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A new synthesized tetra-nuclear Cu(II) distorted cubane complex containing Cu4O4 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-DTBCH2 

catalyzed by the complex, were studied at four different temperatures. Interaction of complex 

with FS-DNA and bovine serum albumin (BSA) was investigated. In 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-hydroxyethylimino)-1-phenylbut-1-en-1-ol (L) 

produced the tetra-nuclear Cu(II) distorted cubane complex which contain Cu4O4 core, upon 

reaction with Cu(II)acetate.H2O. The complex was structurally characterized by X-ray 

crystallography and found that, in this tetrameric and tetra-nuclear distorted cubane structure, 

each two-fold deprotonated Schiff base ligand coordinated to a Cu(II) center with their alcoholic 

oxygens and imine nitrogens and formed six and five-membered chelate rings. At the same time, 
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each ligand bridged to a neighboring Cu(II) atom by its alcoholic oxygen, thus the metal centers 

became penta-coordinated. The copper(II) complex with µ-ɳ2-hydroxo bridges and Cu….Cu 

distance about 3Å was structurally similar to the active site of natural catechol oxidase enzyme 

and exhibited excellent catecholase activity in aerobic oxidation of 3,5-di-tert-butyl catechol to 

its o-quinone. The kinetics and mechanism of the oxidation of 3, 5-DTBCH2 catalyzed by [CuL]4 

complex, were studied at four different temperatures from 283 to 313K by UV-Vis spectroscopy. 

Interaction of [CuL]4 complex with FS-DNA was investigated by UV-Vis and fluorescence 

spectroscopy, viscosity measurements, cyclic voltammetry (CV), circular dichroism (CD) and 

agarose gel electrophoresis. The main mode of binding of the complexes with DNA was 

intercalation. The interaction between [CuL]4 complex and bovine serum albumin (BSA) was 

studied by UV-Vis, fluorescence and synchronous fluorescence spectroscopic techniques. The 

results indicated a high binding affinity of the complex to BSA. In vitro anticancer activity of the 

complex was evaluated against A549, Jurkat and Ragi cell lines by MTT assay. The complex 

was remarkably active against the cell lines and can be a good candidate for an anticancer drug. 

Theoretical docking studies were performed to further investigate the DNA and BSA binding 

interactions. 

Keywords: Cu(II) cubane complex; catecholase activity; FS-DNA; BSA; docking study; 

anticancer activity. 

Introduction 

Currently, metal-organic molecules are developed by using organic/inorganic bridging 

ligands, which create di- or poly-nuclear clusters, by one-, two- or three-dimensional self-

assembly [1, 2]. The organic ligands and the reaction conditions effect on the composition and 
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topology of the molecules. Among the poly-nuclear clusters, tetranuclear copper (II) complexes 

with a Cu4O4 cubane core are particularly interesting. These complexes have medium size; they 

are not as small as simple binuclear complexes, nor as large as the bulky poly-nuclear 

complexes, which effects the magnetic properties of these complexes. Cubane-like complexes 

are classified according to two different methods based on the Cu-O distances [3] and the 

Cu….Cu distances [4]. 

Cu complexes have been used in various areas of research, such as crystal engineering [5, 6] 

supramolecular chemistry, molecular magnetism [7, 8], to mimic the active sites of metallo-

enzymes and as an anti-cancer treatment [9-13]. Since the discovery of cis-platin as an efficient 

anticancer drug, the pharmaceutical research has focused on other metal-based drugs for cancer 

therapy [14, 15]. Because of the serious side effects of cis-platin as a covalent DNA binder [16], 

researchers now focus on the less toxic, more-efficient and target-specific anticancer drugs with 

non-covalent mode of binding.  The most important limitations of the drugs under development 

are their side-effects and cell membrane resistance [17]. Copper (II) complexes are promising 

anticancer drugs of this type. Up to now, DNA-binding, cytotoxicity, the ability of DNA-

cleavage and the possible utility of the Cu(II) complexes in photodynamic therapy have received 

considerable attention.[18-23] Recently many researches focused on the interaction of copper(II) 

complexes with serum albumins, e.g. BSA & HSA, because, same as for DNA, proteins are one 

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

Beside the potential for the cancer treatment, we have decided to study also the catecholase 

oxidation activity of our Cu complex. The oxidation of reagents with the atmospheric oxygen in 

mild conditions is of great importance especially in synthetic and industrial processes. In 

biological systems, this is done by oxidation catalysts such as metallo-proteins, which contain 
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copper or iron metals [27]. In type (III) copper proteins, e.g. hemocyanin, tyrosinase, catechol 

oxidase, a coupled binuclear copper center is the active site. Certain copper(II) complexes with 

oxide bridges can oxidize different kinds of o-diphenols (catechols) to o-quinones with 

simultaneous 2e- reduction of O2 to H2O [28]. This process is called the catecholase activity. The 

active site of the catecholase protein contains two copper (II) centers (Cu….Cu distance is about 

2.9Å), which are connected through di-µ-hydroxo bridges. Each Cu(II) center has a trigonal 

pyramidal structure with three histidine nitrogens. To mimic the catecholase activity of the 

bicopper(II) complexes, the structural parameters must be considered. The geometry of 

bicopper(II) complexes affects the catalytic activity [29]. For example, the mononuclear square-

planar copper(II) complexes are less active than mononuclear non-planar copper(II) complexes. 

In the binuclear copper(II) complexes, the Cu….Cu distance must be less than 5Å for the activity 

to be retained. One explanation is that, for the electron transfer to be possible,  the two metal 

centers must be in an appropriate distance, in which it is possible for the two hydroxyl oxygen 

atoms of catechol to bind to the metals and act as a bridging ligand [10].  

We have chosen 3,5-di-tert-butylcatechol as a suitable model substrate to identify new 

efficient oxidation catalysts. Considering the above-explained geometric requirements, we aimed 

to synthesize model complexes containing at least two copper centers in close proximity.  

Overally, according to the importance of synthesizing the artificial enzymes, and because of 

the significance of mimicking the anti-cancer metal-based drugs, designing a complex with all 

these properties is a success.  Thus, in this paper we synthesized and characterized a tetra-nuclear 

copper(II) complex with µ-ɳ2-hydroxo bridge as a potential structural and functional model for 

the active site of the catechol oxidase enzyme. We also provide the results related to the 
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copper(II) complexes ability to function as anti-cancer agents, particularly the affinity of the 

complex to bind to HS-DNA & BSA and the ability of the complex for DNA cleavage. 

Experimental Section 

Material and methods 

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

information. 

Synthesis and characterization 

The Synthesis route of 3-(2-hydroxyethylimino)-1-phenylbut-1-en-1-ol (L) (Fig. S1) and 

[CuL]4 complex with 1HNMR, FT-IR, Elemental Analysis, UV–Vis. spectral data of the 

compounds are mentioned in the supporting information. 

X-ray structure analysis 

A saturated solution of the complex in a mixture of chloroform and n-hexan solvents was 

allowed to evaporate at room temperature for two weeks and then green crystals of tetranuclear 

copper compound were obtained. The X-ray diffraction measurements were carried out at 120K 

on a Xcalibur, Gemini ultra diffractometer using the MoKα radiation ( λ = 0.71073 Å) from a 

fine-focus sealed X-ray tube with a graphite monochromator and CCD detector Atlas S2. The 

data were corrected for absorption using the CrysAlisPro software. The structure was solved by 

the charge-flipping method by program Superflip [30] and refined by full matrix least squares on 

F2 with JANA2006 program [31].  

Catecholase activity 
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The catalytic activity of [CuL]4 complex for oxidation of 3,5-di-tert-butylcatechol (3,5-

DTBCH2) to 3,5-ditert-butylquinone (3,5-DTBQ) under aerobic condition (using only 

atmospheric oxygen) were monitored spectrophotometrically by using a Lambda 25 Perkin–

Elmer spectrophotometers. The reaction conditions and formulas 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 experimental and theoretical studies are 

mentioned in the supporting information. 

In vitro anticancer studies  

The cytotoxic effects of the complex against various cell lines comparing with cis-platin 

were examined using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT) 

colorimetric assay as previously described [32]. Cell lines including Jurkat (human T cell 

leukemia), Raji (Burkitt's lymphoma) and A549 (lung carcinoma) were cultured in RPMI 1640 

medium (Sigma, St. Louis, MO) containing 10% fetal calf serum (Gibco, Berlin, Germany) at 

37ºC in a CO2 incubator until confluent. Jurkat and Ragi cells at 15×103 cells/100µl and A549 

cells at 7.5×103 cells/100µl were seeded into 96-well culture plates in triplicate. Cells were 

treated with various concentrations of the complex (0.1–100 µg/mL) for 48 h. Negative control 

was cells treated only with DMSO solvent at a concentration equal to the test wells and positive 

control was cells treated only with cis-platin. After incubation time, 10µL MTT solution (5mg 

mL-1 in RPMI medium) was added for 4 h and then cells treated with 100 µl DMSO to dissolve 

formazan crystals while shaking. The optical density (OD) of the wells were measured at 570nm 



7 

 

with a 630nm reference wavelength using a microplate reader (Bio-Tek’s, VT). The percent 

inhibition of cell growth was calculated using the following formula; [1– (test OD/negative 

control OD)] × 100. Fifty percent cell growth inhibition (IC50) values were determined from 

percent inhibition graph for different concentration the complex.  

Results and discussion 

Synthesis and characterization of compounds 

Synthesis route of [CuL]4 complex is shown in Scheme 1. Schiff base ligand (L) was 

synthesized by the condensation of benzoylacetone and 2-aminoethanol in 1:1 mole ratio. L 

seems to behave as a tridentate ligand. After addition of Cu(II) acetate to the ethanolic solution 

of L, a cubane like complex was synthesized. The affinity of Cu(II) center for a penta-

coordinated geometry with John-teller distortion produced a distorted cubane complex 

containing Cu4O4 core.  
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Scheme 1. Synthesis route of [CuL]4 complex. 

The synthesized ligand and complex were identified by FT-IR, 1H NMR and elemental 

analysis. Redox properties of the Cu(II) complex were studied by cyclic voltammetry.  The 

single-crystals of complex were prepared for X-ray crystallography. The complex was stable in 

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

1H NMR spectrum of 3-(2-hydroxyethylimino)-1-phenylbut-1-en-1-ol (L) carried out in 

DMSO-d6 (Fig. S2) and CDCl3 (Fig. S3). In DMSO-d6, a singlet signal for OHa at 11.34 ppm 

and a multiple signal for aromatic protons at 7.81-7.40 ppm were observed additionally, a singlet 

signal at 5.72 ppm for C=CH, a multiple signal at 4.93 ppm for OHb and a triplet signal for CH2
a 

protons at 3.55 ppm (CH2
b was hidden under DMSO signal) and a singlet signal for the methyl 

protons at 2.05 ppm were assigned. In order to distinct between the signals of OHb and Ha one 
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drop of D2O was added to the DMSO-d6 solution of L. Hydrogen bonding between OHa, OHb 

and D2O removed the related signals of hydroxyl groups. On the other hand, hydrogen bonding 

caused a slight shift for DMSO signals and so the signal of CH2
b could be seen at 3.52 ppm and 

CH2
a at 3.35 ppm in this spectrum (Fig. S2). To confirm the existence and the signal positions of 

CH2
a and CH2

b, 1H NMR analysis in CDCl3 was repeated. In this spectrum, a singlet signal for 

OHa at 11.51 ppm, a multiple signal for aromatic protons at 7.85-7.37 ppm, a singlet signal for 

C=CH proton at 5.66 ppm, a triplet signal for CH2
a protons at 3.83 ppm, a quartet signal for CH2

b 

at 3.48 ppm, a singlet signal for OHb at 2.62 ppm and a singlet signal for the methyl protons at 

2.05 ppm were observed (Fig. S3).  

FT-IR spectrum of the 3-(2-hydroxyethylimino)-1-phenylbut-1-en-1-ol (L) (Fig. S4) was 

indicated by the presence of strong imine (C=N) bands at 1604 cm-1  and OH vibrations at 3328 

cm-1  [33, 34]. In the complex (Fig. S5), υC=N was generally shifted to lower frequencies relative 

to the free ligand, indicating a decrease in the C=N bond order due to the coordination of the 

imine nitrogen to the metal and back bonding from the Cu(II) to the π* orbital of azomethine 

group [35]. Also, C-O stretching vibrations shift toward lower values as a result of coordination 

of the oxygen to the metal ion [34]. Vibrations  around 3448 cm-1 was attributed to the presence 

of lattice and coordinated water [36]. Medium-weak bands at 3062 cm-1 is related to (C-H) 

modes of vibrations [37]. The ring skeletal vibrations (C=C) were consistent in the region of 

1440–1465 [38]. In the lower frequency region medium-weak bands observed at 551–563 and 

435–458 cm-1 which have been assigned to (M–N) and (M–O) vibrations, respectively [39, 40]. 

The UV-Vis spectra (200-700nm) of the ligand in Tris-HCl buffer solution (pH 7.2) (10 µM) 

and complex in methanol/Tris-HCl buffer solution (30 µM) were recorded. The electronic 

absorption spectrum of the complex, displayed three specific absorption bands. Two absorption 
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bands at 209 and 256 nm were assigned to the π-π* transition in aromatic rings and azomethine 

groups. The first band at higher energies were attributed to π→π* transitions associated with the 

phenyl ring and the second band at lower energy arise from π→π* transitions associated with the 

carbonyl and azomethine chromophores. A wide intense absorption band at 346 nm was 

attributed to the n-π* transition in carbonyl group and oxygen of Schiff base to phenyl ring (Fig. 

S6). For the free ligand, the band in the region 346 nm was attributed to the n→π* transition of 

the imine chromophore, and the band in the higher energy region at 247 nm was assigned to the 

π→π* transition of the phenyl ring [41-44] (Fig. S7).  

Crystal structure of [CuL]4 

The molecular structure of tetra-nuclear copper (II) complex along with atom labeling is 

shown in Fig. 1. Crystallographic data and bond lengths and bond angles of the complex are 

listed in Tables 1 and S1.  
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Fig. 1. The [CuL]4 complex with thermal ellipsoids at 50% probability level (except the cubane 

cube, which is highlighted and displayed as balls) and the atom-labeling scheme. The labels of H 

and C atoms are omitted for clarity. 

Table 1. Crystal data and structure refinement for [CuL]4 complex 

Formula of refinement model  

Temperature [K]  

Crystal system 

Space group 

C48 H52 Cu4 N4 O8, 3.195(O) 

120 

Trigonal 

R 3 
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The synthesized complex created a tetrameric and tetra-nuclear cubane complex, in which 

each two-fold deprotonated Schiff base ligand coordinated to a Cu(II) center with their hydroxyl 

oxygen and imine nitrogen atoms and formed six and five-membered chelate rings. At the same 

time, each ligand bridged to a neighboring Cu(II) atom by its hydroxyl oxygen (CH2CH2OH) 

thus the metal centers were penta-coordinated (three donor atoms from one Schiff base ligand, 

a [Å] 

b [Å] 

c [Å] 

α [˚]  

β [˚]  

γ [˚] 

V[Å 3] 

Z 

D[gcm-3] 

µ [mm-1] 

F(000) 

R(F2>3σ) (reflections) 

wR( F2) (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) 
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two oxygens from two other neighboring Schiff base ligands). The torsion angles between six 

and five-membered chelate rings were in the range ±178.7-179.8° confirming that these two 

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

 

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

The tetramer formed as a distorted cube, in which four Cu(II) atoms and four oxygen atoms 

alternatively occupied the vertices. In this distorted cube, four of the twelve edges (Cu-O bonds) 

were longer. The eight Cu-O shorter bonds were about 1.9 Å and out of the longer ones, three 

were about 2.3 Å and one was 2.592 Å. Because the six Cu….Cu distances are all similar and 

about 3 Å in the distorted cube (Cu1….Cu2 = 3.246 Å, Cu1….Cu3 = 3.253 Å, Cu1….Cu4 = 
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3.097 Å, Cu2….Cu3 = 3.130 Å, Cu2….Cu4 = 3.388 Å, Cu3….Cu4 = 3.138 Å) the structure is 

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

The geometry around each Cu(II) center was a distorted square pyramid (Fig. S9) with τ 

values of 0.17, 0.06, 0.19, 0.16 for Cu1, Cu2, Cu3, Cu4, respectively. A. W. Adison et.al [45] 

determined τ=1 for a regular trigonal bipyramide and τ=0 for a regular square pyramide by using 

the formula: � = (���)
�	   where α, β are the angles between each trans donor atoms forming the 

plane in a square pyramidal geometry (Table 1). τ value is applicable for five coordinate 

structures.[45] By comparing the τ values, we see that distortion from square pyramidal structure 

around Cu2 was less than around the other Cu centers. Moreover, the degree of distortion from 

square pyramidal structure for Cu1, Cu3, Cu4 was almost the same. The four basal positions of 

each square pyramide around a Cu center contained three oxygen and a single nitrogen atom. An 

oxygen occupied the apical position. Bond length of basal Cu-O and Cu-N were 1.906-1.967 Å. 

The bond lengths for the apical Cu-O were in the range 2.375-2.592 Å due to Jahn-Teller 

distortion. 

The packing diagram of complex is shown in Fig. 3. Nine independent distorted cubane are 

packed in a unit cell (Z=9). There are no regular H-bond donors present in the complex, so there 

is no H-bonding present in the structure. Neighboring [CuL]4 units are connected through edge-

to-face π-π interactions between the benzene rings of the ligand. Beside the complex itself, the 

structure contains disordered low-occupancy water molecules as a solvent, making the structure 

a non-stoichiometric hydrate. On average, there are 3.195 water molecules per one [CuL]4 

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

Kinetic studies of catecholase activity 

Mechanistic studies on catechol oxidation by the [CuL]4 complex. The substrate 3,5-di-

tert-butylcatechole was used to study the catecholase activity of the model complex [CuL4] 

because of its low redox potential which accelerate its oxidation to the corresponding quinone 

and the presence of bulky tert-butyl substituents which prevent further reactions such as ring-

opening and polymerization and also the stability and presence of a characteristic band around 

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

Different approaches have been proposed for the mechanism of catecholase activity of Cu(II) 

complexes base on the crystallographic, spectroscopic, structural and chemical evidence. For the 

initial step, deprotonated catechol or its derivatives should bind to Cu(II) center(s). Different 
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binding modes of the catechol (or deprotonated catechol) to copper(II) centers has been proposed 

as: i) ɳ2 chelating catechol, ii) ɳ2:ɳ1 bidentate bridging, iii) syn-syn bidentate bridging, iv) anti-

anti bidentate bridging, etc [10]. According to structural properties (metal-metal distances, nature 

of bridging ligands between Cu centers, rigidity of the structure) and electrochemical properties 

of the complexes, each mode of binding mentioned above is possible. However, it was reported 

that the highest catecholase activity was observed for the complexes, which bound catechol in a 

bidentate bridging manner. It means that the Cu…Cu separation in these complexes must be less 

than 4 Å, otherwise simultaneous binding of catechol to both Cu centers is prevented. It is worth 

noting that small bridging ligands bring Cu centers to the close proximity of each other and thus 

promote the catalytic activity. Examples of such bridging ligands are: hydroxides, alkoxides, and 

phenoxides [10].  

In the [CuL]4 complex, hydroxide moiety of the Schiff base ligands bridge between three 

Cu(II) centers and bring them close to each other. All the Cu...Cu distances are in the range 

3.097-3.388 Å, which allow 3, 5-ditertbutylcatecholate dianion to bind as a bridging ligand in a 

syn-syn fashion (Fig. S10).  

Casella and co-workers [46] proposed two consecutive steps for the catalytic reaction 

including step one: a fast stoichiometric reaction between a molecule of 3,5-DTBCH2 and 

dicopper(II) complex and step two: a slower catalytic reaction. They also proposed that, in the 

first stoichiometric step, electron transfer between the bound catechol and dicopper(II) centers 

occurred, thus, the first step, to some extent, is dependent to CuII/CuI redox potential. In the 

catalytic process, two copper (II) centers reduce to copper (I) simultaneously and one molecule 

of 3, 5-DTBCH2 is then oxidized to the related quinone molecule. Dicopper (I) centers reoxidize 
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to copper (II) centers in a relatively slow step in the presence of O2. A proposed cycle of 

mechanism is shown in Scheme 2. 
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Scheme 2. Catalytic cycle for the oxidation of 3, 5-DTBCH2 catalyzed by [CuL]4 complex. 

To confirm this hypothesis, we have performed the following: In a typical procedure; after 

mixing 3, 5-DTBCH2 with the complex, the spectral changes at intervals of 4 min were 

monitored (Fig. 4). The quinone band at 410 nm grew; therefore, the oxidation of catechol has 

occurred.  
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Fig.4. Spectral profile showing the increase of quinone band at about 410 nm after the addition 

of 600 fold of 3,5-DTBCH2 to a solution of complex (50µM) in DMF at 283K. Spectra were 

recorded after each 4 min. 

The kinetics of the oxidation of 3,5-DTBCH2 catalyzed by [CuL]4 complex were studied 

under pseudo first order conditions. The ratio of [3, 5-DTBCH2]/[complex] varied from 10 to 

800 fold, in which 3,5-DTBCH2 concentrations were varied in the range 500 (µM) to 40000 

(µM) and the complex concentration was constant at 50 µM. A first-order dependence was 

observed at these concentrations of the substrate. The experiments were done at four different 

temperatures from 283-313K, under aerobic conditions. The reaction process of the mixture of 3, 

5-DTBCH2 and complex at the maximum of the 3, 5-DTBQ band (410 nm) were followed for a 

period of 90 min. For the blank experiment containing 3,5-DTBCH2 without catalyst, no 

formation of the 3,5-DTBQ was observed up to 2h in DMF. Pseudo-first-order rate constants 
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(kobs) in different temperatures are available in Table 2. kobs values during the temperature change 

from 283 to 303K were obtained in catechol concentrations from 0.01 to 0.04M (100-800 folds) 

and at 313K from 0.0005 to 0.008M (10-140 folds). At 313K, the reaction at catechol 

concentrations from 0.01 to 0.04M was too fast to obtain proper spectral changes thus lower 

concentrations of catechol were used. These clearly revealed that the catecholase activity of the 

complex [CuL]4 is temperature dependent.  

Table 2. Pseudo-first-order rate constants, 104kobs
a(s-1), for the oxidation of 3,5-DTBCH2 

(0.0005-0.04 M) catalyzed by [CuL]4 complex (50µM) in DMF at different temperatures (283-
313K).  

a) The numbers in parentheses are the standard deviations of kobs. 

 

k2 values are obtained from the slope of the linear plots of kobs versus [catechol] (Fig. S11). 

By increasing the temperature, k2 values increased (103k2 = 1.06 (283K), 2.55 (293K), 4.17 

(303K), 6.95 (313K)) indicating an endothermic oxidation reaction which might be very 

important in designing more efficient catecholase model complexes.  

The activation parameters were obtained from Eyring plots of ln(k2/T) vs. 1/T at four 

different temperatures (Fig. S12). The positive value of free energy at 293 K (∆G# =∆H#-T∆S# 

=28.705 KJ mol-1) indicated that the oxidation process was nonspontaneous. The positive ∆H# 

values (42.788 KJ mol-1) confirmed endothermic process and the positive value of ∆S# (48.064 J 

mol-1 K-1) revealed that the disorder of the system was raised during the process due to the 

[catechol]
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production of H2O molecules. In each catalytic cycle, one mole of 3, 5-DTBCH2 produced one 

mole of 3, 5-DTBQ, successively, atmospheric O2 diffuse in the solution and one mole of H2O 

was produced, thus the disorder of the medium was increased.  

To investigate the enzymatic kinetics of catecholase activity of various copper(II) complexes 

Michaelis–Menten equation was used repeatedly. Many reports in this field revealed that the 

reaction rate might be dependent to the concentration of the substrate (catechol), the kind of 

catalyst (metal complex), the concentration of dioxygen in the reaction medium and the kind and 

concentration of some additives such as dyhydrogenperoxide and Kojic acid[10]. It is worthy to 

mention that few studies repot the dependence of the reaction rate to the catalyst concentration 

[47].  

Similar to other enzymatic mimicking complexes, [CuL]4 revealed saturation kinetics and the 

treatment was investigated bases on Michaelis–Menten model. Michaelis−Menten constant (KM), 

maximum initial rate (Vmax) were calculated by Michaelis–Menten equation and Lineweaver–

Burk plot [48] (Fig. S13) . The turnover number (kcat) value can be calculated by dividing the 

Vmax value by the concentration of the complex. The determined kinetic data, Vmax = 4.7461×10-5 

Mmin-1, KM = 0.0178 M, and kcat = 56.95 h-1. 

Because the solvent is one of the main factors in the enzymatic activity of the catalysts, some 

kcat of various copper (II) complexes in DMF was reported for comparison: [{Cu2L(µ-

OH)(H2O)}(µ-ClO4)]n(ClO4)n ,  kcat = 39.0h-1 [1]; [{Cu2L(µ1,1-N3)(ClO4)} 2(µ1,3-N3)2], kcat = 

39.9h-1 [1] thus, [CuL]4 complex is located in the upper range of functional models for 

catecholase active complexes. 

DNA-binding studies 
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DNA is the primary pharmacological targets for anticancer drugs thus studying the 

interaction of metal complexes with DNA is of great importance. Different techniques are used 

commonly to study the binding strength and binding modes. 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 a simple instrumental technique, which is used 

for either studying the DNA stability or drug-DNA interactions. In this method the changes in 

UV-Vis absorption spectra of the drug (complex) or DNA is monitored. An easy way to 

investigate the interaction between drug and DNA, is comparing the shift in the maximum of the 

absorption band of drug when it is free in solution or is bound to DNA [49]. The extent of this 

shifting could be related to the strength of the interaction between DNA and drug. Fig. 5 

describes the interaction of our complex with DNA. The absorption band at 346nm revealed 

hypochromism. Also two isosbestic points near 367 nm and 302 nm were recognized. These 

spectral changes suggest covalent binding of complex to DNA or intercalation, in which a strong 

stacking interaction between the aromatic chromophore of the complex and base pairs of DNA 

has occurred [19]. The absorption band at 346 nm revealed a blue shift about of 6 nm along with 

hyperchromism (21%). These spectral changes correspon to groove binding of complex to DNA 

[50]. Hyperchromism along with hypsochromism suggest an electrostatic attraction or groove 

binding between Cu(II) complex and DNA which can cause changes in DNA conformation 

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

Besides the qualitative investigation of the interaction, by calculating Kb, an insight into the 

quantitative behaviour was can be gained by using these equations (1a ,1b) [53, 54] 
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ε� − ε
	ε� − ε =

b − (b� − 2K�²C�	[DNA]s )�/�
2K�C�

																																							(1a) 

b	 = 	1	 +	K�C� 	+ K�[DNA]
2s 																																																													(1b) 

In these equations, the absorption coefficients are denoted by εa, εb and εf for the absorption 

band (at a given DNA concentration) for the complex in its free form and for the complex in the 

fully bound form, respectively. Kb and s values were obtained by nonlinear least squares fitting 

of the experimental data to Eqs. (1a, 1b). The observed binding constant (104 M–1) corresponds 

to the intercalation binding mode of interaction suggested above. 
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Fig. 5. Absorption spectra of the complex (12 µM) in DMSO, in the absence and presence of 

increasing amounts of DNA (0-110-220-330-430-540-650-750 and 860 µM). Inset: plot of (Ԑa-

Ԑf)/( Ԑb-Ԑf) vs.[DNA]. 

The intrinsic binding constant was calculated as Kb=1×104 M–1 and s value is 1.5. The Kb 

value for ethidium bromide as a classical intercalator is 1×107 M-1, which is much larger than the 

Kb of [CuL]4 complex. It is worthy to note that the Kb value for [CuL]4 complex is comparable to 

some transitional metal complexes either mono- or multi-centers, which were bound to DNA 

through intercalation or groove binding mode. For example: [Cu2(nap)4(H2O)2] Kb=2.27×104M-1, 

[Cu2(dicl)4(H2O)2] Kb=1.74×104M-1, [Cu(nap)2(bipy)] Kb=3.86×104M-1 [Cu(dicl)2(phen)] 

Kb=1.81×104M-1 with intercalation mode of binding and the Kb values of all compounds were 

lower than that of the classical intercalator [55]. [Cu (imda) (5,6-dmp)] Kb=3.9×103 bound to 
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DNA through groove binding and [Cu (imda) (dpq)] Kb=1.7×104 through partial intercalation 

[56]. [Cu (tdp) (bpy)]+ Kb=7.1×103M-1, [Cu (tdp) (phen)]+ Kb=9.0×104M-1, [Cu (tdp) (tmp)]+ 

Kb=7.0×105M-1, [Cu (tdp) (dpq)]+ Kb=9.0×105M-1 are examples of complexes with intercalation 

mode of binding.[18]  

Viscosity measurements. A critical test in proposing the mode of binding of the small 

molecules to DNA is the viscosity measurement, which is a hydrodynamic measurement that is 

very sensitive to the DNA length change. Classical intercalators locate between DNA base pairs 

and cause an increase of the length of DNA and concomitantly its viscosity. However, non-

classical intercalators cause bending (or kinking) of the DNA helix and reduce the length of 

DNA and concomitantly its viscosity. Groove binders, which bind in the grooves of DNA, cause 

less changes (positive or negative) or no changes in DNA viscosity [57, 58]. The values of 

relative specific viscosity (η/η0)
1/3, where η is viscosity of pure DNA and η0 is the viscosity of 

DNA in the presence of the different concentration of complex, were plotted against r (r = 

[complex]/[DNA]). From (Fig. S14), it is concluded that non classical intercalation (i.e. van der 

Waals interactions, groove binding or external binding) was 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 DNA, is ethidium bromide (EB), a 

planar cationic dye. In the presence of DNA, the fluorescence of EB increases according to its 

intercalation between adjacent DNA base pairs. If the enhanced fluorescence quenches by 

addition a second molecule, it competes with EB in binding to DNA. The base of displacement 

technique is the quenching of fluorescence due to the displacement of EB from the DNA 

sequence by another molecule. Quenching owns to the decreasing of the number of binding sites 

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

intercalation.[9, 19, 61, 62] 

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

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

Quenching data were analyzed according to Stern−Volmer Equation 2 [63]: 

"	
" = 1 + #$[%]																																																			(2)	 

I0 denotes the emission intensity in the absence of quencher and I the emission intensity in the 

presence of a quencher, Kq is the quenching constant, and [Q] is the quencher concentration. The 

Kq value is 1.77×105 that were obtained from the slope of the plot of I0 /I versus [Q] (Inset Fig. 

S15). The value of apparent DNA binding constant (Kapp) was calculated using Equation 3. 

#&'[()] = #*++[,-./012]																																	(3)				 
where KEB = 1.0 × 107 M−1 and [EB] = 1.25 µM  [complex] is the concentration of complex 

causing a 50% reduction in the fluorescence intensity of EB. Kapp calculated as 7.89 ×106 M−1. 

The higher value of Kapp revealed that [CuL]4 bind to FS-DNA by intercalation. 

Circular dichroism spectral analysis. It is obvious that during drug-DNA interactions the 

morphology of DNA changes to some extent. A useful technique for diagnosing these changes 

and proposing the mode of binding is circular dichroism (CD). It means that drug-DNA 

interactions can affect the structure of DNA and thus the intrinsic CD spectrum of DNA must be 

changed. The intrinsic CD spectrum of FS-DNA is characterized by a positive band at 275 nm 

assigned to the base stacking and a negative band at 245nm assign to the right handed helicity of 

B-form DNA [64, 65], which the latter is very sensitive to the mode of drug-DNA binding. 
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Electrostatic interaction or groove binding of complexes with DNA reveals less or no alteration 

on the helicity band or base stacking band but intercalators perturb both the bands [66]. As 

revealed in Fig. 6, by addition of the Cu(II) complex to the DNA solution, no significant changes 

in the form and no distinguished shift in the CD spectrum of B-DNA was recognized, which 

indicated that the FS-DNA kept the double helix B-form structure in the presence of Cu(II) 

complex. The only indicated diffrence is that by adding the complex to the DNA solution, the 

intensity of the both bands at 275 nm 245nm increased. The increasing of the negative peak 

intensity (245 nm) showed that the interaction of the complex with DNA tightened the double 

helix structure of DNA [67]. Thus, the possible mode of binding concluded as groove binding or 

electrostatic interaction.  
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Fig. 6. The CD spectra of DNA (200µM) in the presence of complex in Tris–HCl buffer 

solution/0.5% DMSO. The concentrations of complex were 0, 5µM and 10µM. 

Electrochemical behavior of complex in the presence of DNA. Cyclic voltammograms 

were run in the potential range from -1.00 to +1.00 V in DMSO (starting value: -1.00 V). The 

cyclic voltammograms of [CuL]4 complex revealed two anodic peaks at 0.873 V, 0.373 V and 

two cathodic peaks at -0.024 V and -0.436 V (Fig. S16). Upon addition of DNA solution to the 

metal complex solution (10 mL, 103 µM), the anodic peaks shifted to a more positive value of 

0.904 V and negative value of 0.357 V and a new anodic peak at 0.016 V appears. The cathodic 

peaks shifted to value that is more negative. Therefore, there is a mixed mode of binding 

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

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

DNA cleavage and ethidium bromide competitive studies. The interaction between DNA 

and complex is important due to its effect on cell cycle arrest, gene expression modification and 

DNA cleavage activity. These incidences caused special programmed cell death means 

apoptosis. The cleavage of DNA including single or double strand cleavage caused by metal 

complex alone or with the cooperation of oxidant like H2O2 and transition metal ions like Cu2+. 

In comparison, double strand breakage induces the most harmful damage to the cell because 

cellular repair systems such as NHEJ (Non-Homologous End Joining) repair the strand less 

accurate and with strand insertion/deletion, which cause genome instability and finally apoptosis. 

As an applicable method, gel electrophoresis was used to assess the structural changes induced in 

DNA by the Cu(II) complex. In this manner, supercoiled (SC) plasmid pBluescript KS (+) DNA 

was incubated with various concentrations of the complex to study their DNA cleavage ability. 

Agarose gel electrophoresis was used to monitor the conversion of supercoiled plasmid 

pBluescript KS (+) DNA (SC DNA) to the nicked circular (NC DNA) and linear open circular 

DNA (LC DNA). The control experiments suggested that untreated DNA (line 7 left) and 

untreated DNA+50 µM H2O2 (line 7 right) did not show any notable DNA cleavage. As shown 

in Fig. 7 the Cu(II) complex could not cleave DNA in physiological (PBS buffer) condition but 

in the presence of H2O2 the complex converted supercoiled (SC) DNA to nicked circular (NC) 

form in concentrations higher than 25 µM (Fig. 7). It may be interesting that Cu(II) complex 

didn’t convert SC DNA to LC DNA despite the presence of aromatic moiety in the complex 

structure[69]. These results suggested the strong DNA cleavage activity of [CuL]4 complex in 

the presence of H2O2.  
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Fig. 7. Gel electrophoresis diagram of pBluescript KS (+) DNA in the presence of increasing 

amounts of complex 2: Left) Lane 1, DNA + 200 µM complex, Lane 2, DNA + 150 µM 

complex, Lane 3, DNA + 100 µM complex, Lane 4, DNA + 50 µM complex, Lane 5, DNA + 25 

µM complex, Lane 6, DNA + 5 µM complex, Lane 7, DNA, Lane 8, Linear DNA (L) and Lane 

9, DNA ladder. Right) Lane 1, DNA + 200 µM complex + 50 µM H2O2, Lane 2, DNA + 150 µM 

complex + 50 µM H2O2, Lane 3, DNA + 100 µM complex + 50 µM H2O2, Lane 4, DNA + 50 

µM complex + 50 µM H2O2, Lane 5, DNA + 25 µM complex + 50 µM H2O2, Lane 6, DNA + 

5µM complex + 50 µM H2O2, Lane 7, DNA + 50 µM H2O2, Lane 8, linear DNA and Lane 9, 

DNA ladder. 

A famous classical double strand DNA intercalator is ethidium bromide, which can be used 

to further investigation on the mode of interaction. More experiments were done to assess the 

competitive binding affinity of EB and Cu(II) complex to DNA. HindIII digested plasmids in the 

presence of increasing amounts of Cu(II) complex were prepared and EB was used as a control 

for classic intercalation. As shown in Fig. S17, ethidium bromide displacement is not started by 

the complex at concentrations of 50-200 µM. 

Molecular docking. One important step in drug-designing studies is molecular docking 

investigations. In this scaffold, locating a small molecule (complex) in the potential binding sites 

of a target molecule e.g. DNA is studied theoretically mainly in a non-covalent mode of binding. 
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Binding a small molecule to the minor groove of DNA is an important tool to recognize DNA 

sequence [70]. Molecular modeling allows the ligand flexibility and can calculate the minimum 

energy of the ligand in the active site of DNA. In this study the structure of the Cu(II) complex 

was obtained from the available X-ray crystallography file (cif file). The binding mode was 

predicted with DNA dodecamer d(GAAGCTTC)2 (1Z3F). The molecular docking studies of the 

Cu(II) complex with DNA were performed and the energetically favorable docked pose of the 

complex is shown in Fig.8. The energy minimized docked pose revealed that the aromatic rings 

of the complex had partial intercalative interaction through π-π stacking but because of the steric 

hindrance of the complex, other parts of the complex could not intercalate between DNA base 

pairs. Therefore, groove binding better illustrated the interaction. It is worthy to note that 

electrostatic attraction between positive charge of Cu(II) atoms and the negative oxygen atoms of 

the phosphate backbone of DNA makes the binding of the complex more favourable. Also, 

Schiff base ligands containing N and O atoms caused Van der Waals interactions and 

hydrophobic contacts with DNA functional groups. The more favorable relative binding energy 

for the docked complex was -235.102 kcal/mol and the binding energy for all poses of the 

docking (Table S2) were negative (values from -192.903 to -235.102 kcal/mol for 10 poses) that 

indicated a high binding potential for Cu(II) complex to FS-DNA.  

 



31 

 

 

Fig. 8. Computational docking models (using the MVD software) illustrating the interactions 

between DNA and complex. 

Protein (BSA) binding studies 

General information. Often drugs exert their medicinal effect through binding to proteins and 

transporter proteins may help or prevent drugs from reaching their target sites [71-73]. The 

nature and magnitude of the binding of drugs and plasma proteins has a direct relation on drug 

delivery, drug absorption and the therapeutic efficiency. Therefore, investigation of proteins-

metal complexes interaction is an important field for the development of new drugs and many 

studies have focused on the binding sites and binding modes of drug-plasma protein interactions 

[71]. 

Fluorescence quenching studies. The most abundant protein in plasma is serum albumin, 

which could be a potential target for many drugs to be delivered through the circulatory system. 

Thus considering the binding of drugs with plasma proteins is important in pharmacology and 

drug design. Because of the similarity of the structures of bovine serum albumin (BSA) and 

human serum albumin (HSA) and lower cost of BSA the most studies of the interaction with 
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serum albumins is performed on BSA [74]. A very sensitive and accurate method to study the 

interaction of drugs and protein is fluorescence spectroscopy. Using this method some useful 

information such as binding constant, binding mechanism, binding mode, binding sites and 

intermolecular distances between small-molecule substances and protein are investigated. Protein 

is a fluorophore and its intrinsic fluorescence is caused by three aminoacids that present in the 

protein structure, namely tryptophan, tyrosine, and phenylalanine residues. Intrinsic fluorescence 

of BSA is due essentially to Trp and Tyr aminoacids, but in most cases Phe is not excited and 

either its quantum yield in protein is low, so the emission from this residue is not important [74]. 

The fluorescence quenching could be due to different molecular interactions such as molecular 

rearrangements, ground state complex formation, excited-state reactions, energy transfer and 

collision quenching. Examining the changing in fluorescence spectra during the interaction of 

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

By exciting BSA at 280 nm, a strong fluorescence emission peak at 345 nm is observed. The 

effect of [CuL]4 complex (490µM) (0-80µL) on BSA fluorescence spectra (7.2×10-2µM) between 

300-500 nm is shown in Fig. 9. The fluorescence emission spectra of BSA quenched by 

successive addition of complex along with a hypsochromic shift due to the formation of a 

complex between the compounds and BSA [75]. In some literatures, it is pointed that the 

hypsochromic shift is due to the change in microenvironment around tryptophan residues. In the 

other words, upon the interaction of complex with BSA, the microenvironment around 

tryptophan residues becomes slightly hydrophobic [76] that by considering the structure of 

complex it is anticipated. 
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Fig. 9. Effect of [CuL]4 complex (490µM) (0-80 µL) on the fluorescence spectra of BSA 

(7.2×10-2 µM) (λEX =280 nm), T=298 K 

The fluorescence quenching data are analyzed by the Stern–Volmer Equation (4) [77, 78]. 

F	
F = 1 + K56[Q] = 1 +	k9	τ		[Q]																																																										(4)	 

F denote the fluorescence intensity in the presence and F0 in the absence of quencher. Other 

parameters is the Stern-Volmer quenching constant (KSV), the concentration of quencher ([Q]), 

the bimolecular quenching constant (kq), and the lifetime of the fluorophore in the absence of a 

quencher (τ0), τ0 is 10–8 s for BSA [79, 80].  

From the slop of F0/F vs. [Q] plot, KSV value is obtained. The Stern-Volmer quenching 

constants KSV = 7.7×104 M-1 and quenching rate constants kq=7.7×1012 M-1s-1 were calculated. 

The linear Stern-Volmer plots showed in Fig. S18 indicated that Equation (4) is applicable for 

the present systems. 
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Fluorescence quenching occurs mainly by two mechanisms, dynamic and static quenching. 

Dynamic quenching refers to the excited state of the process in which the fluorophore and the 

quencher coming into contact and form a transition state. The static quenching refers to the 

ground state in which the fluorophore and quencher forming an adduct. Distinction between two 

types of quenching mechanism is done by UV–Vis absorption spectroscopy [81]. 

UV-Vis absorption studies. During the interaction between small molecules and proteins 

some structural changes are expected. One simple, effective and sensitive technique to monitor 

these changes is UV-Vis absorption spectroscopy. Normally, two main bands are the 

characteristics of absorption spectrum of BSA, a strong band due to the absorption of the 

backbone of protein which is seen around 200 nm and a weak band which is related to the 

absorption of amino acids (Trp, Tyr, and Phe) is seen around 278 nm [82]. Two types of 

quenching mentioned above are easily recognizable by UV- Vis spectral measurement. As the 

dynamic quenching mechanism refer to the excited state of the fluorophores so this mechanism 

does not affect the absorption spectra. The static quenching mechanism affects the ground-state 

complex formation, which results in the change of the absorption spectrum of the fluorophore 

[83]. 

Titration of BSA solution (20 µM) with increasing concentrations of the complex 0-5 µM at 

four temperatures (293, 298, 303 and 308K) are shown in Fig. S19. The intense band of BSA at 

278nm by increasing the concentration of complex showed an increasing in the intensity without 

any shift which confirm a static mechanism due to the formation of an adduct between the 

complex and BSA in the ground state. 

Equation (5) is an utilizable one for calculating the intrinsic binding constant (Kb) [84, 85]: 
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[complex]
(εa– 	εf)	

= 	 [complex]
(εb– 	εf)

+	 1
Kb	(εb	– 	εf)

																																																			(5) 

In this equation [complex] denotes the concentration of complex, εa the observed extinction 

coefficient, εf the extinction coefficient of the free BSA, εb is the extinction coefficient of the 

complex when fully bound to BSA, and Kb is the intrinsic binding constant. The ratio of slope to 

intercept in the plot of [complex]/(εa – εf) versus [complex] gave the values of Kb (Fig. S20 and 

Table S3). 

The different dependency of Kb values to the temperature is useful in deducing quenching 

mechanisms. The dynamic interaction is diffusion controlled. Increasing in temperature result in 

increasing the rate of diffusion and hence higher Kb obtained but increasing in temperature in the 

static interaction cause the dissociation of weakly bound adduct between BSA and complex in 

the ground state and therefore, the values of the Kb decrease [86]. The trend of Kb by increasing 

the temperature (Table S3) is descending which suggest a static quenching mechanism. 

Thermodynamic parameters and binding modes. Similar to the other adducts in 

chemistry, a special interaction must exist in BSA-complex adduct formation. According to the 

structure of the protein, the interaction might be hydrophobic (related to the interior domains of 

BSA), electrostatic (related to the charge on the protein) [87], van der Waals forces or hydrogen 

bonding (between aminoacids and complex). The mode of binding of complex to BSA could be 

determined by absorption spectroscopy in different temperatures. 

So for determination the binding mode the thermodynamic parameters such as free energy, 

enthalpy and entropy could be used for this purpose ∆H (enthalpy changes) and ∆S (entropy 

changes) values were calculated from van’t Hoff Equation (6) [88, 89]: (Fig. S21) (Table S3) 
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ln Kb = −∆H
RT + ∆S

R 																																																																																												(6) 

Free energy changes (∆G) at different temperatures are calculated from Equation 7 [90, 91]: 

∆G = ∆H − T∆S																																																																																																(7) 
From the data in Table S3, negative ∆G and ∆H values confirm a spontaneous and 

exothermic binding process and positive ∆S value proposed an entropy-driven process. Negative 

∆H and positive ∆S values suggested electrostatic mode of binding between complex and BSA 

according to Ross and Subramanian rules [92]. 

Binding stoichiometry. Generally, the native form of proteins is a three-dimensional folded 

conformation that is thermodynamically stable. These folded structures are stabilized by non-

covalent interactions, but may become unfolded or misfolded upon binding the complex to 

protein because of change in non-covalent interactions. Therefore, aggregation maybe occurred 

between the unfolded/misfolded proteins. To determine the average aggregation number of BSA 

, <J>, potentially induced by the complex Equation (8) is used [93] . 

1 − F
F	 =< P > [Q]

[BSA]	 																																																																																			(8)	 

The slopes (<J> = 0.0019) of the line in Fig.S22 was less than unity which confirm no 

aggregation between protein molecules after binding the 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 binding site on BSA, which be unique for it.  During 

the process a change in biological activity may occur. At the binding sites, complexes usually 
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form non-covalent binding completely due to their chemical structure and the strength of the 

chemical bond revealed the affinity of the complex to BSA. Again fluorescence spectroscopy can 

be useful for calculating apparent binding constant (Kb) and the number of binding sites (n)  

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

log UF	 − F
F 	V = log K� + nlog[Q]																																																												(9)			 

Where, Kb and [Q] are binding constant and the concentration of quencher, respectively, and 

n is the number of binding sites. Kb = 4.6×103 M -1 and the number of binding sites n=0.741 were 

calculated (Fig. S23). The value of n is near to unity suggested 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 I and site II in which tryptophan residue and tyrosine 

residue tend to bind to small molecules, respectively. Some common site markers are used to 

identify the binding site of BSA e.g warfarin, phenylbutazone, etc., for site I and ibuprofen, 

diazepam, fluofenamic acid, etc for site II. In this study the site marker competitive experiment 

was done with phenylbutazone and ibuprofen for site I and site II, respectively, by preparing a 

solution of BSA and appropriate site marker and successive flourimetric titration by the complex 

solution. The results were compared with the flourimetric titration of pure BSA solution with 

complex. Fluorescence spectra are shown in Fig. S24, which revealed that the quenching of BSA 

in the presence of ibuprofen was smaller than in its absence. To facilitate the comparison of the 

influence of phenylbutazone and ibuprofen on the binding of the complex to BSA, in each case 

the binding constant values were measured (Table S4). It was revealed that the binding constant 

of the system decreased remarkably in the presence of ibuprofen, but a small decreasing was 
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observed in the presence of phenyl butazone [96, 97]. Decreasing in probe fluorescence result 

from competitive displacement by the complex and demonstrated the higher affinity of the 

complex to site II (subdomain IIIA) in BSA. 

Energy transfer and binding distance between complex and BSA. To determine the 

approximate proximity and angular orientation of fluorophores FRET (Fluorescence resonance 

energy transfer) method is applied.  FRET is defined as a "spectroscopic ruler" by which the 

distance between biological molecules is determined. In this regard the fluorescence band of one 

molecule (donor) overlaps with an excitation band of another (acceptor) which are within 2-8 nm 

[98, 99]. Some conditions must be establish for accomplishing energy transfer from donor to 

acceptor (1) donor must be a fluorophore to have a  fluorescence band, (2) an enough overlap 

must be between the fluorescence spectrum of the donor and absorption spectrum of the 

acceptor, (3) the distance between the donor and the acceptor must be in the range 2–8 nm [100]. 

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

E = R	�

R	� + r� = 1 − F
F	 																																																												(10) 

Where E is the transfer efficiency between donor and acceptor, F and F0 are the fluorescence 

intensities of BSA in the presence and absence of complex, r is the donor–acceptor distance and 

R0 (calculated from Equation 11) is the critical distance where the transfer efficiency is 50%: 

R	� = 8.8 × 10��]K�N�^ΦJ																																																		(11) 

The value of K2 = 2/3 is used for random orientation of the donor and acceptor in fluid 

solution, N is the averaged refracted index of the medium in the wavelength range where spectral 

overlap is significant, and N= 1.336 for the average refracted index of water and organics, Φ is 
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the fluorescence quantum yield of the donor, that Φ = 0.118 for the fluorescence quantum yield 

of tryptophan [100], J is the effect of the spectral overlap between the emission spectrum of the 

donor and the absorption spectrum of the acceptor, which could be calculated by Equation 12: 

J = a F(λ)ε(λ)λ^dλd
	
a F(λ)dλd
	

																																																						(12) 

In this equation F(λ) is the corrected fluorescence intensity of the donor in the wavelength 

range from λ to (l+∆λ) and ε(λ) is the molar extinction coefficient of the acceptor at λ. 

The overlap of BSA emission spectrum and the complex absorption spectrum is the basis of 

FRET that regarding to Fig. S25 it has a considerable amount. Thus, FRET theory is applicable 

to determine the distance between the amino acid residues on protein and the complex in the 

binding site [101]. According to Equations 10, 11, 12, the values of E= 0.57, J = 1.83×10-15 cm3 

L mol-1, R0 = 1.90 nm and the binding distance r = 1.81 nm were calculated. The value of r is less 

than 8 nm, and 0.5R0 < r < 1.5R0, indicating the energy transfer from BSA to the complex occurs 

with high probability [102-104]. 

Synchronous fluorescence spectroscopic studies. The intrinsic fluorescence of BSA is 

mainly due to emission of tyrosine and tryptophan residues. Therefore, it is reasonable that the 

emission spectrum of BSA be sensitive to the microenvironment of these chromophores. 

Synchronous fluorescence experiments effectively reveals the mentioned conformational changes 

in BSA sites upon interaction with complex [105]. Synchronous fluorescence spectra were 

achieved by maintaining a known constant wavelength difference which derive from the 

difference between excitation and emission wavelengths (∆λ= λem - λex ) of chromophores 

namely tryptophan and tyrosine.  The large ∆λ = 60 nm and small ∆λ = 15 nm values for BSA 
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system are ascribed to the fluorescence of tryptophan and tyrosine residue, respectively [106, 

107]. The maximum of the  emission spectra of BSA which mainly result from the tryptophan 

and tyrosine residues can be straightforward related to the polarity of their surroundings [105]. in 

this regard, increasing in the polarity of the surrounding environment, decreasing in 

hydrophobicity and losing the structure of BSA, cause a shift of the maximum emission 

wavelength [100, 108]. 

The addition of various concentrations of the complex to the synchronous fluorescence 

spectrum of BSA at ∆λ=15 (Fig. S26 (a)), revealed a small quenching, with 1 - 2 nm shift in the 

maximum of peak (282nm) within the applied concentration range. Therefore, the effect of 

complex on the microenvironment of the tyrosine residue was very little and could be ignored. 

The synchronous fluorescence spectra of BSA at ∆λ=60 nm exhibited more intense quenching 

(Fig. S26 (b)) at 280 nm with 1 - 2 nm shift in the position of the band. It indicated that the 

conformation of BSA was changed because of increasing the polarity and decreasing the 

hydrophobicity of the microenvironment around tryptophan residue [100]. Therefore, it further 

confirmed that the complex bound to site II of BSA. 

Circular dichroism spectroscopy. CD spectroscopy is an important technique for structure 

characterization of proteins [109]. The CD spectra of BSA in the absence and presence of the 

complex is shown in Fig 10. Upon addition of the complex, α-helix decrease from 64% (free 

BSA) to 29%, and a slight increase in turn from 13% (free BSA) to 16% along with a dramatic 

increase of random coil from 16% to 37% was observed (Table. S5). Thus, some α-helix 

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

buffer (pH 7.2) containing 0.4 % DMSO. 

Molecular docking study. The BSA molecule is made up of three homologous domains: 

domain I (residues 1–195), II (196–383) and III (384–585) that are divided into nine loops (L1–

L9) by 17 disulfide bridges. Each domain is composed of two sub-domains (A and B) (Fig. S27) 

[110].  

In the present study, the MVD program [111] was chosen to obtain the binding mode of the 

complex at the active site of BSA. The ranked results are reported in Table S6 and the best-

ranked result was obtained for site II of BSA. As shown in Fig. S28a, the complex is inserted 

into the hydrophobic residues of site II (subdomain IIIA). The binding energy for the complex to 

BSA was found to be −154.82. These results are in agreement with those obtained by the 

experimental method. Fig. S28b shows that the complex is surrounded by amino acid residues 
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such as: Thr448, Pro383, Leu452, Arg484, Pro485, Glu382, Ser488, Ala489, Lys413, Leu490, 

Thr491, Pro492, Arg409, Leu386, Asn390, Ile387, Asn385, Gln389.  

Anticancer activity studies 

Studies on the anticancer properties of metal Schiff base complexes have been of 

considerable attention [112-115]. We measured the anticancer activity of the complex against 

Jurkat, Raji and A549 cell lines using MTT assay. Cell lines were treated with increasing 

concentrations of the complex for 48 h, and then the level of cytotoxicity was quantified. As 

shown in Fig. S29 the complex had cytotoxic effects against all tested cell lines. To compare the 

cytotoxic activity of the complex on various cell lines, the IC50 values were determined. Table S7 

demonstrates that the IC50 values of the complex for Jurkat (20.3 µg/mL) and Ragi (23.1 µg/mL) 

cell lines (<0.23 µg/mL) were slightly lower than that for A549 cell line (29.2 µg/mL) showed a 

slightly more effectiveness of the complex on cells of leukemia origin. The IC50 values of the 

complex for each cell line were also comparable to that of cis-platin (25 µg/mL for Jurkat, 30 

µg/mL for Raji and 79.4 µg/mL for A549 cells). 

Conclusion 

In the present study, we have reported for the first time that a tridentate Schiff base ligand 

could be used to produce a novel Cu(II) distorted cubane complex containing a Cu4O4 core. We 

have also shown that the tetra-nuclear Cu(II) cubane complex [CuL]4 can act as an efficient 

catalyst in the temperature dependent oxidation of 3,5-ditertbutylcatechol to its corresponding o-

quinone. The kinetics of the oxidation were studied under pseudo first order condition at four 

different temperatures from 283 to 313K. The positive free energy leads to a nonspontaneous 

process. In addition, the positive ∆H# (activation enthalpy changes) values confirmed 
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endothermic process and the proposed catalytic cycle of the process clearly explained the 

positive value of ∆S# (activation entropy changes).  

The cubane complex was further investigated in DNA & BSA binding, DNA cleavage and 

anticancer activity.  The results revealed that the main mode of binding of the complex to FS-

DNA was intercalation. Gel electrophoresis studies suggested the strong DNA cleavage activity 

of [CuL]4 complex in the presence of H2O2. The complex exhibited excellent binding affinity to 

BSA without any aggregation for the albumin molecule. Competitive experiments revealed that 

site II of BSA was suitable to accommodate the complex. The results of synchronous 

fluorescence showed that the conformation of BSA was changed because of an increase in the 

polarity and decrease in the hydrophobicity of the microenvironment around tryptophan residue, 

which further confirmed site II of BSA for binding. Considering the negative ∆H and positive 

∆S values, thermodynamic results suggested electrostatic mode of binding between the complex 

and BSA.  The values of Kb decreased with increasing temperature, which suggests a static 

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

Finally, the complex was screened for its anticancer activity against Jurkat human T cell 

leukemia, Raji Burkitt's lymphoma and A549 lung carcinoma cell lines, which revealed that the 

[CuL]4 complex has better anticancer activity than cis-platin.  
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Highlights 

• A novel Cu(II) distorted cubane complex containing Cu4O4 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. 
• In vitro anticancer activity of the complex was evaluated against A549, Jurkat and Ragi 

cell lines by MTT assay.  
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