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This research is designed to further understand the physicochemical interaction between the novel drug 

EFZ, and its biological receptor DNA. The ultimate goal is to design drugs that interact more with 

DNA. Understanding the physicochemical properties of the drug as well as the mechanism by which it 

interacts with DNA should ultimately enable the rational design of novel anti-cancer or anti-viral 

drugs. Molecular modeling on the complex formed between EFZ and DNA presented this complex to 

be fully capable of participating in the formation of a stable intercalation site. Furthermore, the 

molecular geometries of EFZ and DNA bases (Adenine, Guanine, Cytosine and Thymine) were 

optimized with the aid of the B3LYP/6-31G* method. The properties of the isolated intercalator and its 

stacking interactions with adenine···thymine (AT) and guanine···cytosine (GC) nucleic acid base pairs 

were studied with the DFTB method, an approximate version of the DFT method that was extended to 

cover the London dispersion energy. The B3LYP/6-31G* stabilization energies of the 

intercalator···base pair complexes were found to be -5.55 kcal/mol and -7.52 kcal/mol for AT···EFZ 

and GC···EFZ, respectively. It was concluded that dispersion energy and the electrostatic interaction 

contributed to stability of the intercalator·DNA base pair complexes. Results from comparison of the 

DFTB method and HF method conclude close results and support each other.  

 

 

Keywords: DNA, Intercalator, EFZ, DFTB, Drug Design, Stacking Interaction 

 

 

1. INTRODUCTION 

Efavirenz (EFV) is a human immunodeficiency virus type 1 (HIV-1) specific, non-nucleoside, 

reverse transcriptase inhibitor (RTI). HIV-1–RTI is required for viral replication, which converts a 

single stranded RNA into a double-stranded DNA via polymerase and RNase H activities [1-2]. 
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Combination of anti-HIV agents has long been an indispensable tool in fighting the AIDS 

epidemic. Combination of drugs from different classes has proven to be beneficial in terms of 

sustained efficacy and long-term safety, provided there are no significant negative pharmacokinetic 

drug-drug interactions [3]. 

In recent years the DFT method was applied in different branches of chemistry [4-38]. This 

paper presents the recently introduced approximate DFT method, DFTB technique (density functional 

tight-binding), empirical London dispersion energy term, which is accurate and reliable for 

computational studies [39-40], and calculations performed using the DFTB technique for H-bonded 

and stacked DNA base pairs [41-42]. Furthermore, this computationally very efficient procedure can 

yet be used in quantum mechanical (QM) and QM/molecular mechanical (MM) MD simulations very 

conveniently and accurately [43-44]. 

The quantum mechanical description of interactions between EFZ and DNA base pairs 

(Watson-Crick base pairing) employing the DFTB method are reported in this paper. To achieve this 

goal EFZ and DNA base pairs were simulated and; atomic charges, geometrical values (bond lengths, 

bond angles and dihedral angles), dipole moment, polarizability, and energies of the frontier molecular 

orbitals (HOMO and LUMO) were obtained. According to a literature survey, this is the first paper 

that studies EFZ and DNA base pair intercalations using the DFT method. 

The aim of this work was to study the geometries, electronic EFZstructures and its molecular 

complexes with nucleobases by DFTB methods. This study will shed more light on the nature of 

intercalations between a drug and DNA dominantly from the viewpoint of: charge transfer, dispersion 

and electrostatic forces. Hence, the study can help design new intercalators (drugs) to interact more 

with DNA. 

 

 

2. COMPUTATIONAL METHODS 

Calculations on the isolated molecules and molecular complexes were performed within 

GAUSSIAN 98 package [45]. 

 Each species was initially optimized with PM3 method and, then the optimized structures were 

again optimized with density functional theory using the 6-31G* basis set. Full geometry optimizations 

and frequency calculations were performed and each species was found to be a minimum by having no 

negative values in the frequency calculation. The calculations gave internal energies at 0 K. In order to 

obtain gas phase free energies at 298.15 K, it is necessary to calculate the zero-point energies and 

thermal corrections together with entropies to convert the internal energies to Gibbs energies at 298.15 

K [46-47]. 

Frequency calculations on these structures verified that they were true minima and provided the 

necessary thermal corrections to calculate H (Enthalpy) and G (Gibbs free energy). Finally, full 

optimizations and frequency calculations for each species were performed with the DFT/6-31G* [48-

49]. 

The EFZ structure and geometry were optimized at the B3LYP level using the 6-31G* basis 

set. In order to find the most stable equilibrium structure for EFZ···Basepairs complexes, the initial 
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guess structures are considered based on PM3 semi-empirical calculations followed by full geometry 

search based on Newton–Rapson procedure as implemented in GAMESS quantum chemistry code 

[50]. The most stable geometries were achieved when the intercalator (EFZ) and base pairs (AT and 

GC) were situated in coplanar planes in such a way that the major system axes were parallel. There is 

special definition for the molecular geometries of DNA base pairs. In all cases, the QM-optimized 

geometries of the base pairs and the intercalators were used for the QM calculation. Thus, when the 

idealized geometries were utilized, the interacting molecules were overlaid by their B3LYP/6-31G* 

optimized geometries, based on the least-squares fitting method. In the case of the empirical potential 

calculations, either the subsystem geometries were relaxed by the empirical potential or the QM-

optimized geometries were saved. This difference had an insignificant effect on the calculated 

energies. 

The other one-electron properties (dipole moment, polarizability, energies of the frontier 

molecular orbital) were also determined at the B3LYP/6-31G* level. For the charged species, the 

dipole moment was derived with respect to their mass center, because for the non-neutral molecules 

the calculated dipole moment depended on the origin of the coordinate system. 

The stabilization energies of the selected complexes were determined with the help of the DFT 

calculations and calculated with a recently introduced method, based on the combination of the 

approximate tight-binding DFTB with the empirical dispersion energy. The DFT methods are known 

to be inherently very deficient for stacking interactions, as they basically ignore the dispersion 

attraction [51-53]. As a consequence, their enlargement by an empirical dispersion term currently 

appears to be a very reasonable way to improve the major deficiency of the DFT method for the 

evaluation of the molecular complexes. It should also be mentioned that the interaction energies were 

obtained as the difference between the complex energy and the combined energies of the molecules in 

isolation [54].  

Processes in DNA environment depend on a delicate balance between stacking interactions, 

hydrogen bonding and hydration effects [55] Hydration free energies could be calculated by implicit 

models like solvent reaction field [56] and Langevin dipoles [57] methods or by explicit models in 

conjunction with free-energy calculations and molecular dynamics simulations [58] Due to complexity 

of these calculations, hydration effects will be evaluated in future studies. 

 

 

3. RESULTS AND DISCUSSION 

3.1. EFZ characteristics 

The optimized structure, the atom numbering and the atom charges of EFZ before and after 

complex formation are shown in Figure 1a and Figure 1b, respectively. The equilibrium geometries of 

the EFZ subsystem were determined and confirmed by subsequent calculations of the vibrational 

frequencies. Geometrical optimizations were performed using the DFTB method and the significant 

computed geometrical parameters are available in Table 1. This table contains significant geometrical 

values including: bond length, bond angles and dihedral angles for EFZ, before and after the complex 

formation (EFZ···AT and EFZ···GC). 
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b) 

 
 

Figure 1. (a) The optimized structure and the atom charges of EFZ. (b) The optimized structure and 

the atom charges of EFZ after the complex formation with GC and AT (Parentheses include the 

changes after the complex formation with AT) 
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Table 1.  Significant computed geometrical parameters for EFZ before and after complex formation 

 

 

EFZ does not have a planar structure. It should also be mentioned that the atom charge 

distribution in the EFZ is delocalized. The C2 exhibited the highest positive charges which was the 

cause of two bonding to the oxygen atoms with high electronegativity. The most negative charge is 

O11, because it contacted to two carbons are electropositive. The presence of electronegative elements 

in EFZ facilitated its interaction with the DNA molecule through hydrogen bonding with the GC and 

AT hydrogen. In addition, there are two kinds of interactions between EFZ and DNA; electrostatic 

interactions and dispersion interactions, being discussed in the next paragraphs. 

 

 

 

 

 

 

 

 

 

 

 

 

  

Bond 

lengths 
EFZ 

EFZ- 

GC 

EFZ- 

AT 

Bond 

Angles 
EFZ 

EFZ - 

GC 

EFZ - 

AT 

Bond 

Dihedrals 
EFZ 

EFZ - 

GC 

EFZ - 

AT 

R(1,2) 1.20 1.22 1.21 A(1,2,3) 124.21 124.15 124.81 D(1,2,3,4) -175.92 -174.46 -176.30 

R(2,3) 1.36 1.34 1.35 A(1,2,11) 120.67 119.22 119.55 D(1,2,3,22) 1.57 3.19 1.55 

R(2,11) 1.36 1.36 1.36 A(2,3,4) 124.88 124.08 124.62 D(11,2,3,4) 2.43 3.87 2.04 

R(3,4) 1.40 1.34 1.41 A(2,3,22) 115.30 115.86 115.62 D(11,2,3,22) 179.93 -178.46 179.99 

 R(3,22) 0.99 1.12 0.92 A(4,3,22) 119.76 119.77 119.72 D(1,2,11,10) -164.96 -167.20 -164.12 

R(4,5) 1.39 1.39 1.38 A(3,4,5) 120.28 119.81 120.13 D(2,3,4,5) 170.20 169.26 170.14 

R(5,6) 1.38 1.38 1.38 A(4,5,6) 120.00   119.84 120.00 D(2,3,4,9) -9.04 -9.62 -9.05 

R(5,23) 1.07 1.07 1.07 A(4,5,23) 119.93 119.61 120.04 D(22,3,4,5) -7.19 -8.30 -7.73 

R(6,24) 1.07 1.07 1.07 A(11,10,13) 104.18 103.91 103.53 D(3,4,5,6) -179.30 -179.20 -179.34 

R(10,11) 1.44 1.44 1.45 A(11,10,17)   107.65 107.66 107.84 D(3,4,5,23) 0.33 0.07 0.30 

R(10,17) 1.45            1.45 1.45 A(2,11,10) 125.90 125.54 125.73 D(23,5,6,24) 0.47 0.70 0.49 

R(17,18) 1.19 1.19 1.19 (18,19,20) 119.76 119.90 120.71 D(17,10,11,2) -150.04 -148.05 -150.82 

R(18,19)  1.43 1.44 1.44 A(19,20,26) 116.57  25.66 25.73 D(11,10,13,14) -60.23 -60.12 -60.41 

R(19,20) 1.52 1.52 1.52 A(19,20,27) 117.01 117.03 116.44 D(11,10,13,15) 60.15 60.18 59.35 

R(20,28) 1.07 1.07 1.07 A(19,20,28) 117.37 117.40 117.45 D(17,10,13,14) -175.31 -175.09 -175.61 

 

Table 2. Dipole moment [D], polarizibility [B
3
], HOMO and LUMO energies (in eV) of the drug, the 

bases and the base pairs 

 

Compound HOMO LUMO Dipole moment Polarizability 

AT -8.64 3.01 1.28 213.2 

GC -7.35 2.74 2.51 223.4 

EFZ -9.18 -2.16 4.68 177.4 

A -8.83 3.12 2.49 101.2 
T -9.53 2.94 3.88 89.1 

G -8.45 3.52 2.76 109.2 

C -9.93 3.01 6.12 80.4 
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            Table 2 depicts the one-electron properties (dipole moment and polarizability) and the energies 

of the frontier molecular orbital (HOMO and LUMO) of EFZ using the DFTB computational method. 

The dipole moment, which is the first derivative of the energy, with respect to an applied electric field 

as a measure of asymmetry in the molecular charge distribution. The high values of the dipole moment 

and the polarizability present that the electrostatic and the dispersion contribution will play a key role 

in the interaction with the nucleobases. 

 

 

3.2. Base pairs characteristics 

The optimized structures of the adenine...thymine (AT) and guanine...cytosine (GC) based pairs 

in the Watson-Crick structures are visualized in Figures 2 and 3, respectively. Tables 3 and 4 show the 

significant computed geometrical parameters, using the DFTB method before and after the complex 

formation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Optimized structure and charge of AT base pair & EFZ···AT before and after the complex 

formation (Parentheses include the changes after the complex formation)  

 

In addition, Table 2 presents the one-electron properties (dipole moment and polarizability) and 

the energies of the frontier molecular orbital (HOMO and LUMO) of the bases and the base pairs. 

From Table 2, it is clear that all the bases and base pairs are very poor electron acceptors (all LUMO 

energies are positive in contrast to the LUMO energy of EFZ which is negative).  

The bases and the base pairs are apparently good electron donors and among the isolated bases 

the best one is guanine. This is in accordance with experimental and theoretical studies showing, that 

ultimate carcinogens primarily react with DNA at the N7 atom of guanine [59-60]. The electron donor 
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ability of all bases is further magnified by base pairing. For example, the HOMO energy of guanine (-

8.45 eV) increases by 1.1 eV upon pairing by cytosine. Furthermore, the high polarizability and dipole 

moment values of AT and GC (but more than those of EFZ) reveal that the electrostatic and dispersion 

contribution influence considerably the interaction with the intercalator. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Optimized structure and charge of GC base pair & EFZ···GC, before and after the complex 

formation (Parentheses include the changes after the complex formation) 

 

 

Table 3. Significant computed geometrical parameters for AT and EFZ before and after the complex 

formation 

Bond 

lengths 
AT 

AT-

EFZ 
Bond Angles AT AT-EFZ 

Bond 

Dihedrals 
AT AT-EFZ 

R(3,12) 1.08 1.07 A(2,3,4) 128.11 126.38 D(6,1,2,26) 179.98 -179.51 

R(16,24) 1.21 1.23 A(2,3,12) 114.81 115.82 D(2,1,6,7) -179.99 179.98 
R(16,17) 1.37 1.36 A(4,3,12) 117.07 117.09 D(10,13,23,19) -0.19 -0.69 

R(17,21) 1.37 1.38 A(3,2,26) 117.13 115.19 D(2,26,18,16) -175.78 -169.35 

R(17,25) 1.00 0.10 A(3,2,1) 119.69 120.69 D(2,1,10,13) 0.03 -0.02 

R(21,27) 1.08 1.07 A(17,16,18) 113.20 114.60 D(26,2,3,12) 0.01 -0.43 
R(2,3) 1.34 1.34 A(18,16,24) 124.41 122.47 D(18,16,17,21) 0.00 -0.44 

R(3,4) 1.33 1.38 A(16,17,21) 123.63 122.98 D(18,16,17,25) -178.00 178.80 

R(16,18) 1.38 1.25 A(16,17,25) 115.23 117.33 D(24,16,17,21) 180.00 179.28 
R(18,26) 1.04 1.39 A(21,17,25) 127.13 129.67 D(24,16,17,25) 0.00 -1.47 

R(2,26) 1.82 1.89 A(16,18,26) 115.89 116.56 D(24,16,18,26) 0.00 0.28 
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From the previous papers we can understand that the DFT method is more accurate. Moreover, 

the results concluded from the comparison of the DFTB method and the HF method indicates that 

these methods show close results and support each other. 

 

Table 4. Significant computed geometrical parameters for GC and EFZ before and after the complex 

formation 

Bond 
lengths 

GC GC-EFZ Bond Angles    GC GC-EFZ 
Bond 
Dihedrals 

GC GC-EFZ 

R(1,2) 1.41 1.39 A(2,1,10) 119.62 119.21 D(6,1,2,3) 0.00 0.73 
R(1,10) 1.23 1.24 A(6,1,10) 128.91 128.97 D(6,1,2,12) 180.0 179.71 

R(2,3) 1.37 1.37 A(1,2,3) 125.48 125.41 D(10,1,2,3) -180.0 -178.95 

R(2,12) 1.03 1.01 A(1,2,12) 115.25 115.31 D(10,1,2,12) 0.00 0.06 
R(10,29) 1.76 1.83 A(3,2,12) 118.44 119.26 D(2,1,10,29) 0.00 8.27 

R(11,15) 1.02 1.00 A(2,3,11) 116.85 117.06 D(6,1,10,29) 180.0 171.32 

R(11,16) 1.00 0.99 A(1,10,29) 127.16 129.24 D(1,2,3,4) 180.0 163.4 
R(12,22) 1.90 1.96 A(3,11,15) 123.14 122.51 D(1,2,3,11) -180.0 -179.21 

R(17,22) 1.33 1.33 A(3,11,16) 116.76 117.28 D(12,2,3,11) 0.00 0.28 

R(17,23) 1.33 1.32 A(15,11,16) 120.32 120.21 D(2,3,11,15) -1.00 1.22 

R(20,21) 1.41 1.37 A(21,20,27) 115.77 117.51 D(2,3,11,16) -180.0 -176.71 
R(20,27) 1.00 1.00 A(20,21,22) 117.03 118.56 D(4,3,11,15) -179.92 -179.00 

R(21,22) 1.35 1.34 A(20,21,24) 118.36 128.98 D(4,3,11,16) 0.06 3.01 

R(21,24) 1.23 1.25 A(22,21,24) 124.67 122.39 D(27,20,21,22) -180.0 -179.87 
R(23,29) 1.03 1.00 A(17,22,21) 121.64 121.31 D(27,20,21,24) 0.00 -0.09 

 

 

3.3. Complex characteristics 

The EFZ···AT and EFZ···GC optimized geometries are summarized in Figures 4a and 4b, 

respectively.  

 
Fig. 4(a) 
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Fig. 4(b) 

Figure 4. (a,b) Optimized structures of EFZ ···AT and EFZ ···GC, respectively 

 

The atom charge differences of EFZ, GC and AT before and after complex formation are 

presented in Figures 1(1a and 1b), 2 and 3 respectively. For instance, the O1 charge differences are -

0.531 to -0.635, bond length (1, 2) shifted from 1.20Å to 1.22Å and the N3 charge moves from -1.049 

to -1.098 bond length (3, 22) shifted from 0.99Å to 1.12Å. These changes indicated that the oxygen 

receives a part of its charge from the hydrogen atoms in GC. Therefore, the weak hydrogen bonding 

was formed between EFZ and GC.  

The study of the atom charges in GC and EFZ···GC exhibits that the part, shown with dash 

marks (the only part which is going to be discussed afterwards), displays the highest changes, because 

of the EFZ and GC interactions. Similar changes have also been obtained in AT. Since the EFZ 

heteroatoms interact with the GC hydrogen in the zone, the charge changes are not important for the 

other heteroatom of the GC or AT bases pairs. This observation was proved by the increase in the GC 

hydrogen charges (i.e. H12 atom charge shifted from 0.282 to 0.537), revealing that a weaker 

hydrogen bonding had been formed between these atoms and the heteroatoms in the drug, and the 

decrease in their bond length (i.e. the R bond length (12, 22) shifted from 1.90Å to 1.96Å and bond 

length (10, 29) shifted from 1.76Å to 1.83Å). 

After interacting with the EFZ molecule, the bond angel of the base pairs have changed in the 

mentioned area, i.e. in GC, A (1,10,29) shifted from 127.16 to 129.24 and bond dihedral moves to -

180.0 to 163.4. As it is evident from Tables 1 and 2, bond lengths, bond angles and the dihedral angles 

alter significantly in a way that the hydrogen bonding weak becomes weak, causing changes in the 

DNA molecule structure. Therefore, we should try to design drugs which bring about the most changes 
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in the above mentioned area. To avoid repetition, the results attained for AT are only listed in Table 1 

and Figure 4, which are in agreement with those of GC.  

In general, a way for information collection regarding the electrons distribution is by 

computing the polarizability. This property depends on the second derivative of the energy relating to 

an electric field. Table 2 delineates the high EFZ, GC and AT polarizability values, supporting the fact 

that the dispersion energy is always important. Another way is dipole moment of the base pairs and the 

studied intercalator which is presented in Table 2. The significant polarizability and dipole moment 

values proved the existence of the dispersion and electrostatic interactions between DNA and EFZ. 

The polarizability and the dipole moment of the intercalator have the same effects on the interaction 

with DNA. Hence, a drug should be designed with high polarizability and dipole moment to increase 

the interactions between DNA and the drugs. 

Furthermore the intercalation reaction between EFZ and different double base pairs of DNA 

(A–T/A–T, A–T/T–A, A–T/G–C, A–T/C–G, C– G/G–C, C–G/C–G) were also studied by the PM3 

method. Figure 5 is a sample related to this study.  The double base pairs of DNA were built by the 

nucleic acid database of Hyperchem and their 3D geometry was optimized with PM3 method [61-62]. 

 
Figure 5. Optimized structures of EFZ with different DNA double base pairs 

 

 

4. CONCLUSIONS 

1. Since LUMO energy of EFZ is negative, it is a good electron acceptor, but AT and GC base 

pairs have positive LUMO energies and are good electron donors.  

2. The binding interactions between EFZ and DNA base pairs were studied by means of DFTB 

quantum mechanical calculations. Geometrical and electronic properties of the isolated systems 

and their complexes have been investigated. EFZ molecule and DNA bases show a 
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homogeneous charge distribution with no centers of high charge accumulation. This, accounts 

for the low contribution of the electrostatic forces in the binding involving these molecules. 

Both intercalators and bases have high polarizability allowing a leading role for the dispersion 

forces. 

3. Effects of vertical distance between the stacked molecules on the interaction energy were 

investigated. We found that, of the binding forces acting on these interactions, charge transfer 

and dispersion play an important role in our investigated systems.  

4. In designing a drug changes in the structure and addition of specific groups should be in order 

to increase values of the main parameters such as polarizability, dipole moment and interaction 

energy. With high values of these factors it can be concluded that the drug design is suitable.  
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