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Synthesis, characterization, molecular modeling, and DNA
interaction studies of a Cu(II) complex containing drug of

chronic hepatitis B: adefovir dipivoxil

NAHID SHAHABADI*, MONIREH FALSAFI and SORAYA MORADI FILI

Faculty of Science, Department of Chemistry, Razi University, Kermanshah, Iran

(Received 16 October 2014; accepted 8 January 2015)

A new copper(II) complex [Cu(adefovir)2Cl2], where adefovir = adefovir dipivoxil drug, was
synthesized and characterized by using different physicochemical methods. Binding interaction of this
complex with calf thymus DNA (ct-DNA) has been investigated by multi-spectroscopic techniques
and molecular modeling study. The complex displays significant binding properties of ct-DNA. The
results of fluorescence and UV–vis absorption spectroscopy indicated that, this complex interacted
with ct-DNA in a groove-binding mode, and the binding constant was 4.3(±0.2) × 104 M−1. The flu-
orimeteric studies showed that the reaction between the complex and ct-DNA is exothermic
(ΔH = 73.91 kJ M−1; ΔS = 357.83 J M−1 K−1). Furthermore, the complex induces detectable changes
in the CD spectrum of ct-DNA and slightly increases its viscosity which verified the groove-binding
mode. The molecular modeling results illustrated that the complex strongly binds to the groove of
DNA by relative binding energy of the docked structure −5.74 kcal M−1. All experimental and
molecular modeling results showed that the Cu(II) complex binds to DNA by a groove-binding mode.
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1. Introduction

Adefovir dipivoxil is a diester prodrug of the antiviral drug adefovir, with much larger oral
bioavailability than adefovir. Evidence demonstrates that the prodrug is metabolized to ade-
fovir in the enterocytes during intestinal absorption [1]. Adefovir, an acyclic nucleoside
phosphonate, is a reverse transcriptase inhibitor with antiviral activity against a wide range
of viruses such as retroviruses, immuno-deficiency virus types 1 and 2 (HIV1 and HIV2),
and herpes viruses [1, 2]. Adefovir acts by blocking reverse transcriptase enzyme, an
enzyme that is crucial for the hepatitis B virus (HBV) to reproduce in the body [3].

Metal complexes have been widely applied in medicine for centuries, although their
molecular mechanism has not yet been fully understood [4, 5]. Metal ions present in com-
plexes not only accelerate drug action by forming coordination complexes with them, but
also enhance the effectiveness of the organic ligands [6, 7]. The medicinal properties of
metal complexes depend on the nature of the metal ions and the ligands [8, 9]. Interest in
preparation of new metal complexes has forced the study of the interaction of metal com-
plexes with DNA for their potential applications in medicine [10]. DNA is a primary intra-
cellular target of antitumor drugs, and interactions of DNA with transition metal complexes
range from intercalation to covalent and groove binding [11, 12]. Thus, research on the
mechanism of the interaction of complexes with DNA is important for the design of effica-
cious drug entities, which exhibit different properties than the mainstream protocol drugs
viz. cisplatin, etc., which are currently in use [13, 14].

Copper with its bioessential activity and oxidative nature has attracted attention to
address Cu(II) complexes for the medical applications [15–20]. Copper(II) complexes con-
taining heterocyclic bases have been explored in virtue of their strong interactions with
DNA and cytotoxic activity [19]. Many copper complexes were synthesized and their inter-
action with DNA was investigated. Different modes of interactions were reported, such as
intercalation [21–26] or groove binding [27]. These complexes can be used for the develop-
ment of anticancer drugs.

The development of anticancer drugs is slow and costly. One approach to accelerate the
availability of new drugs is to reposition drugs like adefovir dipivoxil, which are approved
for other indications as anticancer agents. In our laboratory, we have focused our attention
to design improved drugs that target cellular DNA to understand the mechanism of action
at the molecular level, and also to investigate the effect of drugs as anticancer agents.
Therefore, information obtained from this study will be helpful in understanding the mecha-
nism of interaction of this complex with nucleic acids, and will be useful in the develop-
ment of potential probes of DNA structure and conformation and new therapeutic reagents
for cancer.

We have recently reported the binding affinity of adefovir dipivoxil with ct-DNA
using multiple spectroscopic techniques and molecular modeling [28]. The results indi-
cated that the drug interacted with ct-DNA in a groove-binding mode with the binding
constant 3.3(±0.2) × 104 M−1 [29]. Within this study, we focus on the synthesis of a
copper complex of adefovir dipivoxil to improve the antiviral drug as an anticancer
agent. Binding studies of this complex with ct-DNA were investigated using multiple
spectroscopic techniques, such as absorption spectroscopy, emission spectroscopy, and
circular dichroism. Dynamic viscosity measurements were used. Molecular modeling
results were applied for verifying the results of spectroscopic methods and for illustrating
the binding mode.
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2. Materials and methods

2.1. Materials

Commercially pure chemicals, Tris–HCl (Sigma Co., Madrid, Spain), highly polymerized
calf thymus-DNA (ct-DNA) (Sigma Co., Madrid, Spain), and copper chloride (Sigma Co.)
were procured and used without purification. Adefovir dipivoxil (9-[2-[bis[(pivaloyloxy)
methoxy]-phosphinyl]methoxy]ethyl]adenine) was purchased from OSR Health care Pvt
Ltd. company of India. All experiments were carried out in Tris–HCl buffer solutions pre-
pared in double-distilled water (10 mM, pH 7.4). Stock solution of ct-DNA was prepared by
dissolving 2 mg of ct-DNA fibers in 2 mL Tris–HCl (pH 7.4) buffer and storing it for 24 h at
4 °C. The concentration of DNA in stock solution (1 × 10−3 M) was expressed in monomer
units, as distinguished by spectrophotometry at 260 nm using an extinction coefficient (εp)
of 6600 M−1 cm−1, while DNA solutions were applied after no more than four days.

2.2. Synthesis of copper(II) complex

The specific procedure to prepare the adefovir dipivoxil–copper complex is as follows:
0.204 g (2 mM) of drug was added to 30 mL of boiling ethanol. Similarly, 0.034 g (1 mM)
of copper chloride was added in 5 mL ethanol. The two above-prepared solutions were
mixed and the mixture was refluxed for 1 h. The obtained green solution was dried and the
resultant green powder was collected, washed with H2O, and dried in air (47% yield). The
complex (figure 1) is soluble in ethanol, DMF, and DMSO. Based on elemental analysis
data, the possible structure was [Cu(adefovir)2(Cl)2]. Anal. Found (%) for C40H64N10O16P2-
CuCl2: C, 42.81; H, 5.83; N, 12.21. Calcd (%): C, 42.24; H, 5.67; N, 12.31.

2.3. Instrumentation

To characterize and assess the structure of the complex, C, H, and N data were obtained by
using a Costech ECS 4010 elemental analyzer. FT-IR spectra were recorded on a
Perkin–Elmer spectrometer in KBr pellets from 400 to 4000 cm−1. FAR-IR spectra were

Figure 1. The chemical structure of [Cu(adefovir)2Cl2].
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recorded on a Bruker Vertex 70 spectrometer in CsI pellets from 30 to 600 cm−1. The
1H-NMR spectra were obtained on a Bruker Avance 300 MHz spectrometer operating at
room temperature. Raman spectra were recorded on a Bruker FRA106/S spectrometer from
80 to 4000 cm−1. XRD was recorded on an Inel EQUINX3000 instrument.

Absorbance spectra were recorded using an HP spectrophotometer (Agilent 8453)
equipped with a thermostated bath (Huber polysat cc1). Absorbance measurements were
performed by keeping the complex concentration constant (2.5 × 10−5 M), while varying
the ct-DNA concentration from 0 to 8.0 × 10−5 M (ri = [DNA]/[complex] = 0.0–3.2). The
spectra were recorded from 200 to 500 nm.

CD measurements were recorded on a JASCO (J-810) spectropolarimeter, keeping the
concentration of DNA constant (5 × 10−5 M), while varying the complex concentration
from 0 to 3.0 × 10−5 M (ri = [complex]/[DNA] = 0.0–0.6).

Viscosity measurements were made using a viscometer (SCHOT AVS 450) at 25 °C
± 0.5 °C in a constant temperature bath, while the DNA concentration was fixed at 5 ×
10−5 M and flow time was measured with a digital stopwatch. The data are reported as
(η/η0)

1/3 versus 1/r (r =[complex]/[DNA] = 0.0–1.0), where η0 is the viscosity of the DNA
solution alone.

All fluorescence measurements were performed on a JASCO spectrofluorimeter (FP6200)
using a quartz cell of 1 cm path length by keeping the concentration of the complex con-
stant (1 × 10−5 M−1), while varying the DNA concentration from 0 to 3.4 × 10−5 M at
three different temperatures (293, 310, and 318 K). Samples were excited at 260 nm and
emission spectra were recorded from 300 to 480 nm.

Quenching experiments were conducted by adding small stoichiometric aliquots of potas-
sium iodide stock solution (0.1 M) to the copper complex and ct-DNA–copper complex
solutions, respectively. The fluorescence intensity was recorded and the quenching constants
(Ksv) were calculated.

2.4. Molecular docking study

MGL tools 1.5.4 with AutoGrid4 and AutoDock4 were used to set up and perform blind
docking calculations between the copper complex and DNA sequence [30]. DNA sequence
d(CGCGAATTCGCG)2 dodecamer (PDB ID: 1BNA) was obtained from the Protein Data
Bank. Receptor (DNA) and ligand (the complex) files were prepared using AutoDock
Tools. The DNA (1BNA) was enclosed in a box with number of grid points in x × y × z
directions, 64 × 74 × 124, and a grid spacing of 0.375 Å. The center of the grid was set
to 14.78, 20.976, and 8.807 Å. Lamarckian genetic algorithms, as implemented in Auto-
Dock, were applied to perform docking calculations. The structures of molecules were
drawn and optimized using Spartan ‘10 package. All the molecular images and animations
were shaped using PyMol [31].

3. Results and discussion

3.1. Synthesis and characterization of the copper(II) complex

[CuCl2(adefovir)2] was prepared from CuCl2 with two equivalents of purified drug in etha-
nol at room temperature (figure 1). In the IR spectra, the N–H stretches (NH2) of free drug
were observed at 3365 and 3275 cm−1, whereas in the drug–copper complex the N–H
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stretching (NH2) vibrations were observed at 3442 and 3353 cm−1, respectively. The N–H
bending in free drug is at 1605 cm−1, while after complexation shifted to 1609 cm−1.
This indicates the metal–nitrogen bond (figure S1, see online supplemental material at
http://dx.doi.org/10.1080/00958972.2015.1013945).

New band at 524 cm−1 in the spectrum of the complex corresponds to νM-N (figure S1).
The appearance of νM-N supports the involvement of NH2 in complexation with metal ion
[32]. Also two new bands at 279 and 342 cm−1 were observed in FAR-IR spectrum for the
complex that corresponds to Cu–Cl and Cu–N bands (figure S2). The Cu–N band in the
FAR-IR spectrum corresponds to N in the five-membered ring [33, 34]. Bands were
observed at 230 cm−1 and 209 cm−1 in the Raman spectrum of the drug-copper complex
(figure S3). These two bands were assigned as N–Cu–N bending (N in five-membered ring)
and Cu–Cl stretching modes, respectively.

The 1H-NMR spectrum of the complex validates Cu(II) coordination to the drug ligand.
Conductivity measurements were performed in DMF (molar conductance, ΛM (1 × 10−3 M
in DMF 25.47 Ω−1 cm2 M−1) and confirmed the non-electrolytic nature of the complex
[35]. The nature of the complex was also ascertained by powder X-ray diffraction studies.
The XRD pattern indicates the microcrystalline nature of the complex as shown in figure
S4. Diffraction peaks were observed at scattering angles (2θ) of 13.01, 18.5, 21.02, 25.8,
31.1, 35.88, and 44.02 which correspond to reflections from 002, 111, 202, 004, 114, 313,
and 224 crystal planes, respectively, which is the characteristic feature of the orthorhombic
crystal system of the complex. The lattice parameters calculated from XRD are a = 10.406
Å, b = 5.94 Å, and c = 13.697 Å with cell volume 846.63 Å3, which revealed the structure
is same as that of bulk (JCPDF No. 00-045-0025, [Cu(NO2)2(NH3)4]). These parameters
further indicate the cubic crystal structure with space group Ccc2 (37).

3.2. DNA binding studies

3.2.1. Electronic absorption spectra. The binding mode of the complex with ct-DNA was
investigated using electronic absorption spectra [36]. Binding of a complex with DNA via
intercalation generally results in hypochromism and a red-shift of the absorption band (batho-
chromic effect) because of strong interaction between the ligand and the base pairs of the
DNA [37, 38]. In groove binding between DNA and small molecules, hyperchromism can be
observed, while the position of the absorption almost does not change, which can be associ-
ated with degradation of the DNA double-helix structure [39, 40]. Electronic spectra of the
complex in the absence and presence of ct-DNA are given in figure 2. In the presence of
increasing concentration of ct-DNA, the complex exhibited hyperchromism with almost no
shift at 260 nm. These results suggest that the interaction of the complex with ct-DNA is non-
intercalative and can be rationalized in terms of groove binding. The changes in absorbance
with increasing amounts of ct-DNA were used to evaluate the intrinsic binding constant, Kb,
for the copper complex. The intrinsic binding constant, Kb, was calculated by using equation
(1) and monitoring the changes in the 260 nm band with increasing concentration of ct-DNA:

½DNA�
ðea � ef Þ ¼

½DNA�
ðeb � ef Þ þ

1

Kbðeb � ef Þ (1)

where [DNA] is the concentration of DNA, εa, εf, and εb corresponds to the apparent
extinction coefficient, the extinction coefficient for the free compound, and its entirely
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DNA-bound combination, respectively. Kb was given by the plots of [DNA]/(εa− εf) versus
[DNA] from the ratio of the slope to intercept (figure S5). The binding constant, Kb, for the
complex was 4.3(±0.2) × 104 M−1. This Kb value is slightly larger than adefovir dipivoxil
(3.3(±0.2) × 104 M−1) and is similar to those reported for well-established groove-binding
agents, such as sesamol (2.7 × 104 M−1) [41], salmeterolxinafoate (8.52 × 103 M−1) [42],
[Cr(salprn)(H2O)2]

+ (1.7(±0.3) × 104 M−1) [43], isoxazolcurcumin (104 M−1) [44], amsa-
crine (1.2(±0.1) × 104 M−1) [45], [Cu2(L-trp)L(H2O)](NO3)2 (2.4 × 104 M−1) [46], mono
metallic complex containing 1,10-phenanthroline and indole-3-acetic acid(C32H24N4O4Co)
(1.02 × 104 M−1) [47], Cu(II) complexes of Schiff base ligands (1.4 × 104 and 4.5 ×
104 M−1) [47, 48], [Cu(HL)2]·1.5ClO4·0.5OH (where HL = (E)-N′-(1-(pyridine-2yl)ethyli-
dene) benzohydrazide (4.66 × 104 M−1) [49], and [Cu2(μ-Cl)2(O-2-alkoxyethylpyridine-2-
carboximidate)2Cl2] (6.36 × 102 M−1) [50].

Binding mode between the Cu(II) complex containing adefovir dipivoxil and DNA was
groove binding.

3.2.2. Viscosity measurements. Hydrodynamic methods that are sensitive to length are
regarded as one of the most critical tests of a binding mode in solution, where crystallo-
graphic structural data are not available. Intercalating agents are expected to elongate the
double helix because of incorporating the compound in between the base leads to an
increase in the viscosity of DNA [51]. In contrast, the complexes bind exclusively in the
DNA grooves by partial and/or non-classical intercalation, under the same conditions, typi-
cally cause less (positive or negative) or no change in DNA solution viscosity [52]. The
values of (η/η0)

1/3 were plotted against [DNA]/[Cu complex], where η and η0 are the rela-
tive viscosities of DNA in the presence and absence of the complex, respectively (figure 3).
The plot of figure 3 reveals that the drug shows little change in DNA viscosity, which is
consistent with DNA groove binding [53].

3.2.3. CD spectral studies. Circular dichroism (CD) spectroscopy gives valuable informa-
tion on how the conformation of DNA is influenced by the binding of the metal complex to
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Figure 2. Absorption spectra of copper(II) complex (2.5 × 10−5 M) in the absence and presence of increasing
amounts of ct-DNA: ri = 0.0, 0.13, 0.25, 0.44, 0.75, 1.06, 1.37, 1.68, 1.99, 2.30, 2.6, 2.9, and 3.2.
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DNA. The observed CD spectrum of calf thymus DNA consists of a positive band at
275 nm due to base stacking, and also a negative band at 248 nm due to helicity, which is
characteristic of DNA in the right-handed B form. While groove binding and electrostatic
interaction of small molecules with DNA show little or no perturbations on the base-
stacking and helicity bands, classical intercalative ligands tend to enhance the intensities of
bands due to strong base-stacking interactions and stable DNA conformations [40]. The CD
spectra of DNA in the presence of the complex are illustrated in figure 4 and exhibit a
decrease in both the positive and negative bands. Decrease in molar ellipticity at these
bands (275 and 248 nm) suggests distortion in native conformation of B-DNA due to
interaction with the complex. These spectral variations show the presence of some ct-DNA
features in native conformation of DNA upon interaction. Moreover, reduction in 248 nm
CD band is considered as a key marker of C-form of DNA [54, 55]. However, it seems that
the perturbation in DNA conformation is limited to few base pairs because, when complete
B to C transition occurs, then the CD band at 248 nm shows about 66% decrease in its
intensity. However, not much decrease in the concerned band is observed. Consequently,
there are possibilities of the formation of an intermediate form of DNA having features of

0
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Figure 3. Effect of increasing concentration of complex on the relative viscosity of ct-DNA at 25 °C.
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Figure 4. CD spectra of DNA (5 × 10−5 M) in 10 mM Tris–HCl buffer in the presence of increasing amounts of
Cu(II) complex (ri = [complex]/[DNA] = 0.0, 0.2, 0.4, 0.6).
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both B and C conformation. Similar results have been observed in the case of cationic lipid
and neutral lipid binding with DNA that have been ascribed to a non-cooperative augment
in DNA [56, 57]. Increase in winding angle (or decrease in propeller twist) causes widening
in the DNA groove that enables proper positioning of small molecules in the groove
pocket [58].

3.2.4. Fluorescence studies. Fixed amounts (1 × 10−5 M) of the copper complex were
titrated with increasing amounts of ct-DNA. The complex emits luminescence in Tris–HCl
buffer with a maximum at 347 nm upon excitation at 260 nm. The fluorescence titration
spectra of the complex in the absence and presence of ct-DNA at 10 °C are given in
figure 5. As shown in this figure, the fluorescence intensity of the complex is quenched
steadily with increasing concentration of ct-DNA. This may be ascribed to photoelectron
transfer from the guanine base of DNA to the excited levels of the complex [59, 60].

Quenching is carried out by different mechanisms, classified as dynamic and static
quenching. Dynamic quenching refers to a process in which the fluorophore (here the com-
plex) and the quencher (DNA) comes into contact during the transient existence of the
excited state, but static quenching refers to fluorophore–quencher complex formation. In
general, dynamic and static quenching has differing dependence on temperature and excited
state lifetime. The dynamic quenching process increases with increase in temperature
because upon this condition the compounds move faster, which cause more collision proba-
bility. The formation of composite is responsible for the static quenching; hence, increase in
the temperature diminishes the stability of the composite and causes decrease in
fluorescence quenching [61]. Since, in both cases, the fluorescence intensity is related to the
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Figure 5. The fluorescent spectral characteristics of the complex–DNA at 283°K. The complex concentration:
1 × 10−5 M at pH 7.4. DNA concentrations: 0.0, 0.158, 0.32, 0.47, 0.63, 0.79, 0.945, 1.10, 1.57, 1.73, 1.88, 2.04,
2.2, 2.35, 2.51, 2.66, 2.81, 2.97, 3.13, 3.28, and 3.44 × 10−5 M.

1394 N. Shahabadi et al.

D
ow

nl
oa

de
d 

by
 [

M
iz

or
am

 U
ni

ve
rs

ity
] 

at
 1

4:
52

 2
8 

D
ec

em
be

r 
20

15
 



concentration of the quencher (DNA), the quenched fluorophore can be used as an indicator
for the quenching agent [62].

Fluorescence quenching is described by the Stern–Volmer equation [equation (2)]:

F0=F ¼ 1þ Ksv½Q� (2)

where F0 and F represent the fluorescence intensities in the absence and in the presence
of ct-DNA, respectively, Ksv is the quenching constant, and [Q] is the concentration
of the quencher [63]. In our experiments, with the temperature increasing from 10 °C to
37 °C, the Stern–Volmer constant (Ksv) increased from 1.7(±0.02) × 104 M−1 to 2.5
(±0.02) × 104 M−1 for the complex (figure S6) indicating that the mechanism of the
quenching may be dynamic quenching, but static quenching cannot be excluded. These
two kinds of quenching mechanisms demonstrate some differences that can be distin-
guished experimentally, such as change in the absorption spectrum of DNA and tempera-
ture dependence of the quenching constant [64]. In static quenching, a complex between
DNA and copper complex forms, so there will be some changes in the UV–visible spec-
trum of DNA, whereas, dynamic quenching has no such change. Diffusion is the control
step for dynamic quenching, so the quenching constant will enhance with increase in the
temperature [65]. Most fluorescence quenching is in accord with this theory and fits
the results [66]. Thus, we employed electronic absorption spectra to give evidence for
the actual quenching process. The UV–visible absorption spectra of the complex and the
DNA-complex system were measured. According to the theory, the UV spectrum of the
complex would have no detectable changes, if the quenching was a dynamic mechanism
[67], but ground-state DNA–copper compound is formed in the static quenching, and the
UV spectrum of the copper complex changes [68]. Therefore, according to the UV spec-
tra, the fluorescence quenching of the complex in our case seems to be primarily caused
by complex formation between the copper compound and DNA. Therefore, it is sug-
gested that the effect of quencher may be due to a combination of static and dynamic
quenching.

The binding constant (Kf) and the binding stoichiometry (n) for the complex formation
between the complex and DNA were assayed using equation (3) [63]:

log ðF0 � F=FÞ ¼ logKf þ n log ½Q� (3)

where F0 and F are the fluorescence intensities of the complex in the absence and presence
of different concentrations of ct-DNA, respectively, and n is the number of equivalent bind-
ing sites, which can be revealed by the slope based on equation (3).

In the present study, the binding constants of the complex were obtained at various temper-
atures (table 1). Since n = 1, a 1 : 1 adduct is formed (figure S7). The value of Kf for the cop-
per complex at room temperature is comparable to the hetero-bimetallic complex containing
1,10-phenanthroline and indole-3-acetic (C32H30O8N4CuSn2Cl6) (4.09 × 104 M−1) [46],

Table 1. Binding constants (Kf), number of binding sites (n), and relative thermodynamic parameters for the bind-
ing of [Cu(adefovir)2Cl2] to ct-DNA.

T (°K) Ksv × 104 n Kf (M
−1) ΔG (kJ M−1) ΔH (kJ M−1) ΔS (J M−1 K−1)

283 1.7 1.17 9.5 × 104 −27.35 – –
298 1.8 1.36 1.38 × 105 −32.72 73.91 357.83
310 2.5 1.38 8.03 × 105 −37.02 – –
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[Cu(bpy)(L1)(H2O)(C2H5OH)] (1.8 × 105 M−1) [69], and 2,9(10),16(17),23(24)-tetrakis-
[20,30,50,60-tetrafluoro-40-(2-dimethyl aminoethanethio)benzyloxy]phthalocyaninatozinc(II)
tetraiodide (6.2 × 105 M−1) [70] which bind to DNA via groove-binding mode.

3.2.4.1. Determination of thermodynamic parameters. The plot of log Kf versus 1/T (figure
S8) allows calculation of the enthalpy (ΔH), entropy (ΔS) [equation (4)], and free energy
(ΔG) change by the van’t Hoff equation, equation (5), assuming that the enthalpy change
(ΔH) is free of temperature over the range of applied temperatures.

ln k ¼ �DH
RT

þ DS
R

(4)

DG ¼ DH � TDS (5)

Table 1 exhibits the thermodynamic values of the interaction of the complex with ct-DNA.
According to the data of enthalpy changes (ΔH) and entropy changes (ΔS), the model of
interaction between the complex and DNA can be concluded: (1) ΔH > 0 and ΔS > 0,
hydrophobic forces; (2) ΔH < 0 and ΔS < 0, van der Waals interaction and hydrogen bonds;
(3) ΔH < 0 and ΔS > 0, electrostatic interactions [71].

It can be seen that the negative value of ΔG revealed that the DNA interaction process is
spontaneous; the positive ΔH and ΔS values indicated that hydrophobic forces play main
roles in the binding of the complex to DNA.

3.2.4.2. Iodide quenching studies. Further support for groove binding of the complex to
DNA is obtained through iodide quenching experiments. A highly negatively charged
quencher is expected to be repelled by the negatively charged phosphate backbone of
DNA; therefore, an intercalative bound compound should be protected from being
quenched by anionic quencher. Free aqueous complexes or groove-binding ligands should
be quenched readily by anionic quenchers [72]. The Ksv value of the bound ligand should
be lower than that of the free ligand, if the small molecule is intercalated into the helix
stack. In contrast, if a ligand binds to DNA in the groove, the value of Ksv of the bound
ligand should be higher than that of the free ligand [73, 74]. Negatively charged I- was cho-
sen for this purpose. The quenching constants (Ksv) are calculated from the Stern–Volmer
equation. Ksv of the free copper complex by I− ion is 274.2 M−1 and in the presence of
DNA, Ksv is 402.9 M−1 (shown in figure S9). The results displayed almost the same iodide
quenching effect on the fluorescence of the complex before and after the interaction with
DNA, which suggested that the complex binds to ct-DNA through groove-binding mode.

3.2.5. Molecular docking analysis. Computer docking techniques play an important role
in drug design and elucidation of mechanism. The flexible docking programs AutoDock
and molecular operating environment (MOE) help in predicting favorable DNA–ligand
complex structures with reasonable accuracy and speed. These docking programs, when
used prior to experimental screening, can be considered as powerful computational filters to
reduce labor and cost for the development of effective medicinal compounds. When they
are used after experimental screening, they can help in better understanding bioactivity
mechanisms [75]. The docking is important in the study of various properties associated
with DNA–ligand interactions, such as binding energy, geometry complementarily, electron
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distribution, hydrogen bond, donor acceptor properties, hydrophobicity, and polarizability
[76]. Adefovir dipivoxil is a prodrug which is converted to the active drug adefovir by pre-
systemic metabolism in intra cell [1]. Similarly, cis-diammine dichloro platinum(II) complex
is changed to cis-[diamminediaquaplatinum(II)] for attaching it to the DNA [77]. Therefore,
molecular docking studies were carried out using a new structure of the complex (figure 6).
In this structure, adefovir dipivoxil is replaced with adefovir, and Cl atom is replaced with
H2O. From the docking results with the optimal energy, it was found that the complex
inserted into the groove of DNA fragments and hydrogen bonds play the main role in the
binding of complex to DNA, while experimental results showed hydrophobic forces are
main forces in the binding of the complex to DNA. The difference between experimental
and computational methods can be due to conversion of adefovir dipivoxil to adefovir, and
replacement of chloride to H2O of the complex in cell environment. A hydrogen bond was
observed between hydrogen of the complex with O4́-DC-23 with a bond length of 2.41 Å
(figure 6). As shown in figure 7 from the docking calculation, the conformer with minimum
binding energy is picked up from the 10 minimum energy conformers from the 100 runs.
The run data for the conformers are listed in table 2. From the results of 10 sets, almost all
the binding sites of the complex were located in the groove of double-helix DNAs. From
the docking simulation, the observed free energy change of binding (ΔG) for the copper
complex–DNA is calculated to be −5.74 kcal M−1, which is slightly larger than the experi-
mental free energy of binding (−5.45 kcal M−1) obtained from the UV–vis data. This appar-
ent mismatch in the free energy changes could be due to exclusion of the solvent and/or

Figure 6. Molecular modeling of the hydrogen-bonding interaction between the copper(II) complex and ct-DNA.
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rigidity of some other receptor DNA in the molecular docking studies. Basic formula of
binding constant and Gibbs free energy is:

DG ¼ �RT lnK (6)

The binding constant obtained by fluorescence data (1.38 × 105 M−1) is slightly different
to the binding constant calculated by docked copper complex–DNA model

Figure 7. Molecular docking perspective of the complex with the groove side of DNA.

Table 2. Docking summary of DNA with the copper complex by the AutoDock program generating different
ligand conformers using a Lamarkian GA.

Rank Run Binding energy (kcal M−1) aKi (μM) Cluster rmsd Reference rmsd

1 58 −5.74 62.05 0.00 19.57
2 72 −5.46 99.24 0.00 25.36
3 13 −5.28 135.8 0.00 27.97
4 32 −4.97 227.68 0.00 25.79
5 68 −4.95 236.78 0.00 26.04
6 33 −4.85 279.77 0.00 20.28
7 88 −4.84 282.08 0.00 20.96
8 56 −4.83 406.82 0.00 28.88
9 92 −4.81 300.37 0.00 20.66
10 25 −4.62 412.95 0.00 28.61

aKi is the inhibition constant.
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(1.7 × 105 M−1). Hence, it can be concluded that copper complex–DNA docked model is
in approximate correlation with our experimental results [78].

4. Conclusion

We have synthesized a copper(II) complex, [Cu(adefovir)2Cl2], which exhibits high binding
affinity to ct-DNA. Different instrumental methods were used to find the interaction mecha-
nism of the complex with ct-DNA. Upon addition of various concentrations of DNA in its
UV spectrum, hyperchromism of the band at 261 nm was observed, suggesting the exis-
tence of a strong interaction between the complex and DNA. Groove-binding mode of inter-
action between DNA and [Cu(adefovir)2Cl2] may result due to relatively small changes in
DNA viscosity. The conformational change of DNA after binding with the complex was
also confirmed using circular dichroism spectroscopy. Fluorescence study showed that the
emission intensity of the copper complex was quenched by adding ct-DNA. This quenching
can be attributed to photoelectron transfer from the guanine base of DNA to the excited lev-
els of the complex. The free energy values for the compound at various temperatures are
negative, showing the spontaneity of copper(II) complex–DNA binding. The results reveal
that hydrophobic interactions play the most important contributions to the binding process
with ct-DNA. Iodide quenching experiment displayed almost the same iodide quenching
effect on the fluorescence of the complex before and after the interaction with DNA, which
suggested that the complex binds to ct-DNA through groove binding. The docking results
revealed that groove mechanism is for copper(II) complex binding with DNA. The results
of spectroscopic techniques and molecular docking provide information about complex–
DNA interaction, valuable for the rational design of new drugs that are more efficient as
well as for understanding mechanism of these new drugs at the molecular level.
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