5% C®

2.10. MTT Assay

MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetzolium bromide] colorimetric assay was
employed to study the cytotoxicity of the complexdigand. 20Qul of cells (5x10 cells.mi

1) were seeded in 96 well microplates, followed igubation in 37°C and 5% G@or 24 h

to perform the cytotoxicity assay. Afterwards @®f the solutions at specific concentrations
(in DMSO) of the oxime ligand and Pd(ll) complexreedded to the wells. The control and
treated solutions included the same DMSO conceoitr§®.5% (v/v)]. 20ul of MTT solution

(5 mg.mitin phosphate buffer solution) were added 48 h thinathe incubation, followed by
incubation for another 3 h. Subsequently, the faanacrystals formed were dissolved by
slow replacement of 150l of the medium containing MTT with DMSO. An ELISplate
reader was then used to determine the absorbans&0ahm Each test was performed in
triplicate.Non-linear regression of concentration-responseesuof the complex against each
tested cell line was used to calcul&@, (concentration inhibiting the cell growth by 50%)
values.

3. Resultsand discussion
3.1. Synthesis of the complex and char acterization by spectroscopic methods

[Pd(GHsN20),] was prepared by reacting oxime ligand with pallad acetate (1:1.2 molar

ratio) in acetonitrile and water at 60 °C (Schere 1



The characteristic bands at 1657 and 1619 émthe IR spectrum of oxime ligand are
associated with (C=N) stretching vibrations of ogiand pyridine groups. (C=N) has been
shifted to a lower frequency in the Pd(ll) complesich shows the nitrogen atom of imine
group has bonded to the metal cation [50].

In the'H NMR spectrum of the oxime, the aromatic protods Hs, Hc and H) appear at
7.4-8.5 ppm. Since these protons are non-equivadghtting and formation of doublets are
observed (Fig S1). As observed in Scheme 2 héks been split by other hydrogens and
appears as a doublet of doublets at 7.38 ppyand H; signhals have merged and appear at
7.78-7.84 ppm. klhas resonated as a broad doublet at 8.57 ppmeTresons show up at
different frequencies (7.4-9.65 ppm) in th& NMR spectrum of Pd(ll) complex (Fig S2). In
the complex spectrum,tnd H, appear as doublets. Furthermorg,add H are represented
by a doublet of doublets, which indicates the digmpance ofJ... Furthermore, a singlet
can be observed at 8.07 ppm in the oxime spectwimch is associated with the imine
protons of the ligand that has been shifted toveetofrequency (7.74 ppm) because of
generation of the complex. As Fig. S1 shows, admiaglet is observed in th#él NMR
spectrum of the ligand at 11.74 ppm. This singlébjch is not observed in the Pd(Il)
complex spectrum, corresponds to O-H proton ofakiene ligand. Six types of carbon are

present in thé’C NMR spectrum of the complex (Fig. S3) in the 51857.4 ppm range.

Positive ion Electrospray lonization Mass Spectmfmthe complex shows a major peak at
m/z = 348.8, which is attributed to the [M +HFig. S4).

3.2. Molecular Structureof Pd(I1) Complex

Single crystal X-ray diffraction in the solid phakas been used to characterize the Pd(ll)
complex The slow diffusion of hexane into a L} solution yielded suitable crystals. Fig. 1
shows the ORTEP diagram of the Pd(Il) complex.

Table 1 shows the corresponding crystallographta dad structural refinement details and
the selected bond lengths and angles are summanizethble 2. This complex was
crystallized in the triclinic space groupl with Z=2. In this complex, the coordination
number around the palladium atom is four, whichdatks that Pd(Il) atom is bonded to two
oxime ligands from two imino nitrogens and two plyme nitrogen atoms of the ligands. The

sum of angles around palladium atom is 360.3° fdi,Rhe distortion being the most



pronounced in the relatively decreasing “bite” @i the metalated moiety. The bond angles
of N1-Pd1-N2 and N3-Pd1-N4 are forced to 80.2(43 &19.7(3)°, respectively, by the
restraints of the five membered ring. Palladiumihig¢tal square planar geometry is slightly
tetrahedrally distorted and the mean deviationsiftoe least square plane are only 0.030 A.
The Pd-N bond lengths are 2.031(9) and 2.041 (8rAd1-N1 and Pd1-N3, respectively,
and 2.035(8) A for Pd1-N2 and Pd1-N4, which areyrthan the sum of the covalent radii
of Pd and N(sf) atoms (2.011 A) [51]. In addition, N-O bond lemgin this complex fall in
the ranges found for the corresponding complexesd2].

3.3. DNA Binding Experiments
3.3.1. Electronic Absorption Titration

Molar absorptivity considerably decreases when QNAOs added to Pd(ll) complex in 5
mM Tris-HCI/50 mM NacCl buffer at pH 7.2 (Fig. 2)h& binding of the complex to DN¥ia
groove binding mode is suggested by the hypochramamge observed without any shift in
its electronic spectrum [53, 54]. The intrinsicdiimy constants, K of the Pd(Il) complex is
obtained by the analysis of the absorption spedftd using Eq. 1 to enable the quantitative
comparison of the DNA binding affinities [55].

[DNA]/(eq — &) = [DNA]/(gp —&p) + 1/(Kp (8p — 7)) (1)

in which [DNA] and &, which is found by calculation of #d[complex], are the
concentration of DNA in base pairs and the appaggtihction coefficient, respectively, and
& andep are the extinction coefficients of the Pd(Il) cdaxin its free form and the complex
in the bound form, respectively. Fitting the setlafa into the above equation gives a straight
line with a slope and y-intercept of &/(- &) and 1/K(e, — &), respectively. The slope to
intercept ratio gives K(Fig. 2, inset). The value of the obtained infigrisinding constants,
Kb, (1.44x18M™) is lower than those observed for proven intetcasa(EtBr and methylene
blue with K, values of 3.3x10and 3.45x10M ™, respectively) [56, 57].

Equation 2 was used to calculate the free enex@®) 6f compound-DNA complex by using

the values of binding constant)K

AG = —RTInK, (2



Binding constant shows the stability of the compb@NA complex while free energy is a
measure of the spontaneity/non-spontaneity of ¢mepound-DNA binding. A negative free
energy was found for the Pd(Il) complex (-7.04 keal*), which indicates that compound-
DNA interaction is spontaneous.

3.3.2. Emission Experiments of Competitive DNA Binding

A comparative binding study was carried out usirghylene blue to figure out if the Pd(Il)
complex binding with DNA is of the groove or thdarcalative type. Methylene blue (MB),
which is a phenothiazinium dye, reportedly bondshwiucleic acids. The binding of
methylene blue to DNA is presumably stabilized g planar heterocyclic dyea favorable
stacking interactions with its neighboring basep#8]. The intercalative binding of MB
with DNA can be used to rationalize the great ghergin the MB emission intensity in the
DNA environment [59], which is expected given tinéercalation mechanism [59, 60]. The
DNA bound MB emission spectra have been monitoneitheé presence of different complex
concentrations (Fig. S5). Based on the experimeesallts, the complex addition to the DNA
bound methylene blue did not lead to the releasmeathylene blue molecules whereas the
fluorescence intensity continuously reduced, immgyihat the two probes, complex and
methylene blue, independently bond with DNA and bieding of one probe was not
influenced by that of the other. The interactiorPd{1l) complex with the DNA was a groove

interaction, as verified experimentally [54, 61].

3.3.3. Viscosity M easurements
DNA viscosity is sensitive to the variations in DNéngth. The relationship between the

relative viscosity(n,/n,) and DNA length (L/k) is shown by L/k = (11/n,)%, where L and
Lo are the apparent molecular lengths in the presemck absence of the compound,

respectively [62]. The relative specific viscosstief methylene blue and Pd(Il) complex

(77/770)1/3, were plottedss. r (r = [compound]/[DNA]) (fig. S6). As the amouat methylene
blue increases, the DNA relative viscosity is comtiusly enhanced, which is in agreement
with the lengthening of the DNA helix. The viscgsibf DNA solutions significantly
increases by the intercalation because of DNA hielngthening when the base pairs are
separated to incorporate the aromatic chromophbtieeobound molecule. It is attractive to
associate the increased viscosity observed witinteecalative interaction of methylene blue
[63]. Interestingly, the specific viscosity of DNgightly decreases for the Pd(Il) complex.
Little or no change is observed in the DNA solutigiscosity when small molecules



exclusively bind in the DNA grooves under identicahditions [42, 64]. These results again
suggest the interaction of Pd(ll) complex with tireove of DNA, as verified by the above

findings.

3.3.4. DNA Cleavage Studies

Metallonucleases have the potential for applicatiorcancer therapy [65]. Some of the
clinically approved anticancer agents aim at thié death by cleaving DNA [66, 67]. The
DNA cleavage ability of transition metal complexissan effective means to study the
mechanism of toxicity and artificial nuclease dl@B. The DNA-cleavage reactions consist
of three steps: formation of supercoiled, openutancand linear forms (Forms I, Il and IlI,
respectively). The intact supercoil form (Form f)lwather quickly migrate upon exposure of
circular plasmid DNA to electrophoresis. If scissiakes place on one strand (nicking), the
supercoil will relax to form a slower moving opeincalar form (form Il). The cleavage of

both strands gives rise to a linear form (form ihigrating between Forms | and Il [68].

DNA cleavage without added reductant: The nuclease activity of pyridine-2-carbaldehyde
oxime ligand and its Pd(Il) complex in physiolodic@nditions was investigated utilizing
pUC57 plasmid DNA in 5 mM Tris buffer (pH = 7.2) diem without external agents.
Different Pd(ll) complex concentrations can cleavpUC57 plasmid DNA (Form I) into a
nicked form (Form Il) (Fig. 3, lines 2—8). No cleme was observed in the DNA cleavage
experiments carried out with oxime ligand (Fig.liBes 9-11). In addition, this shows the

concentration dependence of DNA cleavage activiithe Pd(Il) complex.

DNA cleavage with added reductant: Considerable nuclease activity on supercoiled DNA
was shown by the Pd(ll) complex in the absence xtéreal agents in a concentration
dependent manner. Pd(ll) complex cleaved supectéiiam (Form I) only produced nicked
circular form (Form II) and no linear form (Form)lin the absence of 1, (an oxidizing
agent) (Fig. 3, lines 2-8). The activity of DNA aleage in the absence of an oxidant is often
hydrolytic rather than oxidative [3]. Nevertheleds most impressive characteristic is that a
higher nuclease activity of the complex and lifleam (Form 1ll) is observed in the presence
of H,O, (Fig. 4, line 3). Pd(ll) complex DNA cleavage che efficiently promoted in the
presence of hydrogen peroxide, according to thaltee$69]. In addition, oxime ligand
exhibited no significant nuclease in the absendd,@k, (Fig. 3, lines 9-11). However, in the
presence of bD,, impressive cleavage of circular plasmid DNA, whaonverts Form | to

Form I, is showrby the ligandFig. 4, line 5), indicating an oxidative cleavagecess [70].



The test was performed in the presence of DMSONaid; as thenydroxyl radical scavenger
and singlet oxygen quencher, respectively, to detex the DNA cleavage mechanism by
Pd(Il) complex and oxime ligand. The efficiency@NA cleavage by the complex was not
significantly reduced in the presence of DMSO (Hg.line 2). However, the cleavage
activity of the Pd(ll) complexvas significantly inhibited by the addition of NaMinglet
guencher (Fig. 4, line 4). Singlet oxygen causesDNA cleavage, based on the results [71].
The experimental results also show that laNd DMSO significantly inhibit the cleavage
activity of the oxime ligand (Fig. 4, lines 6 ang indicating the important parts of hydroxyl
radical and singlet oxygen in the DNA cleavage he presence of #,.0Oxime ligand

cleaves DNA by oxidative cleavage, according tordseilts [72].

3.4. BSA Binding Experiments

3.4.1. Absorption Spectral Studies

In order to study the nature of the quenching mecEV-Visible absorption titration of BSA
with the Pd(Il) complex was carried out. The gquenghmechanism may be of dynamic or
static type. Dynamic quenching takes place in @mef an interaction between a quencher
and the fluorophore in a short lived excited stakereas static quenching occurs upon the
complex formation between the fluorophore and angher in the ground state [73]. In the
UV spectrum of BSA, two absorption bands are olesra strong band corresponding to the
protein backbone and a weak band associated wathaic amino acids at 200 and 278 nm,
respectively (Fig. 5) [74]. Absorption intensity aleases on the addition of the Pd(ll)
complex to BSA without influencing the absorptioand position. This verifies that the
interaction of Pd(ll) complex with BSA changes th&roenvironment of the three aromatic
amino acid residues [1]. In addition, this indicatkat a complex-BSA system formation in

the ground state leads to a static interaction éetvthe complex and BSA [75].

3.4.2. Fluor escence Spectroscopic Studies

The interaction between the Pd(ll) complex with BB tryptophan emission quenching
experiments has been examined in this study. B&H# ishows emission at 345 nm due to the
presence of tryptophan residue in its amino acgueece [76]. The fluorescence intensity
progressively decreases on the addition of sucsessnounts of the Pd(Il) complex to BSA

(Fig. 6). EqQ. 3 is used after correction for thednrfilter effect [77]

Leorr = Lops g(AextAem)/2 (3)



lcorr and bps are the corrected and measured fluorescence,ctesdg and A, and Ay are
the absorbance of the complex at the emission acithBon wavelengths, respectively. The

corrected fluorescence quenching data were analyzied the Stern-Volmer equation [78]
1
T =1+Kw[Ql =1+K;7[Q]

| and b are the fluorescence intensities in the presemmk absence of the complex,
respectively, K, [Q], k; and 1o are the Stern-Volmer quenching constant, quencher
concentration, bimolecular quenching rate constemt average lifetime of the fluorophore
without quencher, respectivelihe slope of the plot o/l vs. [Q] can be used to obtainsiK
(Fig. 6 insets). The calculated}alue for Pd(Il) complex is 3.51 x3a™. Thet, value for
tryptophan fluorescence in proteins is1D® s [79], the following equation can be used to

calculate the quenching rate constag}: (k
kq = Ky /70 ©))

The quenching constant jjkobtained for Pd(Il) complex was 1.75 xA®™'s™. This is
greater than the value anticipated for a purelyagyic quenching mechanism (2.0 '\
s1). This verifies that a static quenching mechanisas happened [80]. The quenching
interaction and the number of binding sites (n) lbarcalculated using the following equation
assuming similar, independent binding sites inkifeenolecule for the static binding constant
(Kb) [81F

(o= _ 168Ky + n Log [Q] (6)

Log "

where n and Kare the number of binding sites and binding coristaspectively. Log[{l—

D/1] vs. log[Q] plots are linear (Fig. S7).,K¢an be used to calculate the intercept and slbpe o
such plotsAn n value near unity indicates a single bindirtg sype for the complex on BSA
(Table 3). The binding free energy of Pd(Il) conxple BSA is —6.23 kcal mot.

3.4.3. Site Selective Binding

The free and bound forms of the complex can alsaffeeted by the competition of drugs for
binding sites on serum albumin. Thus, the iderdtfan of the complex binding site in BSA
is important. The crystal structure of Bovine Sediimumin indicates that it consists of three
similar domains, referred to as I, Il, and Ill, ramne including A and B sub-domains [82].
Site marker competitive tests using markers spdifi binding to a specific site on BSA, are



carried out to find the binding site of the comptexBSA. When two or more drugs are used
in any biological system, each one tries to tielitto binding sites faster than the other. The
drug with a closer resemblance to the protein egtace the other one. In this work, the
specificity of the drug binding was recognized layrging out competition experiments using
Warfarin, Ibuprofen and Digoxin. In these titratiprihe BSA to probe concentration ratio
was 1:1 (6 x 10 M: 6 x 10° M) (Fig. S8). When the site markers were addeal ihe BSA
solution, the fluorescence intensity remarkably relased. Plots of logll— 1)/I] vs.
log[complex] were obtained for comparison of tffe& of Warfarin, Ibuprofen and Digoxin
on the binding of the complex to BSA (Table 3). Tuenplex-BSA binding constant is 3.71
x10*'M™, which is decreased in the presence of Warfarhis Thdicates the competition
between Warfarin and the complex. Therefore, Pd{tiinplex binds to site | of serum
albumin. Docking studies further verify this obssren, as will be subsequently discussed.
3.4.4. The Fluorescence Resonance Energy Transfer (FRET) from BSA to the Pd(l1)
Complex

Bovine Serum Albumin emission is quenched in thesence of the Pd(ll) complex,
according to the fluorescence spectral changess Huicates the major overlap of the
tryptophan (Trp) emission spectrum in BSA and tllllP complex absorption spectrum,
resulting in the transfer of energy from the extigtate BSA to the Pd(ll) complex [83]. In
general, radiative and non-radiative energy trassdee possible. Forster’'s resonance energy
transfer (FRET) theory, which is applied in theedetination of the distance between the
acceptor i(e. drug’s binding site) and the dondre( tryptophan residue of BSA), clarifies
non-radiative energy transfer [84]. Eq. 7 may beliad to find the energy transfer efficiency
between the acceptor (A) and the donor (D), E,dasethe FRET theory [85]:
E=1-(1)=—— (7)

1o/ T T4/ )°

where | andd are the BSA fluorescence intensities measurebdrptesence and absence of
the Pd(Il) complex, is the distance between A and D ang ®hich is obtained suing Eg. 8,
is the critical distance when the energy transfieciency is 50% [86]:

RS =8.79 x 1072°K2N~*d] (8)

where ¥, N, ® andJ are the dipole orientation factor, medium (sohitirefractive index,
fluorescence quantum yield of D in the absence ,camd overlap integral of the absorption

spectrum of A with the fluorescence emission spectof D, respectively (Fig. 7).



Eq. 9 is used to obtain thesdlue[86]:

4
-l L

where f,(4) and g,(1) are the fluorescence intensity of D and the malhsorption
coefficient of A at wavelength, respectively. The Jvalue was found to be 8.262 x ttcn?®

L mol™ for the Pd(ll) complex. The E,(Rand rvalues found for the binding of the Pd(ll)
complex to BSA, obtained using’k 2/3, N = 1.336, anéd = 0.15, were 0.25, 3.63 nm, and
4.36 nm, respectively. The D-to-A distances (rruklted were below 8 nm and thealues
were bigger than the corresponding value for(R5R, < r < 1.5R). The energy transfer
from BSA to complex takes place with a great chaaru the quenching mechanism is static

for the interaction, according to the results [87].

3.5. Molecular Docking

3.5.1. Docking with DNA

Pd(ll) complex binds to the minor groove of DNA, ATh sequence, as shown by the
molecular docking analysis (Fig. 8). A hydrogen das formed between the Pd(Il) complex
(oxime ligand oxygen) and the adenine base of DWNie relative binding energy of the
docked structure for the Pd(Il) complex with the ®hiolecule AGy) was calculated to be -
7.7 kcal mof. This indicates the reasonable comparability @f tsults of the absorption

titration tests (-7.04 kcal md) with those found using the computational method.

3.5.2. Docking with BSA

The Pd(ll) complex is situated in domain |, as Figshows. A hydrogen bond between the
Pd(Il) complex oxygen atom and Glu 125 (2.2 A) Bserved. The amino acid residues of
BSA, which interacted with the complex, are Phe B& 113, Lys 114, Leu 115, Lys 116,
Leu 122, Glu 125, Phe 133, Lys 136, Tyr 139 andIB@. Furthermore, the distance between
the Pd(ll) complex and Trp 134 residue is 7.0 Ae HestAG, value for the interaction of
BSA with the complex determined was found to bd47cal mof which is in conformity

with the binding free energy found using the experital value of K (-6.23 kcal mof).

3.6. In vitro Selective-Cytotoxic Activity

Melanoma B16F0 and colon carcinoma C26 cell linesewreated with Pd(ll) complex and
oxime ligand at the concentration range of 1.25:M to assess thi& vitro cytotoxicity of
the compounds against cancer cells. The cytotgxitthe compounds after 48 h was

measured using MTT-assay method, which is a wellidented bioassay. The cytotoxic



activity of Cis-platin, a standard anti-cancer drugas investigated for the sake of
comparison under identical experimental conditio@encentration dependent cytotoxicity
against both cancer cell lines is shown by the @amds (Fig. S9). The high and low Pd(II)
complex and oxime ligand concentrations (10 an8 M, respectively) against C26 cancer
cells showed (93.56 and 84.32%) and (21.09 and8%d).Zytotoxicity, respectively. The
corresponding cytotoxicity values in the case ob6BQd cancer cell line were (97.36% and
91.56%) and (39.98% and 33.8%), respectively. Winllgortant and high cytotoxic activity
was shown by the compounds against both B16F0 @6dc@ncer cell lines, low toxicity was
identified against NIH normal cells in comparisorthacisplatin (Table 4). Therefore, Pd(ll)
complex shows higher cytotoxicity against both eancell lines compared with oxime
ligand. Remarkably low cytotoxic activity was shotw both compounds against normal cells
with 1Cs values of >100 puM. Thus, the cytotoxicity of themgpounds against normal cells
was lower compared with cisplatin. The resultsiareompliance with the other experimental
data, which indicate the inhibitory effect of pdilam complexes on cancer cells. Palladium
complexes were found to have significant cytotdyi@gainst various cancer cells such as
MCF-7 breast cancer cell line [88]. According tdnetin vitro studies, saccharinate and/or
terpyridine complexes of palladium inhibit the centration dependent growth of MCF-7
and MDA-MB-231 breast cancer cell lines l&s, values of up to 3.05 and 0.Q8M,
respectively [89, 90]Ln vivo study on Walker tumor bearing rats further veriigde results.
Therefore, natural biocompounds derived palladiemmexes inhibit tumor growth by 90%.
[91]. The SI values, found by comparing tl@&, of the complexes against each cancer cell
with that of the normal cell line to assess thed#le effect of the compounds against cancer
cells, are some of the other significant resultshefin vitro cytotoxicity study [92]. The Sl
values of both compounds exceeded 2. Consequembtyy compounds have potential
selective cytotoxicity on cancer cells. The resuate further confirmed by the previous
reports on more cytotoxic activity to cancer catsnpared with the normal cel[93-99]
arising from the cancer cell sensitivity to the theaomplexes. To summarize, important
selective concentration dependent cytotoxic agtien proliferation and viability of breast
and colon cancer cellsy vitro, has been shown by both compounds. Howevernieggssary

to confirm anticancer effects using validatedivo studies.
4. Conclusion

A novel Pd(ll) complex bearing pyridine-2-carbalgdl oxime ligand has been prepared in

the present work. X-ray crystallographic studyha Pd(ll) complex indicates a square planar



coordination around the Pd(ll) ion with a littletrehedrally distorted. The DNA binding
properties of the complex were investigated usithgctenic absorption, fluorescence
spectroscopy and viscosity measurements. The atieneof the Pd(ll) complex with DNA is
of groove binding type, based on the results. bhtamh, the Pd(Il) complex could cleave the
supercoiled plasmid under physiological conditievithout any additional reductants. The
reactivity towards BSA showed a static emissionngbéng by the complex. The binding
distances of Pd(Il) complex with BSA were calcuthte be 4.36 nm, based on the Foster’s
theory. According to the competitive studies usivgrfarin, lbuprofen and Digoxin site
markers, and the complex was mainly located in Isib¢ the protein. The binding of the
Pd(Il) complex to DNA and BSA was modeled by molacudocking. The cytotoxic
investigations indicate that the Pd(ll) complex hagh cytotoxic activity against various cell
lines tested. Moreover, the cytotoxicity resultslicated the higher efficiency of Pd(ll)
complex compared with the corresponding free ligamtler the same experimental

conditions.
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Figure Captions:
Fig 1: ORTEP diagram for Pd(Il) complex.

Fig 2: Electronic spectra of Pd(Il) complex in buffedgan (5 mM Tris-HCI/10 mM NaCl
at pH 7.2) upon addition of CT-DNA. [Complex] = (B%°M), [DNA] = (0-6x10*M). Arrow
shows the absorption intensities decrease uporasitrg DNA concentration. Inset: Plots of
[DNA]/( ea€5) vs. [DNA] for the titration of Pd(Il) complex witCT-DNA.

Fig 3. Gel electrophoresis diagrams showing the cleaw@gpUC57 DNA (0.01 M) at
different concentrations of the Pd(ll) complex d@hd oxime ligand in Tris—HCI/NaCl buffer
(pH = 7.2) at 37°C for 3 h. Lane 1: marker;LaneDANA control, Lane 3: DNA + Pd(ll)
complex (50 uM); Lane 4: DNA + Pd(ll) complex (10®); Lane 5: DNA + Pd(ll) complex
(300 uM); Lane 6: DNA + Pd(Il) complex (500 uM); hea 7: DNA + Pd(Il) complex (700
KM); Lane 8: DNA + Pd(ll) complex (900 uM); Lane BNA + oxime ligand (100 puM);
Lane 10: DNA + oxime ligand (300 uM); and Lane DNA + oxime ligand (500 pM).

Fig 4. Gel electrophoresis diagrams showing the cleawdgdJC57 DNA (0.01 M) by the
Pd(Il) complex and oxime ligand (7QO/) in Tris-HCI buffer (pH = 7.2) at 37°C for 3 h i



the presence of DMSO,,B, and NaN (700 uM). Lane 1: DNA control; Lane 2: DNA +
Pd(Il) complex + DMSO; Lane 3: DNA + Pd(ll) complexH,O,; Lane 4: DNA + Pd(ll)
complex + Nal;, Lane 5: DNA + oxime ligand + ¥D,; Lane 6: DNA + oxime ligand +
H,O,+ DMSO; and Lane 7: DNA + oxime ligand »® + NaNs.

Fig 5: UV absorption spectra of [BSA] = (6x2®) in the absence and presence of different
concentration of Pd(ll) complex (0-6x3K).

Fig 6: Emission spectra of BSA upon the titration of Ipdomplex. [BSA] = (6x18M),
[complex] = (0-6x10). Arrow shows the change upon the increasing cermpbncentration.
Inset: Plots ofd/l vs [Q]x1C.

Fig 7: Spectral overlaps of the absorption spectra dflPdomplex with the fluorescence
spectra of BSA.

Fig 8: (A) Results of docking procedure of Pd(Il) compieith the minor groove binding to
the DNA, (B) The bases of DNA interactions with Pd¢omplex in the active site.

Fig 9: (A) Results of docking procedure of Pd(ll) complien the interaction with BSA
residues, which results in quenching, {8k BSA amino acid residues in interaction withIBd(
complex.



Table 1: Crystallographic data and structure refiest details for Pd(ll) complex.

Pd(Il) complex

Empirical formula G2H14N4O4PoPd
Formula weight 384.67
T/IK 150 (2)
Crystal system Triclinic
Space group P1

alA 7.4056 (6)
b/A 8.9741 (8)
c/A 10.6709 (9)
al® 109.898 (3)
BI° 96.053 (4)
y/l° 90.052 (4)
vl A3 662.60 (10)

Crystal dimensions / min 0.12 x 0.11 x 0.08

Z 2
p(mm) 11.53
Dcad Mg m™> 1.928
Fooo 384

0 range/° 4.4-54.4

Independent reflections 1609
Data/restraints/parameterd2650/61/192

Goodness-of-fit on ¥ 1.118

Final R indices R1=0.0518, wR=

0.1384
o R1= 0.0576,wR=
R indices (all data) 0.1455
Largest difference peak 1.69, —-0.92

and hole / e A
CCDC number 1827296




Table 2: Selected bond lengths (A), and angle(Pd(Il) complex.

Bond lengths Bond angels
Pd1-N1 2.031 (9) N1—Pd1—N2 80.2 (4)
Pd1-N2 2.035 (8) N3—Pd1—N2 99.9 (3)
Pd1-N3 2.041 (9) N4—Pd1—N2 179.5 (3)
Pd1-N4 2.035 (8) N3—Pd1—N1 178.9 (3)
01-N1 1.283 (11) N4—Pd1—N1 100.3 (4)
02-N3 1.272 (11) N4—Pd1—N3 79.7 (3)

Table 3: Estimated binding constants for site mackenpetitive experiments of the complex-BSA system

System K (M n R

Complex-BSA 3.71x 10* 1.025 0.9974
Complex-BSA-Warfarin ~ 2.50x 10* 0.91 0.9910
Complex-BSA-lbuprofen  3.59x 10* 1.08 0.9914
Complex-BSA-Digoxin 3.58x 10* 0.99 0.9961

Table 4: Selective cytotoxicity dat@&s, (LM) of the compounds against cancer and normglirces.

Compound Cso (M) £+ SD

C26 B16-FO NIH
Oxime ligand 4.2+1 2914 >100
Pd(ll) complex 2.7%2 2.0+1 >100

Cis-platin 17.0x1 26.0%1 38.67+4
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Highlights

« A new Pd(Il) complex bearing pyridine-2-carba dehyde oxime ligand has been
synthesized and characterized.

« Theinteraction of Pd(I1) complex with CT-DNA occurs by groove binding.

e ThePd(Il) complex cleaves the supercoiled double-stranded DNA.

« Thereactivity towards BSA showed a static emission quenching by the complex.

* Invitro cytotoxicity for Pd(ll) complex, ligand and cisplatin were carried out against cancer and
normal cell lines.
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