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 The effect of twelve novel imidazolyl derivatives of 1,8-acridinedione (ligands) on calf thymus DNA was studied applying 
different biophysical techniques including UV-Vis spectrophotometry, CD spectropolarimetry and fluorimetric methods to gain 
deeper insights into the mechanism of interaction of the ligands with DNA. The binding parameters such as C50, Kapp, ∆Go

(H2O) 
and m-value, followed by Scatchard analysis, indicate that among the tested ligands, four compounds; 12b, 13b, 12f and 13f, 
containing nitro and benzyl imidazole substituents, revealed uncompetitive intercalative mode of interaction with DNA. UV-Vis 
studies imply that the compounds bind cooperatively to DNA at the concentration range of 100-200 µM. Based on biophysical 
data, QSAR analysis, and docking simulations, we propose that in cytotoxic 1,8-acridinediones, the imidazole moiety is essential 
for pharmacological activity and the introduction of more flexible and electron-withdrawing substituents on the imidazole ring 
serves to enhance their DNA intercalating ability. 
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INTRODUCTION 
 
 In spite of great advances in the treatment of cancer and 
the development of new approaches to interfere with cell cycle 
control, DNA still represents one of the most challenging bio-
receptors for the development of small molecules [1]. Most 
compounds available interact with DNA non-covalently either 
through    minor    groove    binding    by    a   combination   of 
  

*Corresponding author. E-mail: moosavi@ibb.ut.ac.ir 

 
hydrophobic, electrostatic and hydrogen binding interactions, 
or via intercalative binding in which planar aromatic moiety 
slides between the DNA base pairs [1]. Understanding the 
mode of the interaction of small molecules with DNA is of 
significance in the rational design of more potent and selective 
anticancer agents and is being actively pursued. Although it is 
well established that DNA binding is not sufficient to confer 
cytotoxicity, interaction with DNA is often considered as a 
necessary criterion [1]. Accordingly, the synthesis of novel 
DNA interacting  acridines  such  as  9-phenoxyacridines  [2],  
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aminoalkyl-4-acridine carboximides [2], pyrazoloacridines [3] 

and imidazoloacridinones [4,5] is being explored. Amsacrine 

(a 9-aminoacridine) and Ledakrin (a nitro-acridine) are used 

clinically and several derivatives such as the 4-carboxamido-

acridine (DACA) are currently undergoing clinical trials [6]. 

The structures of compounds mentioned are shown in Fig. 1. 

 Among different acridine derivatives, 1,8-acridinedione is 

a known scaffold with a wide spectrum of biological 

properties such as anti-malarial activity [7,8], potassium 

channel opening effect [9-11], DNA interaction and anti-tumor 

effects [12,13]. The diverse physicochemical properties of this 

agent such as oxido-reduction and Nicotinamide Adenine 

Dinucleotide Phosphate (NADPH) are well established [14]. 

 We were thus strongly encouraged to obtain some deeper 

insights into the mechanism of the interaction of the 

synthesized imidazolyl derivatives of 1,8-acridinedione with 

calf thymus DNA and to attain a wider appreciation of any 

ligand-DNA interaction and characterization.  

 

EXPERIMENTAL  
 
Materials and Methods 
 Calf thymus (CT) DNA was obtained from Sigma-Aldrich. 

All DNA solutions used were prepared in 5 mM Tris buffer 

(pH = 7.4) at 4 °C, giving a UV absorbance ratio (A260/A280) of 

1.83 indicating that DNA was sufficiently free of protein. 

Concentration of DNA stock solution (1.18 mg ml-1) in 

nucleotide phosphate (NP) was determined by UV  absorbance  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

at 260 nm and the extinction coefficients of CT-DNA 

solutions (ε260) were taken as 6600 M-1 cm-1 at 260 nm, 

expressed in micromolar base (µMb) [15]. The ethidium 

bromide (EtBr) was obtained from Sigma Aldrich in analytical 

grade, and its 1 mM stock solution was prepared in Tris-HCl 

buffer freshly before each experiment.  

 
Synthesis 
 A series of novel imidazolyl derivatives of 1,8-

acridinediones were synthesized in our laboratories and  the 

structure of the compounds (ligands) under experiment and 

their physical and spectral properties have been reported 

previously [16].  
 
UV-Visible Spectrophotometry 
 All the spectrophotometric measurements were carried out 

using a Rayleigh, UV-2100 UV-Vis, recording double-beams 

spectrophotometer. Absorption of aqueous solution of the 

compounds was proportional to their concentrations in the 

range of 2 × 10-6 to 2 × 10-3 M. The absorption changes of 

fixed amount of DNA upon titration with increasing ligand 

concentration with ratios of 0.08, 0.24, 0.56, 1.36, 2.16, 2.96, 

3.76, 6.16, 8.16 and 12.16 were used to determine ∆Go
(H2O) of 

denaturation according to Pace method [17-20]. In this 

experiment the sample cell was filled with DNA solution and 

the reference cell was filled with Tris-HCl buffer only. After 3 

min, the absorption was recorded at 260 nm for DNA. The 

addition  of  ligand  to  both  cells  continued  until  no  further  

 

Fig. 1. Chemical structure of 9-phenoxyacridines (1), aminoalkyl-4-acridine carboximides (2),  

     pyrazoloacridines (3), imidazoloacridinones (4), Amsacrine (9-aminoacridine) (5). 
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changes were observed. These absorption readings of DNA 

solutions were plotted separately versus different 

concentrations of the ligands. From these plots the 

concentration of each ligand at the midpoint of transition was 

deduced and the concentration of the ligand in the transition 

region was calculated (we picked 50, 100 and 150 µM 

concentration of each ligand for further experiments).     

 The fraction of denatured DNA (Fd) was calculated using 

the following equation:  

 

Native              Denatured                                                 (1) 

 

 Fd = (An - Aobs)/(An - Ad)                                                  (2) 

 

where Fd is the fraction of denatured DNA, Aobs is the 

observed absorption of DNA at each concentration of the 

ligand (50, 100 and 150 µM), and An and Ad are the absorption 

values for the native and denatured states, respectively. 

Therefore, the difference between the free energy of the native 

and the modified forms of DNA (∆Go) were calculated using 

the following equation [17-20]:  

 

 ∆Go = -RT ln[Fd/(1-Fd)] = -RT ln[(An - Aobs)/(Aobs - Ad)] 

                                                                                                (3)           

                                                          

where R is the gas constant (1.986 cal K-1 mol-1) and T is the 

absolute temperature (298.15 K). The plot of the values of 

∆Go against the denaturant concentration revealed a linear 

behavior shown in the following equation [17-20]: 

  

 ∆Go = ∆Go (H2O) - m [D]                                                    (4) 

 

where ∆Go
(H2O) is the conformational stability of DNA in the 

absence of the ligand (the value of ∆Go at the zero 

concentration of the ligand), m is a measure of the ligand 

ability to denature DNA, and [D] is the denaturant 

concentration. The procedure is reported for DNA in the 

presence of the compounds separately. The calculated ∆Go
(H2O) 

and m values are presented in Table 1. 

 
Fluorimetric Measurements 
 Fluorescence emission spectra were obtained by Cary 

Eclips,   Varian   model,   (Australia),   (quartz   cuvett,   1 cm)  

 

 

operated in energy mode. Both slit widths employed were 5 

nm for the excitation and mission beam. The spectra were 

recorded at 10 nm min-1 scanning speed without filter. The 

emission spectrum of EtBr was studied at its maximum 

quantum yield at 471 nm. All of the compounds exhibited 

rather strong fluorescence allowing measurements at as high 

concentrations as 100 nM. Fluorescent emission of all the 

studied compounds was proportional to their concentration in 

the range of 1 × 10-5 to 1 × 10-3 M. The fluorimetric study of 

the interaction of EtBr with DNA in the absence and presence 

of the ligands was carried out applying the method reported by 

StrothKamp & StrothKamp [21,22] at 25 °C. For EtBr 

displacement assay excitation was set at 471 nm, and 

fluorescence emission was monitored in the range 550-700 nm 

[21,22]. Since the fluorescence intensity of DNA-ethidium 

complex can be altered due to the binding of ligands to the 

complex, the effect of each ligand was studied in this respect. 

Experiments were performed with an EtBr on DNA molar 

ratio of 1.26 and a drug concentration range of 4-200 µM in a 

Tris-HCl buffer, pH = 7.4. C50 values (concentration of the 

ligand required to reduce the initial EtBr fluorescence by 50%) 

for EtBr displacement were calculated using a fitting function 

and the apparent equilibrium binding constants (Kapp) were 

calculated using Eq. (5) [21,22]: 

 

 Kapp = [([DNA]/[EB])/C 50] × K EtBr     with KEtBr = 107 M-1            

                                                                                                (5) 

 

Results are shown in Table 2. 

 
Scatchard Analysis 
 The Scatchard analysis was carried out according to the 

method previously described in the literature [23-26]. Three 

sets of nine samples containing constant concentration of 

DNA and different concentrations of EtBr (0, 2, 4, 6, 8, 10, 14, 

18 and 20 µM) were prepared. The solutions were kept at 

room temperature for the inhibition time (about 30 min) and 

were then treated with different concentrations of each ligand 

(50, 100 and 150 µM). The emission intensities were recorded 

at 605 nm.  

 The emission intensity of free EtBr-DNA (I0) for nine EtBr 

solutions (0, 2, 4, 6, 8, 10, 14, 18 and 20 µM) in buffer and 

emission intensity of DNA-ligand-EtBr (It) were recorded. 
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          Table 1. The Calculated Parameters of DNA Stability in the Absence and Presence of the Effective  

                         Concentration of Each Ligand 

      

Ligand R  ∆Go
(H2O) (kcal mol-1) m (kcal mol-1 µM-1) R2 

No ligand - 18.779 0.0156 0.999 

12a 
 

6.0627 0.0794 0.9881 

13a 

 

9.784 0.0512 0.8801 

12b 
 

8.2443 0.0328 0.9947 

13b 
 

8.4541 0.0418 0.9342 

12c 

 

8.196 0.0629 0.9555 

13c 
 

12.269 0.0432 0.8139 

12d 
 

13.813 0.0524 0.9615 

13d 

 

10.004 0.0488 0.9701 

12e 
 

18.732 0.1705 0.9975 

13e 
 

9.1563 0.0944 0.9999 

12f 

 

10.76 0.0642 0.9280 

13f 
 

8.399 0.1366 0.9268 
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 Applying the data, the number of EtBr molecules bound to 

DNA (Cb) was worked out using: 

 

 Cb = It - I0/(V-1)K              (6) 

                                                           

where K is the slope of the I0 against the added EtBr 

concentration (C0). V is the ratio of emission intensities of 

bound EtBr to free EtBr, which has been reported 50 in 

average in most articles. These intensities should be 

determined under precisely the same conditions considering 

solvent, temperature, concentration, and excitation 

wavelength. In our experiment, the slope of the CEtBr curve 

against Cb was 51.8 (r2 = 0.933). 

 The value of r can be calculated with the determination of 

Cb: 

 

 r = Cb/[DNA]                                                                    (7) 

 

where r is the ratio of bound EtBr to the total DNA 

concentration. Through plotting r/Cf against r, the Scatchard 

plot was obtained (Cf is the free concentration of EtBr from   

Cf = C0 - Cb). The Schatchard plots of the selected ligands are 

shown in Fig. 4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Circular Dichroism Spectropolarimetry (CD) 
 The CD spectra were obtained via a J-810 Jasco 
spectropolarimeter at 25 °C controlled by a PTC-423S/L 
Peltier type cell changer (Jasco). A quartz cell of 10 mm path 
length was used to obtain spectra from 200 to 320 nm with a 
resolution of 0.1 nm. The CD measurements were performed 
in a 5 mM Tris-HCl buffer, pH = 7.4 for DNA to ligand 
concentrations of 0.04, 0.1, 0.2, 0.75 and 1.5 in each case. 
Data are reported in θ (ellipticity) (mdeg) or molar ellipticity 
[θ] × 10-3 (degree cm-1/dmol), based on the average weight of 
nucleotide (AWN), which is equal to 330 for DNA (for 
oligonucleotide is obtained according to their sequence) [27-
29]. 
 
Docking Protocol 
 The three-dimensional structure of the molecules were 
constructed using HyperChem (HyperCube Inc., Gainesville, 
FL). Docking simulations were carried out using AutoDock 
[30] version 3.0.5 and crystal structure of Adriamycin in the 
complex with DNA hexamer (PDB ID: 1D12) [31] as 
described before [32]. 
 
QSAR Analysis 
 The chemical structure of  the  molecules  was  constructed 

                                  Table 2. Apparent Binding Constants (Kapp) and C50 Values of  the 

                                                 Ligands in 5 mM Tris-Buffer and pH = 7.4 

 

Compound C50(µM)a Kapp×106 b 

12a 178.1 0.071 

13a 470.92 0.027 

12b 91.64 0.137 

13b 88.49 0.142 

12c 219.4 0.033 

13c 192.61 0.065 

12d 215.17 0.059 

13d 326.60 0.039 
12e 223.39 0.057 

13e 204.50 0.062 

12f 122.80 0.103 

13f 108.30 0.116 
                                                    aConcentration of the compound required to reduce the initial EtBr 

                                  fluorescence by 50%. bThe apparent binding constant.  
 

www.SID.ir



Arc
hi

ve
 o

f S
ID

 

 

 

Jamalian et al. 

 1103 

  

 

using HyperChem package (Version 7, Hypercube Inc.). The 

Z-matrices of the structures were provided by the software and 

then transferred to the Gaussian 98 program [33]. Complete 

geometry optimization was obtained taking the most extended 

conformations as the starting geometries and employing semi-

empirical molecular orbital calculations (AM1). HyperChem, 

Gaussian 98 and Dragon packages (R. Todeschini, Milano 

Chemometrics and QSAR Group http://www.disat.unimib.it/ 

vhm/) were used for the calculation of molecular descriptors 

[34].  

 The highest occupied molecular orbital (HOMO) and the 

lowest unoccupied molecular orbital (LUMO) energies, the 

most positive charge (MPC), the least negative charge (LNC), 

the most negative charge (MNC), and the molecular dipole 

moment (MDP) were calculated by Gaussian98. Some 

chemical parameters including molar volume (V), molecular 

surface area (SA), hydrophobicity (logP), hydration energy 

(HE) and molecular polarizability (MP) were calculated using 

HyperChem software. Different topological indices such as 

first Zagreb index by valence vertex degrees (ZMV1) and 

ramification index, geometrical indices such as 3D Petijean 

shape index (PJI3) and constitutional indices were calculated 

using Dragon software. 

 The MLR analysis was performed by the SPSS software 

using the stepwise selection and elimination procedure for the 

variables [35]. For each set of descriptors, the best multi-linear 

regression equations were obtained, utilizing correlation 

coefficient (R2), standard error of regression (SE), correlation 

coefficient for cross-validation significance (Q2), root mean 

square error (RMS) and significant level (p-value). As co-

linearity degrades the performances of the MLR-based QSAR 

equation, first correlation analysis was performed to detect the 

co-linear descriptors [36]. To do so, the correlation of 

descriptors with each other and with the biological and 

biophysical data was examined and from among the co-linear 

descriptors one of which represented the highest correlation 

more actively was retained and the rest were omitted. 

 
RESULT AND DISCUSSION 
 
DNA Binding Studies 
 UV-Vis absorption titration experiments. To avoid 

repetition,   the   results   of  compounds  12d  and  13d  as  the 

 

 

prototype of the less cytotoxic ligands and compounds 12b, 
13b, 12f and 13f as the four more active compounds are 

demonstrated in the figures. On the other hand, the UV spectra 

of most of the compounds under experiment, exhibited slight 

hypochromic changes upon titration with CT-DNA 

compounds 12b, 13b, 12f and 13f revealed relatively 

pronounced hypochromic effect and induced bathochromic 

shift (3-5 nm) in the absorption maxima at 260 nm (Fig. 2). 

Upon intercalating of the base pairs of DNA, the π* orbital of 

the intercalated ligand is coupled with the π orbital of the 

DNA base pairs, thus decreasing the π � π* transition energy 

and resulting in bathochromism.  

 On the other hand, the coupling π orbital was partially 

filled with electrons, thus decreasing the transition 

probabilities and concomitantly resulting in the 

hypochromism. This hypochromism effect seems to strongly 

depend on the substituents on the imidazole ring. As with the 

four compounds, 12b, 13b, 12f and 13f, in which the C5-

hydrogen and the N1-nitrogen are replaced by a nitro and a 

benzyl group, respectively, the changes of UV-Vis spectra are 

comparatively more prominent implying the involvement of 

stronger π-π stacking interactions with DNA duplex.  

 Absorbance plots against concentration revealed a 

curvilinear concave downwards suggesting a cooperative 

binding and the plateau phase in absorptions above 200 µM 

(Fig. 2), suggesting 50-200 µM transition concentration region 

of the ligands.  

 DNA stability estimation. Using the DNA denaturation 

plots and the Pace method [20], the values of Fd or unfolding 

equilibrium constant (Eq. 2.), and ∆Go, the unfolding free 

energy (Eq. 3.) of DNA at room temperature in the presence of 

the ligands were calculated. A straight line was obtained when 

the values of ∆Go were plotted versus the concentration of 

each ligand in the transition region. The m value, the slope of 

these plots (a measure of the ligand ability to denature DNA) 

and the intercept, ∆Go
(H2O), (conformational stability of DNA 

in the absence of the ligand) [17-20,37,38] are summarized in 

Table 1. The results clearly reveal that increasing the 

concentration of compounds 12b, 13b, 12f, 13f, 12d and 13d 

decreases the stability of DNA.  

 ∆Go
(H2O) is free energy in the absence of the ligand and is  

the best criterion for estimation of the stability of the 

biomacromolecule. The decrease in  ∆Go
(H2O)  is  indicative  of  
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Fig. 2. UV spectra of (A) 12b, (C) 13b, (E) 12f,  (G) 13f,  (I) 12d, and  (K) 13d. The adjacent curves  show  the plot 

           of UV changes against ligand concentration in each case (B) 12b, (D) 13b, (F) 12f, (H) 13f, (J) 12d, (L) 13d. 
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diminishing of DNA stability due to interaction with ligands. 

∆Go
(H2O) values calculated for ligands 12b, 13b (8.2 and 8.4 

kcal mol-1, respectively) and 12f and 13f (10.7 and 8.4 kcal 

mol-1, respectively) are clearly lower than the values 

calculated in “no ligand” condition and in comparison to other 

ligands such as 12d and 13c (13.81 and 12.27 kcal mol-1, 

respectively), showing that they strongly decrease the DNA 

stability, induce conformational changes, and make them more 

susceptible to denaturation, in comparison to other ligands       

(see Table 1). The value of m is a measure of the dependence 

of ∆Go
 on the denaturant concentration, so the higher m-value 

is linked to the stronger effect of the ligand interaction with 

DNA. The m-values of the said ligands did not show a 

significant difference in comparison to the other tested 

compounds, except for 13f, whose m-value is 14 times higher 

than 12a.   
 
Intercalation Studies Using Fluorimetric Methods 
 EtBr displacement assay. The ability of the ligands to 

displace the DNA intercalator EtBr from CT-DNA was probed 

by monitoring the relative fluorescence of the EtBr-DNA 

adduct after treating the DNA with varying concentrations of 

the ligands [21,22,39]. Strong fluorescence of the studied 

compounds in aqueous media allowed titration to be done 

exclusively at variable DNA to ligand concentration ratios. As 

is clearly shown in Fig. 3, the addition of increasing 

concentrations of each ligand to the DNA-EtBr complex, 

quenched the fluorescence emission of the complex. This 

could be attributed to the ability of the compounds to compete 

with EtBr in sliding between DNA base pairs. C50 values 

(concentration of the ligand required to reduce the initial EtBr 

fluorescence by 50%) for EtBr displacement were calculated 

using a fitting function, and the apparent equilibrium binding 

constants (Kapp) were calculated [21,22,39]. Among all the 

tested ligands, compounds 12b, 13b (C50 value of 91.6 and 
88.5 µM, respectively) and 12f and 13f (with C50 value of 

122.8 and 108.3 µM, respectively), showed a significantly 

more competitive binding potency in comparison to others, 

such as 13a (470.9 µM) or 12e (223.4 µM) (Table 2). A 

knowledge of equilibrium binding constant of the tested 

compounds facilitates an understanding of the affinity of a 

ligand towards DNA. 

 Compounds  12b,   13b,   12f   and  13f  clearly  reveal  the 

 

 

highest binding constants alongside others. Ligand 13b 

showed a binding constant of almost 5 times higher than 13a. 

This obviously indicates that the mentioned compounds are 

capable of interaction with π-stacking of the DNA base-pairs 

(intercalation).  

 Scatchard binding mode analysis. The Scatchard 

analysis of the fluorescence quenching experiments provides 

information about the mechanism of ligand binding. As it can 

clearly be seen through Scatchard graphs (Fig. 4), in all 

ligands, except 12d and 13d, the cumulative binding constants 

remain constant and the number of the binding sites per 

nucleotide does not show any significant changes. This sort of 

interaction is described as un-competitive mode of interaction 

of small molecules. However, in the case of 12b, 13b, 12f and 

13f, as the added concentration is increased, the cumulative 

binding constant decreases and the number of binding sites per 

nucleotide change in different magnitudes, which 

characteristically describe the non-competitive intercalation 

interaction [23-26,39]. 

 Circular dichroism spectropolarimetry. Compounds 

13d, 12b and 13f as the representatives of each group were 

subjected to more detailed investigation through CD. In order 

to get a deeper insight into the changes of polynucleotide 

properties induced by small molecule bindings, CD 

spectropolarimetry was chosen as a highly sensitive method to 

detect the effect of intercalators on the base stacking and 

helicity of the double-strand DNA. The chiral compounds 

under experiment did not exhibit any band in the CD spectra 

region under investigation. The CT-DNA in the B-

conformation shows two conservative CD bands in the UV 

region, a positive band at around 273 nm (due to base 

stacking) and a negative band at 242 nm (due to 

polynucleotide helicity) [17].  

 As indicated in Fig. 5E, very small changes wereobserved 

in the spectra of DNA-ligand 13d which implies interaction 

with minor conformational changes in the DNA structure, 

whereas Figs. 5A (12b) and 5C (13f) are indicative of much 

more changes of the DNA conformation revealing a 

significant distortion in both π- stacking of the DNA base pairs 

and the helicity of the polynucleotide. While the changes do 

not fit to the intercalative binding mode, a non-competitive 

intercalative interaction accompanied by clear conformational 

changes in DNA structure can be deduced. As it is observed in  
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Fig. 3. Emission spectra of  EtBr alone, and EtBr bound to CT-DNA in the absence and presence of  different concentration   
            of (A) 12b, (C) 13b, (E) 12f, (G) 13f, (I) 12d, and (K) 13d, in Tris-HCl buffer (5 mM), at room temperature (25 °C).  
           (0 , 4 , 8 , 12 , 16 , 20 , 40 , 60 ,  80 , 100  
          , 120 , 140 , 160 ,  200 ,  EtBr ).  Fluorescence  emission  changes  

             against compound concentrations are also shown, (B) 12b, (D) 13b, (F) 12f, (H) 13f, (J) 12d, (L) 13d. 
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Fig. 4. Scatchard plots of compounds in Tris-HCl buffer (5 mM) at pH = 7.4, (A) 12b, (B) 13b, (C) 12f, (D) 13f, (E) 12d,  
            and (F) 13d at concentrations of 50µM (■), 100 µM (▲), and 150 µM (●). 

 

 
Fig. 5. CD  absorption spectra  of  DNA in  the absence and  presence of ligands at different DNA to ligand concentration  
           ratios of 0.04, 0.1, 0.2, 0.75, and 1.5 in each case. (A) 12b    (DNA , 20 , 50 , 100 , 
           200 , 400 , 800 , 1600 ), (C) 13f (DNA , 20 , 50 , 100 , 
          375 , 750 ) , and (E) 13d  (DNA ,  20 ,  50 ,  100 , 200 ,  375 
          , 750 ). Molar ellipticity changes  against  different  DNA/ligand ratios at 242 nm (▲) and 273 nm  

            (■). (B) 12b, (D) 13f, (F) 13d are also shown. 
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the CD spectra, among all the studied compounds, 12b and 13f 
are strongly capable of induction of conformational changes 

resulting from the disturbance in base pair stacking and strand 

helicity by forming additional hydrogen bonds probably with 

the oxygen of cytosine and the nitrogen of the imidazole ring 

(in the case of 13f) or by forming non-covalent bonds between 

the -NH2 moiety of the guanine base and the oxygen of the 

nitro group in case of 12b. In the case of 13f,  the benzyl 

group seems to have a pronounced effect in the induction of 

the more exposed conformation of the imidazole ring with 

critical moieties of the base pairs such as guanine and 

cytosine. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Docking Simulations  
 The twelve synthesized compounds were docked onto 

d(CGATCG)2 oligonucleotide according to the docking 

protocol [32]. Results indicate that a probable mode of action 

of acridinedione derivatives as DNA binding agents is via 

intercalation of the acridinedione moiety between base pairs 

with the imidazole substituent binding to the outer surface of 

the DNA bio-molecule, although there are other possible 

orientations due to molecular minimum energy conditions. As 

it can be seen from the docking simulation results (Fig. 6), the 

compounds are theoretically capable of intercalating within 

DNA double  helix   in  a  mode  comparable  to  the  reference  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Docking simulation results of (A) 12b, (B) 13b, (C) 12f, (D) 13f, (E) 12d, (F) 13d, with rendering in stick  

           model for DNA bio-molecule and CPK for the compounds docked in DNA. 
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compound (Adriamycin). It is worth mentioning that 

apparently decreasing spatial hindrance in the area around the 

sliding moiety enhances the intercalating ability of the whole 

molecule. 

 
QSAR Analysis 
 The resulting correlation coefficient matrix is  presented in 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3 for the selected descriptors. The numerical values of 

the descriptors selected by Eqs. (7-9) are listed in Table 4 and 

the brief description of these parameters is given in Table 5. 

The cross-validated prediction results and the predicted values 

are plotted against the experimental values. 
 Equation (7) is a monoparametric equation modeled for 

Kapp of   11  compounds  (compound 12a  was   omitted  as  an  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                     Table 3. Correlation Coefficient (R2) Matrix of the Selected Descriptors and Experimental  
                                    Data Used in this Study 
 

 ZM1V Ram PW3 MNC Kapp ∆G logC50 

ZM1V 1 0.763 0.038 -0.198 0.962 -0.486 -0.773 
Ram  1 0.455 -0.021 0.779 -0.188 -0.884 
PW3   1 0.200 -0.02 0.310 0.005 
MNC    1 -0.18 0.782 0.252 
Kapp     1 -0.313 -0.871 
∆G      1 0.389 
logC50       1 

 
 

                                Table 4. Numerical Values of the Calculated Descriptors Used in this Study 

Compound ZM1V PJI3 MNC Ram PW3 

12a 320 0.694 -0.3773 12 0.342 
13a 336 0.735 -0.3407 12 0.342 
12b 434 0.686 -0.3993 15 0.351 
13b 450 0.785 -0.3746 15 0.351 
12c 335.21 0.628 -0.3813 14 0.347 
13c 351.21 0.821 -0.3406 14 0.347 
12d 330 0.862 -0.3866 13 0.347 
13d 346 0.741 -0.3421 13 0.347 
12e 338.44 0.705 -0.068 14 0.355 
13e 354.44 0.94 -0.4927 14 0.355 
12f 394 0.872 -0.3968 14 0.339 

13f 410 0.75 -0.3413 14 0.339 

 

                               Table 5. Brief Description of Parameters Selected in the Study 

Descriptors  Brief description 

ZM1V First Zagreb index by valence vertex degree 
PJI3 3D Petijean Shape index 
MNC Most negative charge 
Ram Ramification index 
PW3 Path/Walk 3- Randic shape index 
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outlier while deriving the corresponding model). The single 
topological descriptor, ZM1V explains 91.1% variance in Kapp.  
 
 Kapp = 0.001 (±0.001) ZM1V - 0.260 (±0.035)                  

(N = 11, R2 = 0.911, Q2 = 0.892, SE = 0.013, RMS = 
0.013, F = 92.587, p = 0.001)                                           (7) 

  
As can be seen, Eq. (8) has an acceptable quality and the 
variables used in this equation can explain 82.5% of variance 
in the interaction energy (∆Go

(H2O)) of these derivatives. This 
model explains the positive effects of MNC and PJI3 on the 
interaction energy of the compounds. The positive sign of the 
coefficient of the MNC implies that the decrease in the 
negative charge of the molecule resulted in the enhanced 
interaction of the ligand and DNA. Because of the presence of 
negative charge on the outer surface of DNA macromolecule, 
increasing the MNC of the ligand resulted in the enhanced 
repulsive forces and therefore reduced interaction with DNA.  
 

∆Go
(H2O) = 32.994 (±5.147) MNC + 21.096 (±5.639) PJI3 +                               

                   5.777 (±3.973)                                                
(N = 12, R2 = 0.825, Q2 = 0.721, SE = 1.543, RMS = 
0.945, F = 21.274, p = 0.001)                                           (8) 

  
Equation (9) explains 91.6% variance in the intercalation 
ability with respect to topological fields while LOO cross-
validation power of prediction was found to be 84.2%. The 
model is dominated by the Ram descriptor with a negative 
coefficient. The second descriptor obtained in the equation is 
also the topological descriptor PW3 (positive coefficient). 
 

logC50 = -0.277 (±0.030) Ram + 16.488 (±4.652) PW3 - 
0.342 (±1.509)                                                        
(N = 11, R2 = 0.916, Q2 = 0.842, SE = 0.081, RMS = 0.045    
F = 43.471, p = 0.001)                                                      (9) 

 
 According to the models calculated above, the relatively 
higher affinities of the compounds 12b and 13b, can be 
explained thus: incorporating an electron withdrawing 
substituent on the 1,8-acridinedione moiety may decrease the 
electron density on the whole system especially the nitrogen 
atom of the pyridine or dihydropyridine ring, and make it 
more susceptible to gain positive charge, which enhances its 
attraction by negatively charged  DNA  molecules.  The  effect 

 
 
of topological descriptors on the binding affinities did agree 
with the previous reports as well as with our predictions and 
expectations.  
 
CONCLUSIONS 
 
 The results of our investigations clearly show that all the 
synthesized ligands, differing only by the substituents of the 
imidazole ring, exhibit distinct DNA binding properties. 
Furthermore, it can simply be concluded from our diverse 
theoretical and experimental studies that there is no significant 
difference between the non-aromatic and aromatic derivatives. 
In sharp contrast with others, ligands 12b, 13b, 12f and 13f 
(bearing N-nitro and N-benzyl imidazole substituents) behave 
as typical non-competitive DNA intercalating agents, and their 
reasonably well binding to the double-stranded DNA provides 
a new template for DNA duplex stacking molecules. A few 
similar compounds containing the 1,8-acridinedione scaffold 
have been investigated for their mode of interaction with 
DNA, mostly showing non-intercalative (groove binding) 
behavior [40]. Finally, decreasing the electron density on the 
imidazole ring by the introduction of an electron-withdrawing 
substituent (i.e. nitro group) or a spatially flexible planar 
group (i.e. benzyl), diminishing the spatial hindrance of the tri-
cyclic acridinedione moiety and ultimately, increasing the 
flexibility of the alkyl side chains attached to the central 1,8-
acridinedione chromophore, are highly suggested for further 
modifications on similar DNA binding analogues. In addition, 
the presence of a nitro group can potentially have the extra 
advantage of increasing the selectivity of the new agent 
towards hypoxic cancer cells. 
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