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Abstract

Synthesis, characterization, DNA and protein bigdas well as anticancer activity of the organoftieta
complexes [Ruf®-p-cym)(L)CI] (where,p-cym= p-cymeneMeCH,Pr', L = N-ferrocenyl amino acid conjugates)
RAFcA 1-4 have been described. The complekes exhibited strong DNA/BSA binding and anticancetiaty
against breast cancer MCF7 cell line. Their bindith calf thymus DNA (CT DNA) and bovine serum afhin
(BSA) have been examined by absorption and emisgientral studies. Strong interactions between texap and
CT-DNA have been affirmed by absorption spectral BB displacement studies, while interaction witBABvia
static quenching was explored by fluorescencdititnaCytotoxicity, apoptosis and in vitro anticanactivity of
1-4 toward MCF7 cell line have been investigated bylMiBsay. The 16 values (37.iM - 86.6uM) were found to
be distinctly lower than those of NAMI-A and RAPTodmplexes for MCF7 cell line which was followed @pgne

expression studies to confirm apoptosis as the mbdell death.

Keywords
N-Ferrocenyl amino acids, ruthenium arene complex®¥$A/BSA binding interactions, MCF7 human breast

carcinoma, apoptosis
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1. Introduction

Ferrocene is one of the members of the well knowgamometallic family- “metallocenes” in which awiir
atom is flanked by two cyclopentadienyl (Cp) rindfie unique structural and conformational propserté
ferrocene are characterized by the parallel aligriméthe two cyclopentadienyl rings and the freation of
the rings around the axis penetrating their centikgsremarkable stability and fascinating cheryigtias
attracted the attention of the scientific and téciincommunity. Owing to the favourable electropioperties
of ferrocene and its easy functionalization thgiplecations have been explored in a wide rangecingific
areas ranging from catalysis to the design of mmwmlinear optic materials to new biologically aetiv
compounds. Several structural modifications of ldisthed drugs with ferrocenyl moiety have been ragah
such as ferrocene fluconazole [1], ferrocene asf], mefloquine [3] and artemisinin [4]. Moreovierrocene
derivatives have been used as scaffolds to desggn molecules that recognize cations, anions, ocgani
molecules, nucleobases, dinucleotides and amims §#i10]. Mitsuo Sekinet al[11] have reported new DNA
binding molecules utilizing structural and confotioaal properties of ferrocene. Their design coméepased
on the fact that the distance between the two pgritadienyl rings of ferrocene, ca. 3.3 A is clesdhe
distance between two aromatic rings stacked witth ezther. In addition, it is well-known that the mor
groove of DNA can accommodate stacked aromaticsring established by the structural studies ofralatu
synthetic molecules that recognize the minor grodVeerefore, it was expected that ferrocene devigatcould
be a new type of DNA binding molecules if appropeia designed aromatic rings were attached to the C
rings. Recent studies on interaction of ferrocdigdnds with DNA has shown binding constants tdrbéhe
order of 18-10°[12] agreeing with the above mentioned fact. Thabitity of ferrocene in aqueous and aerobic
media has made ferrocenyl compounds very populdecules for such biological applications. Furthereno
such favorable characteristics of ferrocene lethto design of ferrocenyl derivatives that functem highly
sensitive detectors of proteins or as reportergrofein activity. Studies on ferrocenyl conjugatgth amino
acids and end-labeled ferrocenyl di- and tripegtilave demonstrated distinctive electrical, stmatfuand
medicinal properties [13]. Many researchers hawsvshinterest in design of unnatural ferrocenyl amatids

and peptides which further have been studied feir thiomedical applications. Modification of pratei by
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incorporating such unnatural ferrocenyl amino atidlps the study of protein structure, activity amgraction
with other biomolecules [14].

The ferrocenyl compounds are known to hold gooémi@l as anticancer agents. This can be exentplifie
by the results obtained by the group of Gérard dapwith the development of ferrocifens (i.e. feene-
modified tamoxifens), which exhibit strong antipfefative effects not only in hormone dependentdlab in
hormone-independent breast cancer cells [15]. &neceview by Ca’tia Ornelas throws light on theioas
applications of ferrocene and its derivatives inaga research [16].

The field of antitumoural and antimetastatic aremenium complexes was pioneered by P.J.Dyson and
by P.J.Sadler, [17,18]fter the notion of using arene ruthenium compowslanticancer agents had first been
introduced by Tocheet al. in 1992, who had observed a cytotoxicity enhancentgncoordinating the
anticancer agent metronidazole J4hydroxyethyl)-2-methyl-5-nitro-imidazole] to a teene ruthenium
dichloro fragment [19]Since arenes are known to stabilise rutheniumsir2it oxidation state, investigations
have been done into the potential of Ru(ll) aresramexes as anticancer agents. It is found thatiah “half-
sandwich” Ru(ll) mono-arene complexes, the areigand is relatively inert towards displacement unde
physiological conditions. There is a delicate beéabetween electron donation from the arene irgoetnpty
ruthenium 4d orbitals and back-donation from thiedi 4 orbitals into vacant arene orbitals. This is
influenced by the donor—acceptor power of the afer hexamethylbenzene as a strong donor, irrasinb
biphenyl which may act as acceptor) and by therdtgands on Ru(ll) which can influence the availityp of
the 44 electrons, e.g. presence of strangcceptor chelating ligands such as bipyridine arapyridine [20],
or donor strength of mondentate ligands (e.g. edisl chloride) [21]. In this context, very recgn#ittention
has been focused on organometallic Ru(ll) areneptaas and their anticancer activities have beediet by
varying the arene, substituent ligand and leavirogg [22]. These ‘piano-stool’ frameworks providéandle
for optimizing the design of drugs in terms of phacological properties and reducing the side effect

Here we are reporting a series of mixed ligand emittm(ll) complexes bearing amino acid conjugated
ferrocenyl compounds angtcymene as the ancillary arene ligand. These fengicamino acids have been
targeted as it has been shown that tethering hicdtlg active groups to the ferrocenyl unit increagheir

potency, possibly due to the combined action ofdiganic molecule with Fenton chemistry of the Eatoe
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[23, 24]. Since DNA represent very important pagdntarget of cancer diagnostic and chemotherapggir
before going to expensive cell line study it wasided to preliminarily explore the anticancer patenf the
compounds by determining their DNA interaction hesga'the control over DNA can control the cancercels
growth’. Like DNA, proteins are also consideredb®s one of the prime molecular targets for diagnastd
imaging agents, and so equal attention has bedropailesigning novel probes for proteins [25-27].

The ferrocene amino acid derivatives have beendioaed to [Ruf®-p-cym)CI]" and investigated for
their interaction with DNA and BSA (bovine serunmbwainin). Results obtained from the binding studies
prompted then-vitro cytotoxicity evaluation of ruthenium complexes MCF7 human breast carcinoma cells
using MTT assay. The interaction of these complexéb MCF7 cells has been scrutinized using gene

expression assay employing RT-PCR technique tesashe mechanism of cell deadl. apoptotic or necrotic.

Experimental
2.1.Reagents and materials
All the chemicals and solvents used for synthesg@aracterization of ligands and complexes are of
analytical grade and were used as purchased. Systhieferrocenyl amino acid conjugatéxA 1-4) has
been previously reported by our group [28]. Thecprsor [Rufi®-p-cymene)CJ], was prepared according
to the procedure sited in literature [28}terpinene was purchased from Sigma-Aldrich. RuB8H,0 was
purchased from Hi-medi&T-DNA, Tri-sodium citrate and EB (ethidium bromjdeere purchased from
SRL (Sisco research laboratory, Mumbai, India.)ABBovine serum albumin) was purchased from Hi
media (Mumbai, India). All the solvents used in gresent studies were purchased from Merck andfare
analytical grade.
2.2.Methods and instrumentation
ESI Mass spectra were recorded on Applied Biosy#&in2000 Mass spectrometer. Infrared spectra
(400-4000crt) were recorded on Perkin Elmer RX-1 FTIR with sémpprepared as KBr pellets. UV
spectra were recorded in DMSO solution at concéatrs in the range 18-10°M on Perkin Elmer
Lambda-35 dual beam UV-Vis spectrophotometer. Esoence spectra were recorded in solution on

JASCO FP-6300 fluorescence spectrophotometer.
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2.3.Synthesis of [RyE-p-cym)(FcA)Cl] complexeRAFCcA 1-4

[Ru(m®-p-cym)(FcA)CI] (RAFCcA 1-4) were prepared by a typical p-chlorido-bridge $iplif reaction
of [Ru(m®-p-cymene)Cll,. To a solution of [Ru®-p-cymene)Cl], (in 2.5 ml CHCl,), the synthesized
ligand FcA (in 2.5 ml methanoljvas added on stirring in 1:2 mole ratio respecyivéhe reaction mixture
was left on stirring overnight (20-24 h) at roonrmfeerature. The reaction mixture was then left fows
evaporation at r.t. The resultant reddish browstetiine solid was then filtered, washed with pétee and
CH,CI, and dried in oven at 40°C for 1 h. The complexesobtained were recrystallized from
dichloromethane and ether which resulted in redbishwn crystals but not of the single crystal gwyali

Fig. 1 shows the general synthetic route for the preparaif RAFcA 1-4 complexes.

RuCl;.3H,0 FcA 14 hgands |
+ Absolute EtOH \ / (2 moles) H
\ S Ru..,, [ Fe
/ e N
MDC: MeOH 1:1) \

r.t.20-24 h ) R
a-terpinene [Ru(h®-p-cymene)Cly], (0)
RAFcA 1-4
Where R= -CH,(4-hydroxyphenyl); -CH,Ph; -CH,CH(CH3),; -CHy(3-indoyl) (2 moles)
Amino acid = Tyrosine Phenyl alanine Leucine Tryptophan
Code = RAFcA-1 RAFcA-2 RAFcA-3 RAFcA-4

Fig. 1: General synthetic schemeRAFCcA 1-4complexes.

[Rug;®-p-cym)(FcA-1)CI[(RAFCA-1):

RAFcA-1 was synthesized by reaction of [R¥p-cymene)Cll, (0.049 mmol, 30.0 mg) and
ligand FcA-1 (0.098 mmol, 37.1 mg). Soluble in almost all orgasolvents like DMSO, MeOH,
CH,Cl,. Yield: 69.1%; Molecular Weight 648.97 g/mole; Moular Formula ¢HssCIFeNGRU;
Anal. Found: C, 55.09; H, 5.31; N, 2.20. Calc.: C, 85.4, 5.43; N, 2.15. ESI-MSn/z 650.1
(M*+1), 614.1 (M-Cl); 5y (400 MHz, DMSO-g): 10.78 (s, 1H, OH of phenylalanine), 7.63-8.01 (m
5H, Ar-H of phenylalanine), 5.81-5.75 (m, 4ptcym Ar-H), 4.59 (t, 2H, substituted cyclopentadigne
4.33 (t, 2H, substituted cyclopentadiene), 4.15k$, cyclopentadiene), 2.81 (g, 1ptcym-so-prop-
CH), 2.06 (s, 3Hp-cym Ar-CHs), 1.19 (d, 6H,p-cym4so-prop-(CHy),); FTIR (KBr/ cmi): V(AnC-H

2959 1VCOOassym158O -VCOOsym1392:AVCOO 188.
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[Ru(°-p-cym)(FcA-2)CI|(RAFCA-2):

RAFcA-2 was synthesized by reaction of [Rep-cymene)Cl], (0.049 mmol, 30.0 mg) and
ligand FcA-2 (0.098 mmol, 35.6 mg). Soluble in almost all orgasolvents like DMSO, MeOH,
CH,Cl,. Yield: 74.3%; Molecular Weight 633.97 g/mole; Moular Formula &H3z:sCIFeNGRu;
Anal. Found: C, 56.21; H, 5.17; N, 2.10. Calc.:56,84; H, 5.56; N, 2.21ESI-MS m/z 633.9 (M),
597.9 (M-CI); &y (400 MHz, DMSO-g): 7.10-7.38 (m, 5H, Ar-H of tyrosine), 5.81-5.2%,(4H, p-
cym Ar-H), 4.82 (t, 2H, substituted cyclopentadig@e57 (t, 2H, substituted cyclopentadiene), 41,9
5H, cyclopentadiene), 2.81 (q, 1ptcym-so-prop-CH), 2.08 (s, 3Hp-cym Ar-CH), 1.19 (d, 6Hp-
cym-so-prop-(CH),); FTIR (KBr/ cm'l): Vianc-H 2959,vc00assyml 626,vc00sym1371,Aveo255.

[Ru(®-p-cym)(FcA-3)CI[(RAFCA-3):

RAFcA-3 was synthesized by reaction of [R¥p-cymene)Cl], (0.049 mmol, 30.0 mg) and
ligand FcA-3 (0.098 mmol, 32.3 mg). Soluble in almost all orgasolvents like DMSO, MeOH,
CH,Cl,. Yield: 77.9%; Molecular Weight 599.96 g/mole; Moular Formula &Hs/CIFeNQRU;
Anal. Found: C, 53.55; H, 6.08; N, 2.09. Calc.:.58,05; H, 6.22; N, 2.33ESI-MSm/z 599.9 (M),
563.9 (M-Cl); 84 (400 MHz, DMSO-g): 5.82-5.77 (m, 4Hp-cym Ar-H), 4.36 (t, 2H, substituted
cyclopentadiene), 4.20 (t, 2H, substituted cyclaaéiene), 4.15 (s, 5H, cyclopentadiene), 2.75 Ky, 1
p-cym-so-prop-CH), 2.03 (s, 3Hp-cym Ar-CHs), 1.19 (d, 6Hp-cym-iso-prop-(CH),), 0.56 (d, 6H,
Leusineiso-prop-(CH),); FTIR (KBr/ cmi®): Vianc-H 2957 ,Veooassyml 627 Veoosyml 374,Ave00253.

[Ru(°-p-cym)(FcA-4)CI|(RAFcA-4):

RAFcA-4 was synthesized by reaction of [R¥p-cymene)Cll, (0.049 mmol, 30.0 mg) and
ligand FcA-4 (0.098 mmol, 39.4 mg). Soluble in almost all orgasolvents like DMSO, MeOH,
CH,Cl,. Yield: 69.9%; Molecular Weight 673.01 g/mole; Moular Formula ¢HzsCIFEN,O,RU;
Anal. Found: C, 56.83; H, 5.40; N, 3.99. Calc.:52,11; H, 5.39; N, 4.16ESI-MS m/z 672.9 (M),
636.9 (M-CI); 5 (400 MHz, DMSO-g): 11.2 (s, 1H, indolinic N-H of tryptophan), 5.8077 (m, 4H,
p-cym Ar-H), 4.63 (t, 2H, substituted cyclopentadigre46 (t, 2H, substituted cyclopentadiene), 4.15
(s, 5H, cyclopentadiene), 2.81 (q, Icym-so-prop-CH), 2.07 (s, 3Hp-cym Ar-CHs), 1.21 (d, 6H,

p-Cym4SOpr0p-(CFb)2); FTIR (KBI’/ le): V(AnCc-H 2962:VCOOaSSym16221VCOOSym13861AV000236-
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2.4.DNA binding experiments

2.4.1.UV Absorption studies:

The interaction of the complexes with CT DNA hasibetudied with UV spectroscopy in order
to investigate the possible binding modes to CT D&l to calculate the binding constants)(K
Absorption studies were performed with fixed compbd@ncentration while varying the CT-DNA
concentration within. Stock solutions of the comple were diluted with tris buffer to get the
desired concentration (62.5 uM). While measuring &bsorption, equal increments of CT-DNA
were added at different ratios to both the complaxtion and the reference solution to eliminate th

absorbance of CT-DNA itself.

2.4.2.Competitive binding studies with EB using fluoresmespectroscopy:

The competitive binding study with EB has been stigated with fluorescence spectroscopy in
order to examine whether each complex can disgidrom DNA-EB complex. The DNA-EB
complex was prepared by adding EB (66.6 uM) and DEA.5 uM) in tris buffer. The binding
mode of complexeRAFcA 1-4 with CT-DNA was studied by adding a certain amoofrat solution
of each complex step by step into the solutionha&f DPNA-EB complex. The influence of the
addition of each complex has been obtained by diagrthe variation in the fluorescence emission
spectra of the DNA-EB complex. The fluorescencenasities of EB bound to CT-DNA were
measured at 609 nm (524 nm excitation) after amlditif different concentrations of the complexes

at different ratios.

2.5.BSA binding experiments
Steady-state fluorescence spectroscofiye protein-binding study was performed employstgady
state fluorescence spectroscopy. Tryptophan fleeree quenching experiments were carried out using
bovine serum albumin (BSA, 16.6 uM) in buffer (@ining 15 mM trisodium citrate and 150 mM NaCl at
pH 7.0). The quenching of emission intensity of thyptophan residues of BSA at 343 nm was monitored
in the presence of increasing concentrations ofptexes RAFcA 1-4 (0-20 uM) as quenchers [30].

Fluorescence spectra were recorded from 300 tonB0@t an excitation wavelength of 296 nm.
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2.6.

2.7.

Cytotoxicity

Standard 3-(4, 5-dimethylthiazole)-2,5-diphenyletrolium bromide (MTT) assay was used [31].
MCF7 cells (5.0 x 1dcells well'*) were placed in 96-well culture plates (Tarsoridrfeivt. Ltd.) and grown
overnight at 37°C in a 5% GGncubator. Compounds to be tested were then atidéed wells to achieve
final concentrations ranging from 20-100 pg/ml. €ohwells were prepared by addition of culture
medium without the compounds. The plates were iamdat 37°C in a 5% GOncubator for 24 h. Upon
completion of the incubation, MTT dye solution (paeed using serum free culture medium) was added to
each well to a final concentration of 0.5 mg/mltekf4 h of incubation with MTT, the culture mediasv
discarded and the wells were washed with Phosghéter Saline (Hi-Media, India Pvt. Ltd.), followday
addition of DMSO to dissolve the formazan crystdsformed and subsequent incubation for 30 min. The
optical density of each well was measured specttgphetrically at 563 nm using Biotek-ELX800MS
universal ELISA reader (Bio-Tek instruments, Ind/inooski, VT). The IG, values were determined by
plotting the percentage viabilityersus concentration on a logarithmic graph and readirffy tbe
concentration at which 50% of cells remained viablative to the control. Each experiment was reggba
at least three times to obtain mean values.
Gene expression studies

Expression of apoptosis related genes, Bax (prgtagio) and Bcl-2 (anti-apoptotic) were studied
using Real Time PCR (RT-PCR) wherein GAPDH was wsed control. The studies were carried out on
A549 and MCF7 cell lines. The igvalues from MTT assay was taken as dosage foir¢la¢ément. Total
RNA was isolated using TRIzol reagent (Invitrog@alifornia, USA). cDNA was synthesized by reverse
transcription of 1ug of total RNA using iScript cDNA Synthesis kit BBRAD, California, USA). PCR
was carried out using SYBR Green Master Mix kitv{irogen, California, USA) according to
manufacturer’s instruction. Cycler conditions wasefollows: Initial denaturation at 95°C for 3 nfimther
it was followed by 35 reaction cycles (30 sec &40 sec at 55°C and 30 sec at 72°C) and findeat
72°C for 10 min. Statistical analysis was done bing One way ANOVA. Primers used for this study are

listed inTable 1.
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Table 1: Primers used for gene expression study

List of genes Details Length of amplicon

Accession number (NM_002046)
Forward primer (Template: 113-132)

GAPDH 5-GCTCTCTGCTCCTCCTGTTC-3 273bp
Reverse primer (Template: 366-385)
5-CAGTTCCGACTCTTGCCCT -3

Accession number (NM_000633)
Forward primer (Template: 959-978)

Bcl-2 5-GTCATGTGTGTGGAGAGCGT-3 144bp
Reverse primer (Template: 1083-1102)
5-GGAAACACCTTGACATGCCG -3

Accession number (NM_001291428)
Forward primer (Template: 138-157)
BAX 5-GGCCCTTTTGCTTCAGGGTT -3 223bp
Reverse primer (Template: 341-360)
5-AGAAAAAGGCTCACCGTCGA-3

Results and discussion
3.1.Characterization
3.1.1.Mass spectrometry:

The ESI-MS spectra of the complex@aFcA 1-4 showed molecular ion peaks ratz values
equivalent to their molecular weights. Th&z values of all the complexes are in well agreement
with the proposed compositioschiemel) and have been tabulatedTable 2. All the mass spectra
have been provided as supplementary mat€iigl S1. Furthermore the composition and purity of

the complexes have been confirmed by their C, ldlexhental analysis.
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Table 2:m/z values of complexBAFcA 1-4showing fragmentation.

Compound m/z values Fragments
650.1 [Rum®-p-cym)(FCA-1)CIT +1 (M*+1)
RAFCA-1 614.1 [Ru@®p-cym)(FcA-1)] (M*-Cl)
633.9 [Rum®-p-cym)(FcA-2)CI] (M)
RAFCA-2 597.9 [Ru@®p-cym)(FcA-2)] (M*-Cl)
599.9 [Ru(m®-p-cym)(FcA-3)CI] (M)
RAFCA-3 563.9 [Ru@P-p-cym)(FcA-3)] (M*-Cl)
672.9 [Ru(m®-p-cym)(FcA-4)CI] (MY
RAFCcA-4 636.9 [Ru@P-p-cym)( FcA-4)f (M*-Cl)

3.1.2.FTIR spectroscopy:

The IR spectra of the complexBAFCcA 1-4 displayed characteristic strong stretching bands at
1580-1630 cit and weaker bands at 1370-1395"cdue to asymmetric and symmetric carboxylate
(COO) stretch respectively which were found as stroagds in the fingerprint region at 1580-1610
cm™ in the spectra of free ligan@&A 1-4 [28]. The separation frequendy values fall in the range
188—255 crit indicating a monodentate coordination mode ofddoxylato group of the ligand to
the metal [32, 33]. The distinct broad band at €848 owing to the O-H stretching of free
carboxylic acid group found in the ligand is contelg lost in the IR spectra of the complex
indicating complexation of the ligand with metalavihe carboxylate oxygen. Furthermore the
medium secondary amine N-H stretching bands insgieetra of the free ligands in the region of
2900-3000 crit were found to have positive shifts in the regidr8650-3200 cnt in complexes
indicating complexation of the ligand with metahuhe nitrogen of secondary amine (mannich
base). The presence of weak to medium bands ifirtgerprint regions 2900-3000 ¢howing to
aromaticve.y stretch and strong bands around 1430-1667 doe to the aromatiec-c in plane

vibrations is indicative of presencemtymene in the complex.

3.1.3.Electronic spectra:

The electronic absorption spectra of the compldR@$-cA 1-4 recorded in DMSO solution

showed absorption bands in the region 200-500 . éllectronic spectra of free liganécA 1-4

10



10

11

12

13

14

displayed intense absorption bands at 207-209 rombable to intra ligang—z* transition of the

cyclopentadienyl rings of ferrocene [28] which welgserved to have shifted to longer wavelength

region at 260-280 nn{g. 2) due to coordination with Ru(ll) metal centre. &lle four complexes

showed broad shoulder peaks in the region 300-8#@arresponding to—z* transitions, whereas

the MLCT transitions have been obtained as broadgpe the region 370-420 nm. The absorption

peak values have been tabulated @ble 3.

13
™
L

transitions

Absorbance

Intraligand = «*

Intraligand n—mw*
transitions

MT.CT dr—n*hanids

— RAFcA-1
— RAFCA-2
——RAFcA 3
—— RALcA-4

¥ 1
300 400

)
500
Wavelength (nm)

T =5
G00

Fig. 2: UV-vis. spectra of complexBAFcA 1-4recorded in DMSO with path length 1 cm.

Table 3:UV-Vis. peak assignmentsRAFcA 1-4

Intra-ligand transitions

MLCT dz-z*
Compound (nm) transitions
n-* n-z* (nm)
RAFcA-1 277 336 -
RAFcA-2 271 318 407
RAFcA-3 266 316 420
RAFcA-4 274 308 373

3.1.4.Powder X-ray diffraction:

The PXRD for the complex@®AFcA-1 and RAFcA-2 within the @ range 5-50 show many

sharp peaks which provide a clear evidence of tystalline nature of the compoundsd. S2).
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3.2.DNA binding studies

3.2.1.Electronic absorption titration:

The presence of ground state interactions betwkenbiological macromolecule DNA and
compounds under study have been detected usingpaibsospectroscopy. DNA can provide three
distinctive binding sites (groove binding outside @NA helix, along major or minor groove,
electrostatic binding to phosphate group and iladeton), a behavior important for the biological
role of antibiotic and anticancer druigsvivo [34]. The binding efficiency of metal complex tiNB
can be effectively investigated employing electcospectroscopy since the observed changes in the
spectra may give evidence of the existing inteoactnode [35]. Any interaction between the
compounds and DNA is expected to perturb the ligaedtered transitions of the compounds.
Binding with DNA via non-intercalative binding maglesuch as electrostatic forces, van der Waals
interactions, dative bonds, hydrogen bonds anddpjubbic interactions generally results in increase
in absorption intensity (hyperchromism) upon insieg the concentration of CT-DNA owing to the
degradation of the DNA double helix structure. @a dther hand intercalation generally results in
hypochromism and a red shift (bathochromism) of dhsorption band due to a strong stacking
interaction between an aromatic moiety of the Iyamd the base pairs of the DNA [36, 37]. The
UV spectra of complexeRAFcA 1-4 have been recorded in absence and presence ohgatyi-
DNA concentration (0-100 pM) within. The absorptisands of the complexebBif). 3) centered at
207-208 nm showed significant hypochromism andighslred shift. DNA intercalators show a
much larger bathochromic shift and hypochromisnthef spectral bands, although the intercalative
mode of binding of the complexes with DNA cannotrbled out completely [38].

The magnitude of binding strength to CT-DNA maydstermined through the calculation of
binding constant Kwhich is obtained by monitoring the changes in Higsorbance of the
compounds with increasing concentrations of CT-DMA.s given by the ratio of slope to tlye
intercept in the plots [DNA]#-<¢) versus [DNA] Fig. 3, inset)according to eql) [39]

[DNA]/(ga-r) = [DNA]/(g5-8 )+ LUK y(ep-5 ) €))
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where [DNA] is the concentration of DNA in baserpai, = Agpsd [COMpound]g; is the extinction
coefficient for the unbound compounBAFcA 1-4) andg, is the extinction coefficient for the
compound in the fully bound form. The binding camitK, values Table 4) for the complexes are
in the range of 2.1 - 3.9 x M *indicative of moderate binding to DNA. ComplBAFcA-1 with a
tyrosine substituted ferrocenyl moiety bound to Fh&ll) centre shows the highest binding constant
value due to additional hydrogen bonding interatibetween —OH group of tyrosine and DNA
nucleobases which are accessible both in majorvgremd minor groove. The titration curves for

the remaining complexd®AFcA 2-4 have been provided as supplementary materkilgnS3

0.0204

1.0 N; 0.0184
= = RAFcA-1
%= 0.0164 ¢ RAFA22
0.8 - = 4 RAFcA-3
w T v RAFcA-4
S <0014+
< 0.6 =
% -~ 0.012
z z
- —_ .—'_"’J_,__(—"’—’A
0.44 0.010-
30 40 S0 60 70 80 90 100 110

DNATx 108 v

0.2
0.0+ v T T T v — T T
200 210 220 230 240 250

Wavelength (nm)

Fig. 3: UV absorption spectra dRAFcA-1 at increasing concentrations of CT-DNA, the arrsliows decrease in

intensity upon increasing concentration of the DNiset: Plot of [DNA]/€a -&) versus [DNA] forRAFCA 1-4

3.2.2.Competitive binding studies with Ethidium Bromidéng fluorescence spectroscopy:

Ethidium Bromide (=3,8-diamino-5-ethyl-6-ply&phenanthridinium  bromide) is a
phenanthridine fluorescence dye and is a typicalicator of intercalation, forming soluble
complexes with nucleic acids and emitting interlseréscence in the presence of CT DNA due to
the intercalation of the planar phenanthridiniungrbetween adjacent base pairs on the double helix

[40, 41]. Addition of a second molecule, which nidyd to DNA more strongly than EB results in a
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decrease of the DNA-induced EB emission [42]. Timssion spectra of DNA-EBM, = 546 nm,
Aem = 610) in the absence and presence of increasiraytis of complexes have been recorded.
Addition of complexes resulted in a significant aexse of the intensity of the emission band at 609
nm indicating the competition of the compounds viath in binding to DNA Fig. 4). The observed
quenching of DNA-EB fluorescence suggests that theylace EB from the DNA—-EB complex and
interact with DNA by intercalation.

The relative binding of complexes to CT-DNA waseatetined by calculating the quenching
constant (k) from the slopes of straight lines obtained frdva Stern-Volmer equatio2) [43]:

lo/l =1 + K&[Q] 2
where lo and | are the emission intensities inghsence and the presence of the queriRAercA
1-4 respectively, [Q] is the concentration of the quieer and kK is the Stern—Volmer constant
which can be obtained from the slope of the pldbdfversugQ].

The Stern—Volmer quenching plotsig. 4, insel) illustrate that the quenching of EB bound to
DNA is in good agreement (R = 0.93-0.99) with thmedr Stern—Volmer equation and the Stern-
Volmer quenching constantsk values are given ifable 4. ComplexesRAFcA-1 and 4 show
higher quenching constant values of 4.7 X M0' and 4.0 x 1®M™ respectively indicating their
greater efficiency to replace EB and bind strongiyh DNA which is also evident from their higher
DNA binding constant (K values. The titration curves for rest of the céerpshave been provided

as supplementary materialfing. 4.

14



4

1.84 = RAFcA 1
50- s RAFcA2
A RAFcA-3
v RAFcA4
40
2z
z
)
= 30
[
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P
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s [QIx 10 M
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Wavelength (nm)

/ - T
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Fig. 4: Fluorescence emission spectra of DNA-EB compleratasing concentrations ®@AFcA-1, the arrow
shows decrease in intensity upon increasing conatoh of the complex. Inset: Stern-Volmer quenghiiot L/l
versus [Q] of DNA-EB foRAFcA 1-4

Table 4:DNA binding constants ®AFcA 1-4

DNA binding constants

Compound
Ko Mt Ky Mt 2 shift

RAFcA-1 3.9x 16 40x16  3nm
RAFCcA-2 2.1x 10 33x1 5nm
RAFCcA-3 3.4 x 10 27x16  4nm

RAFcA-4 3.5x 16 47x10  4nm
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3.3.BSA binding studies

Steady-state fluorescence spectroscdp$A is extensively studied, due to its structuramology
with human serum albumin (HSA). HSA contains onytiophan located at position 214, while BSA has
two tryptophan residues at positions 134 and 2Xhglthe chain. BSA solutions exhibit a strong
fluorescence emission with a peak at 343 nm, dubedryptophan residues, when excited at 296 ron [3
44]. The complexes did not show any emission inrémgie 300-450 nm on excitation at 296 nm. Addition
of increasing concentrations of the complexesdolation of BSA results in a decrease of the flsoesce
intensity as shown fdRAFcA-1 in Fig. 5 because of their binding to BSA which may change giotein
conformation, subunit association or denaturatieeding to changes in the tryptophan environment of
BSA. In case oRAFcA-4, the titration plot with BSA showa new peak being formed at 453 nm with
increasing complex concentratioRi. S5c). This new peak is due to the intrinsic fluoreseemf the

complex owing to the tryptophan moiety attacheth&ferrocene.

40 -

L]
=
1

Fluorescence Intensity
[
=
L

104

300 350 400 450
Wavelength (nm)

Fig. 5: Fluorescence emission spectra of BSA at increasimgentrations oRAFcA-1, the arrow shows decrease

in intensity upon increasing concentration of tloenplex.

The values of the Stern-Volmer quenching constégi ™) and the quenching rate constant (kg, M
1 s for the the complexeBAFcA 1-4 interacting with BSA as calculated by Stern-Volngerenching

equation (Eq2) and the corresponding Stern-Volmer pldEsg( 6a) are cited inTable 5 which suggest

16



good binding propensity of the complexes with BS&][ The titration curves for complex@AFcA 2-4
are provided as supplementary materidtiigq Sb.
The association binding constant ™) and the number of binding sites per albumih ¢an be
calculated by double logarithm equation Ed46]
log (Io-1)/1 =log K4+ nlog [Q] ©)]
The plot of log [(lo-1)/1] versus log [Q] for allhie ligands and complexes are lineig( 6b) and the

K, andn values for the complexes have been obtained fhanintercept and slope, respectivelalfle 5).

2.24 0.2 4

= RAFcA-1 = RAFcA-1
) s RAFcA-2 00 * RAFea:
204 & RAFcA3 ) a RAFcA 3
v RaFcA-4 02 v RATcA-4
1.84 = .
— T 0.4
=1.64 =
- =
= 0.6
1.4
0.8
1.2
1.0
1.0
0 3 6 ¢ 215 18 21 56 54 52 50 48 4.6
[Q1x 10 M log[Q]
€) (b)

10

11

12

13

Fig. 6: (a) Stern volmer plots an(b) Double logarithmic plot for the quenching of B3#ofescence bRAFCA1-4

Table 5:BSA binding constants &AFcA 1-4

BSA binding constants
Compound
KoMt Ky M n
RAFcA-1 1.7x1§ 5.4x1d 1.1
RAFCA-2 6.5x1¢ 2.8x1d 1.1
RAFcA-3 1.2x16 3.7x1d 0.9
RAFCcA-4 23x1d 4.3x1d 0.9
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In general, the values of association binding amtst () suggest good binding propensities of the
complexes to BSA. Tha values for the complexes average out to be 1 whigjgests that there is only
one binding site available on the protein. Moreother linear nature of the double logarithm plots of
RAFcA 1-4 indicates that only one of the tryptophan residaesBSA protein is interacting with the

compounds [47].

3.4. Cytotoxicity

In-vitro cytotoxicity tests were performed on the humarastrearcinoma (MCF7) cell line. The cell
viabilities (%), obtained for MCF7 cells with contious exposure to the complexes for 48 h, are wehic
in Fig. 7. The cytotoxicities were found to be dose depetdbiat is, the cell viability decreased with
increasing concentrations of the complexes. Thgv&@ues of the complexes have been tabulatdcibie
6. The reported I6; values of NAMI-A, which is a well known rutheniucomplex currently under phase 2
clinical trials, have been found to be in the ran§&50-750 uM for various cancer cell lines oratneent
for 48 h [48, 49] and>1600 uM forRAPTA, a well studied ruthenium- arene complex,NMt€F7 cell line
on treatment for 72 h [50]. Although the synthedizathenium complexes are found to be less active
compared tais platin (1G,= 26 uM), they are much more active on cancer cells agpeved to NAMI-A

with RAFcA-4 (ICsp= 37.1uM) showing the maximum potency.

1004
B 75 —— Clontrol
= —+ RAFcA-1
2 —— RAKCA-2
= 507 —+— RAFcA-3
< —— RAFcA 4
= 257 p* =0.0116
D T T T T

1
20 40 60 30 100
Concentration (pg/ml)

Fig. 7 % Cell viability in presence of complexeaFcA 1-4for MCF7 human breast cancer cell lines. Each p@n

the mean +standard error obtained from three ineleghent experiments.
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Table 6:1Csovalues of complexd®AFCA 1-4obtained from MTT assay on MCF7 cells.

IC5o values
Compound
pg/mi UM
RAFcA-1 49 (+3.85) 75.5
RAFcA-2 30 (+3.23) 47.3
RAFcA-3 52 (+1.11) 86.6
RAFcA-4 25 (+2.69) 37.1

3.5.Gene expression studies:

Expression levels of pro-apoptotic (Bax) and aptiatotic (Bcl-2) genes were assessed on MCF7

(human breast carcinoma) by 48 h exposure of aenitim(ll)arenecomplex to the cancer cells. The

complexRAFcA-4 with the lowest 1G, value (25ug/ml) has been selected for the geneessjpn studies.

Results Fig. 8) revealed that the expression of Bax notably iasee after treatment with the complex

suggesting that it possibly has capacity to triggpoptotic pathway and cause death of cancer cells.

Alternatively expression levels of Bcl-2 in the cancells treated with the complex were signifibataw

further suggesting higher vulnerability for triggefrapoptosis. These results provide valuable exideon

the role of the synthesized complexes in triggedpgptosis in cancer cells and indicate towardsrtagts

of Ru(ll)-arene complexes as potent anticancentsge
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RAFcA-4

Fig. 8: Expression levels of pro-apoptotic gene (Bax) amdi-apoptotic gene (Bcl-2) were studied using
quantitative real time PCR. The CT values were rdéteed and transformed into fold change in expmssi

Statistical analysis was done using One way Anfava)=2, p<0.0002***

4. Conclusion

The work discussed here thus focuses on the systtd®mracterization and bioactivity of the ruthemi
complexes [Ruf®-p-cym)(L)CI] where L = ferrocenyl amino acid mannitlase conjugates. Literature has
already shown that ferrocenyl compounds are good BNd protein binders which in the present studyeha
been found to be further enhanced on complexatitim muthenium. This can be based on their bettedibg
constants obtained for interactions with DNA andAB®mpared to those of the free ligands [28]. Mesrdhe
mixed ligand Ru(ll)-arene complexes show interéadatmode of binding to DNA unlike the ferrocenyl
mannich base ligands which were found to be goodwgr binders [28]. Such impressive binding effieaadf
the ruthenium complexes containing ferrocenyl anaoas broaden their scope forvitro investigations as
potent anticancer agents following which we caretlthe cytotoxicity studies employing MTT asskgwer
ICsqvalues of the complexes, can be attributed to tkegmce of a hydrophobic arene moiety which fatédi
cellular uptake of the complexes. Furthermore tteelenof cell death, scrutinized by gene expressiodieas
was found to be apoptosis also called as progranuekdeath which is the preferred mode of celltdesver

necrosis.
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Highlights:
«  [Ru(n®-p-cym)(L)CI] where L=N-ferrocenyl amino acid conjugates have been synthesized and explored as
anti cancer agents..
» DNA and BSA binding has been established by UV-vis and fluorescence studies.
«  [Ru(n®-p-cym)(L)CI] complexes show better cytotoxic activity than NAMI-A and RAPTA

»  Fluorescence staining methods and gene expression studies confirm apoptosis induced cell death.



