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Abstract.1The binding free energy of 9N-(ferrocenyl-
methyl)adenine (FMA) with double-stranded deoxyribo-
nucleic acid (DNA) was measured in solution using cyclic 
voltammetry and electronic spectroscopy (UV-Vis) 
techniques under similar conditions. The obtained results 
were confirmed by computational molecular docking. The 
docking studies yield good approximation with 
experimental data and showed that the ligand FMA is 
placed in the minor groove of DNA. 
 
Keywords: DNA, free binding energy, AutoDock, size of 
binding site, diffusion coefficient.  

1. Introduction 
Soon after the discovery of ferrocene in 1951 [1, 2] 

and the determination of its structure one year later [3], it 
quickly attracted attention of many researchers leading to 
the synthesis of a wide range of its derivatives. Today, 
over 600 research reports are published annually on 
ferrocene and its derivatives. 

Due to the ease of functionalization of ferrocene, its 
derivatives have found many applications in medicinal 
chemistry, such as antitumor [4-6], anti-HIV [7, 8], anti-
malarial [9], antifungal [10], cytotoxic compounds [11, 12], 
and for deoxyribonucleic acid (DNA) cleavage [13, 14]. 

Anticancer activity of ferrocene and its derivatives 
has been largely studied [15-17]; they can bind with the 
DNA via both covalent and noncovalent modes of 
interactions. Ferrocene and its derivatives are known to 
exhibit antitumour activity despite the obvious lack of 
unoccupied co-ordination [18-20]. As a result, the mode 
of interaction for this group of derivatives could engage 
non-covalent interactions with DNA. Such interactions 
might be modified due to functionalization of ferrocenyl 
group. The ease of functionalising ferrocene and its 
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derivatives offers substantial range for the design of 
organometallic derivatives able to noncovalent binding to 
DNA or any other bioreceptor. Due to their amphoteric 
nature, there are few examples of ferrocene based 
adenines being used as novel class of redox-active ligands 
[21]; however, they are barely explored as DNA binders 
[22]. Considering developing interest in biologically ac-
tive ferrocene-nucleobases compounds, we have become 
interested in the synthesis of 9N-(ferrocenylmethyl) 
adenine. Our interest in 9N-(ferrocenylmethyl)adenine and 
related compounds arose from the fact that until now a 
few studies have been carried out on their interaction with 
DNA and on their anti-cancer activities [22]. 

Cancer can be cured by slowing the quick 
propagation of cancer cells, which can be achieved either 
by radiotherapy, via reactive oxygen species, or by 
chemotherapy, using chemical substances that can interact 
with DNA. Chemotherapy is the treatment of cancer with 
anticancer drugs; it can be performed by the interaction of 
DNA binding ligands which may dysfunction it either by 
strand scission or chain breaking or local unwinding of its 
double helical structure, leading to destruction of cancer 
cells. The study of ligand–DNA interaction is essential for 
understanding the mechanism of ligand action [16]. Such 
interactions are studied by a diversity of analytical 
techniques like cyclic voltammetry, electronic 
spectroscopy, fluorescence, infrared and nuclear magnetic 
resonance spectroscopy [23-26]. 

In an attempt to find efficient DNA binders and as 
per our interest in ferrocene derivatives, we synthesized a 
potential anti-cancer 9N-(ferrocenylmethyl)adenine and 
investigated its interaction with DNA by cyclic voltam-
metry, electronic spectroscopy and molecular docking. 

2. Experimental 

2.1. Chemicals and Reagents  

All the chemicals were of analytical grade and 
were used without further purification. 
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2.2. Synthesis 

9N-(Ferrocenylmethyl)adenine was synthesized 
cleanly and in moderate yield from the reaction of the 
well-known quaternary salt N,N,N-trimethylammo-
niomethylferrocene iodide [27] and adenine (Fig. 1). The 
compounds gave analytical data in accordance with 
reported methods [22, 28]. 

 

 

Fig. 1. Structure of 9N-(ferrocenylmethyl)adenine 

 

2.3. DNA extraction  

DNA was extracted from chicken blood by Falcon 
method [29]. Ratio of the absorbance of DNA at  
λ = 260 nm (A260) and λ = 280 nm (A280) was used to 
determine the purity of DNA. The obtained ratio of 
(A260)/(A280) in DNA sample was 1.97, indicating the 
purity of DNA [30]. The DNA concentration was 
determined by UV absorbance at 260 nm using the molar 
extinction coefficient of 6600 M-1·cm-1 [31].  

2.4. Apparatus and Procedures 

CV experiments were carried out on a PGZ301 
potentiostat/galvanostat (Radiometer Analytical SAS, 
France) using a three-electrode electrochemical cell of 
25 ml containing a glassy carbon (GC) working electrode 
with a geometric area of 0.013 cm2, a platinum wire as 
counter (auxiliary) and Hg/Hg2Cl2 paste covered wire as 
reference electrode. The voltammogram of 500 μM of 
FMA in 0.1M aqueous buffer phosphate solution 
(KH2PO4/K2HPO4) at pH 7.2 was firstly obtained in the 
absence of DNA. The voltammograms were then recorded 
in the presence of an increasing concentration of DNA at 
298 K.  

Electronic spectra measurements were conducted 
on a UV-Vis spectrometer, (Shimadzu 1800, Japan). The 
spectroscopic response of 1mM of FMA in 0.1M aqueous 
buffer phosphate solution (KH2PO4/K2HPO4) at pH 7.2 
was first recorded at 298 K and then in the presence of 
gradually increasing concentration of DNA solution.  

3. Results and Discussion 

3.1. Voltammetric Studies  

3.1.1. Binding constant and binding free 
energy 

Determination of the binding constant and binding 
free energy of FMA with DNA was achieved by recording 
the voltammograms of the ligand FMA in 0.1M aqueous 
buffer phosphate solution (KH2PO4/K2HPO4) at pH 7.2. 
The cyclic voltammogram of FMA shows an oxidation 
maximum at 0.338 V and reduction maximum at 0.056 V 
in a reversible electrochemical process. When an amount 
of DNA solution was added there was a decrease in 
anodic peak current with a positive shift in oxidation peak 
potential. The obtained voltammograms are presented in 
Fig. 2. 
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Fig. 2. Cyclic voltammograms of 500 μM FMA in 0.1M buffer 

phosphate solution (KH2PO4/K2HPO4) recorded at 0.1 V·s-1 
potential sweep rate on GC disk electrode at 298 K in the 

absence of DNA (a) and presence of 13 μM (b), 31 μM (c),  
40 μM (d), 52 μM (e), and 56 μM DNA (f). Inset: plots 

of 01 1/ ( j / j )−  vs. 1 / [ DNA]  used to calculate the binding 
constant of ligand FMA with DNA   

The decrease in anodic peak current density of the 
ligand FMA in the presence of DNA can be exploited for 
the calculation of the binding constant, while the shift in 
peak potential values can be used for the determination of 
the type of interaction [32, 33]. 

Binding constant of FMA with DNA was 
determined from the decline in the anodic peak current 
density of FMA-DNA adduct relative to free FMA using 
Eq. (1) [34]: 

0

1 (1 )
[ ] 1 ( / )

K A K
DNA j j

−
= −

−
                    (1) 
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where [ ]DNA is the DNA concentration, μM; K represents 
the binding constant, M-1; 0j and j denote the anodic 
peak current density of the free and DNA-bound ligand, 
respectively, μA·cm-2. 

The binding energy ΔG was calculated using Eq. 
(2) [35]: 

lnG RT K∆ = −                          (2) 

where ∆G is the binding free energy, kJ·mol-1, R is the gas 
constant, 8.32 J·mol-1K-1; T is the absolute temperature 
equal to 298 K.  

The equation obtained from the linear regression 
graph in the studied concentration range and DNA 
binding data of FMA are listed in Table 1. 

 
Table 1 

Binding constant and binding free energy values  
for FMA ligand with DNA from CV data  

at pH = 7.2 and T= 298 K 

Adduct Equation R2 K, M-1 -ΔG, 
kJ·mol-1 

FMA-DNA y = 1.3935x + 
3.7157 0.995 5.2∙103 21.21 

 

As can be seen from Table 1, the moderate ΔG 
value for the ligand FMA indicates their electrostatic 
mode of interaction with DNA; the sign of ΔG also points 
out to the spontaneity of ligand DNA interaction. 

It has been reported that the electrostatic interaction 
of ligands with DNA might lead to conformational 
modifications in DNA, provoking perturbation in its 
normal functioning [36, 37]. This can presumably lead to 
the prevention of DNA duplication and functioning, and 
eventual cell death [38].  

3.1.2. Diffusion coefficients 

Fig. 3 shows the electrochemical behavior of the 
compound FMA at different scan rates. The 
voltammograms displayed clear stable anodic peaks. The 
diffusion coefficients of the free and DNA bound form of 
FMA were determined using the following Randles-
Sevcik equation (3) [39].  

3 1 1
5 2 2 22 69 10 n SCDj v= ⋅.                       (3) 

where j  is the peak current density, A; n is the number of 
electrons transferred during the oxidation; S is the surface 
area of the electrode, cm2; C is the bulk concentration of 
the electro-active species, mol·cm-3; D is the diffusion 
coefficient, cm2·s-1; v  is the scan rate, V·s-1. 
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Fig. 3. Cyclic voltammetric behavior of 500 μM FMA on GC electrode in the absence (a)  
and presence of 63 μM (b) DNA in 0.1M aqueous buffer phosphate solution (KH2PO4/K2HPO4)  

at pH = 7.2 and scans rates 0.5, 0.4, 0.3, 0.2, and 0.1 V·s-1. The vertical arrowhead indicates increasing scan rate 
 

Fig. 4. j vs. v1/2 plots of FMA (500 μM)  
in the absence of DNA (a) and presence of 63 μM DNA (b)  

at scan rates ranging from 0.1 to 0.5 V·s-1 under the experimental 
conditions listed in Fig. 3 
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Table 2 

Diffusion constants values of the free and DNA bound form of FMA  
Compound Equation R² D, cm2·s-1 

FMA y = 2.938x +12.498 0.992 17.79·10-5 
FMA -DNA y = 2.269x + 6.155 0.998 10.56·10-5 

 
The plot of the square root of the scan rates versus 

the anodic peak current density (Fig. 4), suggests that the 
redox process is diffusion controlled. The values of the 
diffusion coefficients of the free and DNA-bound ligand 
were deducted from the slopes of the linear regression of 
Eq. (3). The lower diffusion coefficient of the bounded 
ligand as compared to the free ligand further suggests the 
adduct formation (Table 2).  

The linearity of the relation 1 2
p a

j f v= /( )  for 
both FMA and FMA-DNA suggests that the redox process 
is kinetically controlled by the diffusion step. The 
diffusion coefficients were determined from the slopes of 
Randles-Sevcik plots. Values are given in Table 2. It can 
be seen that the diffusion coefficient of DNA bound FMA 
is slightly lower than that of the free FMA. The lower 
diffusion coefficient of FMA-DNA can be attributed to 
the large molecular weight of the adduct FMA-DNA, 
which causes the decrease in the apparent diffusion 
coefficient of DNA in the occurrence of FMA. 

3.2. UV-Visible Spectroscopic Studies 

The interaction of FMA with DNA was also 
studied by electronic spectroscopy titration method, where 
1 mM of FMA in buffer phosphate solution 
(KH2PO4/K2HPO4) at pH 7.2 was subjected to an 
increasing concentration of DNA. The UV-visible 
behavior of the ligand FMA on addition of gradually 
increasing concentration of DNA solution is presented in 
Fig. 5, which illustrates that the absorbance of FMA at 
435 nm diminishes with the gradual increase of DNA 
concentration. At the same time, the maximum 
wavelength of ligand FMA increases initially and then 
becomes almost constant as shown by the loose curve in 
Fig. 5.  

The change in absorbance values by increasing 
DNA concentration was used to evaluate the intrinsic 
binding constant employing Eq. (4) [39, 40]. 

[ ]
0

0

1G G

H G G H G G

A
A A K DNA

ε ε
ε ε ε ε− −

= +
− − −

         (4) 

where [ DNA] is the DNA concentration, μM; K  is the 
binding constant, M-1; 0A and A are the absorbance of 
ligand in the absence and presence of DNA, respectively, 
and Gε  and H G−ε  are their respective extinction 
coefficients, M-1·cm-1.  
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Fig. 5. UV-Vis absorption spectra of 1 mM of FMA in 0.1M 
buffer phosphate solution (KH2PO4/K2HPO4) at pH = 7.2 and 
298 K in the absence of DNA (a) and presence of 26 μM (b),  

41 μM (c), 55 μM (d), 83 μM (e), and 92 μM (f) of DNA. Inset: 
Plots of 0 0A / ( A A )−  vs. 1 / [ DNA]  used to calculate the 

binding constant of ligand FMA with DNA   

 
The constant K  is obtained from the intercept to 

slope ratio of the plot of 
0 0A / ( A A )− versus [ ]1 / DNA . The plot 

of 0 0/A A A− versus [ ]1 / DNA  gave a slope and the y-
intercept which are equal to / ( )G H G G K− −ε ε ε  and 

/G H G G− −ε ε ε , respectively. The binding 
constant K was obtained from the ratio of the slope to the 
intercept and is reported in Table 3. The DNA binding 
constant obtained from UV-visible measurements are in 
good agreement with that obtained from CV studies. 

Table 3 

Binding constant and binding free energy values for FMA compound with DNA from UV-visible 
spectrophotometric data at pH = 7.2 and 298 K 

Adduct Equation  R2 K, M-1 -ΔG, kJ·mol-1 
FMA-DNA y = -170.189x – 0.786 0.904 4.6·103 20.92 
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3.3. Molecular Docking Studies  

In order to elucidate and validate the results 
obtained from voltammetric and spectroscopic 
measurements and to explore additional information of the 
ligand conformation and its orientation in the active site of 
the receptor, the interaction of ligand FMA with DNA 
were simulated by molecular docking; the docking also 
allows visualizing the intercalation pattern of the ligand 
with DNA. 

3.3.1. Structural optimization 

The chemical structure of FMA was optimized by 
Gaussian 09 program package [41], using the B3LYP 
level of theory [42, 43] with 6-311++G(d,p) basis set. 
Geometries of the complexes were fully optimized by 
employing the density functional theory, without 
imposing any symmetry constraints. Fig. 6 shows 
optimized structure of studied ligand. 

 

 
Fig. 6. 3D conformation of ligand FMA  

(ORTEP View 03, V1.08); thermal ellipsoids  
are plotted at the 50 % probability level 

3.3.2. Docking simulations 

The molecular docking studies of FMA ligand into 
DNA were carried out using AutoDock 4.2 docking 
software [44]. The optimized structures of FMA and  
DNA were imported to the AutoDock molecular  docking  

software. All docking studies were carried out on a 
Pentium 3.30 GHz and RAM 4.00 Go microcomputer MB 
memory with Windows 7 operating system. 

The crystal structure of the synthetic DNA 
dodecamerd (CpGpCpGpApApTpTpCpGpCpG) (PDB 
ID: 1BNA) selected from protein data bank 
(http://www.rcsb.org./pdb) [45] was chosen as the 
receptor to study binding of the ligand FMA. For the 
DNA structure, all hydrogen atoms and gassier charges 
were added to the DNA for docking simulation analysis 
and non-polar hydrogen atoms were merged. For docking 
calculations, Lamarckian genetic algorithms were used, 
and grid size was set at 50×50×50 with point separated by 
1.000 Å. The grid centers were set at X = 14.78,  
Y = 20.976 and Z = -8.807. The docking experiment 
consisted of 25 docking runs with 150 individuals and 
2500000 energy evaluations. Other parameters were left 
to their default values. The search was conducted in a grid 
of 50 points per dimension and the step size of 0.375 
centered on the binding site of DNA. The best confor-
mation was selected with the lower docking energy [46]. 

At the end of docking runs, diverse binding 
energies of the ligand were obtained with their respective 
conformations; the stable conformation, which 
corresponds to the lowest binding energy, was chosen as 
the best pose and was used in the docking analysis.  

The binding energy of the docked structure of the 
FMA ligand with DNA was found to be -22.28 kJ·mol-1 at 
the 3rd run. The magnitude of the calculated binding 
energy indicates a high binding affinity between DNA and 
the studied ligand (Table 4). The binding constant K was 
calculated using Eq. (2). 

 
Table 4 

Binding constant and binding  
free energy values obtained for FMA -DNA  

adduct by molecular docking approach 
-ΔG, kJ·mol-1 22.28 

K, M-1 7.9·103 
 

 

 
Fig. 7. Docking pose of FMA with DNA (PDB ID : 1BNA) 
illustrating the interactions between DNA and FMA: DA (1);  

DC (2); DG (3) and DT (4) 
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a)                                                                                                                           b) 

 
Fig. 8. Surface view (a) of docked FMA (1) with DNA (2) and three-dimensional model (b)  

of interactions of FMA with DNA, the DNA is presented by secondary structure and by CPK,  
and by lines denoted by atom type: carbon (A); polar hydrogen (B) and oxygen (C). FMA is depicted by sticks and balls  

 
The results indicate that the ligand FMA interact 

with DNA by the hydrogen atom of the amine function 
via hydrogen bond to the oxygen atom number 2 of the 
nucleoside DT20 (Fig. 7).  

The docking study on the FMA-DNA system 
showed that the FMA is placed in the minor groove of 
DNA. Fig. 8a shows the surface view of the docked 
conformation, indicating that ligand FMA fits well in the 
minor groove of DNA. Fig. 8b shows the close-up sight of 
the atoms of nucleotides of DNA interacting with the 
surface of FMA. It can be seen that the oxygen atom (O2) 
of the base pair deoxythymidine-20 (DT20) is interacting 
electrostatically with the hydrogen atom of FMA. 

4. Conclusions 

Voltammetric and spectroscopic assays 
accompanied by molecular docking calculations were 
used to study the interaction of 9N-
(ferrocenylmethyl)adenine with DNA. The experimental 
results and molecular docking studies indicate that 9N-
(ferrocenylmethyl)adenine possesses significant binding 
affinity with DNA via electrostatic interactions as the 
dominant mode. Furthermore, the order of magnitude of 
binding energy confirms the electrostatic interaction of 
9N-(ferrocenylmethyl)adenine with DNA. These findings 
clearly indicate that the studied ligand can cause 
conformational changes in the structure of DNA, 
subsequently slowing down the cell replication process 
and eventually preventing the cell death. 
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ОБЧИСЛЮВАЛЬНИЙ МОЛЕКУЛЯРНИЙ ДОКІНГ, 
ВОЛТАМЕТРИЧНІ ТА СПЕКТРОСКОПІЧНІ 

ДОСЛІДЖЕННЯ ВЗАЄМОДІЇ ДНК  
З 9N-(ФЕРРОЦЕНІЛМЕТИЛ)АДЕНІНОМ 
 
Анотація. З використанням методів циклічної 

вольтамперометрії та електронної спектроскопії за одна-
кових умов проведені вимірювання вільної енергії 9N-(ферро-
ценілметил)аденину (ФMA) з дволанцюговою ДНК. Отримані 
результати підтверджені обчислювальним молекулярним 
докінгом. Показано, що док-результати добре узгоджуються з 
експериментальними даними і що ліганд ФMA поміщений у 
невелику борозенку спіралі ДНК. 

 
Ключові слова: ДНК, енергія вільного зв’язування, 

AutoDock, розмір ділянки зв’язування, коефіцієнт дифузії. 
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