
www.rsc.org/advances

RSC Advances

This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. This Accepted Manuscript will be replaced by the edited, 
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 



1 

 

Synthesis, crystal structure, DNA interaction and in vitro anticancer 

activity of a Cu(II) complex of purpurin: Dual poison for human DNA 

topoisomerase I and II 

 

 

 

Piyal Dasa, Chetan Kumar Jainb,d, Sanjoy K. Deyc, Rajat Sahac, Abhishek Dutta 

Chowdhurya, Susanta Roychoudhuryb, Sanjay Kumarc, Hemanta Kumar Majumderd 

Saurabh Das*a 

 

 

 

 

 

 

a
 Department of Chemistry, Jadavpur University, Kolkata-700032, India. 

 
b
 Cancer Biology & Inflammatory Disorder Division, Indian Institute of Chemical Biology, Kolkata-700032, 

India. 
 

c
 Department of Physics, Jadavpur University, Kolkata-700032, India. 

 
d
 Infectious Diseases and Immunology Division, Indian Institute of Chemical Biology, Kolkata-700032, 

India. 
 

 

E-mail:  sdas@chemistry.jdvu.ac.in (S. Das) 
            kumars@phys.jdvu.ac.in    (S. Kumar) 
 hkmajumder@iicb.res.in    (H. K. Majumder) 
 

 

 

Page 1 of 40 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



2 

 

Abstract 

Although generation of reactive oxygen species (ROS) by anthracycline anticancer drugs 

is essential for anti-tumor activity they make these drugs cardiotoxic. Metal-anthracyclines 

that generate relatively fewer ROS are effective antitumor agents. Purpurin (LH3), a 

hydroxy-9, 10-anthraquinone, closely resembles doxorubicin, an established anthracycline 

drug. This molecule was chosen to see the extent to which simpler analogues are effective. 

A Cu(II) complex of LH3 [Cu(II)-(LH2)2] was synthesized to mimic the metal-anthracycline 

complexes. The crystal structure of [Cu(II)-(LH2)2] was determined by Rietveld refinement 

of PXRD data using an appropriate structural model developed on the basis of 

spectroscopic data. It is the first report on crystal structure of any hydroxy-9,10-

anthraquinone with a 3d-transition metal ion. The bond lengths and bond angles obtained 

by structural refinement corroborate those calculated by DFT method. DNA binding of the 

complex was slightly better than purpurin. However, more importantly unlike purpurin, 

binding constant values did not decrease with increase in pH of the medium. DNA 

relaxation assays show Cu(II)-(LH2)2 as a novel potent dual inhibitor of human DNA 

topoisomerase I and topoisomerase II enzymes. Cu(II)-(LH2)2 stabilizes covalent 

topoisomerase-DNA adducts both in-vitro and within cancer cells. The cleavage assay 

keeps the complex well ahead of LH3 with regard to efficacy. These results paralleled 

those of cell growth inhibition and showed that the complex was more effective in killing 

ALL MOLT-4 cells than LH3, suggesting it targets topoisomerase enzymes within cells. 

The NADH dehydrogenase assay revealed further that the generation of superoxide was 

less in case of the complex compared to LH3.  

 

Keywords: Anthracyclines, purpurin, Cu(II)-purpurin complex, crystal structure, DNA 

topoisomerase, ALL MOLT-4 cells, ROS generation, anticancer drug. 
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1. Introduction 

Anthracycline anticancer agents are currently in use in various forms of chemotherapy.1 

The two most well known drugs in this series, adriamycin (doxorubicin, DOX) and 

daunomycin are extensively used in breast cancer and acute lymphoblastic leukemia 

(ALL). These compounds function as DNA topoisomerase inhibitors.1 DNA 

topoisomerases are essential nuclear enzymes found in cells that help to maintain DNA 

topology during processes like replication, transcription and recombination, ensuring the 

faithful segregation of chromosomes during cell division.1-3 The nucleus of mammalian 

cells contain two principal types of DNA topoisomerases, DNA topoisomerase I (topo I) 

and DNA topoisomerase II (topo II) that are molecular targets for several anticancer 

drugs.2,3 Topoisomerase inhibitors belong to two different classes. Class I inhibitors or 

topoisomerase poisons inhibit controlled strand rotation or the re-ligation step of the 

enzymatic reaction cycle forming enzyme linked DNA lesions that initiate cell cycle arrest 

leading to apoptosis.4 Class II inhibitors or catalytic topoisomerase inhibitors inhibit DNA 

binding or the DNA nicking step of the enzyme-reaction cycle.5-8  

The major concern on the use of anthracyclines is their associated cardiotoxicity and life-

threatening heart damage.9-18 Studies on breast cancer itself reveal, ~27% of the patients 

suffer congestive heart failure later in life owing to anthracycline treatment.19, 20 Reports 

have indicated reactive oxygen species (ROS) produced by anthracyclines are mainly 

responsible for cardiotoxicity and that the hydroxy-9,10-anthraquinone moiety present in 

these molecules is the seat of generation of ROS.1 At the same time, ROS is essential for 

anticancer activity also.21, 22 Hence, there is a need to have a proper balance in the 

generation of ROS such that it maintains anticancer activity but is not cardiotoxic. 

Lowering ROS generation to appropriate levels could be one approach to minimize side 

effects of these drugs and their analogues.  
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Recent studies on hydroxy-9,10-anthraquinones and their metal complexes have shown 

remarkable similarity with anthracyclines particularly with regard to physicochemical 

attributes, electrochemical behavior and biophysical interactions.23-25 Cardiotoxicity of 

anthracyclines was shown to decrease significantly when they form complexes with metal 

ions.26,27 Complexes of Cu(II) with anthracyclines generate relatively less ROS but are 

effective anti-cancer agents.26-29 With these facts in mind, our aim was to pick simple 

hydroxy-9,10-anthraquinones, prepare their complexes and compare them with similar 

complexes of anthracyclines.30 Purpurin (1, 2, 4-trihydroxy-9, 10-anthraquinone) that 

closely resembles DOX was chosen and a Cu(II) complex was prepared. Results obtained 

with this complex was compared with Cu(II) complexes of DOX with regard to 

semiquinone formation, DNA interaction, action on DNA topoisomerase enzymes to 

realize its potential as an anticancer agent.31 

2. Experimental 

2.1 Synthesis of a Cu(II) complex of LH3  

Purpurin (LH3) of ~96% purity was purchased from Sigma-Aldrich and further purified by 

re-crystallization from ethanol-water mixtures. The compound being photosensitive, was 
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stored in the dark. The complex was prepared by mixing Cu(NO3)2.3H2O and LH3 in the 

ratio 1:2 (metal to ligand stoichiometry determined by mole-ratio method, Supplementary 

section). LH3 (0.09 mmol) and Cu(NO3)2.3H2O (0.045 mmol) were dissolved in a 

minimum volume of hot absolute ethanol and triple distilled water respectively. The Cu(II) 

solution was added drop by drop to the yellowish-orange solution of LH3 taken in a 

beaker, with continuous stirring with the help of a temperature controlled magnetic stirrer. 

The intense yellowish-orange color of LH3 changed almost immediately to dark brown 

upon addition of the aqueous Cu(II) solution. Solvent ratio was 2:1 ethanol-water. The 

reaction mixture was stirred for 2 hours at 40˚C. After 2 hours, it was kept overnight in the 

dark. A brown colored solid settled to the bottom of the beaker while the supernatant was 

yellow in color. The solution was filtered. The brown residue was washed with warm 10% 

ethanol solution. It was then purified from acetonitrile and dried in a vacuum desiccator. 

Utmost care was taken to prevent the formation of a polymeric 1:1 complex under alkaline 

conditions.32 pH of the medium was maintained at ~ 6.00 using sodium bicarbonate. 

Yield: 68 %. Analytical calculation (%) for CuC28H18O12: C, 55.13; H, 2.95. 

Experimentally found: C, 54.81; H, 2.90. Cu(II) was estimated using standard procedure.33 

Analytical calculation (%) 10.42, experimentally found 10.34. UV-Vis spectra: λmax at 515 

nm. MS (m/z): 630 [M + Na]+. 

2.2 X-ray powder diffraction measurements and crystal structure of Cu
(II)

-(LH2)2 

The X-ray powder diffraction data was collected on Bruker D8 Advanced powder 

diffractometer using CuKα radiation (λ=1.5418 Å). The generator settings were 40kV and 

40mA. Diffraction pattern was recorded at room temperature (21oC) with step size 0.0199o 

(2θ) and a count time of 5 sec per step over the 2θ range of 5o-80o.  The X-ray powder 

diffraction pattern was indexed by NTREOR of EXPO 2009 package and results indicate 

the sample crystallizes in a triclinic unit cell with a =12.575 Å, b =12.412 Å, c =10.343 Å 
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and α=97.09o, β=113.49o, γ=62.38o [M(20) = 14, F(20) = 14.(0.003767, 338)].34 The 

statistical analysis of powder patterns using the FINDSPACE of EXPO 2009 software 

package indicates that the most probable space group is P-1. Structure was solved by 

global optimization method in direct-space using Monte Carlo based simulated annealing 

technique (in parallel tempering mode) as implemented in the program FOX with the help 

of an initial structural model developed on the basis of spectroscopic information 

(provided in “Supplementary Information”).35 The initial molecular geometry was 

optimized by MOPAC 2007 program and this optimized structural model was used as an 

input to the FOX program in order to obtain the atomic coordinates.35, 36 The atomic 

coordinates thus obtained from FOX were used as the starting model for Rietveld 

refinement carried out by the GSAS software package with EXPGUI interface.37, 38 The 

lattice parameters, background coefficients and profile parameters were refined. The 

background was described by the shifted Chebyshev function of the first kind with 24 

points regularly distributed over the entire 2θ range. A fixed isotropic displacement 

parameter of 0.04 Å2 for all non-hydrogen atoms and 0.06 Å2 for hydrogen atoms was 

maintained. In the final stage of refinement, preferred orientation correction was applied 

using the generalized spherical harmonic model of order 10.  

2.3 Computational Details 

Full geometry optimizations were carried out at the (U)B3LYP levels using density 

functional theory method with Gaussian 09 (revision A.02).39-41 All elements were 

assigned by the LanL2DZ basis set with effective core potential.42, 43 Stationary-point 

calculations were carried out using the output coordinates from the geometry optimization 

calculations. GaussSum was used to calculate fractional contributions of various groups to 

each molecular orbital.44, 45 No symmetry constraints were imposed during structural 

optimizations and the nature of the optimized structures and energy minima were defined 
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by subsequent frequency calculations. Natural bond orbital analyses were performed using 

NBO 3.1 module of Gaussian 09 on optimized geometry.46-49 All calculated structures 

were visualized with ChemCraft.50 

2.4 Electrochemistry of Cu
(II)

-(LH2)2  

Cyclic voltammetry was performed on an EG & G Potentiostat Model 263A, Princeton 

Applied Research having power suite software for electrochemistry. Voltammograms 

were recorded using the three-electrode system. A glassy-carbon electrode of surface area 

0.1256 cm2 was the working electrode, Ag/AgCl, KCl (saturated) was the reference while 

a platinum wire served as the counter electrode. Electrochemical measurements were done 

in a 50 ml electrochemical cell with dimethyl formamide (DMF) as the solvent and 0.1 

(M) tetrabutylammonium bromide (TBAB) as supporting electrolyte.23, 24 Before each 

cyclic voltammetry experiment, the solution was purged using high purity Argon for 40 

minutes while in between each scan the solution was purged with Argon for a further 5 

minutes. 

 

2.5 Interaction of LH3 and Cu
(II)

-(LH2)2 with CT DNA  

2.5.1 By UV-Vis spectroscopy 

Interaction was studied using a JASCO V-630 UV-Vis spectrophotometer. A pair of 

quartz cuvettes (STARNA Scientific Ltd.; 10mm×10mm path length) was used. Separate 

aliquots, each containing a constant concentration (75 µM) of LH3 or Cu(II)-(LH2)2 and 

different concentrations of CT DNA were used at different pH. CT DNA was gradually 

increased until saturation was reached. The total volume was kept constant at 2.0 ml using 

15 mM Tris buffer and 120 mM NaCl. At the end of the titration, CT DNA was ~30 folds 

greater than the concentration of compounds used. Each experiment was repeated thrice. 
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Binding constant and site size of interaction was determined using standard equations.23, 24, 

33, 51, 52 

2.5.2 By fluorescence spectroscopy 

Interaction was studied using a HITACHI S-7000 fluorescence spectrophotometer.23, 24, 32 

Solutions were excited at 515 nm and emission was measured at 582 nm at 298 K. The 

complex (75 µM) was taken in a fluorescence cuvette (10mm×10mm path length) and 

titrated with increasing amounts of CT DNA. The total volume (2.0 ml) was constant 

using 15 mM Tris buffer (pH 7.4) and 120 mM NaCl. Here too, at the point of saturation, 

CT DNA was ~30 folds greater than the concentration of Cu(II)-(LH2)2. The experiment 

was repeated thrice. Binding constant and site size of interaction was evaluated. 

2.6 DNA relaxation assays for topoisomerase I and topoisomerase II enzymes 

Recombinant human DNA topoisomerase I and human DNA topoisomerase II enzymes 

were purchased from TopoGEN Inc (Port Orange, Florida, USA). DNA relaxation assays 

for recombinant human DNA topoisomerase I and topoisomerase II enzymes were 

performed in the presence and absence of the compounds by briefly incubating 100 fmol 

of supercoiled pBS SK (+) DNA with 50 fmol of the enzyme in the reaction buffer 

provided with the enzymes. Dimethyl sulphoxide (DMSO) concentration was maintained 

at 1% (vehicle control). Camptothecin (CPT) and Doxorubicin (DOX) were purchased 

from Sigma (St. Louis, MO, US) to be used as positive control drugs that stabilize 

covalent topoisomerase I-DNA complexes and covalent topoisomerase II-DNA complexes 

respectively. Reactions were incubated at 37oC for 30 minutes, loaded on 1% agarose gel 

and electrophoresed at 20 volts overnight. After completion of electrophoresis, gels were 

stained with 0.5 µg/ml ethidium bromide and viewed by Gel Doc 2000 (BioRad) under 

UV illumination. Relaxation was assessed by monitoring the decreased electrophoretic 

mobility of relaxed topoisomers of pBS SK (+) DNA. 
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2.7 DNA cleavage assay for topoisomerase I and topoisomerase II enzymes 

DNA cleavage assay for topoismerase I and topoismerase II was performed in the 

presence or absence of the compounds by briefly incubating 100 fmol of supercoiled pBS 

(SK+) DNA with 500 fmol of enzyme. For topoisomerase I, the reaction buffer contained 

10 mM Tris-HCl (pH 7.5), 50 mM KCl, 5 mM MgCl2, 0.1 mM EDTA and 15 µg/ml BSA 

while for topoisomerase II, assay was done in 1X mixture of the two reaction buffers 

provided with the enzyme. All reactions were performed in the presence of 400 µM N-

acetyl cysteine (NAC) (Sigma) and 100 µM ascorbic acid (AA) (Sigma). Reactions were 

incubated at 37 oC for 30 minutes and stopped with 0.5% SDS. Enzymes were digested by 

proteinase K treatment. DMSO concentration was maintained at 1% (vehicle control). 

CPT and DOX were used as positive control drugs that stabilize covalent topoisomerase I-

DNA complexes and covalent topoisomerase II-DNA complexes respectively. Reactions 

were loaded on 1% agarose gel with 0.5 µg/ml ethidium bromide. Electrophoresis at 80 

volts was done for 3 hours. After completion of electrophoresis, gels were viewed by Gel 

Doc 2000 (BioRad) under UV illumination. 

2.8 Cell culture and cell viability assay 

MOLT-4 cells were cultured in RPMI medium (GIBCO, Invitrogen, Carlsbad, CA, US), 

supplemented with 10% fetal bovine serum (GIBCO), antibiotic mixture (1X) PSN 

(GIBCO) and gentamicin reagent solution (GIBCO). Cells were incubated in a humidified 

CO2 incubator at 37oC. Etoposide (ETO) was purchased from Sigma (St. Louis, MO, US) 

to be used as a positive control drug along with CPT and DOX. These were dissolved in 

DMSO. MOLT-4 cells were seeded in 96 well plates for 24 hours before drug treatment. 

After 24 hours, cells were treated with LH3, Cu(II)-(LH2)2 and the control compounds. 

DMSO concentration was less than 0.5%. After treatment for 72 hours cell viability was 

checked by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. 
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Briefly, cells were washed with 1X PBS and treated with MTT for 4 hours at 37oC. 

Precipitates were dissolved in DMSO and plates were analyzed on Thermo MULTISKAN 

EX plate reader at 595 nm. 

2.9 Immunoband depletion assay 

For the immunoband depletion assay MOLT-4 cells were cultured in 35 mm dishes and 

treated with either 10 µM CPT or 10 µM DOX or 40 µM LH3 or 20 µM Cu(II)-(LH2)2. 

Cells were harvested at 0 hour, 4 hours, 8 hours and 12 hours time points. Equal amounts 

of protein were electrophoresed on SDS-poly acryl amide gel. Separated proteins were 

then transferred on to a nitrocellulose membrane and western blotting was performed 

using anti-topo I and anti-topo II antibodies (Santa Cruz Biotechnology, Inc. Santa Cruz, 

CA, USA). 

2.10 NADH dehydrogenase assay 

The enzyme assay was done at 298 K with cytochrome c as electron acceptor.25, 53 LH3 

and Cu(II)-(LH2)2 were assayed for NADH-cytochrome c reductase activity monitoring the 

reduction of cytochrome c at 550 nm. Tris buffer (pH ~7.4), 80.0 µM cytochrome c, 160.0 

µM NADH, 3.0 U/lit NADH dehydrogenase and test compounds were used. LH3 and 

Cu(II)-(LH2)2 concentrations were varied from 0 to 45.0 µM. Activity of NADH 

dehydrogenase is expressed in units where one unit of activity reduces 1.0 µ mole oxidized 

cytochrome c per minute at 298 K. Formation of superoxide radical anion catalyzed by 

LH3 and Cu(II)-(LH2)2 was measured from the reduction of cytochrome c inhibited by 

superoxide dismutase (SOD) (0 or 40.0 µg/ml) in the presence of NADH and NADH 

dehydrogenase.25-27 The kinetics software of JASCO V-630 was utilized for the purpose. 

 

3. Results and Discussions 

3.1 X-ray crystal structure description of [C28H14O10 Cu] 
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Structural analysis from PXRD data (Fig.1a) indicates that the Cu(II) complex crystallizes 

in P-1 space group. The ORTEP diagram for the complex is depicted in Fig. 1b.  

According to the refined structure obtained by analyzing the PXRD data each asymmetric 

unit of the complex contains one Cu(II) ion, two monanionic LH2
─ units and two guest 

water molecules. Each Cu(II) center shows perfect square planar geometry with 

coordination number four. The coordination environment of Cu(II) is satisfied by two 

deprotonated phenolic –OH groups ( O18 and O35) of two different LH3 units and two 

carbonyl oxygen atoms ( O19 and O34). The crystal structure obtained by Rietveld 

refinement of PXRD data exhibits that all Cu-O bond distances vary in the range 1.847-

1.884 Å and all cisoid and transoid angles vary in the range 87.2o-92.9o and 179.86o-

179.89o respectively. Two LH3 units are inversely connected to the metal center; each 

monomeric unit is connected by supramolecular interactions leading to higher dimension. 

The ORTEP diagram of the Cu(II)-(LH2)2 complex (Fig. 1b) almost completely matches the 

DFT optimized structure (Fig. 1c). In the absence of a single crystal for systems such as 

this one, powder X-ray diffraction remains the only option to obtain a structure. In our 

case, the structure obtained from powder diffraction not only matched other experimental 

findings but also was in good agreement with DFT calculations. This is the first reported 

structure of a complex of any hydroxy-9, 10-anthraquinone with a 3d-transition metal 

ion.30 Final crystallographic data, structure refinement parameters, selected bond length 

and bond angles are summarized in Table 1 and Table 2.   

3.2 DFT study of Cu
(II)

-(LH2)2 complex 

Although the structure of Cu(II)-(LH2)2 was obtained from powder X-ray diffraction data, a 

DFT study was done to check the formation of the complex and to predict certain physical 

and chemical properties. The MO composition of Cu(II)-(LH2)2 from DFT calculations is 

provided in Table 1S. The α-HOMOs and β-LUMOs are primarily composed of redox 
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non-innocent quinone moieties of Cu(II)-(LH2)2 that essentially make the paramagnetic 

copper centre a redox silent site [Fig. 1d-1g]. DFT calculations of Cu(II)-(LH2)2 predict 

quinone based redox processes. Analysis of the spin density plot (Fig. 1h) predicts a mixed 

metal-ligand behavior of the paramagnetic copper center that was experimentally verified 

in the EPR spectrum of the complex (supplementary section). The TDDFT calculation 

revealed electronic transitions obtained in the UV-Vis spectrum would be LLCT (Table 3). 

DFT computer predictions of Cu(II)-(LH2)2 were in excellent agreement with the solved 

structure with calculated bond lengths and angles being very close to that obtained through 

a computer model that provided a best fit for the experimental data (Fig. 1b, 1c and Table 

1, 2). 

3.3 Electrochemical behavior of Cu
(II)

-(LH2)2 complex 

The complex showed one-electron reduction in DMF (Fig. 2a) with a peak at -0.866 V (vs. 

Ag,AgCl/ KCl saturated) and E1/2 = -0.810 V was similar to an earlier report from our 

laboratory.32 In case of LH3, we reported earlier that the molecule undergoes two-step one-

electron reduction forming a semiquinone that converts to a quinone di-anion.23 The 

variation of cathodic peak current with square root of potential sweep rate according to 

Randles equation (Eq. 1) was linear in case of the complex (Fig. 2b) indicating reduction 

of Cu(II)-(LH2)2 in DMF was diffusion controlled.55, 56 

 

ipc = (2.69 × 105). n3/2. D0
1/2. A. C. ν1/2        (1) 

ipc = cathodic peak current (A), n = total number of electrons involved, A = area of the 

electrode (cm2), C = concentration (moles/cm3), ν = scan rate (V/s). The diffusion 

coefficient (D0) was calculated from the slope of the plot (Fig. 2b) and found to be 

4.462×10-5 cm2/s. The ratio of peak currents at different potential sweep rates were 

calculated with the help of Nicholson’s equation.56, 57 
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��� ���� =	 (���)
��� +	
.��	×	(���)
��� + 	
. 
��           (2) 

 

(isp)0 was the current at Eλ (switching potential) and (ipa)0 was the uncorrected anodic peak 

current with respect to zero current (baseline). The experimental data in Table 4 shows 

ratio of peak currents (ipa/ipc) was unity at all scan rates. This indicates that the redox 

behavior of Cu(II)-(LH2)2 in an aprotic solvent like DMF was completely reversible. Redox 

processes of the complex obtained from cyclic voltammetry studies corroborate the 

prediction made earlier from DFT calculations that redox processes would be quinone 

based. The Cu(II)/Cu(I) couple had a reduction potential of 0.55 V vs. Ag,AgCl/ KCl 

(saturated) in acetonitrile solvent. 

3.4 Interaction of LH3 with CT DNA by UV-Vis spectroscopy: The effect of pH 

A detailed study on the interaction of LH3 with CT DNA was reported earlier.23 In that 

report, we showed that LH3 is a DNA intercalator. Intrinsic binding constant and site size 

of interaction was found to be (4.51 ± 0.20) × 104 M-1 and (5.21 ± 0.20) nucleotides 

respectively.23 In this study, an effort was made to show the manner in which the intrinsic 

binding constant for the interaction of LH3 with DNA varied with pH at constant ionic 

strength of the medium. It was observed as pH increased the extent of interaction between 

LH3 and CT DNA decreased (Table 2S) attributed to the generation of an anionic form of 

LH3 at physiological pH.58 With increase in pH, LH2
─ formed from LH3 faced more 

repulsion from DNA that manifested by a decrease in binding constant values. Since LH3 

exists in two forms at physiological pH [6.65 to 8.35], hence binding of it to CT DNA at 

any pH in the specified range was a consequence of both.58 To know the contribution of 

each and the impact that a change in pH has on the strength of interaction, the overall 
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binding constant at each pH was treated according to the Henderson-Haselbach equation 

(Equation 3).58, 59 

pH	 = 	pK� 	+ 	log	 [��][��]  (3) 

Impact of the negative charge on LH2
─ on the overall binding constant was determined by 

plotting K* at five different pH values. Thus, the contribution of each form towards overall 

binding constant was evaluated with the help of equations 8 & 9. The overall binding 

constant could be defined as  

	K∗ 	= 	 [ ь]	
[ "]	[�#$]   (4) 

The change in absorbance of LH3 upon binding enabled the determination of Cь and Cf 

(supplementary section). [DNA] represents the total concentration of CT DNA. Since 

overall binding constant at each pH was considered to be made up of two terms K0 and 

K─, hence K0 was defined as the overall binding constant of the neutral form (K% =

	 [ ь�]
[ "�][�#$]	) while K─ was that due to the anionic form (K& = 	 [ ь�]

[ "�][�#$]	). The total bound 

and free forms of purpurin were 

[Cь] = [Cь0] + [Cь−]       (5) 

and  [Cf] =  [Cf
0]  +  [Cf

-−]          (6) 

           pH	 = 	pKa + 	log	 [ "–][ "�]       (7)       

Equation 4 could then be written as 

K* (1+ 10pH ─ pK) = K0 + K─ × 10pH ─ pK   (8)    

Or 

K* = (K0 + K─ ×10pH ─ pK)/(1+10pH ─ pK)    (9) 

According to equation 8, plot of K*(1+ 10pH ─ pK) as a function of 10pH ─ pK
 yields a 

straight line (Fig. 3a) with a correlation coefficient 0.99. K─ was determined as the slope 
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and K0 as the intercept. Values were (5.65 ± 0.48) × 106 M-1 and (2.41 ± 0.04) × 104 M-1 

for K0 and K─ respectively. Overall binding constants (K*) were also plotted against pH 

according to equation 9 (Fig. 3b) and values for K0 and K─ were (4.61 ± 0.10) × 106 M-1 

and (2.69 ± 0.07) × 104 M-1 respectively. Knowing the contributions of the neutral (K0) 

and mono-anionic (K─) forms of purpurin, one is now in a position to calculate K* for 

purpurin binding to CT DNA at any pH. Results indicate the negative charge on the 

anionic form of LH3 (LH2
─) holds the molecule back from interacting with CT DNA that 

might have an impact on its overall potency.58, 60 If the generation of the negative charge 

on LH3 is prevented then the overall binding constant (K*) should increase allowing 

purpurin to have binding constants with CT DNA that are comparable to those reported for 

anthracyclines.59 This is expected from a structure-function correlation that is today an 

important feature in understanding modern aspects in chemical biology.60 

  

3.5 Interaction of Cu
(II)

-(LH2)2 with CT DNA  

3.5.1 By UV-Vis spectroscopy 

Cu(II)-(LH2)2 has a peak at 515 nm at physiological pH that gradually decreased in 

intensity on adding CT DNA. The spectra also showed a slight blue shift by 4-7 nm (Fig. 

3c). Interaction between the electronic states of the Cu(II)-(LH2)2 chromophore and those of 

the DNA bases could be a reason for this hypsochromic shift.23, 24 These spectral features 

suggest interaction between Cu(II)-(LH2)2 and CT DNA was a case of intercalation through 

an ordered stacking of Cu(II)-(LH2)2 between aromatic heterocyclic base pairs of the DNA 

helix.23, 24, 32 л-л stacking and dipole-dipole interactions help to stabilize the [Cu(II)-

(LH2)2]-DNA adduct formed as a consequence of interaction between the electron-

deficient quinones of Cu(II)-(LH2)2 and electron-rich purine or pyrimidine bases of the 

DNA helix.24 
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Overall binding constant (K*) was determined with the help of standard equations 

(supplementary section) [shown in Figs. 3d, S7(a), S7(b)]. Results are summarized in 

Table 5. Under condition of 1:1 compound-DNA adduct formation, presence of excess CT 

DNA compared to Cu(II)-(LH2)2, the Benesi-Hildebrand equation (Eq. 10) was used to 

determine K*.23, 24, 61 

 

)

)&)
 	= 	

∊+
∊,�+&∊+ 	+	

∊+
∊,�+&∊+ .

-
./[01)]  (10) 

A0 and A are absorbances of Cu(II)-(LH2)2 in the absence and presence of CT DNA; ∊G and  

∊H-G are absorption coefficients of Cu(II)-(LH2)2 and its adduct with DNA respectively. The 

plot of A0/(A-A0) versus 1/[DNA] [Fig. S7(c)] was linear. K* is reported in Table 5. 

Upon complex formation, dissociation of the phenolic-OH at C2 of LH3 is retarded with its 

pK value now being well beyond the physiological pH. As a result, formation of anionic 

species for Cu(II)-(LH2)2 did not arise and we found at all pH values (in the physiological 

pH range) the complex not only had a higher binding constant compared to purpurin (LH3) 

but more importantly the values remained constant over a considerable pH range.60 This 

aspect has a lot of significance for cancer patients for whom there occurs fluctuations in 

body pH. 

3.5.2 By fluorescence spectroscopy 

Interaction of Cu(II)-(LH2)2 with CT DNA was followed at physiological pH by monitoring 

the increase in fluorescence upon adding CT DNA to a constant concentration of Cu(II)-

(LH2)2. An increase in fluorescence was an indication that the mode of interaction was 

intercalation as observed earlier for LH3.
23 The emission spectrum of Cu(II)-(LH2)2 (Fig. 

3e) exhibited a maxima at 582 nm that was used to calculate the change in fluorescence 

(∆F). Binding parameters for Cu(II)-(LH2)2 with CT DNA were analyzed using the same 
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equations as mentioned for the UV-Vis study. For the purpose of analysis, the change in 

fluorescence intensity (∆F) was considered instead of ∆A (equations are provided in the 

supplementary section). In case of fluorescence, our approach was based on the 

assumption that fluorescence intensity was linearly proportional to the concentration of 

Cu(II)-(LH2)2 bound to CT DNA. ∆Fmax and Kapp (= Kd
-1) were obtained from typical double 

reciprocal plots as the intercept and slope respectively [Fig. S8(a)]. ∆F/∆Fmax was plotted 

against concentration of CT DNA. Applying non-linear fitting Kapp (= Kd
-1) was obtained 

(Fig. 3f). Data obtained from fluorimetric titration of Cu(II)-(LH2)2 with CT DNA was also 

analyzed according to Scatchard [Fig. S8(b)].61 Results are summarized in Table 5. The 

data obtained from fluorescence and UV-Vis studies corroborate each other. 

3.6 In-vitro activity of LH3 and Cu
(II)

-(LH2)2 on human topoisomerase enzymes  

To check inhibitory effects of LH3 and Cu(II)-(LH2)2 on human DNA topoisomerase I and 

human DNA topoisomerase II, DNA relaxation assays were performed using recombinant 

human DNA topoisomerase enzymes in the absence and presence of the compounds 

(Materials and Methods). Relaxation assay is based on the fact supercoiled DNA 

molecules are relaxed by active topoisomerase enzymes resulting in the formation of 

topoisomers of relaxed DNA molecules. These topoisomers migrate slowly compared to 

supercoiled plasmid DNA in agarose gel. Therefore, the activity of the enzymes may be 

checked by observing the gel bands for relaxed topoisomers. However, when the enzyme 

gets inhibited, bands for the relaxed topoisomers do not appear on the gel. We found 

Cu(II)-(LH2)2 completely inhibited DNA topoisomerase I and DNA topoisomerase II 

relaxation activities at a concentration of 20 µM while LH3 had no effect at this 

concentration (Fig. 4a and 4b). We used established positive control inhibitors, CPT and 

DOX for topoisomerase I and topoisomerase II enzymes respectively. kDNA decatenation 

assay was done for DNA topoisomerase II enzyme in the presence of LH3 and Cu(II)-
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(LH2)2. Cu(II)-(LH2)2 inhibited decatenation activity of DNA topoisomerase II enzyme at 

20 µM while LH3 had no effect at this concentration (Fig. S9). Therefore, our results 

suggest Cu(II)-(LH2)2 is a novel potent dual inhibitor of topoisomerase I and topoisomerase 

II enzymes in-vitro similar to CPT and DOX. Thus Cu(II)-(LH2)2 inhibit relaxation as well 

as decatenation activities of topoisomerase II enzymes.  

3.7 In vitro stabilization of covalent cleavage complexes by LH3 and Cu
(II)

-(LH2)2 

In order to find out the type of topoisomerase inhibitor the complex is, plasmid cleavage 

assays were performed for topoisomerase I and topoisomerase II enzymes as described in 

Materials and Methods. A plasmid cleavage assay is based on the stabilization of covalent 

complexes between the enzyme and DNA that decreases mobility of DNA in agarose gel. 

This is because during complex formation DNA gets nicked and nicked plasmid DNA has 

lower electrophoretic mobility than supercoiled plasmid DNA. Therefore, when an 

inhibitor is of type class I it would stabilize covalent complexes that could be observed on 

agarose gel. The concentration of LH3 used was double (i.e. 40 µM) that of the complex 

[Cu(II)-(LH2)2] (20 µM) in order to confirm the fact that the effect was due to the complex 

as a whole and not due to free ligand. Cu(II)-(LH2)2 stabilized the covalent enzyme-DNA 

complexes at 20 µM while LH3 had no effect on such complex formation even when used 

at 40 µM. CPT that stabilizes covalent topoisomerase I-DNA complexes was used as 

positive control (Fig. 5a). We further checked the effect of LH3 and Cu(II)-(LH2)2 on 

topoisomerase II-DNA covalent complex formation and found Cu(II)-(LH2)2 completely 

stabilized covalent topoisomerase II-DNA complex at 20 µM while LH3 had no effect even 

when used at 40 µM. DOX was used as the positive control drug since it is known to 

stabilize covalent topoisomerase II-DNA complexes (Fig. 5b). Since Cu(II)-(LH2)2 

generates ROS (although insignificant, discussed later), this could be responsible for DNA 

cleavage also. For this reason, cleavage assays were performed in the presence of NAC 

Page 18 of 40RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



19 

 

and AA that are well-recognized ROS scavengers.63, 64 With this result, one can now say 

that DNA cleavage was due to topoisomerase enzyme inactivation and not due to ROS 

generation (Fig. 5a, 5b). Together the results are interesting and allow us to speculate 

Cu(II)-(LH2)2 is a novel poison (class I inhibitor) for topoisomerase I and topoisomerase II 

enzymes. 

3.8 Effect of LH3 and Cu(II)-(LH2)2 on viability of MOLT-4 cells 

Since DOX and other topo II inhibitors like etoposide (ETO) are used in the treatment of 

ALL we checked the effects of LH3 and Cu(II)-(LH2)2 on acute lymphoblastic leukemia 

(ALL) MOLT-4 cells. MTT assays were performed with CPT (IC50 = 8.89 ± 0.19 µM), 

ETO (IC50 = 5.59 ± 0.23 µM) and DOX (IC50 = 5.25 ± 0.55 µM) (Fig. 6a). Same cell 

viability assay was also done for LH3 and Cu(II)-(LH2)2 on ALL MOLT-4 cells. We found 

Cu(II)-(LH2)2 kills MOLT-4 cells with an IC50 value of 18.59 ± 0.77 µM while the same for 

LH3 was 26.35 ± 0.31 µM suggesting Cu(II)-(LH2)2 was more potent than LH3 (Fig. 6b). 

We suspect enhanced cell killing by Cu(II)-(LH2)2 was due to inhibition of the human DNA 

topoisomerase I and topoisomerase II enzymes present in the nucleus of MOLT-4 cells. 

Although IC50 for Cu(II)-(LH2)2 in MOLT-4 cells was higher compared to CPT, ETO and 

DOX since Cu(II)-(LH2)2 produces relatively low ROS and exerts a novel dual inhibitory 

action on topoisomerase enzymes it could be developed as a useful as well as a less costly 

alternative. 

3.9 Intracellular stabilization of topoisomerase-DNA covalent complexes by Cu
(II)

-

(LH2)2 

To check for intracellular stability of Cu(II)-(LH2)2 and formation of intracellular enzyme-

DNA complexes we performed topoisomerase I and topoisomerase II immunoband 

depletion assay (IDA). IDA is based on the fact if a topoisomerase inhibitor stabilizes the 

covalent enzyme-DNA complex inside the cell then enzyme molecules become associated 
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with chromatin and will not be detected in the immunoband of the enzyme. In such a 

situation, the immunoband for topoisomerases will be depleted in a time dependent 

manner. Our results for topoisomerase I and topoisomerase II immunoband depletion 

assays (Fig. 6c) clearly showed Cu(II)-(LH2)2 efficiently depletes the immunoband of both 

topoisomerase I and topoisomerase II after 12 hour treatment with 20 µM of Cu(II)-(LH2)2. 

On the contrary, LH3 did not deplete the immunoband after a similar 12 hour treatment 

with 40 µM (concentration of LH3 used was double that of Cu(II)-(LH2)2 in order to 

confirm that the effect was due to the complex and not free ligand). These results 

indirectly indicate Cu(II)-(LH2)2 is stable inside the cellular environment and shows without 

any doubt that it efficiently inhibits topoisomerase I and topoisomerase II enzymes by 

stabilizing covalent enzyme-DNA complexes. 

3.10 NADH dehydrogenase assay of LH3 and Cu
(II)

-(LH2)2 

Several studies have suggested that the aspect of cardiotoxicity associated with 

anthracycline anticancer drugs is related to the formation  of  reduced  oxygen  species like 

the superoxide  radical  anion.1,10,11,16-18,26,27 It was shown earlier metal complexes of 

anthracyclines generate less superoxide but are effective against tumors.27 Keeping this in 

mind, we compared the generation of superoxide by LH3 and Cu(II)-(LH2)2 by measuring 

the reduction of cytochrome c inhibited by superoxide dismutase (SOD).53 We found 

increasing the concentration of LH3, the yield of O2
─. increased (Fig. 7), suggesting LH3 

catalyzed the flow of electrons from NADH to molecular oxygen through the enzyme 

NADH dehydrogenase. However, in case of Cu(II)-(LH2)2, formation of O2
─. decreased 

considerably (Fig. 7). In these reactions, formation of superoxide (O2
─.) occurs when 

semiquinones are oxidized by molecular oxygen.25-27 In the complex, the carbonyl at C9 of 

LH2
─ is involved in coordinating Cu(II) leading to a substantial decrease in semiquinone 

formation.  Only one carbonyl (C10) on each LH2
─ is free to form semiquinones. Hence, 
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much less semiquinone formation is expected for the complex. Moreover, owing to the 

presence of Cu(II) in the complex, the semiquinone formed quickly transfers its electron to 

the metal centre leading to further decrease in its concentration.54  This affects its 

interaction with molecular oxygen leading to decreased O2
─. formation.  

 

4. Conclusions 

A mononuclear complex of Cu(II) with LH3 [Cu(II)-(LH2)2] was prepared and 

characterized by physico-chemical and spectroscopic studies. Although a single crystal 

was not obtained, the structure was solved from X-ray powder diffraction data that was 

corroborated by a DFT study. Ours is the first reported crystal structure of any hydroxy-9, 

10-anthraquinone with a 3d-transition metal ion. Cyclic voltammetry of Cu(II)-(LH2)2 in 

DMF showed one-electron reduction [E1/2 = -0.810 V vs. Ag,AgCl/ KCl (saturated)] that 

occurred at the quinone moiety of the ligand. Findings from cyclic voltammetry was 

corroborated by predictions from a DFT study that suggested redox processes would be 

quinone based. Physicochemical and electrochemical attributes of purpurin and its Cu(II) 

complex were similar to the anthracycline drug doxorubicin and its Cu(II) complex. 

Interaction of the complex with CT DNA suggest while in case of purpurin binding 

constant values decreased with increase in pH, complex formation could prevent this 

trend. For the complex, binding with CT DNA not only increased but remained constant 

over a wide range of pH improving the latter’s applicability. In vitro DNA topoiomerase 

relaxation assays showed [Cu(II)-(LH2)2] was a dual poison for human DNA topoisomerase 

I and human DNA topoisomerase II enzymes like that known for CPT and DOX that was 

a significant improvement following complex formation. DNA cleavage assays for 

topoisomerase I and topoisomerase II in the presence of the complex and known ROS 

scavengers revealed DNA cleavage was due to stabilization of the enzyme-DNA adduct 
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and not due to ROS generation. With the help of ALL MOLT-4 cells, we could show that 

the complex inhibits topoisomerase I and topoisomerase II enzymes forming enzyme-

DNA covalent complexes within the cells as revealed by the results of the immunoband 

depletion assay. The NADH dehydrogenase assay performed for determining ROS 

generation by the compounds revealed generation of superoxide radicals by Cu(II)-(LH2)2 

was much lower than LH3. 

Since the complex was found to be more potent in killing ALL MOLT-4 cells than LH3 

and considering findings on DNA topoisomerase enzymes it may be suggested that the 

complex targets topoisomerase I and topoisomerase II enzymes during anticancer activity. 

Findings from this study illustrate that Cu(II)-(LH2)2 is a promising anticancer agent. 

Further understanding of the mode of action of the complex may rationally help to modify 

the chemical and biological properties to optimize anticancer activity. 
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Figure Legends 

Figure 1. a) Final Rietveld plot, where red curve denotes experimental pattern, green 

curve denotes the simulated pattern and pink curve indicates the difference of 

these two patterns. b) ORTEP diagram of the complex Cu(II)-(LH2)2 (for clarity 

guest water molecules were omitted). Ellipsoids are drawn at 30% probability. 

c) DFT optimized structure of Cu(II)-(LH2)2 complex. d) to g) are pictorial 

representation of respective MO diagrams of Cu(II)-(LH2)2 complex. h) Spin 

density plot of Cu(II)-(LH2)2 complex. 

 

Figure 2. a) Cyclic voltammogram of 120 µM of Cu(II)-(LH2)2 solution in DMF recorded 

at 0.1 V/s potential sweep rate in 0.1M TBAB as supporting electrolyte, using 

glassy carbon electrode (0.1256 cm2) at 298K. b) Linear dependence of cathodic 

peak current on square root of potential sweep rate for one step two electron 

reduction of Cu(II)-(LH2)2 in DMF. 
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Figure 3. a) and b) Dependence of intrinsic binding constants (K*) for LH3 interacting 

with CT DNA for a variation of pH in the medium. An average of all K* values 

was considered for this plot. Solid line is the fitted data that obeys equation 8 

[Fig. 3a)] & equation 9 [Fig. 3b)]. [LH3] = 75 µM; [NaCl] = 120 mM; [Tris 

buffer] = 15 mM; T = 298 K. c) Absorbance spectrum showing interaction of 

Cu(II)-(LH2)2 with CT DNA in the absence (1) and presence (2) 296.83 µM, (3) 

720.8729 µM, (4) 1218.027 µM, (5) 1682.03 µM, (6) 1974.56 µM, (7) 2523.05 

µM, (8) 3027.66 µM, (9) 3493.46 µM of CT DNA. d) Binding isotherm for the 

spectrophotometric study of Cu(II)-(LH2)2 with CT DNA and the corresponding 

non-linear fit. Inset, the mole ratio plot of the same; e) Fluorescence spectrum of 

Cu(II)-(LH2)2 interacting with CT DNA in absence (1) and presence (2) 15.50 

µM, (3) 30.95 µM, (4) 77.14 µM, (5) 153.53 µM, (6) 304.04 µM, (7) 667.71 

µM, (8) 1722.87 µM, (9) 2584.3 µM of CT DNA. f) Binding isotherm of 

fluorometric study of Cu(II)-(LH2)2 with CT DNA and the corresponding non-

linear fit. Inset, the mole ratio plot of the same; [Cu(II)-(LH2)2] = 75 µM, [NaCl] 

= 120 mM; [Tris buffer] = 15 mM of pH 7.42; T = 298 K. 

 

Figure 4. DNA Topoisomerase relaxation assays. a) DNA topo I relaxation assay. Lane 1 

is 100 fmol supercoiled pBS (SK+) DNA, lane 2 is 100 fmol supercoiled pBS 

(SK+) DNA with 40 µM LH3, lane 3 is 100 fmol supercoiled pBS (SK+) DNA 

with 40 µM Cu(II)-(LH2)2, lane 4 is 100 fmol supercoiled pBS (SK+) DNA with 

50 fmol topoisomerase I enzyme, lane 5 is same as lane 4 but with 10 µM CPT, 

lane 6 is same as lane 4 but with 20 µM LH3, lane 7 is same as lane 4 but with 

40 µM LH3. Lane 8 is same as lane 4 but with 10 µM Cu(II)-(LH2)2, lane 9 is 

same as lane 4 but with 20 µM Cu(II)-(LH2)2. All the reactions were incubated 

at 37 oC for 30 minutes and analysed by agarose gel electrophoresis. b) DNA 

topo II relaxation assay. Lane 1 is 100 fmol supercoiled pBS (SK+) DNA, lane 

2 is 100 fmol supercoiled pBS (SK+) DNA with 40 µM LH3, lane 3 is 100 fmol 

supercoiled pBS (SK+) DNA with 40 µM Cu(II)-(LH2)2, lane 4 is 100 fmol 

supercoiled pBS (SK+) DNA with 50 fmol topoisomerase II enzyme, lane 5 is 

same as lane 4 but with 10 µM DOX, lane 6 is same as lane 4 but with 20 µM 

LH3, lane 7 is same as lane 4 but with 40 µM LH3. Lane 8 is same as lane 4 but 

with 10 µM Cu(II)-(LH2)2, lane 9 is same as lane 4 but with 20 µM Cu(II)-
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(LH2)2. All the reactions were incubated at 37 oC for 30 minutes and analysed 

by agarose gel electrophoresis. 

 

Figure 5: Plasmid cleavage assays. a) DNA Topoisomerase I plasmid cleavage assay. All 

the cleavage assays were performed in the presence of NAC and ascorbic acid. 

Lane 1 is 100 fmol supercoiled pBS (SK+) DNA, lane 2 is 100 fmol 

supercoiled pBS (SK+) DNA with 40 µM LH3, lane 3 is 100 fmol supercoiled 

pBS (SK+) DNA with 40 µM Cu(II)-(LH2)2, lane 4 is 100 fmol supercoiled pBS 

(SK+) DNA with 500 fmol topoisomerase I enzyme, lane 5 is same as lane 4 

but with 10 µM CPT, lane 6 is same as lane 4 but with 20 µM LH3, lane 7 is 

same as lane 4 but with 40 µM LH3. Lane 8 is same as lane 4 but with 10 µM 

Cu(II)-(LH2)2, lane 9 is same as lane 4 but with 20 µM Cu(II)-(LH2)2.  All the 

reactions were incubated at 37 oC for 30 minutes and stopped with 0.5% SDS. 

The enzyme was digested by proteinase K treatment and reactions were 

analysed by agarose gel electrophoresis. b) DNA Topoisomerase II plasmid 

cleavage assay. Lane 1 is 100 fmol supercoiled pBS (SK+) DNA, lane 2 is 100 

fmol supercoiled pBS (SK+) DNA with 40 µM LH3, lane 3 is 100 fmol 

supercoiled pBS (SK+) DNA with 40 µM Cu(II)-(LH2)2, lane 4 is 100 fmol 

supercoiled pBS (SK+) DNA with 500 fmol topoisomerase II enzyme, lane 5 

is same as lane 4 but with 10 µM DOX, lane 6 is same as lane 4 but with 20 

µM LH3, lane 7 is same as lane 4 but with 40 µM LH3. Lane 8 is same as lane 

4 but with 10 µM Cu(II)-(LH2)2, lane 9 is same as lane 4 but with 20 µM Cu(II)-

(LH2)2. All the reactions were incubated at 37 oC for 30 minutes and stopped 

with 0.5% SDS. The enzyme was digested by proteinase K treatment and 

reactions were analysed by agarose gel electrophoresis. 

 

Figure 6.  a) Plot showing effects of CPT, ETO and DOX on MOLT-4 cells. b) Dose 

response curve for effects of LH3 and Cu(II)-(LH2)2 on MOLT-4 cells. In both 

cases, MOLT-4 cells were treated with respective compounds for 72 hours and 

MTT assay was performed. c) Immuno band depletion assay. Cultured MOLT-

4 Cells were treated with indicated concentrations of the compounds and 

harvested at 0 hour, 4 hours, 8 hours and 12 hours post treatment. CPT (10 µM) 

and DOX (10 µM) were used as positive controls. 
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Figure 7. Effect of LH3 and Cu(II)-(LH2)2 on superoxide formation by NADH 

dehydrogenase determined spectrophotometrically by the rate of SOD-

inhibitable cytochrome-c reduction at pH 7.4 Tris buffer; [SOD] = 40 µg/mL; 

[NADH] = 160 µM; [Cytochrome c] = 80 µM; [NADH dehydrogenase] = 5 

UL-1. 

 

Tables 

Table 1: Crystallographic data and refinement parameters obtained from PXRD data 
analysis. 

 
 

Formula C28 H10 Cu O12 

Formula Weight 601.92 

Crystal System Triclinic 

Space group P -1   

a/Å 12.6644(14)       

b/Å 12.2799(10) 

c /Å 10.4602(13) 

α/° 97.155(11) 

β/° 113.937(9)  

γ /° 61.539(6) 

V /Å3 1302.34(18)  

Z 2   

ρcalc /g cm-3 1.494  

Temperature /K 293 

Radiation /Å 1.54184   

2θ range/° 5 - 80 

Rwp 0.0685 

Rp 0.0429 
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Table 2: Selected bond lengths and bond angles of Cu(II)-(LH2)2 obtained by refinement of 

the  PXRD pattern and those calculated by DFT method  

 

 

            Bonds Bond lengths (Å) 
Obtained by refinement 
of the PXRD pattern 

Calculated by DFT 
method 

Cu1-O18 1.8469 1.919 
Cu1-O19 1.8839 1.954 
Cu1-O34 1.8843 1.954 
Cu1-O35 1.8467 1.919 

 
 Bond angles (°) 

O18    -Cu1    -O19 92.89 90.02 
O18    -Cu1    -O34 87.23 89.98 
O18    -Cu1    -O35 179.88 179.98 
O19    -Cu1    -O34 179.86 179.99 
O19    -Cu1    -O35 87.00  89.98 
O34    -Cu1    -O35 92.89  90.02 
  Cu1    -O18    -C5 126.23 127.75 
Cu1    -O19    -C10 129.45 131.05 
Cu1    -O34    -C22 129.44 131.05 
Cu1    -O35    -C26 126.25 127.75 

 

 

 

Table 3. TDDFT table of Cu(II)-(LH2)2 complex. 

 

Energy 
(eV) 

Wavelength 
(nm) 

f Involved transition character 

2.4741 501.13 0.3618 α HOMO-1→α LUMO     
(0.57671) 

Ligand (pπ) → Ligand (pπ*) 

3.2292 383.94 0.5022 β -HOMO-6 → β-
LUMO (0.70551) 

Ligand (pπ) → Ligand (pπ*) 
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Table 4. Electrochemical properties of single step one-electron reduction of Cu(II)-(LH2)2 

in DMF. 

 

ν (V/s) ipa/ipc -E1/2 (V) 

0.025 1.0500 0.817 
0.050 1.0175 0.812 
0.075 1.0283 0.804 
0.100 1.1208 0.801 
0.200 1.0536 0.805 
0.300 1.0339 0.819 
0.400 1.0641 0.809 
0.500 1.0768 0.820 
0.750 1.0414 0.818 
1.000 1.0233 0.826 

 

 

Table 5. Results of the binding parameters of Cu(II)-(LH2)2 with CT DNA by  

spectroscopic techniques. 

 

Experiment Kapp×10–3 (M-1)   

from double-

reciprocal plot  

Kapp×10–3 (M-1) 

from non-

linear curve 

fitting  

K′×10–4 (M-1)  

= Kapp x nb  

 

K′×10–4 (M-1) 
Scatchard 

plot 

K′×10–4 (M-1) 

Benesi-

Hildebrand 

double-

reciprocal 

plot 

nb 

Scatchard 

plot 

UV-Vis 3.55 ± 0.42 1.72 ± 0.50 
 

3.84 ± 0.15 4.80 ± 0.20 1.60 ± 0.20 10.82 ± 0.20 
Fluorimetry 5.23 ± 0.22 6.28 ± 0.30 4.49 ± 0.28 4.04 ± 0.33 — 8.58 ± 0.48 
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Figures 

Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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