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Abstract 

Interaction energy between mustine and guanine have been studied in presence of external 

electric field using conceptual density functional theory (DFT) at B3LYP/6-31+G(d) and 

B3LYP/6-311++G(d,p) level of theories. Apart from that effect of electric field on the G 

and H of the mustine-guanine adduct formation process was studied. Stability of the adduct 

was examined using DFT based reactivity descriptors in presence of electric fields. 
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1. Introduction 

Interaction of anticancer drugs with DNA plays a predominant role in cancer 

chemotherapy. Most of these drugs target DNA and drug-DNA adduct formation becomes an 

important subject in cancer chemotherapy [1]. Many researchers have used different 

experimental techniques to study the binding pattern of these drugs with DNA [2]. Study of 

the drug-DNA adduct formation posture more significance towards drug designing and has 

been isolated and studied well by different groups [3]. Kinetics of drug-DNA interaction of 

different DNA targeted drugs were also studied extensively [4]. In an important work, 

Hartley et al. studied the effect of ionic strength on alkylation of N7 of guanine by nitrogen 

mustards [5]. 

Nitrogen mustards are well studied anticancer drugs and are known for their DNA 

alkylating ability. These drugs have been used in cancer chemotherapy since long and are 

well reviewed [6]. Mustine is the oldest member of this family and is being used in cancer 

chemotherapy since more than 50 years. This class of drug molecules exert their cytotoxic 

action through covalent bond formation with cellular nucleophilic centers especially in DNA. 

They interact with DNA via formation of aziridinium ion (Az
+
) (Fig. I) and form mono-

adduct which further leads to cross-linked adduct [1,6]. Detailed studies suggest that N7 of 

guanine is the most preferred position of these drug molecules for alkylation [7].  Recent 

theoretical studies have drawn attention of the scientists and a number of such studies have 

been made on drug-DNA adducts [8]. Stability of drug-DNA adducts play an important role 

in cytotoxicity of the drug molecules. It is important to mention that global hardness; a DFT 

based reactivity descriptor, is an efficient tool to describe the stability of a molecular species 

and have been tested well in recent years [9]. Moreover, it is observed that the stability of a 

species is sensitive to different factors such as external electric field, solvent polarity, 
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configuration of the species etc [10]. Alkylation of guanine by mustine takes place in highly 

polar medium (cell plasma). Therefore, it is expected that the polarity of the solvent medium 

and presence of metal ions in cell plasma might produce some electric field which affect 

stability of the adduct, interaction energy (between drug and DNA) and thermo chemistry of 

the adduct formation as well.    

Here we have considered the mustine-guanine adduct (instead of a DNA chain we 

have considered one guanine molecule, glycosidic linkage is replaced by a methyl group) and 

studied the variation of interaction energy in presence of an external electric field using 

density functional theory. Apart from that we have performed thermodynamic analysis on the 

adduct formation process, Fig. I. Moreover effect of electric field on stability of the adduct 

have been observed.  

2. Theoretical and Computational details: 

The global hardness ( ) [11] was calculated from the frontier orbital energies, HOMO 

( HOMO ) and LUMO ( LUMO ) using the equation
( )

2

LUMO HOMO 



 . Gas phase geometrical 

minima of the species was optimized using 6-31+G(d) basis set with Becke three parameter 

exchange and Lee, Yang and Parr correlation functional, B3LYP [12] and were confirmed by 

frequency calculation. Geometry optimization was followed by single point calculations at 

the same level of theory in presence of external electric field values in six different directions 

(along positive and negative directions of x, y and z axes). The electric field was varied from 

0.000 a.u. to 0.020 a.u. [1a.u. of electric field=51.4 V/Å]. Further thermodynamic analysis 

have been carried out at B3LYP/6-31+G (d) level of theory. The interaction energies (Eint) 

between mustine (Az
+
 ion) and guanine were calculated using supermolecular approach, 

[Eint= (Eadduct)  (Eazi + Eguanine)], where, Eadduct is the energy of the mustine-guanine adduct, 
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Eazi is the energy of the Az
+
 ion and Eguanine is the energy of the guanine molecule. 

Additionally, to check the consistency of our results we have performed single point 

calculations at B3LYP/6-311++G (d,p) level of theory.  All calculations were performed 

using Gaussian09 package of programme [13]. 

3. Results and discussion: 

3.1 Effect on interaction energy 

To observe the effect of external electric field on interaction energy between mustine 

and guanine, initially we have calculated the interaction in absence of external electric field 

and then electric is applied along all six directions, shown in Fig. II. 

Fig. II brings forth an interesting result on the effect of electric field on interaction 

energy. As we have applied electric field along negative direction of x-axis, high magnitude 

of electric field leads to a very high interaction energy, (for example, at  0.02 a.u. field 

interaction energy =  61.41 kcal/mol). As field strength decreases, interaction energy 

decreases and in absence of the field (field = 0.0 a.u.) interaction energy becomes low (=  

39.15 kcal/mol) and remain almost same as we increase the field strength along positive 

direction. However along y-axis, the pattern is observed to be quite different; interaction 

energy decreases as field strength decreases along  negative direction and this decline in 

values continues as we go on increasing field strength along +y direction. The trend is exactly 

opposite in case of z-axis. During drug-guanine adduct formation, the drug molecule 

approaches guanine molecule along the –x direction; y and z axes are pointing perpendicular 

to the plane of the adduct (figure I) and hence results observed along z-axis is just opposite to 

that of y-axis. Thus, both field strength as well as direction of the applied field exerts strong 



5 

 

effect on interaction energy between mustine ion and guanine. Same results were observed 

with B3LYP/6-311++G (d,p) level of theory (Supplement Table 1).        

3.2 Thermochemical analysis 

Thermodynamic parameters play an important role in determining the direction of a 

chemical reaction; negative values of G (change in Gibbs free energy) and H (change in 

enthalpy) has always been sought for thermodynamic feasibility of a chemical reaction. To 

check the thermodynamic feasibility of the mustine-guanine adduct formation, we calculated 

G and H involved in the adduct formation process, Fig. I; (G = Gadduct – (Gaziridinium ion + 

Gguanine)).  Further, we have observed the effect of electric field on these two parameters by 

varying the field.  

Fig. III shows that in absence of electric field (field = 0.0 a.u.), G and H of the 

adduct formation are   38.99 and  24.08 kcal/mol respectively which demonstrate that 

adduct formation is exothermic. From Fig. III(a), it has been observed that a very strong field 

(= 0.020a.u.) applied on the negative direction of x-axis results maximum (negative) G and 

H and as we decrease the field strength, these values decreases and further increasing the 

field strength along positive direction of x-axis, both G and H values remain almost 

constant. On the contrary y and z-axes results are quite different. Along y-axis, as we increase 

the field strength in negative direction, these values decrease and along positive direction it 

shows an increase with increasing field strength, Fig. II(b). Reverse trend is observed in case 

of z-axis, Fig. III(c). This indicates that field strength as well as direction of its applications 

are important for thermodynamic feasibility of the adduct formation. B3LYP/6-311++G (d,p) 

level of theory also give same results (supplement Table 2).    

3.3 Variation of the global hardness:  
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Stability of the mustine-guanine adduct is observed from their global hardness 

(maximum hardness leads to maximum stability according to maximum hardness principle)  

by varying the electric field from 0.000 a.u. to 0.020 a.u in all six directions. The observed 

pattern along the three axes is summarized in Fig. IV. 

It is observed that along x-axis, maximum hardness is found at around field value = 

0.01 a.u. However, in case of y-axis this peak has shifted to field value =  0.01 a.u. 

Perversely, no such minimum value is observed in the applied field range along z-axis. This 

clearly indicates that the stability of the mustine-guanine adduct depends on the direction of 

applied field. Thus, according to maximum hardness principle, the mustine-guanine adduct 

becomes stable in presence of strong external field along x-axis which may be exerted by 

polar media. Conclusively, it can be stated that application of different strength of electric 

field in different directions are obliged to impart extra stability to the adduct. Consistent 

results were found at B3LYP/6-311++G (d,p) level of theory (supplement Table 3).  

Conclusion: 

Our observations showed that stability of the mustine-guanine adduct is highly effected by 

external electric field. Further the pattern of variations obeys maximum hardness principle. 

Moreover electric field affect the interaction energy between Az
+
 ion and guanine. External 

electric field applied in particular direction favours G and H of the mustine-guanine 

adduct formation process.   
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Fig. I. Formation of mustine-guanine adduct (mustine (A) form aziridinium ion (B) and then 

aziridinium ion interacts with guanine resulting mono-adduct (C)). 
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Fig. II: Variation of interaction energy (in kcal/mol) along three Cartesian axes at 

B3LYP/6-31+G (d) level of theory. 
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Fig. III (a): along x-axis. 
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Fig. III (b): along y-axis 
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Fig. III(c): along z-axis  

Fig. III. Variation of G and H (in kcal/mol) of the adduct formation with external 

electric field along three Cartesian axes at B3LYP/6-31+G(d) level of theory. ( - H,  - 

G).  
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Fig. IV.  Variation of global hardness along three Cartesian axes (- along x-axis, - along y-

axis, - along z-axis). 

 

 


