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Abstract

Two different series of copper comple€y(MFL)(FCAA)H ,0] (C1-C4) and [Cu(MFL)
(BzAA)H 0] (C5-C8), where FcAA= ferrocenyl amino acid mannich éasnjugates and
BzAA = benzaldehyde amino acid mannich base catgsgghave been synthesized and
characterized by spectroscopic methods. Theptxeas have been investigated for their
interactions with DNA by employing fluorescencquenching measurements, UV-Vis
spectroscopy and DNA viscosity measuremenigh Hiinding constants obtained from the
DNA binding studies (k- 1 M™) prompted the in-vitro cytotoxicity assay obmplexes
on A549 human lung carcinoma cells (employiMJ T assay). The I§ values obtained
herein were found to be lower than thosetha ligands for A549 cell line. Antiproliferative
effects on A549 tumour cells exerted by the comgdewere consistent with their intracellular
uptake properties. The cellular uptake studiescatdid that complexe€1-C8 enter the
cytoplasm and accumulate in the nuclei. Rapid ckanghe nuclear morphology was observed
with DAPI staining. Acridine orange/ethidium broraidiual staining revealed that most of the
A549 cells enter early apoptosis within 12 h ofatment. Further all the complexes showed
effective cell growth inhibition by triggering GOiGphase arrest and inducing apoptosis.
FACScan results revealed remarkably high percerdfgell death induced by the complexes in
the A549 cells, as compared to control. Annexini\gfining of cells also indicated that the
complexes induce cell death through the apoptatithvay. Our data here suggests that the

complexes could be good antitumor agents.

Key words: Copper complexes, ferrocenyl mannich bases, DNA Binding, DNA Cleavage,
A549 cells, Apoptosis.



1. Introduction

Medicinal inorganic chemistry offers additional @pfunities for the design of therapeutic agents
not accessible to organic compounds [1-3].The wialege of coordination numbers and
geometries, available redox states, thermodynamit kinetic characteristic, and intrinsic
properties of the cationic metal ion and ligan@lftsffer the medicinal chemist a large variety of
reactivity to be exploited. The widespread sucoésssplatin in the clinical treatment of various
types of neoplasia has placed coordination cheynaftrmetal-based drugs in frontline in the
fight against cancer [1, 4]. Although highly effeet in treating a variety of cancers, the cure
with cisplatin is still limited by dose-limiting de effects [5] and inherited or acquired resistance
phenomena, only partially amended by employmenmeiv platinum drugs [6-9]. These
problems have stimulated an extensive search amchgted chemists to develop alternative
strategies, based on different metals, with impdopbarmacological properties and aimed at

different targets [10].

The ferrocene derivatives among the metallocenesofrimportance for their stability in a
biological medium and for their lipophilic, nontaxiand reversible redox properties [11]. The
cyclopentadienyl rings of ferrocene could be sujtdbnctionalized, and ferrocenyl derivatives
are known to exhibit antitumor, antimalarial, anatiangal properties [11]. Seiet al. [12]
have reported new DNA binding molecules ufiig structural and conformational
properties of ferrocene. Their design conceépt based on the fact that the distance
between the two cyclopentadienyl rings ofdeene, ca. 3.3 A is close to the distance
between two aromatic rings stacked with eather. In addition, it is well-known that
the minor groove of DNA can accommodate stdclaromatic rings, as established by the
structural studies of natural or synthetic @soles that recognize the minor groove.
Studies on the binding of ferrocenyl ligands witN® has revealed binding constants in the
order of 16-10° M [13] thus agreeing with the above mentioned fahe $tability of ferrocene

in agueous and aerobic media has made ferrocenyaonds very popular molecules for such
biological applications. Furthermore such favoueabharacteristics of ferrocene led to the
design of ferrocenyl derivatives that function aghly sensitive detectors of proteins or as
reporters of protein activity. Studies on ferrodergnjugates with amino acids and end-labelled
ferrocenyl di- and tripeptides have demonstratestirditive electrical, structural, and medicinal
properties [14]. Many researchers have shown isteredesign of unnatural ferrocenyl amino

acids and peptides which further have been studad their biomedical applications.



Modification of proteins by incorporating such utural ferrocenyl amino acids helps the study

of protein structure, activity and interaction wither biomolecules [15].

The ferrocenyl compounds are known to hotebdy potential as anticancer agents. This can
be exemplified by the fact that ferrocifen, therdeene-appended anticancer drug tamoxifen,
makes the drug effective against both hormone-iedéent and hormone-dependent breast
cancer cells [16]. Similarly, ferroquine, the fereme-attached antimalarial drug chloroquine, has
been found to be more effective than chloroquing.[The ability of ferrocenyl compounds to
cleave DNA may be responsible for these diversgguaes [18—-20]. Recent reports from our
laboratory have shown that Ru (Il) complexes ofraoracid conjugated ferrocene mannich bases
are efficient DNA and serum protein binders. Furthevitro investigations on A549 and MCF7

cell lines revealed their cytotoxicity and prefererfor apoptosis [21, 22].

Copper-based complexes have been investigatedeassdumption that endogenous metals may
be less toxic for normal cells with respect to @reells. The altered metabolism of cancer cells
and differential response between normal and tummells to copper are the basis for
development of copper complexes endowed with ampil@stic characteristics. Copper is an
essential element for most aerobic organisms, emedl@as a structural and catalytic cofactor,
and consequently it is involved in many biologipathways [23-25]. Taking this into account,
much attention has been given to research on tlehamesms of absorption [26], distribution,
[27] metabolism, and excretion of copper [28, 28§, well as on its role in development of
cancer and other diseases [30, 31]. The fundamaspacts of the chemistry and biochemistry
of copper [32], the role of this metal in medicenad the pathology and treatment of Menkes and
Wilson diseases [33], and the chelation therapyragmh in neurodegenerative disorders
characterized by accumulation of abnormal prot@mmonents mediated by copper [34] have
extensively been surveyed in recent review artidteswhich readers are addressed for a

comprehensive knowledge of the multifaceted fumdtiplayed by this metal ion in physiology

Comparing the extensive literature regarding the o existing clinical drugs and
development of novel chemical entities based orimim, the field of anticancer copper
complexes seems only at an infancy stage, evength@ushows much promise for future
development. Actually, copper complexes offer tlageptial over platinum (1) complexes of
reduced toxicity, a novel mechanism of action,féetent spectrum of activity, and the prospect
of non-cross-resistance. A recent review by Cadnoti@i throws light on the various advances in

copper complexes as anticancer agents [35].



Moxifloxacin (MFL) is a 4'generation fluroquinolone drug with a broad speuotrof
antibacterial properties and thus is an importaiioo in the treatment of bacterial infections
[36]. During the past years, the antitumoral attiaf MFL has raised much attention. In vitro
and in vivo studies have confirmed its anticandéces to be associated with the inhibition of
mammalian DNA topoisomerase |, topoisomerase W, RNA polymerase. Copper complex of
MFL has been found to bind CT-DNA via the intert@@ mode and induce apoptosis in A-549
lung cancer cells by DNA damage [37, 38].

The foregoing facts stimulated our interest on slgatheses, structure, DNA binding,
cleavage and anticancer properties of mixed ligan¢ll) complexes of amino acid conjugated
ferrocenyl / benzaldehyde mannich bases and tleoiuinolone antibiotic moxifloxacin. These
ferrocenyl amino acids have been targeted as ibbas shown that tethering biologically active
groups to ferrocenyl unit increases their potenaysibly due to combined action of the organic
molecule with fenton chemistry of the Fe-centre][3%e structures of the new complexes were
established on the basis of spectroscopic andretda&mical data. In addition, DNA cleavage
abilities and anticancer activities of the compkekave been rationalized in terms of their DNA
binding affinity. All the complexes show strong 8ing affinity to DNA, induce apoptosis and

act as a good antitumor agent in a dose & time rtgr® manner.

2. Experimental

2.1. Reagents and Materials

All the chemicals and solvents used for Bgsis and characterization of ligands and
complexes are of analytical grade and wereduas purchased. Ferrocene carboxaldehyde
and DAPI stain were purchased from Sigma—Aldrichmino acids, CT-DNA, Tri—sodium
citrate and EB (ethidium bromide) were pusdthfrom SRL (Sisco Research Laboratory,
Mumbai, India). Cu (acetatge) 2H,O and BSA (bovine serum albumin) were purchasegh fro
Hi media. All the solvents used in the présstudies were purchased from Merck and are
of analytical grade. Moxifloxacin (MFL) was kinddonated by Alembic Research Centre
(Guijarat, India).

2.2. Methods and instrumentation

Infrared (IR) spectra (400-4000 drwere recorded on Perkin Elmer RX-1 FTIR with sémp
prepared as KBr disks. ESI Mass spectra of thetigavere recorded on Thermoscientific DSQ

— Il Mass spectrometer and those of the complexa&® wecorded on Applied Biosystem API



2000 Mass spectrometer. C, H and N elemental asalysre performed on a Perkin-Elmer
240B elemental analyser. UV-visible spectra weoended in solution at concentrations in the
range 10-10° M on Perkin Elmer Lambda-35 dual beam UV-Vis spmtiotometer.
Fluorescence spectra were recorded in solution &BSCOD FP-6300 fluorescence
spectrophotometer. EPR spectra at liquid nitrogenperature were recorded on X-band EPR
spectrometer (IIT Mumbai). Fluorescence spectreewecorded in solution on JASCO FP-6300
fluorescence spectrophotometer. The % metal comesich of the complexes was determined
by complexometric/gravimetric titration method aftelecomposition of the complexes.
Thermogravimetric analyses were carried out withaalel EXSTAR 6000. Cyclic voltammetric
studies were performed on CHI-600C electrochemaradlyser in a three-electrode system
comprising of a glassy carbon working, platinumenauxiliary, and saturated calomel reference
(SCE) electrode. Tetrabutylammonium perchlorateAPB(0.1 M) was used as a supporting

Electrolyte in DMSO. Electrochemical data were unected for junction potentials.

2.3. Synthesis of ligands
2.3.1. Synthesis df1-L4

The ferrocenyl amino acidsl-L4 were synthesised according to the reported proeejd@i].

The amino acids (5.0 mmol) and NaOH (5.0 mmol)mpmethanol (10 mL) were stirred for 30
min to get a homogeneous solution. A methanoliwitem (10 mL) of ferrocene carboxaldehyde
(5.0 mmol) was added dropwise to the above solutidnch was refluxed for 90 min, cooled,
and treated with sodium borohydride (10.0 mmol)hwiionstant stirring. The solvent was
evaporated, the resulting mass was dissolved iemnatd acidified with dilute HCI, and the
solution pH was maintained at 5.6. The ligands ipreted as yellow solids were filtered,

thoroughly washed with water and cold methanol, farally dried in vacuum over .
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Carhoxyaldehyde Ferrocenyl mannich base L1-L4




-R Amino acid Ligand Complex

CH,(3-indoyl) Tryptophan L1 Cc1

-CH,Ph Phenyl alanine L2 c2

-CH,CH(CH;), Leucine L3 c3

-CH,(4-hydroxyphenyl) Tyrosine L4 c4
SCHEME 1

2.3.2 Synthesis df5-L8

The amino acids (2.0 mmol) were initially dissolveddry methanol (20 mL) with addition of
NaOH (2.0 mmol) and continuous stirring. Benzaldh{2.0 mmol) was subsequently added to
the above solution. The mixture was refluxed fdr, tooled, and then treated with an excess of
solid NaBH, with constant stirring. After stirring ferl5 min, the solvent was removed on rotary
evaporator and the resulting mass was dissolvedhter followed by treatment with dilute HCI
to maintain a pH of5.5. White solids thus precipitated were filterdfl thoroughly washed

with water and cold methanol, and finally driedsacuum over fOqo.

COOH

H
N
CHO
R
COOH 1. CH,0H, Reflux
NHe 15h
+ 8 .
2. NaBH,

R

Benzaldehyde Amino acid Mannich base L5-L8§
-R Amino acid Ligand Complex
CH,(3-indoyl) Tryptophan L5 C5
-CH,Ph Phenyl alanine L6 C6
-CH,CH(CH,), Leucine L7 C7
-CH,(4-hydroxyphenyl) Tyrosine L8 Cc8

SCHEME 2



2.3.3 Synthesis of complex€4-C8

Complexes @-C8 were prepared by a general synthetic procedurgvhich 1.0 mmol of
copper(ll) acetate in 15 mL of methanol was redetéth moxifloxacin (MFL, 1.0 mmol) in
methanol while stirring at room temperature for B.®llowed by addition of solid fFc-AA/Bz-
AA (1.0 mmol) ligands in small portions with contious stirring. The reaction mixture was
further stirred for 2 h, and the product was isdaas a green solid+75% yield. The solid was

washed with water and cold methanol, and finallgdiin vacuum over o (scheme 1&2).

Cu(ac), I>_N

CH30H, Reflux 2 hrs
HsCO

Moxifloxacin Mannich Base Cu-Complex
L1-L4 c1-ca
-R Amino acid Ligand Complex
CH,(3-indoyl) Tryptophan L1 Cc1
-CH,Ph Phenyl alanine L2 c2
-CH,CH(CH;), Leucine L3 c3
-CH,(4-hydroxyphenyl) Tyrosine L4 c4

SCHEME 3



Cu(ac),
CH;0OH, Reflux 2 hrs

Moxifloxacin Mannich Base Cu-Complex
L5-L8 C5-C8

-R Amino acid Ligand Complex
CH,(3-indoyl) Tryptophan L5 C5
-CH,Ph Phenyl alanine L6 cé
-CH,CH(CH,), Leucine L7 c7
-CH,(4-hydroxyphenyl) Tyrosine L8 Cc8

SCHEME 4

Physicochemical data of the synthesized ligands aondplexes have been provided

supplementary material.

2.4 DNA binding experiments
2.4.1. UV absorption studies

The interaction of compounds with CT DNA hbsen studied with UV spectroscopy in
order to investigate the possible binding nsode CT DNA and to calculate the binding
constants (K). Absorption studies were performed with &ixeompound concentrations
while varying the CT-DNA concentration withinVhile measuring the absorption, equal
increments of CT-DNA were added at differeatios to both the compound solution and
the reference solution to eliminate the absocde of CT-DNA itself.

2.4.2. Competitive binding studies with EB using fluorescence spectroscopy

The competitive binding study of each compmbuwith EB has been investigated with
fluorescence spectroscopy in order to examateether the compound can displace EB
from DNA-EB complex. The DNA-EB complex was preggthby adding 2.eM EB and 2.0



uM DNA in tris buffer. The binding mode of conepes C1-C8 with CT-DNA was studied

by adding a certain amount of a solutioneaich complex step by step into the solution
of the DNA-EB complex. The influence of theddition of each complex has been
obtained by recording the variation in theofescence emission spectra of the DNA-EB
complex. The fluorescence intensities of EBurzb to CT-DNA were measured at 609 nm
(524 nm excitation) after addition of diffate concentrations of the complexes at

different ratios.
2.4.3. Competitive binding studies with DAPI using fluorescence spectroscopy

The competitive binding study o€1-C8 with known groove binder DAPI has been
investigated with fluorescence spectroscopy. TWA-DAPI complex was prepared by
adding DAPI (5 uM) and DNA (20 uM) in trisuffer. The binding mode of complexes
C1-C8with CT-DNA was studied by adding a certaamount of a solution of each
complex step by step into the solution bé& tDNA-DAPI complex. The influence of the
addition of each complex has been obtainedrdmprding the variation in the fluorescence
emission spectra of the DNA-DAPI complex. Ttheorescence intensities of DAPI bound
to CT-DNA were measured at 451 nm (340 extitation) after addition of different
concentrations of the complexes at differenximg (r) ratios.

2.4.4. Viscosity measurements

Cannon-Ubbelohde viscometer maintained at rastaat temperature of 32.0+ 0.1°C in a
thermostat was used to measure the relatiseosity of DNA (200 puM) solutions in the
presence of complexe€1-C8 (with [complex]/[DNA] ratio of 0, 0.04, 08) 0.12, 0.16,

0.20 and 0.24) in Tris—HCI buffer (pH 7.2pigital stopwatch with least count of 0.01 s.
was used for flow time measurement with aacyrof +0.1 s. The flow time of each
sample was measured three times and an a&veflagy time was calculated. Data are

presented asnfno) *°

versus [complex]/[DNA], where h is the visitgsof DNA in the
presence of complex and hO is the viscosify DINA alone. Viscosity values were
calculated from the observed flow time of Diéntaining solutions (t) corrected for that

of the buffer alone dt, n = (t - t)/to.
2.5. Nuclease activity

The solution containing metal complex was taken tiean Eppendorf tube and 1pg of plasmid
pBR322 DNA was added. The contents were incubaie@d minutes at 37 °C and loaded on



0.8% agarose gel after mixing 3ul of loading buféerd 0.25% bromophenol blue + 0.25%
Xylene cynaol +30% glycerol. Electrophoresis wasf@rmed at constant voltage till the
bromophenol blue reached to the 3/4 of the gel. gdlevas stained for 10 min by immersing it
in ethidium bromide solution (5 pg/ml) and thendsdained for 10 min by keeping it in sterile
distilled water. The plasmid bands were visualibgdohotographing the gel under a UV Trans
illuminator. The efficiency of DNA cleavage was maeed by determining the ability of the

complex to form open circular (OC) or nicked cienu{NC) DNA from its super coiled.
2.6. Cytotoxicity

A549 cells (5.0X1dcells well') were placed in 96-well culture plates &far India Pvt.,
Ltd.) and grown overnight at 37°C in a 5% incubator. Compounds to be tested were
then added to the wells to achieve final cemtrations ranging from 10 to 500 mg/ml.
Control wells were prepared by addition of cultaredium without the compounds. The plates
were incubated at 37°C at 5% g{Dcubator for 24 h. Upon completion of thecubation,
MTT dye solution (prepared using serum fredtuce medium) was added to each well to
a final concentration of 0.5 mg/ml. After W of incubation with MTT, the culture media
was discarded and the wells were washed Wwilosphate Buffer Saline (Hi-Media, India
Pvt., Ltd.), followed by addition of DMSO tdissolve the formazan crystals so formed
and subsequent incubation for 30 min. Thécaptdensity of each well was measured
spectrophotometrically at 563 nm using BiotdkBOOMS universal ELISA reader (Bio-
Tek instruments, Inc., Winooski, VT). The sp(values were determined by plotting the
percentage viability versus concentration orogarithmic graph and reading off the
concentration at which 50% of cells remaing@ble relative to the control. Each

experiment was repeated at least three titnesbtain mean values.
2.6.1. Cellular uptake study

A549 cells (4.0X16 cells well®) plated on cover slips, were incubated w@h and alone for
different time intervals from 1 to 6 h, fixed wi#fo paraformaldehyde for 10 min at room
temperature (RT) and washed with PBS. This wasviat by treatment with Propidium iodide
for 10 min at RT. The cells were washed, mounte@0#b glycerol solution containing Mowiol,
an anti-fade reagent, and sealed. Images wereradqusing confocal fluorescence microscope

(Carl Zeiss, Germany)



2.6.2. AO/EB staining technique (induction of apoptosis)

A549 cells were grown in triplicatassing a 12 well tissue culture plate and allowed
acclimatize overnight. Next day, cells were tedaivith C1-C8 incubated for 12 h. After the
incubation, cells were stained with acridinearme and ethidium bromide dyes for 5 min
in dark and immediately washed three timethvwRBS. The cells were then suspended in
PBS and photographed on confocal LSM-710réscence microscope.

2.6.3. Nuclear staining

Nuclear staining was performed by reported proceslurBriefly, the cells after exposure with
complexes for 12-16 h were washed with PBS andlfire3.7% paraformaldehyde for 10 min.
The fixed cells were then permeabilized with TBS30 mM Tris-HCI (pH 7.4), 150 mM
NaCl, and 0.1% Triton X-100] for 5 min. Cells exg washed with PBS and then DAPI
solution (10ugmL™ in PBS) was added and kept for 5 min. After seivavashings with PBS,
the cells were observed under a fluorescemgzoscope (Leica DM IL microscope with
integrated Leica DFC 320 R2 camera and IL50 imadjgvare)

2.6.4. FACScan analysis

A549 cells (5x18 cells/ml) plated overnight were treated with diéfiet concentrations of C1-C8
in DMEM. The cells were then cultured overnightniested and fixed using chilled 70%
ethanol. The cells were then treated with 50mg/milage A for 6 h at 37 °C, stained with
propidium iodide staining solution (20mg/ml Pl andPBS) for 1 h at 4°C and analysed using
flow cytometry (FACSCanto, Beckton Dickenson) am@ fpercent cell death as that of the

control population was determined.

To determine the pathway of cell death, A549 célis1® cells/ml) were treated with g
values ofC1-C8 in DMEM, cells were then cultured for 12 h in cdete medium, harvested
and washed twice with chilled PBS at 4° C. Thescelére re suspended in 100mL annexin-V
binding buffer (100 mM HEPES/ NaOH, pH 7.4 contagnil40 mM NaCl and 2.5 mM Cafl
and stained with annexin-V FITC and PI. The cele&savgently vortexed and incubated for 15
min at RT in the dark. After incubation, 400mL ahdiing buffer was added to the cells and

analysed immediately using flow cytometry.



3.0 Results and discussions

3.1. Characterization

3.1.1. Mass spectrometry

The ESI-MS spectra of the complexes of thardsL1-L8 and complexe€1-C8 showed
molecular ion peaks at m/z values equivalentheir molecular weights. The m/z values

of all the complexes are in well agreemerihvihe proposed composition (Fig S3).
3.1.2. FTIR Spectroscopy

The FTIR spectra of the complex&31-C8 displayed characteristic strong stretching
bands at 1518-1582 €nand weaker bands at 1490-1514'aime to asymmetric and
symmetric carboxylate (COP stretches respectively, which were founds&®ng bands in
the fingerprint region at 1580-1612 tin the spectra of free mannich bases (L1-1®)e
distinct broad bands at ~3450 ¢rowing to the O-H stretching of free carboxylicdagiroups
found in the ligands are completely lost in the $Rectra of the complexes indicating
complexation of the ligands with Cu(ll) via the lsaxylate oxygen. Furthermore the medium
secondary amine N-H stretching bands in the regwf 2921-2963 cth observed in the
spectra of the free ligands, shifted to 2920-298@i* in the complexes indicating
complexation via the nitrogen of secondary ami8imilarly the shifts in the pyridone
carbonyl v(CO)urL and the carboxylate(COO)r. stretching frequencies of moxifloxacin in
complexes indicate the binding of these groups withmetal ion. All the important stretching
values have been tabulated in Table S1.

3.1.3. Electronic Spectra

The electronic absorption spectraCif-C8 in DMSO solution were recorded in the region 200-
900nm. The electronic spectra of ferrocenyhtidgs displayed intense absorption bands in
the UV region ascribed to-n* intra ligand transition of the cyclopentadieniigs of ferrocene
[40], which were observed to be blue shiftedtie spectra of the complex€4-C4 (Table

1).

Additional intra ligand transition bands correspimigdto the MFL ligands were observed
at 290nm and between 335-340 nm @i-C8 slightly shifted to longer wave length due to
coordination with Cu (Il). All the complexes showgmbaks in the region 400-420nm
corresponding to MLCT transitions and broad absongtin the range 620-640 nm (Fig.S4)
attributed to d—d transitions for Cu (1) in squasgamidal geometry [41].



The ESR spectra a2 (Fig.1) andC7 were recorded in DMSO at 10 K using 90 KHz field
modulation and thg factors were quoted relative to the standard markadE (g = 2.00277).
The EPR spectra of the complexes exhibit a goodetiye splitting (Fig.1) and the
corresponding g g. and A values are tabulated in Table 2. The valugs>(g.> 2.0023) for the
complexes indicate that the unpaired electron of(lQumost likely resides in ., orbital
having ZBlg as ground state and the complexes have distorigaresgpyramidal geometry [42].
The axial symmetry parameter (G>4) indicates thatrd are no spin exchange interactions

between the copper centres.

Table 1: Electronic spectral data of complexgs-C8.

Compound Intraligand charge transfer CT d-d Transition
transitions Nm nm
T

C1 205, 289, 339 406 628

C2 206, 290, 337 417 631

C3 205, 290, 338 402 619

Cc4 204, 290, 336 409 627

C5 216, 290, 338 402 629

C6 205, 289, 337 402 630

C7 206, 289, 339 402 637

C8 204, 290, 338 402 632

(-0.45) Cu(i)/cu(l)
g1 (+0.4) Fct/Fc
g *
f 20 uA
s
Wi Wm me Wm0 We oA 10 05 0.0 05

Fig 1: ESR Spectra a2 in DMSO. Fig 2: Cyclic voltammogram o2 in DMSO.
EPR conditions: Temperature, 10K; microwave 0.1 M TEAP at a scan speed of 50 mV. s
power, 5.0 mW; Modulation amplitude, 1G Inset: Cyclic voltammogram @5in DMSO

microwave frequency, 9.1GHz. -0.1 M TEAP at a scan speed of 50 mV s



Table 2: ESR and cyclic voltammetry datacomplexe<C1-C8.

Compounds C1 C2 C3 C4 G5 Cé6 Cc7 C8
gl - 2.23 - - - - 2.32 -
gL - 2.09 - - - - 2.12 -

Aj(cm?) - 140x10+ - - - - 146x10* -
Ai(cm™) - 48x10+ - - - - 50x10 -
G 4.8 4.2
Cu?/Cu*(mV) -450 -470 -440  -420  -380 -410 -400 -385
Cu*/Cu*(mV) -290 -290 -285  -250  -250 -255 -250 -245
AEp (mV) -160 -180 -165  -170  -130 -155 -150 -140
Fct/Fc (mV) 480 470 485 480 - ’ - -

ComplexesC1-C4 were redox active and displayed a quasi-reversiyidic voltammetric
response near 480 mV vs SCE in DMSO 0.1 M TEARyassile to the FeFc couple, where Fc
is the ferrocenyl moiety (Fig.2). There is a sigraht positive shift 0f50 mV in the Fe (lll)/Fe
(1) potential in these complexes compared to thiabnly ferrocene (430mV vs SCE). The
complexes also showed a quasi-reversible cycliawuhetric response in the range -380 to -470
mV assigned to the Cu (I)/Cu (I) reduction and KZ@u(ll) oxidation in the -250 to -290mV
range (Table 2).

Thermal stability and thermal behaviours of | actomplexes were studied by
thermogravimetric analysis in the temperatuamge 50-850C in N, atmosphere. The
thermal behaviour studies of the complexes weraddo be similar. The TGA profiles over
the temperature range 30-280 are usually due to loss of moisture, wafenydration
and coordinated water. The complexes have firsbrigosition stage in the range 200-250
This dehydration process probably is due he loss of coordinated water. Above 260
complexes decompose in a gradual manner, hwhay be due to thermal degradation of
the organic ligands. The continuous loss of weigtsbserved up to 70€, leaving CuO as
residue (Fig. S5).



3.1 DNA binding studies
3.1.1 UV-Visible absorption titration

The presence of ground state interactionsvdmt the biological macromolecule DNA and
complexes under study have been detected usiogprption spectroscopy. DNA can

provide three distinctive binding sites (groobending outside of DNA helix along major

or minor groove, electrostatic binding to pbluste group and intercalation), a behaviour
important for the biological role of antibiotiand anticancer drugs in vivo [43]. The
binding efficiency of the metal complexes t@©NA can be effectively investigated

employing electronic spectroscopy since theseoled changes in the spectra may give
evidence of the existing interaction mode [4Ahy interaction betweenC1-C8 and DNA

is expected to perturb the ligand centredhsiteons of the compounds.

Binding with DNA via non-

intercalative binding modes, such a~ ,,,

electrostatic forces, van der Waal: 475

interactions, hydrogen bonds anc 1.s04j

[DNA/(ej-g)x10°M2em

hydrophobic interactions generally§ 125 4
. . . . ® f
results in increase in absorptior £ 1.001

\n
intensity (hyperchromism) and blue shift § 9751

of the absorption bands upon increasin %%

the concentration of CT-DNA owing 0287

. 0.00 +— : . : : : : :
to the degradation of the DNA 200 225 250 275 300 325 350 375 400

double helix structure. A blue shift may Waslenoth nm

Fig 3: Absorption spectra @21 showing the increase in
absorption intensity on gradual addition of-ONA in 5
mM TrisHCI buffer (pH,7.2) at 25°C. Inset shows giet of

[DNAJ/(ea-€r) vs [DNA].

also be attributed to improper coupling
of n* orbital of the ligand andc orbital
of the base pairs. This unstacking of base

pairs (distortion int orbital of base pairs and* orbital of ligand) causes slight blue shift
(hypsochromic shift). Similarly reduction of face face base stacking (exposed electrons)
induces enhancement of absorption intensity (hypemaism). On the other hand intercalation
generally results in hypochromism and a red sfishithochromism) of the absorption band
due to a strong stacking interaction between aromatic moiety of the ligand and the
base pairs of the DNA. A red shift can be disetihked with coupling ofz* orbital of

intercalated compounds with teorbital of DNA base pairs, thus decreasitig* transition



energy. On the other hand the couplingrbital is partially filled by electrons thus deasing
transition probabilities and concomitantly resugtin hypochromism [45].

) 6 Table & DNA binding constants (K of
The UV spectra of the complex€4-C8 (10° M), ligandsL1-L8 and complexe€1-C8

have been recorded in the absence and presamiice

Compound % K»
varying CT-DNA concentration (1-50 x fom) Hypo/Hyper
within. The bands centred around 289-290 nm and chromism
, o L1 18% 6.7x10*
337-339 nm in the complexes showed significant
_ _ o L2 12% 1.4x10
hyperchromism with red shift (Fig.5 representative I3 19% 1 3x10¢
data forC1), speculative of primarily groove binding 4 20% 5 8x10¢
nature of the complexes. It should be noted that th 5 15% 2 0x10*
exact mode of interaction with DNA cannot be 16 20% 1.5x10%
concluded only by UV spectroscopic studies and more L7 17% 4.0x10¢
techniques should be combined in order to come to a L8 19% 3.4x10*
safe conclusion. The results from the UV titration C! 36% 7.0x10¢
0, 6
experiments suggest that all complexes can bir@iTto €2 25% 2.3x10
. ( c3 30% 4.2x10¢
DNA [46]; in the cases where an hyperchromic effect i
, , , o C4 34% 6.4x106
exists, a first evidence of binding to CT DNA prbbha
o _ C5 39% 6.0x10°
by groove binding may be suggested, while the C6 34% 9 5%10°
existence of a red-shift is a hint of a stabiliaatof the c7 30% 3 4x10°
DNA duplex provoked by such interaction [47]. cs 36% 5.2x105

The magnitude of binding strength to CT-DNA

may be determined through the calculation baiding constant Kwhich is obtained by
monitoring the changes in the absorbancehefcompounds with increasing concentrations
of CT-DNA. Ky is given by the ratio of slope to the ntercept in plots [DNAJHa- &f)
versus [DNA]. where g, = Aopsd [COMpound], & is the extinction coefficient for the
unbound ligands and complexes, api$ the extinction coefficient for the composnah the
fully bound form. The Kvalues of metal complexes showed 10-100 fdidgher binding
efficacy compared to the ligands. In gene@mplexesC1-C4 exhibit stronger binding
interactions(1®M™) than complexeC5-C8 (10 M) due to strong groove binding of the
ferrocenyl moiety (Table 3). Complex€l andC4 with tryptophan and tyrosine substituted
ferrocenyl moieties bound to the Cu (ll) werrespectively show the higher binding

constant values due to additional hydrogendbmmninteractions between the NH group of



tryptophan and the —OH group of tyrosine with DNWicleobases which are accessible both

in major groove and minor groove.

3.1.2 Fluorescence quenching Studies

To further examine the mode of interactiof the compounds with DNA, via
intercalation or groove binding, a competitil@nding study with two dyes: EB and
DAPI have been carried out using steady stlt®rescence spectroscopy. Ethidium
bromide (=3,8-diamino-5-ethyl-6-phenyl-phenantimidm bromide) is a phenanthridine
fluorescence dye and is a typical indicatdrintercalation, forming soluble complexes
with nucleic acids and emitting intense flismence in the presence of CT DNA due to
the intercalation of the planar phenanthridimiuing between adjacent base pairs on the
double helix [48]. Addition of a second maléx; which may replace EB and bind to DNA
via intercalation results in a decrease o& tBDNA-induced EB emission [49]. The
emission spectra of DNA-EBA{= 546 nm,Xer= 610) in the absence and presence of
increasing amounts of ligands and complexeve hdbeen recorded. Addition of the
complexesC1-C8 did not have any kind of effect on thession intensity or nature of
the emission of DNA-EB complex, indicating ti@ercalation may not be the binding mode

for these compounds.

3.1.3 Competitive binding studies with DAPI

DAPI (4,6-diamidino-2-phenylindole) is a clasdi minor groove binder to DNA and binds
specifically to GC regions. The fluorescenck @API (5uM) increases approximately 30
times when 20-fold excess (base pairs) of ABRDuM) is added to the solution of the
dye [50,51]. The fluorescence spectra of axture of DNA-DAPI solution with
increasing concentration o1-C8 (0-100uM) have been recorded . The addition of
aliquots of the complexes cause an initigloféscence enhancement (Fig.4, red lines) which
on further addition of greater amounts showsdbsequent quenching of the DNA-DAPI
fluorescence (Fig.4, blue lines). The initiaudiescence enhancement can be attributed to
partial overlap of the electronic states tbe quencher moleculesC1-C8 and DNA-
DAPI complex leading to partial stabilizatioof the ground state complex and an
increase in the value of the Franck—Condorctofa The fluorescence intensity is



proportional to the overlap of vibrational weafunctions and consequently to the Franck-—

Condon factor.

A quencher molecule when approaches a DNA-DABMplex, forms an intermediate
complex, which is temporarily more stable nthéne original DNA— DAPI complex. This
shifts the ground electronic state to lefid @own, and as a result the overlap between
the vibrational functions in the excited agdound electronic states increases due to the
Frank—Condon principle (greater the overlagwken the vibrational functions of excited
and ground states of the complex, greatethes Franck—Condon factor), leading to the
increase in fluorescence signal. Further aalditof the quencher leads to the complete
displacement of DAPI from the DNA helix artborescence depletion [21, 52]. This
phenomenon has been explained schematically irl.Fighe quenching of the DNA-DAPI
fluorescence is conclusive of the fact tGat+C8replace DAPI from the minor grooves of

DNA and get bound, indicating their preferencedgmove binding.
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Fig 4: Emission titration of DNA-Dapi complex withFig 4: Schematic presentation of DAPI displacement
increasing concentration 6f1. from DNA helix by quencher molecule followedy
Red lines = changes in''Iphase (increasing intensity)fluorescence quenching and corresponding energy
blue lines= changes if%phase (decreasing intensity). ~ diagrams.

3.1.4Viscosity Measurement

In order to further confirm the mode of dimg of complexe€1-C8 to CT-DNA,
viscosity measurements of DNA solutions weaaied out in presence and absence of
these complexes. The viscosity of DNA is #emes to length changes and is regarded as
the least ambiguous and the most criticakeslof a DNA binding mode in solution [53].
In general, intercalating agents are expeittedlongate the double helix to accommodate

the ligands in between the base pairs, leadingan increase in the viscosity of DNA. In



contrast, a complex that binds exclusively timle DNA grooves typically causes less
pronounced (positive or negative) or no change DNA solution viscosity [54].

The effects of the complex&S1-C8, the classical intercalator EB and the groawedr dapi
on the viscosities of CT-DNA solution are wimo in Fig. 5. with increasing [complex] /
[DNA] concentration ratios no significant clgen in the relative viscosity of CT-DNA
solution was observed which ruled out interbada binding mode of complexes and is
consistent with the DNA groove binding as icated by DNA-DAPI competitive binding

studies

1.8 4 —=—EB+DNA
|——C1
|——C2

1.54 |—y—C3
|—4—C4
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1.4 |——C8
|—e—C7
|—e—C8

o 134 |—#—Dapi+DNA
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Fig 5 : Effect of increasing amounts of the complex&sC8, dapi and
ethidium bromide(EB) on the relative viscosiy CT-DNA (200 mM) in
Tris—HCI buffer at 25C [Complex]/[DNA] = 0,0.04, 0.08, 0.12,0.16, 0.20

3.1.5 Nuclease activity

In order to explore the DNA cleavage activity oethomplexes, pBR322 DNA (30uM) was
incubated withC1-C8 (10uM) in 5mM Tris—HCI / 50mM NaCl buffer solutiofpH 7.2).The
DNA cleavage activity was assessed by the conversicsupercoiled form of DNA (Form 1,
SC) to linear open circular DNA (Form 1l, OC) orcked circular (Form IIl, NC). It was found
that all the complexes exhibited DNA cleavage by ¢bnversion of SC Form (I) into OC Form
(I (Fig. 6), which indicates that the complexe® @nvolved in the cleavage through single
strand breaking. The control experiments with lipands or CuGl2H,O or DNA alone do

not reveal any significant cleavage, As the comgdedo not require an external agent like



ascorbic acid, MPA, or ¥, for cleavage, it is evident that DNA cleavage a@scuia an

oxidative pathway

only.

DNA 1 2 3 4 5 6 7 8

Form Il

Form |

Fig 6: Photogenic view of interaction of pBR322 DNA (3@/pL) with 10 pM
complexes incubated for 2hours at 37 °C: LanBNA; Lane 2, DNAL1; Lane 3,
DNA + C2; Lane 4, DNA +C3; Lane 5, DNA +C4; Lane 6, DNA +C5; Lane 7,
DNA +C6; Lane 8, DNA €8.

4.0 Cytotoxicity studies
4.1 MTT assay

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazoin bromide (MTT) assay was done to test the
ability of compounds to inhibit cell growth and ume cell death in A549 cells (human lung
carcinoma). A549 cells

were treated with the

compounds at varying il S

concentrations (15— = 751 N R
250ug/ml) for 12 h which "g i _fi'_f = i #jli T T 1_#|i
inhibited the growth of g 509 [::: T N 7
A549 lung cancer cells ~ | : § Z
significantly in a dose and : § //
time dependent manner . O\’ PN ;@ & P
and the complexes C,Oé&

recorded 50-85% higher _
Fig.7: MTT data expressed as mean =S.E.M. for n=3. Whirgp<0.001

cytotoxicity compared to compared to LigandsL{-L8) and ###p<0.001 compared to MFL. 50%
) inhibition concentration (I€gug/ml) for complexe€1-C8.

the ligands. The 1§

values shown in Fig.7 indicate the order of cytatity asC7 < C6<C8<C5<C3<C2<C4

<Cl1.The results reveal enhancement in the antipralifez activity of the parent

fluoroquinolone ligand (MFL) upon metal ion(E) conjugation giving credence to the

hypothesis that biological activity of such fluotdgolones may partly be related to their metal



chelating ability. Cell viability assay using casitcompounds showed that the ligands and the
metal salt alone were nontoxic to the cancer calisongst the compounds examined presently,

C1 seems to be the most potent molecule.



4.3 Cellular uptake study

The cellular uptake and localization GfL-C8, was studied by using confocal microscopy [55].
A549 cells were cultured on coverslips (corningZ2x®m), incubated for 24 h until they
reached 70% confluency. These were then serumestarvernight, followed by incubation with
C1-C8 (ICs), for 6h at 37C. Confocal microscopy imaging was carried oustaining with Pl
(nuclear stain) to identify localization of the cplexes and any nuclear disintegration. After
treatment for 6 h, bright blue fluorescence in tysoplasm of the cells was observed under
confocal microscope (Fig. 8A), indicating the umasf complexes by cells. Fig.8B shows
uptake of Pl by nucleus only and Fig. 8C is mengegge of Fig.8A and B, which confirms the
uptake and accumulation of complexes in cytosdhefcells. Cells not treated with complexes
exhibited negligible luminescence. Fluorescencenisity was found to increase with time
indicating increased internalization of the compkexThese results indicated tl&i-C8 can

enter and accumulate in the cytosol of cells.

Bright Ficld

Fig 8: Confocal microscopic images of A549 cells treatethwC1 and PI (A) blue emission of C1 (B) nucleus
stained with P1 (C) Merged image of A and B (D)@t field image of A549 cells treated with C1 forh6 at
37°C.

4.4 Induction of Apoptosis

Apoptosis induced by compounds is one of the cemattbns in drug development. The
apoptotic cells usually show characteristic apoptéeatures such as nuclear shrinkage and
chromatin condensation. Apoptosis assay was caougdvith staining methods using acridine
orange (AO) and ethidium bromide (EB). The AO/E8&irsing is sensitive to DNA and was used
to assess the changes in nuclear morphology. Apog@nd necrotic cells can be distinguished
from one another using fluorescence microscopythénabsence ofl, the living cells were
stained bright green (Fig. 9, control). After treant of A549 cell line witlC1 for a period of 12

h, green apoptotic cells containing apoptotic bedigtained by acridine orange as well as



ethidium bromide were found in addition to red récrcells stained by ethidium bromide (Fig.

9). Similar results were observed for all the coawpk.

Furthermore, to determine the nuclear featurest@mgin insight into the pathway of cell death,
DAPI staining was carried out in the presenceCatC8. The control cells exhibit light and
evenly stained contours of the nuclei in contrasttite treated cells that show typical
characteristics of cells undergoing apoptosis. ffbated cells are seen to possess fragmented or
highly condensed nuclei while the bright field ireagprovide evidence for cell shrinkage and
membrane blebbing attributed to the typical featwkapoptotic cells (Fig. 9). Necrotic nuclei
are not observed with DAPI staining. The DAPI stagnindicates apoptotic mode of cell death
in the presence &@1.Similar results were observed with all the othenplexes.

CONTROL C1 BRIGHT FEILD

AO/EB Staining

DAPI

Fig 9: Confocal images of A549 cells treated w@t for 12 hr at 37C in 5% CQG.
A) Staining with acridine orange/ ethbitt bromide. B) Staining with DAPI.

4.5 Cell cycle arrest by flow cytometry

The effect ofC1-C8 on the cell cycle of A 549 cells was studied lopflcytometry in propidium
iodide (PI) stained cells after treatment with ctemps for 12 h. The representative DNA

distribution histograms of control and A549 ceiighe presence @lare shown in Fig.10.



Cells go through the cell cycle in several well4tolked phases [56]. The entry into each phase
of the cell cycle is carefully regulated by diffeteeheckpoints. One of the major focuses of drug
discovery is to develop agents that target the @glle checkpoints that are responsible for the
control of cell cycle phase progression. Cell cyalealysis is used to detect and measure
apoptosis, a form of programmed cell death, byyaad cells with less DNA content ("subrG
cells")[56]. Such cells are usually the result pbptotic DNA fragmentation. Apoptotic cells
often have fractional DNA content due to the facattthe fragmented (low MW) DNA
undergoes extraction during the staining proced8mme cells also lose DNA (chromatin) by
shedding apoptotic bodies. Thus, only a fractiorthef DNA remains within apoptotic cells.
Therefore, nuclei of apoptotic cells contain lesslADthan nuclei of healthy §G; cells,
resulting in a sub-@G; peak in the fluorescence histogram that can bd ts&etermine the
relative amount of apoptotic cells in a sample.

Flow cytometry was used to probe the mode of @edlth and cell cycle arrest induced by the
complexes, and it was found that after 12 h of lnation the population of GO/G1, S and G2/M
cells decreased without significantly affecting theerall cell count (Fig. 10(a)). Moreover, the
percentage of DNA content (apoptotic cells) is @ased in the Sub GO/G1 phase (Fig.10(a) &
(b)) reflecting a significant inhibition of cell cie progression. Thus, the overall effectGi
treatment appears to involve the prevention of deikion followed by cell death with a profile
indicative of programmed cell death (apoptosisinitir results were obtained with complexes
C2-C8(Fig. 10(b)).
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Fig 10 (a): Effects of C1 on A549 tumour cells after 12 h, distribution among cell cycle phases.
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Fig 10 (b): Cell cycle distribution on exposure of A549cells to complexes C1-C8 (ICso).

An apoptosis study using flow cytometery can bedusedistinguish different cell types such as
viable cells, early apoptotic cells, and late aptptcells [57]. The measurement of annexin V
binding to the cell surface as an indicator for@psis is performed along with a dye exclusion
test to establish the integrity of the cell memlerannexin V, a calcium-dependent
phospholipid binding protein with high affinity fophosphatidylserine, binds to the
phosphatidylserine that has migrated outside tHe membrane. Propidium iodide (PI), a
viability stain which binds to the nucleus once thembrane has broken down, is used as an

indicator of membrane structural integrity.

A549 cells were incubated with1-C8 (ICsg) for 12 h, followed by staining with annexin and P
Data was collected by a flow cytometer. In theeathges of apoptosis, the cell membrane can
expose phosphatidylserine, which is annexin V-pasitViable cells did not bind to annexin V
or PI (lower-left quadrant), early apoptotic cdisund to annexin V but excluded PI (lower-right
guadrant), and late apoptotic cells were positive hoth annexin V and PI (upper-right
guadrant). The upper-left quadrant contains dedd. CEhe results shown in Fig.11 (a) & (b)
indicate that the control cells contain 3.59 % lap®ptotic cells (upper-right quadrant). The
order of the percentage of late apoptotic A54%dedlated with complex&31-C8for 12 h is as
follows: C2 (21.3%) <C7(22.8%) <C5(27.4%) <C8 (27.6%) <C4(29.3%) <C6 (31.1%) <
C3(33.1%) <C (36.6 %). Thus it can be concluded that the comgdaerduce apoptosis in A-
549 cells.
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Fig 11 (a) Annexin V staining shows induction of apoptosisAé49 cells treated witlC1 12 h. The percent of
apoptotic cells were detected by analysing Annékiand PI binding with the help of flow cytometryiaile
cells did not bind to Annexin V or PI (lower lefugdrant D3), early apoptotic cells bound to AnneXimut
excluded PI (lower right quadrant D4), and latemptic cells were both annexin V- and Pl-posifjupper right
guadrant D2), the upper left quadrant D1 contdiesnuclear debris or dead cell.
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Fig 11(b): Graphical representation of flow-cytometric analysf apoptosis induced in A549 cells on treatment
with C1-C8for 12 h. Data is represented in the form of petage of apoptotic population.

5.0 Conclusion

Ternary Cu (II) complexes with ferrocene and beezemnjugated L-Amino acid mannich bases

and the antibiotic drug moxifloxacin were synthesliz characterized and their biological



potential as cytotoxic agents was studied. Bindiighese complexes to CT-DNA has been
investigated in detail by electronic absorptiomatibn, steady state emission, and viscosity
studies. The results suggest that the compl€de€8 are efficient DNA groove binders. The
redox active complexes with quasi-reversiblé f/c (C1-C4) and Cu(ll)/Cu(l) couples display
significant chemical nuclease activity (pBR322 DNA)absence of any external agents. Anti-
proliferative effects on A549 tumour cells exerteyl the complexes are consistent with their
intracellular uptake properties. The cellular uptakdicated that complex&s1-C8 enter the
cytoplasm and accumulate in the nuclei. Rapid changthe nuclear morphology with DAPI
staining and acridine orange/ethidium bromide dt@ining reveals that most of the A549 cells
enter early apoptosis within 12 h of treatment.tiremr all the complexes show effective cell
growth inhibition by triggering GO/G1 phase arrasid inducing apoptosis. FACScan results
show remarkably high percentage of cell death iaduzy the complexes in the A549 cells, as
compared to control. Annexin-V/PI staining of cellso indicated that the complexes induce cell
death through the apoptotic pathway. Our studiggest that the complexes are potential
anticancer molecules that may interfere with DNAligation. This work makes a significant
contribution to the virtually unknown chemistry ofganometallic complexes as synthetic

nucleases.
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Highlights

Mixed ligand copper complexes of ferrocenyl amino acid mannich bases and
Moxifloxacin (MFL) were synthesized and characterized.

The complexes interact with CT-DNA via groove binding mode.

Antiproliferative activity of metal complexes on lung carcinoma cells (A549) was
investigated.

The cdlular uptake indicated that complexes C1-C8 enter the cytoplasm and
accumulate in the nucle.

All the complexes show effective cell growth inhibition by triggering GO/G1 phase
arrest and inducing apoptosis.

FACScan results show remarkably high percentage of cell death induced by the
complexesin the A549 cells via apoptotsis.

Our studies suggest that the complexes are potential anticancer molecules that may

interfere with DNA replication.



