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A new synthesized tetra-nuclear Cu(Il) distorted cubane complex containing CusO4 core;
nominated ([CuL]4); exhibited excellent catecholase activity in aerobic oxidation of 3,5-di-tert-
buthyl catechol to its o-quinone. The kinetics and mechanism of the oxidation of 3,5-DTBCH:
catalyzed by the complex, were studied at four different temperatures. Interaction of complex
with FS-DNA and bovine serum albumin (BSA) was investigated. /n vitro anticancer activity

of the complex and DNA cleavage activity was evaluated.
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Abstract

The tri-dentate Schiff base ligand 3-(2-hydroxydthino)-1-phenylbut-1-en-1-ol (L)
produced the tetra-nuclear Cu(ll) distorted cubaamplex which contain G@, core, upon
reaction with Cu(ll)acetated®d. The complex was structurally characterized bya¥X-
crystallography and found that, in this tetramemd tetra-nuclear distorted cubane structure,
each two-fold deprotonated Schiff base ligand coatéd to a Cu(ll) center with their alcoholic

oxygens and imine nitrogens and formed six andringnbered chelate rings. At the same time,
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each ligand bridged to a neighboring Cu(ll) atomtbyalcoholic oxygen, thus the metal centers
became penta-coordinated. The copper(ll) completh win’-hydroxo bridges and Cu....Cu
distance about 3A was structurally similar to teéve site of natural catechol oxidase enzyme
and exhibited excellent catecholase activity irob&r oxidation of 3,5-dtert-butyl catechol to

its o-quinone. The kinetics and mechanism of thidation of 3, 5-DTBCH catalyzed by [Culy]
complex, were studied at four different temperatudrem 283 to 313K by UV-Vis spectroscopy.
Interaction of [Culd complex with FS-DNA was investigated by UV-Vis afldorescence
spectroscopy, viscosity measurements, cyclic vottatry (CV), circular dichroism (CD) and
agarose gel electrophoresis. The main mode of mgndif the complexes with DNA was
intercalation. The interaction between [Culcpbmplex and bovine serum albumin (BSA) was
studied by UV-Vis, fluorescence and synchronousriscence spectroscopic techniques. The
results indicated a high binding affinity of thengglex to BSA.In vitro anticancer activity of the
complex was evaluated against A549, Jurkat and Balglines by MTT assay. The complex
was remarkably active against the cell lines andbma good candidate for an anticancer drug.
Theoretical docking studies were performed to frtimvestigate the DNA and BSA binding

interactions.

Keywords: Cu(ll) cubane complex; catecholase activity; FS-DNBSA; docking study;

anticancer activity.
I ntroduction

Currently, metal-organic molecules are developed usyng organic/inorganic bridging
ligands, which create di- or poly-nuclear clustdry, one-, two- or three-dimensional self-

assembly [1, 2]. The organic ligands and the reaatonditions effect on the composition and



topology of the molecules. Among the poly-nuclelasters, tetranuclear copper (lI) complexes
with a CuO, cubane core are particularly interesting. Theseptexes have medium size; they
are not as small as simple binuclear complexes, asworarge as the bulky poly-nuclear
complexes, which effects the magnetic propertiethese complexes. Cubane-like complexes
are classified according to two different methodsda on the Cu-O distances [3] and the

Cu....Cu distances [4].

Cu complexes have been used in various areasedrnas such as crystal engineering [5, 6]
supramolecular chemistry, molecular magnetism [/7,t@ mimic the active sites of metallo-
enzymes and as an anti-cancer treatment [9-13¢eShe discovery dfis-platin as an efficient
anticancer drug, the pharmaceutical research ltaséd on other metal-based drugs for cancer
therapy [14, 15]. Because of the serious side &ffefcis-platin as a covalent DNA binder [16],
researchers now focus on the less toxic, moreiefifiand target-specific anticancer drugs with
non-covalent mode of binding. The most importamitations of the drugs under development
are their side-effects and cell membrane resistghce Copper (lI) complexes are promising
anticancer drugs of this type. Up to now, DNA-bmgli cytotoxicity, the ability of DNA-
cleavage and the possible utility of the Cu(ll) @dexes in photodynamic therapy have received
considerable attention.[18-23] Recently many redess focused on the interaction of copper(ll)
complexes with serum albumins, e.g. BSA & HSA, lisea same as for DNA, proteins are one

of the targets for anticancer drugs [9, 18, 24-26].

Beside the potential for the cancer treatment, axeldecided to study also the catecholase
oxidation activity of our Cu complex. The oxidatiohreagents with the atmospheric oxygen in
mild conditions is of great importance especially synthetic and industrial processes. In

biological systems, this is done by oxidation oats such as metallo-proteins, which contain
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copper or iron metals [27]. In type (lll) copperof®ins, e.g. hemocyanin, tyrosinase, catechol
oxidase, a coupled binuclear copper center is thigeasite. Certain copper(ll) complexes with
oxide bridges can oxidize different kinds of o-dépbls (catechols) to o-quinones with
simultaneous 2eeduction of Qto H,O [28]. This process is called tbatecholase activity. The
active site of the catecholase protein containsdemper (II) centers (Cu....Cu distance is about
2.9A), which are connected through dhydroxo bridges. Each Cu(ll) center has a trigonal
pyramidal structure with three histidine nitroged® mimic thecatecholase activity of the
bicopper(ll) complexes, the structural parametergstmbe considered. The geometry of
bicopper(ll) complexes affects the catalytic atyiyP9]. For example, the mononuclear square-
planar copper(ll) complexes are less active thananoclear non-planar copper(ll) complexes.
In the binuclear copper(ll) complexes, the Cu....@tashce must be less than 5A for the activity
to be retained. One explanation is that, for tteectebn transfer to be possible, the two metal
centers must be in an appropriate distance, intwiits possible for the two hydroxyl oxygen

atoms of catechol to bind to the metals and aetlasdging ligand [10].

We have chosen 3,5-thrt-butylcatechol as a suitable model substrate tatiye new
efficient oxidation catalysts. Considering the ad@xplained geometric requirements, we aimed

to synthesize model complexes containing at le@stcopper centers in close proximity.

Overally, according to the importance of synthegjzihe artificial enzymes, and because of
the significance of mimicking the anti-cancer mdtased drugs, designing a complex with all
these properties is a success. Thus, in this papeynthesized and characterized a tetra-nuclear
copper(ll) complex Witm-qz-hydroxo bridge as a potential structural and fiomal model for

the active site of the catechol oxidase enzyme. al¢e provide the results related to the



copper(ll) complexes ability to function as anticar agents, particularly the affinity of the

complex to bind to HS-DNA & BSA and the ability thfe complex for DNA cleavage.
Experimental Section
Material and methods

All used materials, instruments and reaction coowlt are mentioned in the supporting

information.
Synthesis and characterization

The Synthesis route of 3-(2-hydroxyethylimino)-lepkglbut-1-en-1-ol (L) (Fig. S1) and
[Cul]s complex with '"HNMR, FT-IR, Elemental Analysis, UV-Vis. spectrahtd of the

compounds are mentioned in the supporting inforonati
X-ray structure analysis

A saturated solution of the complex in a mixturecbforoform and n-hexan solvents was
allowed to evaporate at room temperature for twekgeand then green crystals of tetranuclear
copper compoundereobtained. The X-ray diffraction measurements wengied out at 120K
on a Xcalibur, Gemini ultra diffractometer using tMoKa radiation (A = 0.71073 A) from a
fine-focus sealed X-ray tube with a graphite momootator and CCD detector Atlas S2. The
data were corrected for absorption using the Crigghb software. The structure was solved by
the charge-flipping method by program Superflip][80d refined by full matrix least squares on

F? with JANA2006 program [31].

Catecholase activity



The catalytic activity of [Cul] complex for oxidation of 3,5-di-tert-butylcatech(8,5-
DTBCH2) to 3,5-ditert-butylquinone (3,5-DTBQ) undeerobic condition (using only
atmospheric oxygen) were monitored spectrophotocadiyy by using a Lambda 25 Perkin—
Elmer spectrophotometers. The reaction conditiosfarmulas are mentioned in the supporting

information.

DNA binding studies, Molecular docking of DNA, DNA cleavage experiment and ethidium

bromide (EB) competitive study, Protein-binding studies, Molecular docking to proteins

The reaction conditions and methods of the experiateand theoretical studies are

mentioned in the supporting information.
In vitro anticancer studies

The cytotoxic effects of the complex against vasia@ell lines comparing with cis-platin
were examined using 3-(4,5-dimethylthiazol-2-yl$-8iphenyltetrazoliumbromide (MTT)
colorimetric assay as previously described [32]ll @ees including Jurkat (human T cell
leukemia), Raji (Burkitt's lymphoma) and A549 (luogrcinoma) were cultured in RPMI 1640
medium (Sigma, St. Louis, MO) containing 10% fetalf serum (Gibco, Berlin, Germany) at
37°C in a C@incubator until confluent. Jurkat and Ragi cellslax1G cells/100p| and A549
cells at 7.5x19 cells/100p! were seeded into 96-well culture Maite triplicate. Cells were
treated with various concentrations of the comgeg-100 pug/mL) for 48 h. Negative control
was cells treated only with DMSO solvent at a cotragion equal to the test wells and positive
control was cells treated only with cis-platin. éftincubation time, @ MTT solution (5mg
mL™ in RPMI medium) was added for 4 h and then cedlated with 100 pl DMSO to dissolve
formazan crystals while shaking. The optical dgn&nD) of the wells were measured at 570nm
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with a 630nm reference wavelength using a micreptatader (Bio-Tek's, VT). The percent
inhibition of cell growth was calculated using tf@lowing formula; [1- (test OD/negative
control OD)] x 100. Fifty percent cell growth infition (ICsg) values were determined from

percent inhibition graph for different concentratithe complex.

Results and discussion

Synthesis and char acterization of compounds

Synthesis route of [Cuk]complex is shown in Scheme 1. Schiff base ligand was
synthesized by the condensation of benzoylacetowe2aaminoethanol in 1:1 mole ratio. L
seems to behave as a tridentate ligand. After iaddaf Cu(ll) acetate to the ethanolic solution
of L, a cubane like complex was synthesized. THenif of Cu(ll) center for a penta-
coordinated geometry with John-teller distortionoguced a distorted cubane complex

containing CyO, core.
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Scheme 1. Synthesis route of [Cytpmplex.

The synthesized ligand and complex were identifigdFT-IR, '"H NMR and elemental
analysis. Redox properties of the Cu(ll) complexavstudied by cyclic voltammetry. The
single-crystals of complex were prepared for X-caystallography. The complex was stable in

atmosphere and soluble in DMSO, methanol and etfabinsoluble in non-polar solvents.

'H NMR spectrum of 3-(2-hydroxyethylimino)-1-phenythl-en-1-ol (L) carried out in
DMSO-d; (Fig. S2) and CDGI(Fig. S3). In DMSO-g a singlet signal for OHat 11.34 ppm
and a multiple signal for aromatic protons at 77840 ppm were observed additionally, a singlet
signal at 5.72 ppm for C=CH, a multiple signal &3ppm for Ot and a triplet signal for CA
protons at 3.55 ppm (GPwas hidden under DMSO signal) and a singlet sifprathe methyl

protons at 2.05 ppm were assigned. In order tondisbetween the signals of Gend H one



drop of DO was added to the DMSQ-solution of L. Hydrogen bonding between DIOH
and DO removed the related signals of hydroxyl groups.tie other hand, hydrogen bonding
caused a slight shift for DMS€lgnals and so the signal of &tdould be seen at 3.52 ppm and
CH,? at 3.35 ppm in this spectrum (Fig. S2). To confila existence and the signal positions of
CH,* and CH", 'H NMR analysis in CDGlwas repeated. In this spectrum, a singlet sigmal fo
OH® at 11.51 ppm, a multiple signal for aromatic pnst@t 7.85-7.37 ppm, a singlet signal for
C=CH proton at 5.66 ppm, a triplet signal for £Hrotons at 3.83 ppm, a quartet signal for,&H
at 3.48 ppma singlet signal for OMat 2.62 ppm and a singlet signal for the methgtqus at

2.05 ppm were observed (Fig. S3).

FT-IR spectrum of the 3-(2-hydroxyethylimino)-1-piy¢but-1-en-1-ol (L) (Fig. S4) was
indicated by the presence of strong imine (C=N)dsaat 1604 ci and OH vibrations at 3328
cm® [33, 34]. In the complex (Fig. SG)c=nWas generally shifted to lower frequencies relative
to the free ligand, indicating a decrease in thé&@wond order due to the coordination of the
imine nitrogen to the metal and back bonding fréra €u(ll) to ther orbital of azomethine
group [35]. Also, C-O stretching vibrations shiinard lower values as a result of coordination
of the oxygen to the metal ion [34]. Vibrationsoamd 3448 cil was attributed to the presence
of lattice and coordinated water [36]. Medium-wezdnds at 3062 cthis related to (C-H)
modes of vibrations [37]. The ring skeletal viboats (C=C) were consistent in the region of
1440-1465 [38]. In the lower frequency region mediweak bands observed at 551-563 and

435-458 crit which have been assigned to (M-N) and (M—O) vibres, respectively [39, 40].

The UV-Vis spectra (200-700nm) of the ligand insFHCI buffer solution (pH 7.2) (10M)
and complex in methanol/Tris-HCI buffer solution0(3@M) were recorded. The electronic

absorption spectrum of the complex, displayed tlspxific absorption bands. Two absorption
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bands at 209 and 256 nm were assigned ta-ttetransition in aromatic rings and azomethine
groups. The first band at higher energies weréattd tor—n* transitions associated with the
phenyl ring and the second band at lower energg &romr—n* transitions associated with the
carbonyl and azomethine chromophores. A wide imteaBsorption band at 346 nm was
attributed to the m* transition in carbonyl group and oxygen of Scluéfse to phenyl ring (Fig.
S6). For the free ligand, the band in the regioé B8 was attributed to the—r* transition of
the imine chromophore, and the band in the highergy region at 247 nm was assigned to the

n—7* transition of the phenyl ring [41-44] (Fig. S7).

Crystal structureof [CuL]4

The molecular structure of tetra-nuclear copper ¢dmplex along with atom labeling is
shown in Fig. 1. Crystallographic data and bondjtles and bond angles of the complex are

listed in Tables 1 and S1.
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Fig. 1. The [Cul] complex with thermal ellipsoids at 50% probabiléyel (except the cubane
cube, which is highlighted and displayed as balig) the atom-labeling scheme. The labels of H

and C atoms are omitted for clarity.

Table 1. Crystal data and structure refinemenfGaiL], complex

Formula of refinement model | C48 H52 Cu4 N4 08, 3.195(0)

Temperature [K] 120
Crystal system Trigonal
Space group R3
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a[A]

b [A]
c[A]
al]

BI1

y[]
VIAZ]

z
Dlgem”]
W [mm?]
F(000)
R(F*>30) (reflections)

WR( F?) (reflections)

29.951(1)
29.951(1)
14.7438(5)
90

90

120
11454.1(7)
9

1.459
1.709
5162.0
0.0203 (12347)

0.0579 (12936)

The synthesized complex created a tetrameric anairieclear cubane complex, in which
each two-fold deprotonated Schiff base ligand cimateéd to a Cu(ll) center with their hydroxyl

oxygen and imine nitrogen atoms and formed sixfarsdmembered chelate rings. At the same
time, each ligand bridged to a neighboring Cu(thna by its hydroxyl oxygen (C#H,OH)

thus the metal centers were penta-coordinatede(ttiomor atoms from one Schiff base ligand,

12




two oxygens from two other neighboring Schiff béigands). The torsion angles between six
and five-membered chelate rings were in the rang@B8#-179.8 confirming that these two

rings were almost coplanar (Fig.2) (Table S1).

Fig. 2. The torsion angle between six and five-merad chelate rings.

The tetramer formed as a distorted cube, in which Cu(ll) atoms and four oxygen atoms
alternatively occupied the vertices. In this disgdrcube, four of the twelve edges (Cu-O bonds)
were longer. The eight Cu-O shorter bonds were tab&uA and out of the longer ones, three
were about 2.3 A and one was 2.592 A. Becauseith€s...Cu distances are all similar and

about 3 A in the distorted cube (Cul....Cu2 = 3.246CA1....Cu3 = 3.253 A, Cul....Cu4 =

13



3.097 A, Cu2....Cu3 = 3.130 A, Cu2....Cu4 = 3.388 A3CuCu4 = 3.138 A) the structure is

classified as [6+0] cubane complex [4] (Fig. S8).

The geometry around each Cu(ll) center was a destosquare pyramid (Fig. S9) with
values of 0.17, 0.06, 0.19, 0.16 for Cul, Cu2, Gu34, respectively. A. W. Adison et.al [45]
determined=1 for a regular trigonal bipyramide awe0 for a regular square pyramide by using
B-a)

60

the formula:t = wherea,  are the angles between each trans donor atomsnfptime

plane in a square pyramidal geometry (Table tlyalue is applicable for five coordinate
structures.[45] By comparing thevalues, we see that distortion from square pyrahstitucture
around Cu2 was less than around the other Cu selereover, the degree of distortion from
square pyramidal structure for Cul, Cu3, Cu4 wawsat the same. The four basal positions of
each square pyramide around a Cu center containee oxygen and a single nitrogen atom. An
oxygen occupied the apical position. Bond lengtiasal Cu-O and Cu-N were 1.906-1.967 A.
The bond lengths for the apical Cu-O were in thegea2.375-2.592 A due to Jahn-Teller

distortion.

The packing diagram of complex is shown in FigNBe independent distorted cubane are
packed in a unit cell (Z=9). There are no reguldsdthd donors present in the complex, so there
is no H-bonding present in the structure. NeightfiCuL], units are connected through edge-
to-facern-n interactions between the benzene rings of thentigBeside the complex itself, the
structure contains disordered low-occupancy watgleoules as a solvent, making the structure
a non-stoichiometric hydrate. On average, there3at®5 water molecules per one [CylL]

complex.
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Fig. 3. Crystal packing of the complex. Disordeweter molecules shown as red balls.

Kinetic studies of catecholase activity

M echanistic studies on catechol oxidation by the [CuL], complex. The substrate 3,5-di-
tert-butylcatechole was used to study the catecholasetnof the model complex [Cull
because of its low redox potential which accelertste@xidation to the corresponding quinone
and the presence of bulkgrt-butyl substituents which prevent further reactisosh as ring-
opening and polymerization and also the stabilitgl aresence of a characteristic band around

400nm of the resulted quinone that help the monigoof the reaction. (Scheme S1)

Different approaches have been proposed for thénamesm of catecholase activity of Cu(ll)
complexes base on the crystallographic, spectrascsjuctural and chemical evidence. For the

initial step, deprotonated catechol or its deriedi should bind to Cu(ll) center(s). Different
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binding modes of the catechol (or deprotonatedcbate to copper(ll) centers has been proposed
as: i)n? chelating catechol, iiy*n* bidentate bridging, iiisyn-syn bidentate bridging, ivinti-

anti bidentate bridging, etc [10]. According to struealyproperties (metal-metal distances, nature
of bridging ligands between Cu centers, rigiditytloé structure) and electrochemical properties
of the complexes, each mode of binding mentionexvals possible. However, it was reported
that the highest catecholase activity was obsefwethe complexes, which bound catechol in a
bidentate bridging manner. It means that the Cu.s€haration in these complexes must be less
than 4 A, otherwise simultaneous binding of catéthdoth Cu centers is prevented. It is worth
noting that small bridging ligands bring Cu centiershe close proximity of each other and thus
promote the catalytic activity. Examples of sucill@ing ligands are: hydroxides, alkoxides, and

phenoxides [10].

In the [CuL], complex, hydroxide moiety of the Schiff base ligaruatidge between three
Cu(ll) centers and bring them close to each otA#rthe Cu...Cu distances are in the range
3.097-3.388 A, which allow 3, 5-ditertbutylcatechte! dianion to bind as a bridging ligand in a

syn-syn fashion (Fig. S10).

Casella and co-workers [46] proposed two conseeusiteps for the catalytic reaction
including step one: a fast stoichiometric reactlmtween a molecule of 3,5-DTBGHand
dicopper(ll) complex and step two: a slower catalygaction. They also proposed that, in the
first stoichiometric step, electron transfer betweélee bound catechol and dicopper(ll) centers
occurred, thus, the first step, to some extenteisendent to CUCU redox potential. In the
catalytic process, two copper (Il) centers reducedpper (I) simultaneously and one molecule

of 3, 5-DTBCH is then oxidized to the related quinone moleddleopper (I) centers reoxidize
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to copper (Il) centers in a relatively slow steptive presence of O A proposed cycle of

mechanism is shown in Scheme 2.

Scheme 2. Catalytic cycle for the oxidation of ' BBCH, catalyzed by [CuL]complex.

To confirm this hypothesis, we have performed thioWing: In a typical procedure; after
mixing 3, 5-DTBCH with the complex, the spectral changes at intenafl 4 min were
monitored (Fig. 4). The quinone band at 410 nm gitéerefore, the oxidation of catechol has

occurred.
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Fig.4. Spectral profile showing the increase oinqguie band at about 410 nm after the addition
of 600 fold of 3,5-DTBCH to a solution of complex (50uM) in DMF at 283K.e&8fra were

recorded after each 4 min.

The kinetics of the oxidation of 3,5-DTBGHatalyzed by [Cul] complex were studied
under pseudo first order conditions. The ratio 3f -DTBCH)/[complex] varied from 10 to
800 fold, in which 3,5-DTBCH concentrations were varied in the range 500 (ud%Q000
(uM) and the complex concentration was constarBCapuM. A first-order dependence was
observed at these concentrations of the subsiFate experiments were done at four different
temperatures from 283-313K, under aerobic condstidime reaction process of the mixture of 3,
5-DTBCH, and complex at the maximum of the 3, 5-DTBQ barid(#m) were followed for a
period of 90 min. For the blank experiment contani3,5-DTBCH without catalyst, no

formation of the 3,5-DTBQ was observed up to 2iDiMF. Pseudo-first-order rate constants
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(kobg in different temperatures are available in Tabl&,,svalues during the temperature change
from 283 to 303K were obtained in catechol con@giuns from 0.01 to 0.04M (100-800 folds)
and at 313K from 0.0005 to 0.008M (10-140 folds}k 213K, the reaction at catechol
concentrations from 0.01 to 0.04M was too fast litam proper spectral changes thus lower
concentrations of catechol were used. These cleaviyaled that the catecholase activity of the

complex [CuL}, is temperature dependent.

Table 2. Pseudo-first-order rate constants’kg@(s?), for the oxidation of 3,5-DTBCH
(0.0005-0.04 M) catalyzed by [Cul.tomplex (50uM) in DMF at different temperature832
313K).

[catechol] 0.0005 0.002 0.0035 0.005 0.0065 0.008 0.01 0.015 0.02 0.025 0.03 0.035 0.04
(M)

T(K)

283 055 063 068 072 078 082
(0.01) (0.01) (0.01) (0.01) (0.01) (0.01)
293 069 087 095 114 122 1.33
(0.02) (0.02) (0.02) (0.01) (0.02) (0.01)
303 0.97 101 124 155 170 195
(0.01) (0.01) (0.01) (0.01) (0.04) (0.07)
313 113 123 133 146 154 165

(0.01) (0.02) (0.01) (0.02) (0.03) (0.09)
a) The numbers in parentheses are the standard degaif ks

ko values are obtained from the slope of the lindatispof ks versus [catechol] (Fig. S11).
By increasing the temperature; kalues increased (3 = 1.06 (283K), 2.55 (293K), 4.17
(303K), 6.95 (313K)) indicating an endothermic @tidn reaction which might be very

important in designing more efficient catecholas®lal complexes.

The activation parameters were obtained from Eymhais of In(k/T) vs. 1/T at four
different temperatures (Fig. S12). The positiveueadf free energy at 293 WG =AH*-TAS’
=28.705 KJ mal) indicated that the oxidation process was nonspmuus. The positivaH?
values (42.788 KJ md) confirmed endothermic process and the positiveevaf AS" (48.064 J

mol* K™?) revealed that the disorder of the system wasdaduring the process due to the
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production of HO molecules. In each catalytic cycle, one mole ,03-BTBCH, produced one
mole of 3, 5-DTBQ, successively, atmosphericddfuse in the solution and one mole ofGH

was produced, thus the disorder of the medium nagased.

To investigate the enzymatic kinetics of catecrmkastivity of various copper(ll) complexes
Michaelis—Menten equation was used repeatedly. Mapyprts in this field revealed that the
reaction rate might be dependent to the conceotraif the substrate (catechol), the kind of
catalyst (metal complex), the concentration of gigea in the reaction medium and the kind and
concentration of some additives such as dyhydrogrempde and Kojic acid[10]. It is worthy to
mention that few studies repot the dependenceeofdhction rate to the catalyst concentration

[47].

Similar to other enzymatic mimicking complexes, [furevealed saturation kinetics and the
treatment was investigated bases on Michaelis—Mentedel. MichaelisMenten constant (),
maximum initial rate (May were calculated by Michaelis—-Menten equation aiméweaver—
Burk plot [48] (Fig. S13) . The turnover numbegqdkvalue can be calculated by dividing the
Vmax Value by the concentration of the complex. Thewmeined kinetic data, V= 4.7461x10

Mmin?, Ky = 0.0178 M, and k= 56.95 H.

Because the solvent is one of the main factoreerenzymatic activity of the catalysts, some
kcat of various copper (Il) complexes in DMF was repdrteor comparison: [{Cel(u-
OH)(H20)}(n-ClOa)]n(ClOs)n ,  keat = 39.0R" [1]; {CuoL(p1,1-N3)(CIOn)} o(1 5N3)a], Kear =
39.9h" [1] thus, [CuL}, complex is located in the upper range of functionaddels for

catecholase active complexes.

DNA-binding studies
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DNA is the primary pharmacological targets for eaticer drugs thus studying the
interaction of metal complexes with DNA is of gréafportance. Different techniques are used
commonly to study the binding strength and bindimgdes. Some of these techniques are purely

experimental and some of them are theoretical.

Electronic absorption spectroscopic studies. In many DNA interaction studies, UV-Vis
absorption spectroscopy has been employed as desingtrumental technique, which is used
for either studying the DNA stability or drug-DNAteractions. In this method the changes in
UV-Vis absorption spectra of the drug (complex) @NA is monitored. An easy way to
investigate the interaction between drug and DIAcamparing the shift in the maximum of the
absorption band of drug when it is free in solut@ns bound to DNA [49]. The extent of this
shifting could be related to the strength of theeraction between DNA and drug. Fig. 5
describes the interaction of our complex with DNFe absorption band at 346nm revealed
hypochromism. Also two isosbestic points near 36Y and 302 nm were recognized. These
spectral changes suggest covalent binding of contpl®NA or intercalation, in which a strong
stacking interaction between the aromatic chromoplod the complex and base pairs of DNA
has occurred [19]. The absorption band at 346 rwealed a blue shift about of 6 nm along with
hyperchromism (21%). These spectral changes camegpgroove binding of complex to DNA
[50]. Hyperchromism along with hypsochromism sugges electrostatic attraction or groove
binding between Cu(ll) complex and DNA which carusma changes in DNA conformation

including partial uncoiling of the helix structusé DNA [51, 52].

Besides the qualitative investigation of the intéiem, by calculatind,,, an insight into the

guantitative behaviour was can be gained by usiage equations (1a ,1b) [53, 54]
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2K, %C, [DNA
Ea_sfzb_(bz_ b ';[ ])1/2

€ — &f ZKth

(1a)

Ky, [DNA]

o5 (1b)

b =1+ KyC, +

In these equations, the absorption coefficientsdareted by, ¢, ande; for the absorption
band (at a given DNA concentration) for the complexs free form and for the complex in the
fully bound form, respectively. ikand s values were obtained by nonlinear leastregudting
of the experimental data to Eqgs. (1a, 1b). The miesebinding constant (M) corresponds

to the intercalation binding mode of interactioggested above.
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Fig. 5. Absorption spectra of the complex (I2) in DMSO, in the absence and presence of
increasing amounts of DNA (0-110-220-330-430-540-850 and 86@M). Inset: plot of €,-
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The intrinsic binding constant was calculated as1%10' M™ and's value is 1.5. The K
value for ethidium bromide as a classical intertales 1x10M™, which is much larger than the
Ky, of [CuL], complex. It is worthy to note that the Kalue for [CuL} complex is comparable to
some transitional metal complexes either mono- altirnenters, which were bound to DNA
through intercalation or groove binding mode. Faaraple: [Cy(napy(H20),] Ky=2.27x10M™,
[Cux(dicl)s(H20),] Kp=1.74x10M™, [Cu(nap)(bipy)] K,=3.86x10M™ [Cu(dicl}(phen)]
Kp=1.81x10M™ with intercalation mode of binding and the ¥alues of all compounds were

lower than that of the classical intercalator [F&u (imda) (5,6-dmp)] K=3.9x1C bound to
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DNA through groove binding and [Cu (imda) (dpq)j=X.7x1d through partial intercalation
[56]. [Cu (tdp) (bpy)] Kx=7.1x1GM™, [Cu (tdp) (phen)] Kpx=9.0x1dM™, [Cu (tdp) (tmp)]
Kp=7.0x16M™, [Cu (tdp) (dpq)] Kp=9.0x1GM™ are examples of complexes with intercalation

mode of binding.[18]

Viscosity measurements. A critical test in proposing the mode of binding tbe small
molecules to DNA is the viscosity measurement, Wh#a hydrodynamic measurement that is
very sensitive to the DNA length change. Clasdia@rcalators locate between DNA base pairs
and cause an increase of the length of DNA and aroitantly its viscosity. However, non-
classical intercalators cause bending (or kinkiaQ}he DNA helix and reduce the length of
DNA and concomitantly its viscosity. Groove bindeshich bind in the grooves of DNA, cause
less changes (positive or negative) or no changd3NA viscosity [57, 58]. The values of

relative specific viscosityn(no)*>

, Wheren is viscosity of pure DNA ang is the viscosity of
DNA in the presence of the different concentratmincomplex, were plotted against(r=
[complex]/[DNA]). From (Fig. S14), it is concludetat non classical intercalation (i.e. van der

Waals interactions, groove binding or external migiilwas the main mode of binding [59, 60].

Fluorescence studies (competitive binding affinity of the complex with ethidium
bromide). A common fluorescence probe, which can bind to DidAethidium bromide (EB), a
planar cationic dye. In the presence of DNA, thmiféscence of EB increases according to its
intercalation between adjacent DNA base pairs.h&# enhanced fluorescence quenches by
addition a second molecule, it competes with EBimding to DNA. The base of displacement
technique is the quenching of fluorescence dueh& displacement of EB from the DNA
sequence by another molecule. Quenching owns tddbreasing of the number of binding sites

on the DNA, which had been occupied by EB. The rexté quenching of EB/DNA can be
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correlated straightforward to the extent of bindiofy the second molecule to DNAia

intercalation.[9, 19, 61, 62]

The fluorescence quenching spectra of the DNA-bdtBA[DNA]/[EB]=10) by addition of

[CuL]4 complex ([IDNA])/[complex]=10, is shown in Fig. S15.

Quenching data were analyzed according to Siéoimer Equation 2 [63]:

2 =14 K,0) @
lo denotes the emission intensity in the absencaiehcher and | the emission intensity in the
presence of a quenchery I§ the quenching constant, and [Q] is the quencbrecentration. The
Kq value is 1.77x10that were obtained from the slope of the plotydf Versus [Q] (Inset Fig.

S15). The value of apparent DNA binding constanp{ivas calculated using Equation 3.

KgpEB] = Kqpp[Complex] 3)
where kg = 1.0 x 16 M and [EB] = 1.25uM [complex] is the concentration of complex
causing a 50% reduction in the fluorescence intgmsi EB. Ky, calculated as 7.89 xio17.

The higher value of kg, revealed that [Culs]bind to FS-DNA by intercalation.

Circular dichroism spectral analysis. It is obvious that during drug-DNA interactioriget
morphology of DNA changes to some extent. A ustfahnique for diagnosing these changes
and proposing the mode of binding is circular dickm (CD). It means that drug-DNA
interactions can affect the structure of DNA anagktthe intrinsic CD spectrum of DNA must be
changed. The intrinsic CD spectrum of FS-DNA israebterized by a positive band at 275 nm
assigned to the base stacking and a negative b&#bam assign to the right handed helicity of

B-form DNA [64, 65], which the latter is very setig@ to the mode of drug-DNA binding.
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Electrostatic interaction or groove binding of cdexes with DNA reveals less or no alteration
on the helicity band or base stacking band butréatators perturb both the bands [66]. As
revealed in Fig. 6, by addition of the Cu(ll) coemxko the DNA solution, no significant changes
in the form and no distinguished shift in the CBeagpum of B-DNA was recognized, which
indicated that the FS-DNA kept the double helixdBafi structure in the presence of Cu(ll)
complex. The only indicated diffrence is that bydiadj the complex to the DNA solution, the
intensity of the both bands at 275 nm 245nm in@@a3he increasing of the negative peak
intensity (245 nm) showed that the interactionhe tomplex with DNA tightened the double
helix structure of DNA [67]. Thus, the possible reaaf binding concluded as groove binding or

electrostatic interaction.
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Fig. 6. The CD spectra of DNA (200uM) in the preserof complex in Tris—HCI buffer

solution/0.5% DMSO. The concentrations of complexen0, 5puM and 10uM.

Electrochemical behavior of complex in the presence of DNA. Cyclic voltammograms
were run in the potential range from -1.00 to +1M0th DMSO (starting value: -1.00 V). The
cyclic voltammograms of [Culk]complex revealed two anodic peaks at 0.873 V,3\7and
two cathodic peaks at -0.024 V and -0.436 V (Fip)SUpon addition of DNA solution to the
metal complex solution (10 mL, 1@M), the anodic peaks shifted to a more positiveigaif
0.904 V and negative value of 0.357 V and a newd&npeak at 0.016 V appears. The cathodic
peaks shifted to value that is more negative. Thege there is a mixed mode of binding

(intercalation and groove binding) between metahglex and DNA. The observed decrease in
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the anodic current and an increase in peak curdrtse cathodic waves in the CV responses,

suggesting the binding of the complex to the laigevly diffusing DNA molecule [68].

DNA cleavage and ethidium bromide competitive studies. The interaction between DNA
and complex is important due to its effect on cglile arrest, gene expression modification and
DNA cleavage activity. These incidences caused igpbgmogrammed cell death means
apoptosis. The cleavage of DNA including singledouble strand cleavage caused by metal
complex alone or with the cooperation of oxidake IH,O, and transition metal ions like &u
In comparison, double strand breakage induces th& marmful damage to the cell because
cellular repair systems such as NHEJ (Non-HomolegBud Joining) repair the strand less
accurate and with strand insertion/deletion, witiahse genome instability and finally apoptosis.
As an applicable method, gel electrophoresis wad tsassess the structural changes induced in
DNA by the Cu(ll) complex. In this manner, supeledi(SC) plasmid pBluescript KS (+) DNA
was incubated with various concentrations of thmmlex to study their DNA cleavage ability.
Agarose gel electrophoresis was used to monitor dtweversion of supercoiled plasmid
pBluescript KS (+) DNA (SC DNA) to the nicked citau (NC DNA) and linear open circular
DNA (LC DNA). The control experiments suggestedttbatreated DNA (line 7 left) and
untreated DNAS50 pM HO; (line 7 right) did not show any notable DNA clegeaAs shown
in Fig. 7 the Cu(ll) complex could not cleave DNA\ physiological (PBS buffer) condition but
in the presence of 40, the complex converted supercoiled (SC) DNA to edtkircular (NC)
form in concentrations higher than 28 (Fig. 7). It may be interesting that Cu(ll) corepl
didn’t convert SC DNA to LC DNA despite the preseraf aromatic moiety in the complex
structure[69]. These results suggested the strdig Dleavage activity of [Culy)] complex in

the presence of 1@..
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d sc

Fig. 7. Gel electrophoresis diagram of pBluescKft (+) DNA in the presence of increasing
amounts of complex 2: Left) Lane 1, DNA + 200 pMnmgoex, Lane 2, DNA + 150 uM
complex, Lane 3, DNA + 100 uM complex, Lane 4, DNAO uM complex, Lane 5, DNA + 25
UM complex, Lane 6, DNA + 5 uM complex, Lane 7, DNAne 8, Linear DNA (L) and Lane
9, DNA ladder. Right) Lane 1, DNA + 200 uM compte60 uM HO,, Lane 2, DNA + 150 uM
complex + 50 uM HO,, Lane 3, DNA + 100 uM complex + 50 uM®h, Lane 4, DNA + 50
UM complex + 50 uM BD,, Lane 5, DNA + 25 uM complex + 50 uM,B,, Lane 6, DNA +
5uM complex + 50 uM bD,, Lane 7, DNA + 50 uM kD,, Lane 8, linear DNA and Lane 9,

DNA ladder.

A famous classical double strand DNA intercalatoethidium bromide, which can be used
to further investigation on the mode of interactidore experiments were done to assess the
competitive binding affinity of EB and Cu(ll) cong to DNA. Hindlll digested plasmids in the
presence of increasing amounts of Cu(ll) complerewmepared and EB was used as a control
for classic intercalation. As shown in Fig. S1hiéum bromide displacement is not started by

the complex at concentrations of 50-200 pM.

Molecular docking. One important step in drug-designing studies idemdar docking
investigations. In this scaffold, locating a srmathlecule (complex) in the potential binding sites

of a target molecule e.g. DNA is studied theordffamainly in a non-covalent mode of binding.
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Binding a small molecule to the minor groove of DAan important tool to recognize DNA
sequence [70]. Molecular modeling allows the ligdledibility and can calculate the minimum
energy of the ligand in the active site of DNA.this study the structure of the Cu(ll) complex
was obtained from the available X-ray crystallogmagile (cif file). The binding mode was
predicted with DNA dodecamer d(GAAGCTTQ)LZ3F). The molecular docking studies of the
Cu(ll) complex with DNA were performed and the energetjctdvorable docked pose of the
complex is shown in Fig.8. The energy minimizedladmtpose revealed that the aromatic rings
of the complex had partial intercalative interacttbroughr-n stacking but because of the steric
hindrance of the complex, other parts of the compleuld not intercalate between DNA base
pairs. Therefore, groove binding better illustratde interaction. It is worthy to note that
electrostatic attraction between positive charg€uffil) atoms and the negative oxygen atoms of
the phosphate backbone of DNA makes the bindinghefcomplex more favourable. Also,
Schiff base ligands containing N and O atoms cauged der Waals interactions and
hydrophobic contacts with DNA functional groups.eTimore favorable relative binding energy
for the docked complex was -235.102 kcal/mol arel bmding energy for all poses of the
docking (Table S2) were negative (values from -202.to -235.102 kcal/mol for 10 poses) that

indicated a high binding potential for Cu(ll) coraplto FS-DNA.
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Fig. 8. Computational docking models (using the M¥@ftware) illustrating the interactions

between DNA and complex.

Protein (BSA) binding studies

General information. Often drugs exert their medicinal effect throdmghding to proteins and
transporter proteins may help or prevent drugs freaching their target sites [71-73]. The
nature and magnitude of the binding of drugs amdmhb proteins has a direct relation on drug
delivery, drug absorption and the therapeutic ifficy. Therefore, investigation of proteins-
metal complexes interaction is an important fiedd the development of new drugs and many
studies have focused on the binding sites and mgnatiodes of drug-plasma protein interactions

[71].

Fluor escence quenching studies. The most abundant protein in plasma is serum albbumi
which could be a potential target for many drugbeadelivered through the circulatory system.
Thus considering the binding of drugs with plasmatgins is important in pharmacology and
drug design. Because of the similarity of the gtrres of bovine serum albumin (BSA) and

human serum albumin (HSA) and lower cost of BSA itiest studies of the interaction with
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serum albumins is performed on BSA [74]. A veryssiwve and accurate method to study the
interaction of drugs and protein is fluorescencectpscopy. Using this method some useful
information such as binding constant, binding medm, binding mode, binding sites and
intermolecular distances between small-moleculstsuizes and protein are investigated. Protein
is a fluorophore and its intrinsic fluorescenceasised by three aminoacids that present in the
protein structure, namely tryptophan, tyrosine, phdnylalanine residues. Intrinsic fluorescence
of BSA is due essentially to Trp and Tyr aminoagiaist in most cases Phe is not excited and
either its quantum yield in protein is low, so #raission from this residue is not important [74].
The fluorescence quenching could be due to diftemeslecular interactions such as molecular
rearrangements, ground state complex formationitegkstate reactions, energy transfer and
collision quenching. Examining the changing in flescence spectra during the interaction of

compounds and BSA can be used to determine a afisadibasis of analysis.

By exciting BSA at 280 nm, a strong fluorescencéssion peak at 345 nm is observed. The
effect of [CuL], complex (49QM) (0-80uL) on BSA fluorescence spectra (7.2%uM) between
300-500 nm is shown in Fig. 9. The fluorescencession spectra of BSA quenched by
successive addition of complex along with a hypsoetic shift due to the formation of a
complex between the compounds and BSA [75]. In sditeeatures, it is pointed that the
hypsochromic shift is due to the change in micra@mment around tryptophan residues. In the
other words, upon the interaction of complex wittsA the microenvironment around
tryptophan residues becomes slightly hydrophob#] [fhat by considering the structure of

complex it is anticipated.
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Fig. 9. Effect of [Culj complex (49QM) (0-80 uL) on the fluorescence spectra of BSA

(7.2x107 uM) (Aex =280 nm), T=298 K

The fluorescence quenching data are analyzed b$tére—Volmer Equation (4) [77, 78].

F
=1+ Key[Q =1+ ko [Q] )

F denote the fluorescence intensity in the presemcek in the absence of quencher. Other
parameters is the Stern-Volmer quenching constégy)( the concentration of quencher ([Q]),
the bimolecular quenching constang)(kand the lifetime of the fluorophore in the aliseif a

quencher1), 1 is 10° s for BSA [79, 80].

From the slop of #F vs. [Q] plot, Ksy value is obtained. The Stern-Volmer quenching
constants Ky = 7.7x10 M* and quenching rate constants’k7x16° M™'s* were calculated.
The linear Stern-Volmer plots showed in Fig. S1@iaated that Equation (4) is applicable for

the present systems.
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Fluorescence quenching occurs mainly by two meshas)i dynamic and static quenching.
Dynamic quenching refers to the excited state efpfocess in which the fluorophore and the
guencher coming into contact and form a transistate. The static quenching refers to the
ground state in which the fluorophore and quenéb@ning an adduct. Distinction between two

types of quenching mechanism is done by UV-Vis giigmn spectroscopy [81].

UV-Vis absorption studies. During the interaction between small molecules prmteins
some structural changes are expected. One sinfféetiee and sensitive technique to monitor
these changes is UV-Vis absorption spectroscopyrmidily, two main bands are the
characteristics of absorption spectrum of BSA, rangf band due to the absorption of the
backbone of protein which is seen around 200 nm angeak band which is related to the
absorption of amino acids (Trp, Tyr, and Phe) isnsaround 278 nm [82]. Two types of
guenching mentioned above are easily recognizaplg\r Vis spectral measurement. As the
dynamic quenching mechanism refer to the excitaté sif the fluorophores so this mechanism
does not affect the absorption spectra. The sgainching mechanism affects the ground-state
complex formation, which results in the changehs absorption spectrum of the fluorophore

[83].

Titration of BSA solution (20 uM) with increasingmcentrations of the complex 0-5 uM at
four temperatures (293, 298, 303 and 308K) are shawrig. S19. The intense band of BSA at
278nm by increasing the concentration of complew&d an increasing in the intensity without
any shift which confirm a static mechanism due he formation of an adduct between the

complex and BSA in the ground state.

Equation (5) is an utilizable one for calculatihg intrinsic binding constant (K[84, 85]:
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[complex] [complex] 1
= 5
(eam 2 - 2p | Kp G- op ©

In this equation [complex] denotes the concentratibcomplex.e, the observed extinction
coefficient, & the extinction coefficient of the free BSA, is the extinction coefficient of the
complex when fully bound to BSA, and, ks the intrinsic binding constant. The ratio af= to
intercept in the plot of [complex}{ — &) versus [complex] gave the values of (Kig. S20 and

Table S3).

The different dependency ofy,K/alues to the temperature is useful in deducingnghing
mechanisms. The dynamic interaction is diffusiontoaled. Increasing in temperature result in
increasing the rate of diffusion and hence highgolitained but increasing in temperature in the
static interaction cause the dissociation of wedddynd adduct between BSA and complex in
the ground state and therefore, the values of theelkrease [86]. The trend of, Ky increasing

the temperature (Table S3) is descending whichesiggstatic quenching mechanism.

Thermodynamic parameters and binding modes. Similar to the other adducts in
chemistry, a special interaction must exist in B&Mplex adduct formation. According to the
structure of the protein, the interaction mighthyelrophobic (related to the interior domains of
BSA), electrostatic (related to the charge on tioggin) [87], van der Waals forces or hydrogen
bonding (between aminoacids and complex). The nabdeénding of complex to BSA could be

determined by absorption spectroscopy in diffetemtperatures.

So for determination the binding mode the thermadyic parameters such as free energy,
enthalpy and entropy could be used for this purptde(enthalpy changes) amtS (entropy

changes) values were calculated from van’t Hoffdigun (6) [88, 89]: (Fig. S21) (Table S3)
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AH AS

anb:_ﬁ-l_R (6)

Free energy changeA@) at different temperatures are calculated fromédfign 7 [90, 91]:

AG = AH — TAS (7)

From the data in Table S3, negatiw€ and AH values confirm a spontaneous and
exothermic binding process and positivV@ value proposed an entropy-driven process. Negativ
AH and positiveAS values suggested electrostatic mode of bindimgdsn complex and BSA

according to Ross and Subramanian rules [92].

Binding stoichiometry. Generally, the native form of proteins is a threaehsional folded
conformation that is thermodynamically stable. Ehéslded structures are stabilized by non-
covalent interactions, but may become unfolded @falded upon binding the complex to
protein because of change in non-covalent inteyasti Therefore, aggregation maybe occurred
between the unfolded/misfolded proteins. To deteenthe average aggregation number of BSA

, <J>, potentially induced by the complex Equati®his used [93] .

F Q]
'R, =) 7 Bsar, ®)

The slopes (<J> = 0.0019) of the line in Fig.S2Z Wess than unity which confirm no
aggregation between protein molecules after bindhmgy complex and a 1:1 complex-BSA

stoichiometry.

Binding constants and the number of binding sites. Upon interaction of complex and
BSA, the complex must find an appropriate bindiitg sn BSA, which be unique for it. During

the process a change in biological activity mayuocét the binding sites, complexes usually
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form non-covalent binding completely due to thewemical structure and the strength of the
chemical bond revealed the affinity of the compl@BSA. Again fluorescence spectroscopy can
be useful for calculating apparent binding consi@y) and the number of binding sites (n)

(Equation (9)) [94, 95]:

Fo—F
log( 2 F ) = log K}, + nlog[Q] 9

Where, K and [Q] are binding constant and the concentragfoquencher, respectively, and
n is the number of binding sites, ¥ 4.6x1G M ™ and the number of binding sites n=0.741 were
calculated (Fig. S23). The value of n is near tilyusuggested only one binding site on the BSA

molecule for the complex [94].

Site-selective binding of complex on BSA. Two main binding sites of bovine serum
albumin for drugs are classified as site | and Bit@ which tryptophan residue and tyrosine
residue tend to bind to small molecules, respelgtiv@ome common site markers are used to
identify the binding site of BSA e.g warfarin, plyfisutazone, etc., for site | and ibuprofen,
diazepam, fluofenamic acid, etc for site Il. Instistudy the site marker competitive experiment
was done with phenylbutazone and ibuprofen for Isdad site II, respectively, by preparing a
solution of BSA and appropriate site marker andessive flourimetric titration by the complex
solution. The results were compared with the flmetric titration of pure BSA solution with
complex. Fluorescence spectra are shown in Fig, BRith revealed that the quenching of BSA
in the presence of ibuprofen was smaller thansiraiisence. To facilitate the comparison of the
influence of phenylbutazone and ibuprofen on thwioig of the complex to BSA, in each case
the binding constant values were measured (TableltSAas revealed that the binding constant

of the system decreased remarkably in the presehdmiprofen, but a small decreasing was
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observed in the presence of phenyl butazone [96,0¥¢treasing in probe fluorescence result
from competitive displacement by the complex andhalestrated the higher affinity of the

complex to site Il (subdomain Il1A) in BSA.

Energy transfer and binding distance between complex and BSA. To determine the
approximate proximity and angular orientation afoflophores FRET (Fluorescence resonance
energy transfer) method is applied. FRET is defias a "spectroscopic ruler" by which the
distance between biological molecules is determifrethis regard the fluorescence band of one
molecule (donor) overlaps with an excitation bahdrwther (acceptor) which are within 2-8 nm
[98, 99]. Some conditions must be establish foroagdishing energy transfer from donor to
acceptor (1) donor must be a fluorophore to haviuarescence band, (2) an enough overlap
must be between the fluorescence spectrum of therdand absorption spectrum of the
acceptor, (3) the distance between the donor anddbeptor must be in the range 2—8 nm [100].

The distance between donor and acceptor (r) ifFRIET method is calculated by Equation (10):

L —_=1-—— (10)

Where E is the transfer efficiency between donar @acceptor, F andyfare the fluorescence
intensities of BSA in the presence and absencemiptex, r is the donor—acceptor distance and

Ro (calculated from Equation 11) is the critical diste where the transfer efficiency is 50%:

RS = 8.8 x 10725K2N"*@] (11)

The value of R = 2/3 is used for random orientation of the donod acceptor in fluid
solution, N is the averaged refracted index ofrtieglium in the wavelength range where spectral

overlap is significant, and N= 1.336 for the averegfeacted index of water and organidsjs

38



the fluorescence quantum yield of the donor, dhat 0.118 for the fluorescence quantum yield
of tryptophan [100], J is the effect of the spdotrgerlap between the emission spectrum of the

donor and the absorption spectrum of the acceptdch could be calculated by Equation 12:

Jy FQentd
[T FdA

(12)

In this equation F( is the corrected fluorescence intensity of thaaian the wavelength

range fromk to (I+AL) ande()) is the molar extinction coefficient of the acaapatA.

The overlap of BSA emission spectrum and the comalesorption spectrum is the basis of
FRET that regarding to Fig. S25 it has a consideramount. Thus, FRET theory is applicable
to determine the distance between the amino asidues on protein and the complex in the
binding site [101]. According to Equations 10, 12, the values of E= 0.57, J = 1.83%1@nt
L mol™, Ry= 1.90 nm and the binding distance r = 1.81 nm wateulated. The value of r is less
than 8 nm, and 0.5 r < 1.5R, indicating the energy transfer from BSA to thenpbex occurs

with high probability [102-104].

Synchronous fluorescence spectroscopic studies. The intrinsic fluorescence of BSA is
mainly due to emission of tyrosine and tryptophesidues. Therefore, it is reasonable that the
emission spectrum of BSA be sensitive to the mmvoenment of these chromophores.
Synchronous fluorescence experiments effectivelgaisvthe mentioned conformational changes
in BSA sites upon interaction with complex [105)ynShronous fluorescence spectra were
achieved by maintaining a known constant wavelendjfference which derive from the
difference between excitation and emission wavdlen@@A= Xem - Xex ) Of chromophores

namely tryptophan and tyrosine. The large= 60 nm and smalhA = 15 nm values for BSA
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system are ascribed to the fluorescence of trygond tyrosine residue, respectively [106,
107]. The maximum of the emission spectra of BS#iclw mainly result from the tryptophan
and tyrosine residues can be straightforward reletehe polarity of their surroundings [105]. in
this regard, increasing in the polarity of the eumding environment, decreasing in
hydrophobicity and losing the structure of BSA, smua shift of the maximum emission

wavelength [100, 108].

The addition of various concentrations of the carpto the synchronous fluorescence
spectrum of BSA atA=15 (Fig. S26 (a)), revealed a small quenchingh Wit 2 nm shift in the
maximum of peak (282nm) within the applied concattn range. Therefore, the effect of
complex on the microenvironment of the tyrosinads was very little and could be ignored.
The synchronous fluorescence spectra of BSAA&#60 nm exhibited more intense quenching
(Fig. S26 (b)) at 280 nm with 1 - 2 nm shift in thesition of the band. It indicated that the
conformation of BSA was changed because of inangasihe polarity and decreasing the
hydrophobicity of the microenvironment around toghan residue [100]Therefore, it further

confirmed that the complex bound to site Il of BSA.

Circular dichroism spectroscopy. CD spectroscopy is an important technique farxcstire
characterization of proteins [109]. The CD spectrd8SA in the absence and presence of the
complex is shown in Fig 10. Upon addition of thenpbex, a-helix decrease from 64% (free
BSA) to 29%, and a slight increase in turn from 13fée BSA) to 16% along with a dramatic
increase of random coil from 16% to 37% was obseryEable. S5). Thus, somehelix

converted into random coil and turn structures WB8A was conjugated with the complex.
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Fig. 10. CD spectra of the BSA (4uM) in the absegmoa presence of the complex (4uM) in Tris

buffer (pH 7.2) containing 0.4 % DMSO.

Molecular docking study. The BSA molecule is made up of three homologous aiosn
domain | (residues 1-195), Il (196—-383) and 11143B85) that are divided into nine loops (L1-
L9) by 17 disulfide bridges. Each domain is comjplosktwo sub-domains (A and B) (Fig. S27)

[110].

In the present study, the MVD program [111] wassehmoto obtain the binding mode of the
complex at the active site of BSA. The ranked itssate reported in Table S6 and the best-
ranked result was obtained for site 1l of BSA. A®wn in Fig. S28a, the complex is inserted
into the hydrophobic residues of site Il (subdom#i). The binding energy for the complex to
BSA was found to be -154.82. These results aregmeesment with those obtained by the

experimental method. Fig. S28b shows that the cexnjg surrounded by amino acid residues
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such as: Thr448, Pro383, Leud52, Arg484, Pro4863&1, Ser488, Ala489, Lys413, Leu490,

Thr491, Pro492, Arg409, Leu386, Asn390, 11e387, 285 GIn389.
Anticancer activity studies

Studies on the anticancer properties of metal Scbifse complexes have been of
considerable attention [112-115]. We measured tlieancer activity of the complex against
Jurkat, Raji and A549 cell lines using MTT assagllQines were treated with increasing
concentrations of the complex for 48 h, and then lével of cytotoxicity was quantified. As
shown in Fig. S29 the complex had cytotoxic effegainst all tested cell lines. To compare the
cytotoxic activity of the complex on various ceflds, the 1G, values were determined. Table S7
demonstrates that the J§values of the complex for Jurkat (2@u&/mL) and Ragi (23.119/mL)
cell lines (<0.23.g/mL) were slightly lower than that for A549 cahé (29.2ug/mL) showed a
slightly more effectiveness of the complex on celldeukemia origin. The I§ values of the
complex for each cell line were also comparabléhtd of cis-platin (25 pg/mL for Jurkat, 30

ug/mL for Raji and 79.4ig/mL for A549 cells).
Conclusion

In the present study, we have reported for the finse that a tridentate Schiff base ligand
could be used to produeenovel Cu(ll) distorted cubane complex contairan@uO, core. We
have also shown that the tetra-nuclear Cu(ll) cebeomplex [Culj can act as an efficient
catalyst in the temperature dependent oxidatioB, ®fditertbutylcatechol to its corresponding o-
guinone. The kinetics of the oxidation were studiedier pseudo first order condition at four
different temperatures from 283 to 313K. The pusitiree energy leads to a nonspontaneous
process. In addition, the positivaH" (activation enthalpy changes) values confirmed
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endothermic process and the proposed catalyticecg€lthe process clearly explained the

positive value oAS’ (activation entropy changes).

The cubane complex was further investigated in D&BSA binding, DNA cleavage and
anticancer activity. The results revealed thatrtteén mode of binding of the complex to FS-
DNA was intercalation. Gel electrophoresis studieggested the strong DNA cleavage activity
of [CuL]4 complex in the presence ob®. The complex exhibited excellent binding affinity
BSA without any aggregation for the albumin molecuCompetitive experiments revealed that
site Il of BSA was suitable to accommodate the dempThe results of synchronous
fluorescence showed that the conformation of BSA wlsanged because of an increase in the
polarity and decrease in the hydrophobicity of tieroenvironment around tryptophan residue,
which further confirmed site Il of BSA for bindin@onsidering the negativeH and positive
AS values, thermodynamic results suggested eleatitoshtode of binding between the complex
and BSA. The values of Kdecreased with increasing temperature, which sigge static

mechanism. The theoretical docking studies wertopaed both for DNA & for BSA bindings.

Finally, the complex was screened for its anticaraivity against Jurkat human T cell
leukemia, Raji Burkitt's lymphoma and A549 lungaiaoma cell lines, which revealed that the

[CuL]4 complex has better anticancer activity ticesplatin.
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Highlights

* A novel Cu(ll) distorted cubane complex containing Cu,O, core, was synthesized and
characterized.

* The complex was reported as a tetranuclear catalyst for temperature dependent oxidation
of 3,5-di-tert-buthyl catechol.

* Interaction of the complex with DNA & protein (BSA) was studied.

* Invitro anticancer activity of the complex was evaluated against A549, Jurkat and Ragi
cell linesby MTT assay.
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