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I. INTRODUCTION 

 

There are several of non-complementary GG pairings in 

duplex DNA. The presence of these GG mismatches may 

usually lead to destabilization of DNA helical structure, which 

may be due to conformational change at the GG pairing region 

(Figures 1.1(i-ii)) [1-11]. Although two important interactions 

such as hydrogen bonding and stacking of aromatic rings 

contribute to the stabilization of a helical conformation, 

several other factors may be involved for the destabilization of 

helical structure [4, 12-14]. Some GG mismatches are detected 

in the crystal structures of DNA [5-7]. It has been observed 

that the hydrogen bonds between G and G in these GG 

mismatches are somewhat distorted or twisted and also 

somewhat stacked with the adjacent nucleobases (Figures 1(i-

ii)). The contributions of these two types of interactions to the 

stability of GG pairs are rather important. These GG 

mismatches may appear during mutagenic pathway which is 

likely to be corrected subsequently. Therefore, the origin of  

metastable GG mismatches shown in Figures 1(i-ii) and 2(i-ii) 

may be analysed  with respect to different types of H bonds. 

The information may be useful to understand the repair 

mechanism of these types of mismatches. The structures of 

available non-complementary GG mismatches are not exactly 

similar. In fact the tautomeric forms of G may be involved in 

the formation of GG mismatches on subsequent destabilization 

of WC GC [7-10]. Some tautomers of G are shown in Figure 

3. The less stable tautomers are likely to interact forming 

several GG mismatches (Figure 4). However, there may be 

various ways of generating GG mismatches, but the effects of 

proton, water molecules and metal ion are considered as 

important factors [12-20]. So there are fair possibilities of 

forming metastable GG mismatches on subsequent 

tautomerization of G tautomers. Several metastable GG 

mismatches shown in Figure 4 have been taken up in this 

investigation. The geometries of these base pairs are 

constructed with respect to symmetric syn-syn, anti-syn, syn-

anti conformers of tautomer G for pairing with another G 

through H bonds (Figure 4).  Hydrogen bonding is considered 

as the main interaction responsible for metastable GG pairing. 

The importance of quantum mechanical calculations in 

dealing this type of problem has been highlighted in several 

Abstract: Density functional theory and MP2 level of studies on the pairing of G tautomers are performed to 

understand the existence of GG mismatches in DNA. Some metastable GG pairs are found favorable, which in fact may 

be relevant for explaining the GG mismatches in DNA. Several types of H-bonds are found in these metastable GG 

combinations. The H bonds (a) >N…H-N< (between ring N) (b) -O-H…O=C- (keto-enol) types are found to be very 

important in these stable structures. The structure and stability of GG pairing from G tautomers depend on the types of H 

bonds present in these pairs. The most stable metastable GG combination is G2-cisG4, whereas the H bond characteristic 

in transG4-1cisG5 combination is quite close to available crystal structure.  
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contexts. One of the successes of ab initio calculation is the 

accurate estimation of hydrogen bonding capacity of 

molecules. Similarly, the methods may be used for 

understanding of the formation of GG pairs [15-25]. It has 

been already explained in many contexts that such mispairing 

may sometimes lead to chronic diseases like cancer, but how 

these mispairs occur instead of stable WC pairs has not been 

explored.  It is essential to investigate hydrogen bonding 

capacity in metastable GG combination for explaining the 

experimentally found GG mismatches in certain sequences of 

DNA (Figures 1(i-ii) and 2(i-ii)). Hence, understanding of 

metastable GG mismatches formed through suitable H-bonds 

is essential. 

(i) 1OH7 (ii) 1D80 

Figures 1(i-ii): (i) Crystal structure from pdb 1OH7 and (ii) 

Crystal structure from pdb 1D80 

 

(i) 1OH7 (ii) 1D80 

Figures 2(i-ii): GG pairing obtained from crystal structures 

(pdb) (i) 1OH7, and  (ii) 1D80. All the hydrogen bond lengths 

in above figures are in angstrom unit (Å) 

 

 

II. METHODOLOGY 

 

Initially, the geometries of G tautomers were completely 

optimized with quantum mechanical methods using Gaussian 

03 program code [26]. We have used B3LYP with basis sets 

6-31+G(d,p) and 6-31++G(d,p) for optimizing the geometries 

of G tautomers and metastable GG pairs (Figures 3 and 4). For 

such hydrogen bonded system it is essential to include electron 

correlation and BSSE corrections in the calculations [15-25]. 

Also the basis set 6-31++G(d,p) that include p-type 

polarization functions on H atoms is essential in dealing with 

hydrogen bonding systems. 

In many studies B3LYP method with 6-31++G(d,p) and 

even HF with 6-31+G(d,p) method are used successfully for 

similar type of H-bonded system. In the sense that electronic 

energies contributed for the stabilization of H-bonded system 

can also be used for comparing the stability of several GG 

mismatches. However, we have performed single point 

MP2/6-31+G(d,p) calculations on the optimized geometries of 

B3LYP/6-31+G(d,p)  for comparison with results of B3LYP 

calculations. We have estimated BSSE values to understand 

the errors in the interaction energies obtained from these two 

methods, and also other thermodynamic properties are 

calculated for these metastable GG mismatches. The BSSE 

values were computed by using counterpoise method adopted 

in Gaussian 03 program package [26]. The structures and 

energetic of these metastable GG pairs are analysed. 

Moreover, the thermodynamics parameters of these GG pairs 

are used to explain the sensitivity and stability of geometries. 

The interaction energies and thermodynamic properties of 

metastable GG mismatches are computed from the following 

equations. 

ΔE = Electronic energies of GG pair  – (sum of Electronic 

energies of two G tautomers). 

ΔG = Free energy of GG pair – (sum of the Free energies 

of two G tautomers). 

ΔH = Enthalpy of GG pair  – (sum of Enthalpies of two G 

tautomers). 

ΔZPE = Zero point energy of GG pair  – (sum of Zero 

point Energy of two G tautomers). 

 

 

 

 
Figures 3(i-xiv): Tautomers of guanine 

(i) 1cisG4-1transG5 

 

 (ii) 1transG4-1cisG5                            
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  (iii)  1transG4-transG5                        

    (iv) cisG1-1cisG4                               

          (v)  cisG1-cisG3                           

       (vi)  cisG1-transG3                            

        (vii) cisG3-cisG5   

  

      (viii) cisG3-transG5                             

         (ix) cisG4-1cisG5     

            (x)  G2-cisG4                                 

          (xi) G-transG5           (xii)  transG3-cisG5                           

 (xiii)  transG3-transG5     

 

 (xiv)  transG4-1cisG5                           

                        

                         

 

 

 

 

 (xv)  transG4-1transG5               

Figures 4(i-xv): Structures of metastable GG mismatches (6-

31++G(d,p)). (All the hydrogen bond lengths in above figures 

are in angstrom unit (Å)) 

 
 

III. RESULTS AND DISCUSSION 

 

The interaction energies of metastable GG mismatches 

computed with B3LYP with basis sets 6-31+G(d,p) and 

B3LYP/6-31++G(d,p) (Tables 1 and 2). The interaction 

energies of single point MP2/6-31+G(d,p) calculations on the 

B3LYP/6-31+G(d,p) optimized geometry are also carried out 

(Table 3). The interaction energies of all these mestastable GG 

pairs are found significantly different, hence the nature of 

bonding in these metastable GG pairs may be analysed. The 

corresponding values obtained from HF/6-31+G(d,p) are also 

computed for comparison with those of other calculations 

(Table 4). Moreover, the thermodynamic properties are also 

computed to predict the stability of these mismatches (Table 

5). The formation of metastable GG pairs may be analysed 

with respect to the H bonding types, which are not distinctly 

indicated in crystal structures [5-7]. The pattern of H-bonds 

observed in these metastable GG pairs may be taken up to 

explain the existence of GG mismatches in DNA. Different 

types of H-bonds are found in all these metastable GG pairs.  

The structures and different types of H bonds in GG pairs are 

shown in Figures 4 and Table 6. The hydrogen bonding 

capacity of different types of H-bonds may be used for 

explaining the structures and stability of metastable GG 

mismatches (Table 6). 

This existence of purine-purine mismatches usually leads 

to transversion mutation in daughter DNA strands during 

repair mechanism. Hence, recognition of certain sites during 

the formation of metastable GG mismatches for H-bonding is 

very important. It also determines what type of mismatches 

can be formed when two G tautomers come in close contact 

for pairing. Also the conformational changes in DNA due to 

the presence of stable GG pairs are observed very significant 

[17-19]. In most of the investigations the generation of G 

tautomers as a result of the destabilization of GC base pairs 

under various conditions has been found. As we know that 

guanine is very sensitive towards slight change in the physio-

chemical properties of surrounding solution. Henceforth, in 

most GG pairs keto-enol interactions at the syn and anti 

conformations of individual G are found (Figure 3.4). 

However, there are several possibilities of forming G tautomer 

combinations. It is possible to understand the stability of 

several GG mismatches the H-bonding types in metastable GG 

pairs. Understanding of such metastable GG pairs is essential 

to explain how GG mismatches are formed in DNA 

sequences. The molecular structures of GG mismatches 

available in crystal structures do not distinctly indicate 

different types of H-bonds. Assuming that tautomers of G may 

be responsible for forming GG mismatches, the pattern of H 

bonds and stability may be examined. The numbering in this 

mismatch indicates the sites of prototropic tautomerization. 

The relative energy level of G tautomers is shown in Figure 5, 

some of the tautomers are found at close energy levels. In such 

situation the tautomers located at narrow energy levels may 
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form either GG mismatches or undergo tautomerization to 

another form. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Variation of energies (6-31++G(d,p)) (kcal/mol) of 

G tautomers with respect to G. {Here, G→ amino guanine, 

Δ1(i→ii) = 0.729 kcal/mol, Δ2(i→iii) = 1.257 kcal/mol, 

Δ3(i→iv) = 19.459 kcal/mol, Δ4(i→v) = 13.894 kcal/mol, 

Δ5(i→vi) = 15.998 kcal/mol, Δ6(i→vii) = 36.133 kcal/mol, 

Δ7(i→viii) = 28.242 kcal/mol, Δ8(i→ix) = 21.629 kcal/mol, 

Δ9(i→x) = 28.538 kcal/mol, Δ10(i→xi) = 22.242 kcal/mol, 

Δ11(i→xii) = 31.961 kcal/mol, Δ12(i→xiii) = 29.411 kcal/mol,  

and  Δ13(i→xiv) = 23.848  kcal/mol} 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Comparison of interaction energies (6-31++G(d,p)) 

of metastable GG mismatches 

 

 

 

 

 

 

 

 

Here, CH3→ represents sugar backbone 

          D→distance between methyl groups 

          ϴ1→angle of inclination of CH3 (1) 

          ϴ2→angle of inclination of CH3 (2) 

Figure 7: The methyl-methyl distance and angles of 

inclination 

 

 

 

 

 

 

 

     Metastable GG                        Interaction energies                  BSSE values 

      Mismatches                                  (kcal/mol)                              (kcal/mol) 

                                                 B3LYP/6-31+G(d,p)            B3LYP/6-31+G(d,p)   

         

  1cisG4-1transG5 (i)                         -8.293                                      1.068 

                          

  1transG4-1cisG5 (ii)                        -9.766                                      1.171 
                 

  1transG4-transG5 (iii)                    -16.894                                     1.689 

              

   cisG1-1cisG4 (iv)                           -14.368                                     0.773 

                

   cisG1-cisG3 (v)                              -13.894                                     0.833 

                          
    cisG1-transG3 (vi)                        -16.631                                     0.798 

                   

   cisG3-cisG5 (vii)                           -14.170                                     1.032 

                        

   cisG3-transG5 (viii)                       -21.251                                     1.062 

                 

   cisG4-1cisG5 (ix)                           -22.875                                     1.002 

 
      G2-cisG4 (x)                                -28.767                                      1.619 

 

    G-transG5 (xi)                               -28.518                                      1.165 

  

    transG3-cisG5 (xii)                        -14.329                                     0.798  

 

   transG3-transG5 (xiii)                     -7.381                                      0.687 

 
    transG4-1cisG5 (xiv)                    -21.346                                      1.096 

 

   transG4-1transG5 (xv)                  -16.790                                       0.781 

Table 1: Computed interaction energies and BSSE values of 

GG mismatches with B3LYP/6-31+G(d,p) calculations 
       Metastable GG                         Interaction energies               BSSE energies 

         Mismatches                                  (kcal/mol)                           (kcal/mol) 
                                              B3LYP/6-31++G(d,p)          B3LYP/6-31++G(d,p)  

           

    1cisG4-1transG5 (i)                           -8.230                                    1.002 
                                  

   1transG4-1cisG5 (ii)                          -9.712                                     1.130 

                   
  1transG4-transG5 (iii)                       -16.954                                     1.767 

               

    cisG1-1cisG4 (iv)                             -14.391                                     0.792 
                          

    cisG1-cisG3  (v)                               -13.954                                     1.122 

                                                   
    cisG1-transG3 (vi)                           -16.667                                     0.885 

                        

    cisG3-cisG5 (vii)                             -14.224                                     1.052 
                   

    cisG3-transG5 (viii)                        -21.293                                      1.094 

                           
   cisG4-1cisG5 (ix)                             -22.903                                      1.030 

 

     G2-cisG4 (x)                                  -28.784                                       1.686 
         

    G-transG5 (xi)                                -28.530                                       1.223 

    
    transG3-cisG5 (xii)                        -14.408                                       1.004 

           

   transG3-transG5 (xiii)                      -7.408                                       0.714 
                     

    transG4-1cisG5 (xiv)                     -21.326                                       1.051 

            
   transG4-1transG5(xv)                    -16.797                                       1.021                  

Table 2: Computed Interaction energies and BSSE energies of 

GG mismatches with B3LYP/6-31++G(d,p) calculation 

 

 

 

 

 

i. G 

ii. cisG1 

iii. transG1 

iv. G2 

v. cisG3 

vi. transG3 

vii. cisG4 

viii. transG4 

ix. 1cisG4 

x. 1transG4  

xi. cisG5 

xii. 1cisG5 

xiii. transG5 

                                   

xiv. 1transG5 

 

i. 1cisG4-1transG5 

  ii. 1transG4-1cisG5 

  iii. 1transG4-transG5   

  iv. cisG1-1cisG4  

  v. cisG1-cisG3  

  vi. cisG1-transG3  

  vii. cisG3-cisG5 

  viii. cisG3-transG5  

  ix. cisG4-1cisG5   

   x. G2-cisG4  

  xi. G-transG5   

 xii. transG3-cisG5 

 xiii. transG3-transG5   

 xiv. transG4-1cisG5   

 xv. transG4-1transG5    

 

O O

G G

CH3 CH3
1 2D

1 2
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      Metastable GG                    Interaction energies             BSSE values  

       Mismatches                             (kcal/mol)                          (kcal/mol)                                                      

   

  1cisG4-1transG5 (i)                      -14.414                               4.447  

 

  1transG4-1cisG5 (ii)                     -15.574                               4.157 

                                                   
 1transG4-transG5 (iii)                   -24.328                               6.321 

                    

    cisG1-1cisG4 (iv)                        -18.183                               3.999         

                             

     cisG1-cisG3 (v)                          -19.513                               4.898 

                                              

   cisG1-transG3 (vi)                       -19.684                               4.410         
             

     cisG3-cisG5 (vii)                        -18.468                               4.892         

                          

   cisG3-transG5 (viii)                     -24.466                               4.557 

                                   

     cisG4-1cisG5 (ix)                       -26.932                               3.741 

                 

       G2-cisG4 (x)                             -33.859                               6.298                
                               

      G-transG5 (xi)                           -29.975                              5.109 

   

   transG3-cisG5 (xii)                      -17.779                               4.217   

                    

   transG3-transG5 (xiii)                 -10.151                               2.616      

                                 

     transG4-1cisG5 (xiv)                 -25.441                               3.996        
            

   transG4-1transG5 (xv)                -21.758                                4.034 

   

Table 3: Computed interaction energies and BSSE values of 

GG mismatches with MP2/6-31+G(d,p) calculations 
  Metastable GG                   Interaction energies                              

Mismatches                                in kcal/mol                        
                                              HF/6-31+G(d,p)               

     

  1cisG4-1transG5                      -5.490 
    

  1transG4-1cisG5                      -9.177 

                                                                 
 1transG4-transG5                    -12.750         

                    

    cisG1-1cisG4                          -9.914 
                                     

     cisG1-cisG3                         -10.054 

                                                                  
   cisG1-transG3                        -11.683 

                       

     cisG3-cisG5                          -10.470 
                                

   cisG3-transG5                        -17.160 

                                                
     cisG4-1cisG5                        -21.984     

                 

       G2-cisG4                            -23.744 
                                        

      G-transG5                           -23.408 

              
   transG3-cisG5                        -10.000 

                       

   transG3-transG5                      -5.029     
                                          

     transG4-1cisG5                     -19.520          

            
     transG4-1transG5                   -13.568 

              

Table 4: Computed interaction energies of metastable GG 

mismatches with HF/6-31+G(d,p) 
     Metastable GG                               Energies                          ΔZPE 
      mismatches                                  (kcal/mol)                     (kcal/mol) 

 

   1cisG4-1transG5                         -6.354
a
, 2.751

b
                    -7.422 

 

    1transG4-1cisG5                        -8.665
a
, 2.641

b
                    -8.742 

                                                    

  1transG4-transG5                       -15.529
a
, -3.618

b
                -15.732     

                    

      cisG1-1cisG4                           -13.006
a
, -0.204

b
                -13.009 

                             

      cisG1-cisG3                             -11.742
a
, -0.272

b
                -12.141 

                                                 

     cisG1-transG3                          -15.386
a
, -2.293

b
                 -15.327 

             
    cisG3-cisG5                               -13.055

a
, -1.444

b
                 -13.326               

                          

   cisG3-transG5                            -19.943
a
, -8.537

b
                 -20.242 

                                     

    cisG4-1cisG5                            -22.059
a
, -7.002

b
                  -21.000 

                 

       G2-cisG4                                -27.721
a
, -12.750

b
               -26.943        

                               
       G-transG5                              -27.614

a
, -16.090

b
               -27.788 

       

    transG3-cisG5                          -13.200
a
, -2.150

b
                  -13.574        

                    

   transG3-transG5                        -7.293
a
, 5.742

b
                      -6.872     

                                 

    transG4-1cisG5                       -20.240
a
, -6.856

b
                   -19.844 

            

  transG4-1transG5                     -15.216
a
, -4.254

b
                    -15.493 

        

a→ change of enthalpy(ΔH),  b→ change of free energy(ΔG) 

Table 5: Computed ΔH, ΔG and ΔZPE of metastable GG 

mismatches with B3LYP/6-31+G(d,p) calculations 
 

     GG mismatches 

 

 

H-bond distance 

(Å) 

 

Planarity 

 

1cisG4-1transG5 (i)                         
       

                           

 1transG4-1cisG5 (ii)                            

                               

  

1transG4-transG5 (iii)                       

                    

 
    cisG1-1cisG4 (iv)                               

                           

 

         

     cisG1-cisG3 (v)                                 

                                             

  
     cisG1-transG3 (vi)                            

                

         

 

      cisG3-cisG5 (vii)                               

                        

    

    cisG3-transG5 (viii)                             
                        

    

                

     cisG4-1cisG5 (ix)                               

              

    

        G2-cisG4 (x)                                  
                         

    

         G-transG5 (xi)                               

       

    

     

     transG3-cisG5 (xii)                           

                    
 

 

 

 Hu  →1.973 
  Hl  →2.065 

 

 Hu  →2.139 

  Hl  →2.320 

 

  Hu  →2.337* 

   Hl  →2.440* 

 
 Hu  →1.942 

Hm →1.994 

  Hl  →1.896 

 

 Hu  →1.672 

  Hl  →1.939 

 
 Hu  →1.704 

 Hm →1.920 

   Hl  →2.004 

 

  Hu  →1.637 

   Hl  →1.919 

 

       Hu  →1.596 
      Hm →1.927 

       Hl  →2.147 

 

     Hu  →1.860* 

      Hl  →1.965* 

 

    Hu  →1.714 
     Hl  →1.916 

    

    Hu  →1.523 

   Hm →1.872 

  Hl  →1.940 

 

  Hu  →1.662 

 Hm →1.943 
   Hl  →2.203 

 

 

Twisted(15.71˚) 
 

 

Twisted(85.47˚) 

 

 

Bent(137.53˚) 

 

 
Planar 

 

 

 

Twisted(25.32˚) 

 

 
Planar 

 

 

 

Twisted(28.53˚) 

 

 

Planar 
 

 

 

Planar 

 

 

  Bent(94.92˚) 
       

 

Planar 

 

 

 

Planar 
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 transG3-transG5 (xiii)                          

                            

  transG4-1cisG5 (xiv)                           

            

 

transG4-1transG5 (xv)                
 

   Hu  →1.895* 

 

  Hu  →1.872* 

   Hl  →1.866* 

 

 Hu  →1.880 
Hm →2.007 

  Hl  →2.036 

Planar 

 

Planar 

 

 

Planar 
 

 

The values inside the parenthesis ( ) are torsional angle ‘*’ 

indicates the skipped H-bond 

Table 6: Computed H-bond distances and planarity in 

metastable GG mismatches (6-31++G(d,p)). 

Here, θ1 and θ2 are angle of inclination and ‘D’ is the 

distance between the two sugar rings. 

Table 7: Distances between two methyl groups representing 

sugar and angles of inclination of different GG mismatches (6-

31++G(d,p)). 

 

A. HYDROGEN BOND TYPES IN METASTABLE GG 

PAIRS 

 

 In 1cisG4-1transG5 combination, two H-bonds types are 

involved in pairing. There are imine-imine type of H bond 

on tautomerization of exocyclic amine groups and >N-

H…..N< type of hydrogen bonding between N of purine 

rings (Figure 4(i)). 

 Another metastable GG combination is 1transG4-1cisG5, 

which is stabilized by two types of H-bonds (Figure 4(ii)). 

These types of H bonds are similar to that of 1cisG4-

1transG5 but the orientations of H bonds are different. 

The imine-imine type and >N-H…..N< types are present. 

 The 1transG4-transG5 is stabilized by –N-H…imine 

group (between ring nitrogen and exocyclic imine group). 

The methyl group representing sugar in transG5 is found 

inverted after pairing in the optimum structure (Figure 

4(iii)). It may be due to weak H bonding capacity that is 

not sufficient to maintain the methyl group at the original 

configuration. 

 The hydrogen bonding pattern in cisG1-1cisG4 are enol-

enol type, between >N-H...N< ring nitrogens and amino-

imine type (Figure 4(iv)). Although like other 

mismatches, type of >N-H….N< H-bond is common, the 

H bond length is different from other mismatches (Table 

6). This may be due to the effect of other H bonds present 

in this mismatch. 

 In cisG1-cisG3, the hydrogen bonds are keto-enol and 

>N-H...N< types (between ring nitrogens). The hydrogen 

bond lengths are shown in Table 6 (Figure 4(v)). 

 The cisG1-transG3 is stabilized by three hydrogen bonds. 

The keto-enol type, >N-H….N< type and amine-imine 

type of bonds are found(Figure 4(vi)). The H bonding 

orientations are different from other mismatches (Table 

6). 

 cisG3-cisG5 is stabilized by two types of H bonds, keto-

enol type and >N-H...N< type (Figure 3.4(vii)). Both the 

hydrogen bond lengths are found comparatively longer 

than those in other mismatches (Table 6). 

 Three types of hydrogen bonds are found in cisG3-

transG5. In addition to keto-enol type and >N-H....N< 

type bonding, another type imine-imine type of H 

bonding is found (Figure 4(viii)). The H bond lengths and 

planarity of H bonds are given in Table 6. 

 cisG4-1cisG5 is stabilized by entirely different types of H 

bonds (Figure 4(ix)). The enol-N(ring) and ring N-imino 

type of H bonds are found. From the H bond lengths and 

orientation of bonds, these H bonds may not be strong 

(Table 6). 

 Although only two types of H bonds are present in G2-

cisG4, this is the most favorable combination. The keto-

enol and >N-H…..N< types are present (Figure 4(x)). The 

H bond lengths are comparatively small and it appears 

that the orientation of H bonds may be considered for 

maintaining stable combination (Table 6). 

 G-transG5 is the second most stable combination. In 

addition to keto-enol, >N-H….N< type of bonding, 

another amino-imine type of bonding is present (Figure 

4(xi)). The H bond lengths as well as the orientations of H 

bonds are shown in Table 6. So, it may not be necessary 

to have three H bonding for favorable combination of GG 

mismatches. The H bond orientation may be another 

factor for effective pairing. 

 There are three types of H bonds in transG3-cisG5, the 

common keto-enol, >N-H….N< and imine-imine types 

are found (Figure 4(xii)). The H bond lengths and 

orientations of bonding are given in Table 6. 

 Only one type of H bond is found in transG3-transG5 

(Figure 4(xiii)). The hydrogen bond between ring N and 

imine is found. This pairing may be less favorable 

compared to other mismatches. Moreover the hydrogen 

bond length is less than 2Å and non-planar (Table 6). 

 In transG4-1cisG5 two types of H bonds are present. One 

is enol-N(ring) and the other one is ring N-imine (Figure 

4(xiv)). The H-bond lengths and angles are given in Table 

6. 

 Three types of H bonds are found in transG4-1transG5. 

The enol-enol type, >N-H….N< (between ring N) and 

imine-imine type of bonds are found (Figure 4(xv)). 

GG Mismatch θ1
 

θ2 D(Å) 

   

1cisG4-1transG5 (i) 

 

1transG4-1cisG5 (ii) 

 
1transG4-transG5 (iii) 

 

cisG1-1cisG4 (iv) 

 

cisG1-cisG3 (v) 

 

cisG1-transG3 (vi) 

 
cisG3-cisG5 (vii) 

 

cisG3-transG5 (viii) 

 

cisG4-1cisG5 (ix) 

 

G2-cisG4 (x) 
 

G-transG5 (xi) 

 

transG3-cisG5 (xii) 

 

transG3-transG5 (xiii) 

 

transG4-1cisG5 (xiv) 
 

transG4-1transG5 (xv) 

 

40.90º 

 

47.51º 

 
58.52º 

 

43.93º 

 

42.03º 

 

41.51º 

 
41.04º 

 

38.44º 

 

32.31º 

 

47.39º 
 

40.51º 

 

38.76º 

 

58.81º 

 

32.63º 
 

42.35º 

 

 

42.65º 

 

40.47º 

 
32.29º 

 

42.21º 

 

42.03º 

 

40.32º 

 
40.20º 

 

39.86º 

 

49.04º 

 

50.34º 
 

40.25º 

 

39.08º 

 

81.34º 

 

50.81º 
 

40.05º 

 

13.147 

 

13.058 

 
11.528 

 

13.163 

 

12.967 

 

13.175 

 
13.060 

 

13.237 

 

13.418 

 

12.216 
 

13.107 

 

13.294 

 

12.556 

 

13.381 
 

13.264 
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Likewise H bond distances and orientation of these bonds 

are given in Table 3.6. 

The distances (D) between the two methyl groups 

representing sugar are also measured. These distances are very 

different for all these metastable mismatches (Figure 7, Table 

7). Moreover, the angles of inclination, θ1 and θ2 are also 

measured. It is possible to understand how such mispairing 

result deformation in helix. The values of D are between 12-13 

Å and the values of θ1 and θ2 are small and unequal (32.31
ο
 

and 49.04
ο
) for cisG4-1cisG5 (ix) compared to other 

mismatches. The D value is 13.418 Å. However for the most 

favorable pair, G2-cisG4 (x) the θ1 and θ2 values are 47.39
 ο

 

and 50.34
 ο

, and D value is 12.216 Å. The variation of these 

values may be due to H bonding capacity of the bonds towards 

methyl groups compared to the other bonds present opposite to 

methyl groups. Subsequently the angle of inclinations are also 

changed (Table 7). 

The types of H-bonds present in most GG mismatches are 

(a) >N-H….N<  (between ring N) (b) -O-H…O=C- (keto-

enol) (c) –O-H…O-C- (enol-enol)  (d) -N-H…N=C- (amine-

imine) (e) –O-H…N< (enol-ring N) (f) >N-H….N=C- (ring 

N-imine) (g) –C=N…H-N=C- (imine-imine), and  (h) –O-

H…N=C- (enol-imine). 

As we can see in all structures, the H bond types  >N…H-

N<  and keto-enol are present in many metastable GG pairs. 

These bonds may contribute efficient stabilization. The H-

bond type -N-H…N=C- (amine-imine), >N-H….N=C- (ring 

N-imine), –O-H…N< (enol-ring N) and >N-H…N=C- (ring 

N-imine) are found only in some pairs (Table 6). The stability 

of these metastable mismatches may be analysed from the 

interaction energies and thermodynamic parameters with 

respect to these different types of H bonds. 

 

B. STABILITY OF METASTABLE GG MISMATCHES 

 

The computed interaction energies with B3LYP/6-

31+G(d,p) and  B3LYP/6-31++G(d,p) are shown in Table, the 

values are reasonably a large negative for some metastable GG 

pairs (Tables 1 and 2). The H-bond lengths in these structure 

are quite short (<2Å) and maintain a planar structure. The H 

bonding capacity of the types of H-bonds present in these 

stable pairs G2-cisG4, G-transG5 and transG3-cisG5 may be 

responsible for favorable pairing (Table 6). On the other hand, 

transG3-transG5 is comparatively less stable combination and 

type of H bond present in this pair is different from those of 

stable pairs. The interaction energy of this metastable 

mismatch is -7.408 kcal/mol, so it may form once the G 

tautomers are generated. The presence of only one H-bond 

may be the reason for less stability of this combination. The 

transG4-1cisG5 (xiv) and transG4-1transG5 (xv) are less 

stable combination inspite of the presence of similar types of 

H-bonds. So, it appears that H-bond types (a) and (b) 

contribute to better stability of these metastable structures. It is 

not feasible to estimate the strength of these bonds separately, 

but it is possible to guess H bonding capacity indirectly from 

the H-bond lengths and interaction energies (Figures 4(i-xv)), 

Table 6). The computed single point MP2/6-31+G(d,p) on the 

B3LYP/ 6-31+G(d,p) optimized geometry also shows similar 

trend of stability of these mismatches. 

We have also examined the planarity and torsional angles 

of H bonds that also reflect the extent of distortion of sugar 

backbones due to tautomer pairing (Table 6). From these 

values the change of DNA conformation due to the presence 

of GG mismatches may be understood indirectly. The values 

may be related to the H-bonding capability, where effective H-

bond is expected if H bond distance is short. Also in turn 

elongation or squeezing of sugar backbone may take place 

depending on the presence of stronger H-bond towards the 

sugar side or on the other side of sugar backbone. Hence, these 

metastable mismatches may initially form once G tautomers 

are generated in DNA. 

Based on the hydrogen bonding properties the results of 

B3LYP with basis sets 6-31+G(d,p) and 6-31++G(d,p) of 

metastable GG tautomers are energetically stable and the 

interaction energies are given in  (Tables 1-2) and also BSSE 

values are also shown separately. Hence, instantaneous pairing 

of G tautomers is possible. The contribution of three types of 

H bonding to the stability of metastable GG mismatches is 

suggested. Table 3 shows the MP2/6-31+G(d,p) results 

computed on the optimized geometries of B3LYP/6-

31+G(d,p). The variation of interaction energies obtained from 

B3LYP and MP2 with basis set 6-31+G(d,p) is similar and the 

thermodynamic parameters given in table 5 also provide 

information on the stable GG combination. So the H-bonding 

capacity of different types of H-bonds in various metastable 

GG pairs is very important to form energetically favorable 

pairs. Similarly, the trend in the interaction energies (ΔE) with 

respect to the pattern of H-bonds present in GG pairs may be 

analysed and the presence of H bond types –O…H-O- and 

>N.…H-N<  in some of these structures produces better 

stabilization (Figure 4, Table 6). As observed in Tables 1-4, 

the interaction energies for G2-cisG4 (x) is comparatively 

large, the presence of =O…H-O- and >N…H-N< types of 

bonding is found in this pair. The interaction energy for this 

pair computed with B3LYP/6-31++G(d,p) for the most stable 

structure is -28.784 kcal/mol. 

In all these metastable GG combinations, tautomer 

selectivity in pairing may be related to the hydrogen bonding 

capacity of H bonds. The energy level of G tautomers that 

certain tautomers are found at close energy level but it is not 

necessary that pairing of these G tautomers lead to favorable 

metastable pairs (Figure 5). It is not necessary that those 

tautomers located at close energy levels prefer to pair up to 

form stable metastable mismatches. The stability of metastable 

GG combination can be visualized from Figure 6. The 

difference in interaction energies is not so large for some 

metastable GG pairs. The structure of transG4-1cisG5 (xiv) 

combination is found somewhat very close to crystal structure. 

But stacking interaction among purine rings might contribute 

to the displacement of H bonding pattern in crystal structures 

(Figures 1(i-ii)). As we know that many other factors may 

influence the crystal structure such as solution pH and the 

effect of other ions. These metastable GG mismatches may 

undergo transformation to other structures through proton 

transfer mechanism. However, it is possible to extract certain 

information from these metastable GG mismatches to explain 

the existence of GG mismatches. 
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IV. CONCLUSION 

 

The DFT and MP2 levels of studies performed on the 

mestable GG tautomer combination clearly indicate the 

formation of metastable GG pairs. The results of both DFT 

and MP2 calculations equally predict the stable pairs from G 

tautomers. Several types of H bonds are likely to contribute to 

these stable structures. The interaction energy of most 

favorable metastable GG combination obtained from 

B3LYP/6-31++G(d,p) is -28.784 kcal/mol, and some of the 

pairs are found at very close energy levels. The presence of 

different types of H bonds contributes to better stabilization of 

mismatches. The computed thermodynamic properties equally 

predict the formation of GG tautomer combinations. Hence, 

from this viewpoint the instantaneous G tautomer pairing 

might be responsible for the occurrence of GG mismatches in 

DNA. The structure and H bonding in transG4-1cisG5 is 

somewhat similar to crystal structure, but the formation of 

tautomers cannot be exactly known from crystal structure. 
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