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Abstract. The double proton transfer (DPT) in the long G·G* Watson-Crick base mispair 

(|C6N1(G*)N1C6(G)|=36.4º; C1 symmetry), involving keto and enol tautomers of the guanine (G) nucleobase, 

along two intermolecular neighboring O6H···O6 (8.39) and N1···HN1 (6.14 kcal·mol-1) H-bonds, that were 

established to be slightly anti-cooperative, leads to its transformation into the G*·G base mispair through a 

single transition state (|C6N1N1C6|=37.1º; C1), scilicet to the interconversion into itself. It was shown that the 

G·G*↔G*·G tautomerisation via the DPT is assisted by the third specific contact, that sequentially switch 

along the intrinsic reaction coordinate (IRC) in an original way: (G)N2H···N2(G*) H-bond (-25.13 ÷ -10.37) → 

N2···N2 van der Waals contact (-10.37 ÷ -9.23) → (G)N2···HN2(G*) H-bond (-9.23 ÷ 0.79) → 

(G*)N2···HN2(G) H-bond (0.79 ÷ 7.35 Bohr). The DPT tautomerisation was found to proceed through the 

asynchronous concerted mechanism by employing the QM/QTAIM approach and the methodology of the scans 

of the geometric, electron-topological, energetic, polar and NBO properties along the IRC. The 9 key points, 

that can be considered as the part of the tautomerisation repertoire, have been established and analyzed in 

detail. Furthermore, it was shown that the G·G* or G*·G base mispair is thermodynamically and dynamically 

stable structure with a lifetime of 8.22·10-10 s and all 6 low-frequency intermolecular vibrations are able to 

develop during this time span. Lastly, our results highlight the importance of the G·G*↔G*·G DPT 

tautomerisation, that can have implications for the biological and chemical sensing applications. 

Keywords: Spontaneous point mutations · Keto and enol tautomers · Mutagenic tautomerisation · The double 

proton transfer · H-bond · Van der Waals contact · Cooperativity of the H-bonds · B3LYP and MP2 · QTAIM 
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Introduction. One of the traditional biologically important topics of molecular and quantum biophysics, 

which despite its long and complicated history is far from definitive understanding at the atomic level, is the 

physical nature of the spontaneous point mutations [1-6]. As of today, it was found that the formation of 

mismatches with geometry close to the geometry of the canonical A·T and G·C Watson-Crick base pairs in the 

base pair recognition pocket of the DNA polymerase is their structural root cause [7]. All irregular 

purine·pyrimidine [8-13], pyrimidine·pyrimidine [14-17] and purine·purine [8,18-23] DNA base mispairs, that 

are active players on the field of the spontaneous mutagenesis, have been identified аs a result of the 

painstaking experimental [23-25], as well as theoretical [8,9] efforts. At the same time, the first theoretical 

attempts have been made in order to understand how these incorrect base pairs are formed in the recognition 

pocket of the high-fidelity DNA-polymerase [18-20]. Thus, the atomistic molecular dynamics simulations of 

the G·G mismatched base pair (primer·template nucleotides) also revealed its distorted geometry in the 

polymerase (Pol) active site and inefficient extension, coinciding with the experimentally deduced inability of 

Pol β to extend this mispair [21]. In the work [22] an assumption has been expressed, that the incorrect 

purine·purine A*·Asyn [26], G·Asyn and A*·G*syn [22] base mispairs (here and below the rare, particularly 

mutagenic [27-33], tautomers are marked with an asterisk) with architecture similar to the Watson-Crick DNA 

base pairs are formed by the one and the same scenario – conformational transition through the intermediate – 

the long A*·A, G·A and A·G Watson-Crick base mispairs, respectively. It remains unclear whether this scenario 

can be applied to the fourth incorrect G·G*syn purine·purine base mispair [34], i.e. whether it is universal for all 

aforementioned purine·purine pairs. 

In order to shed light on this biologically important question, in this paper we make an attempt to 

investigate the structural and energetic characteristics of the long G·G* and G*·G Watson-Crick base mispairs, 

that are one and the same (Scheme 1), and physico-chemical mechanism of their tautomerisation via the double 

proton transfer (DPT). Such statement of the problem is urgent not only from the standpoint of the theory of the 

spontaneous point mutagenesis, but it is topical for the establishment of the most probable spatial structure of 

the G·G base mispair with Watson-Crick geometry observed in RNA by X-ray analysis [35-40], as well as in 

biomolecular nanoelectronics, in particular at the development of the devices for the detection and 

identification of the DNA point defects caused by the incorrect pairing of the nucleobases [41-43]. 

We used a combined QTAIM analysis and quantum-mechanical (QM) approach in order to contribute to 

the on-going systematic investigation of the G·G*↔G*·G DPT tautomerisation, that is of the interconversion of 

the G·G* base mispair into itself. It was established that this DPT reaction takes place in the ground electronic 

state through a single transition state following the concerted mechanism, in which the proton-transfer process 

occurs asynchronously without forming any stable intermediates. We have provided here the theoretical survey 

of the thermodynamic and dynamic stability of the G·G*/G*·G base mispair. The scans of the basic physico-
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chemical properties [14-17,44] of the G*·G base mispair along the intrinsic reaction coordinate (IRC) of the 

G·G*↔G*·G DPT tautomerisation, that are necessary to understand the nature of this intriguing reaction, have 

been presented in this paper. 

Computational Methods. All calculations were performed using the Gaussian’09 software package 

[45]. Geometries and harmonic vibrational frequencies of the G·G*/G*·G DNA base mispairs and the 

TSG·G*↔G*·G of their mutagenic tautomerisation via the DPT were obtained using Density Functional Theory 

(DFT) [46] with the B3LYP hybrid functional [47], which includes Becke’s three-parameter exchange 

functional (B3) [48] combined with Lee, Yang and Parr’s (LYP) correlation functional [49] in connection with 

Pople’s 6-311++G(d,p) basis set in vacuum. A scaling factor of 0.9668 [50-53] (see papers [54-56] about the 

existing approaches to the definition of this parameter) has been used in the present work at the B3LYP level of 

QM theory to correct the harmonic frequencies of all studied structures. The DFT method has been 

recommended in the literature for the investigation of the double proton transfer process [5,6,13] and vibrations 

of the constituents of the nucleic acids [57-59] in the H-bonded base pairs, since it represents itself a good 

balance between computational cost and accuracy and therefore can be suggested as the shortest way to MP2 

results [60-63]. Moreover, an excellent agreement between computational and experimental NMR, UV and IR 

spectroscopic data [64,65] evidences that the method (B3LYP/6-311++G(d,p)) employed for the geometry 

optimisation and vibrational frequency calculations are reliable. We performed single point energy calculations 

at the correlated MP2 level of theory [66] with the 6-311++G(2df,pd)/6-311++G(3df,2pd) Pople’s [67-69] and 

cc-pVTZ/cc-pVQZ Dunning’s cc-type [70,71] basis sets for the B3LYP/6-311++G(d,p) geometries, 

successfully applied on similar systems to obtain barrier heights and kinetic characteristics [14-17], to take into 

account the electronic correlation effects.  

The correspondence of the stationary points to the G·G*/G*·G DNA base mispairs or to the TSG·G*↔G*·G, 

located by means of Synchronous Transit-guided Quasi-Newton (STQN) method [72,73], on the potential 

energy landscape has been checked by the absence or the presence, respectively, of one and only one imaginary 

frequency corresponding to the normal mode that identifies the reaction coordinate. The reaction pathway was 

established by following the IRC in the forward and reverse directions from the TSG·G*↔G*·G using the Hessian-

based predictor-corrector (HPC) integration algorithm [74-76] with tight convergence criteria, that ultimately 

guarantees that the proper reaction pathway of the G·G*↔G*·G DPT tautomerisation has been found. 

The electronic interaction energies Eint have been computed at the MP2/6-311++G(2df,pd) level of QM 

theory for the geometries optimised at the DFT B3LYP/6-311++G(d,p) level of theory as the difference 

between the total energy of the base pair and the energies of the isolated monomers. In each case the interaction 

Page 3 of 30 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



4 

energy was corrected for the basis set superposition error (BSSE) [77,78] through the counterpoise procedure 

[79,80]. 

The Gibbs free energy G values for all structures were obtained at room temperature (T=298.15 K) in 

the following way: 

G=Eel+Ecorr,  (1) 

where Eel – the electronic energy obtained at the MP2/6-311++G(2df,pd)//B3LYP/6-311++G(d,p) level 

of QM theory, Ecorr – the thermal correction obtained at the B3LYP/6-311++G(d,p) level of QM theory.  

The lifetime τ of the G·G*/G*·G DNA mispairs was calculated using the formula 1/kf,r. 

The time τ99.9% necessary to reach 99.9% of the equilibrium concentration of the G·G* reactant and the 

G*·G product of reaction in the system of reversible first-order forward (kf) and reverse (kr) reactions was 

estimated by the formula [81]: 

3

99.9%

10

f r

ln

k k
τ =

+
.            (2) 

To estimate the values of the forward kf and reverse kr rate constants for the G·G*↔G*·G 

tautomerisation reaction: 

RT
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B
rf

rf

e
h

Tk
k

,

,

∆∆
−

⋅Γ=            (3) 

we applied the standard TS theory [81], in which quantum tunneling effects are accounted by the 

Wigner’s tunneling correction [82], that is adequate for the DPT reactions [17,32,52,61]: 

2
1

1
24

i

B

h

k T

ν 
Γ = +  

 

,            (4) 

where kB – Boltzmann’s constant, T – absolute temperature, h – Planck’s constant, ∆∆Gf,r – the Gibbs 

free energy of activation for the forward and reverse DPT reactions (T = 298.15 K), R – universal gas constant, 

νi – the magnitude of the imaginary frequency associated with the vibrational mode at the TSG·G*↔G*·G. 

Bader's quantum theory “Atoms in molecules” (QTAIM) was applied to analyse the electron density 

distribution [83], using program package AIMAll [84] with all default options. Wave functions were obtained 

at the level of theory used for geometry optimisation. The presence of a bond critical point (BCP) [83], namely 

the so-called (3,-1) BCP, and a bond path between the H-bond donor and acceptor, as well as the positive value 

of the Laplacian at this BCP (∆ρ≥0), were considered as criteria for the H-bond formation [85-87].  

The energies of the conventional intermolecular H-bonds in the G·G*/G*·G DNA base mispairs were 

evaluated by the empirical Iogansen’s formula [88]: 

HBE 0.33 40ν= ⋅ ∆ − ,  (5) 
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where ∆ν - the magnitude of the redshift (relative to the free molecule) of the stretching mode of the H-

bonded groups involved in the H-bonding. The partial deuteration of the OH, NH and NH2 groups was applied 

to eliminate the effect of vibrational resonances [52,86]. 

The energies of all intermolecular H-bonds under the investigation of the scans [17,32,44] of their 

energies were evaluated by the empirical Espinosa-Molins-Lecomte (EML) formula [89,90], which was first 

successfully applied for the estimation of the individual energetic contributions of the separate H-bonds in the 

Watson-Crick DNA base pairs [91]: 

EHB=0.5·V(r),  (6) 

where V(r) - the value of a local potential energy density at the (3,-1) BCPs. 

The energies of the O6H···O6 and N2H···N2 H-bonds in the TSG·G*↔G*·G were estimated by the 

Nikolaienko-Bulavin-Hovorun formulas [92]: 

EO6H···O6 = -3.09 + 239·ρ,          (7) 

EN2H···N2 = -2.03 + 225·ρ,          (8) 

where ρ is the electron density at the (3,-1) BCP of the H-bond. 

Period of the intermolecular vibrations T was calculated as: 

c
T

⋅
=
ν

1
,             (9) 

where ν – the frequency of vibrations, c – the speed of the light in vacuum. 

The frequency f of the G·G*↔G*·G tautomerisation was estimated by the formula: 

τ

1
=f ,             (10) 

where τ is the lifetime of the G·G*/G*·G DNA base mispair.  

The atomic numbering scheme for the nucleobase is conventional [93].  

 

Obtained Results and Their Discussion. This work represents itself a logical extension of our previous 

achievements [94,95]. Tables 1-4, Scheme 1, Figs. 1-10 and Fig. S1, ESI† present the data obtained in this 

paper.  

1. Energetic and geometric peculiarities of the G·G*/G*·G and TSG·G*↔G*·G complexes and 

intermolecular specific interactions stabilizing them 

 

The G·G*/G*·G (|C6N1(G*)N1C6(G)|=36.4º; C1 symmetry) DNA base mispairs posess cis-oriented 

N9H glycosidic bonds of the G and G* bases, that are flexible molecules [96,97], in the anti-orientation with 
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respect to the sugar moiety. Quantum-mechanical calculations at the B3LYP/6-311++G(d,p) level of theory 

have revealed that these mismatches are stabilized by the O6H···O6 (8.39), N1H···N1 (6.14) and 

(G)N2H···N2(G*) (2.73 kcal·mol-1) H-bonds, whereas the TSG·G*↔G*·G (|C6N1N1C6|=37.1º; C1 symmetry; 

∆GTS=5.51 and ∆ETS=8.33 kcal·mol-1 obtained at the MP2/cc-pVQZ//B3LYP/6-311++G(d,p) level of QM 

theory in vacuum; νi=1110.0i cm-1) is stabilized by the N1-H-N1 covalent bridge and the O6H···O6 (29.72) and 

N2H···N2 H-bonds (2.92 kcal·mol-1) (Tables 1 and 2, Fig. 1).  

Geometric (the dH···N1/N2/O6 distances of the intermolecular H-bonds are less than the sum of 

corresponding Bondi’s [98] van der Waals radii; the AH H-bond donating groups elongate upon the formation 

of the conventional AH···B H-bonds; the angles of the H-bonding are obtuse), electron-topological (the values 

of the electron density ρ at the (3,-1) BCP of the H-bond are in the acceptable range and the values of the 

Laplacian of the electron density ∆ρ at the (3,-1) BCP of the H-bond are positive) and spectroscopic (the 

frequency of the stretching vibrational mode ν(AH) of the AH donor group is shifted toward the lower 

frequencies or toward the red end of the spectrum under the formation of the intermolecular AH···B H-bonds) 

characteristics, used to deepen the nature of the considered interactions [85-87,99], testify the existence of the 

canonical H-bonds in the investigated structures. 

 

2. Predicted theoretical pathway of the G·G*↔G*·G DPT tautomerisation 

The calculated electron-topological and geometric profiles of the G·G*↔G*·G DPT tautomerisation 

along the IRC exhibit a spans of the χ-like crossings of the dO6H/HO6, dN1H/HN1, ρO6H/HO6, ρN1H/HN1, ∆ρO6H/HO6 and 

∆ρN1H/HN1 graphs of the intermolecular H-bonds (Figs. 4a, 4b and 5b), that enables us to suggest that the 

G·G*↔G*·G DPT tautomerisation is likely to follow the asynchronous concerted mechanism. Moreover, we 

have allocated the 9 key points (KPs), that are critical for the detailed understanding of this mechanism (Fig. 1).  

The obtained IRC allowed us to follow in detail the atomistic mechanism of DPT tautomerisation. As 

depicted in Figure 1, the process of the tautomerisation starts from the transfer of the proton localized at the N1 

nitrogen atom of the G base in the G·G* DNA base mispair (the KP 1; IRC=-25.13 Bohr) along the N1H···N1 

H-bond towards the N1 nitrogen atom of the G* enol tautomer, reaching the KP 2 (∆ρH···N1=0; IRC=-0.29 

Bohr), at which the N1-H covalent bond is significantly weakened and the H···N1 H-bond becomes the H-N1 

covalent bond. Notably, exactly at this point the chemical identity of the G and G* bases is lost and actually a 

chemical reaction starts. Further, bypassing the KP 3 (ρN1-H=ρH-N1; IRC=-0.08 Bohr), characterized by the 

equivalent N1-H/H-N1 covalent bonds involved in the N1-H-N1 covalent bridge, the complex reaches the 

TSG·G*↔G*·G (the KP 4; IRC=0.00 Bohr). Then the base mispair transforms into the KP 5 (∆ρN1···H=0; IRC=0.17 

Bohr), at which the N1-H covalent bond becomes the N1···H H-bond, thus arriving at the G-·G+ zwitterionic 

non-stable intermediate. Thereafter, the second mobile proton, localized at the O6+ oxygen atom of the G+ 
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protonated base begins to move towards the O6- oxygen atom of the G- deprotonated base after the first proton 

is already transferred. At this proton migration the rupture of the old H-O6 covalent bond, corresponding to the 

KP 6 (∆ρO6···H=0; IRC=0.42 Bohr), crossing through the KP 7 (ρO6-H=ρH-O6; IRC=0.62 Bohr), characterized by 

the equivalent O6-H/H-O6 covalent bonds involved in the O6-H-O6 covalent bridge, and the formation of the 

new O6-H covalent bond, corresponding to the KP 8 (∆ρH···O6=0; IRC=0.79 Bohr), are observed. Finally, the 

G*·G base mispair (the KP 9; IRC=7.35 Bohr) is reached. 

The detailed electron-topological and geometric characteristics of the intermolecular bonds revealed in 

the 9 key points and the polarity of the latters are given in Table 2. It is worthwhile to point out that the H-

bonds detected in the 9 key points meet all the criteria of the canonical H-bonding (see ref. [86] and 

bibliography therein). 

It should be highlighted that the obtained 9 KPs let us divide the reaction pathway for the G·G*↔G*·G 

DPT tautomerisation into three distinct regions: the reactant (from -25.13 to -0.29 Bohr), transition state (from -

0.29 to 0.79 Bohr) and product regions (from 0.79 to 7.35 Bohr), separated by the KP 2, coinciding with the 

reaction force [100] minimum, and the KP 8, coinciding with the reaction force maximum, in which the 

extrema of the first derivative of the electronic energy with respect to the IRC are reached (Figs. 1 and 2b). 

Our results indicate that the energy equal to 7.98 kcal·mol-1, representing 84.8 % of the TSG·G*↔G*·G 

electronic energy relatively to the G·G*/G*·G DNA base mispair, is spent at the reactant region on the 

reciprocal structural adjustment of the G and G* bases within the G·G* base mispair, in particular on the 

conformational changes of the NH2 amino groups, to bring the donor and acceptor atoms as close as possible to 

each other in order to acquire such mutual deformation and orientation, that eventually lead to the DPT reaction 

at the TS region, whereas the energy equal to 8.62 kcal·mol-1, representing 91.5 % of the TSG·G*↔G*·G electronic 

energy relatively to the G·G*/G*·G DNA base mispair, is expended at the product region on the structural 

relaxation of the KP 8 to the terminal G*·G base mispair.  

 

3. Scans of the basic physico-chemical properties of the G·G*/G*·G DNA base mispairs along 

the IRC of their mutual tautomerisation via the DPT 

Our results show that the molecular properties, namely the electronic energy, the first derivative of the 

electronic energy with respect to the IRC, the dipole moment of the base pair, the characteristic distances and 

the angle of the intermolecular H-bonds, the electron density, the Laplacian of the electron density, ellipticity 

and the energy at the (3,-1) BCPs of the intrapair H-bonds, the NBO charges of the hydrogen atoms involved in 

the tautomerisation, the glycosidic angles, the distance between the glycosidic hydrogens, angle between the 

plane and exocyclic bond and dihedral angles, are strongly dependent on the minimum-energy path (Figs. 2-

10). 
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The calculated electronic energy profile of the DPT tautomerisation exhibits an asymmetric structure 

[61] with respect to the transition state in contrast to the results obtained for the interconversion of the 

equivalent base pairs through the tautomerisation via the DPT (Fig. 2a) [15-17,32]. We are inclined to link this 

unaccustomed asymmetry of the electronic energy profile with the significant correlated conformational 

changes of both amino groups belonging to the G and G* bases nearby the IRC = -10.07 Bohr. This very 

interesting question is discussed in the next paragraph of this paper.  

The profile of the first derivative of the electronic energy with respect to the IRC (dE/dIRC) reaches its 

maximum (7.49 kcal·(mol·Bohr)-1) at the KP2 (IRC=-0.29 Bohr) and minimum (-7.86 kcal·(mol·Bohr)-1) – at 

the KP 8 (IRC=0.79 Bohr) (Fig. 2b). 

We have fixed quite abrupt changes of the absolute value of the dipole moment µ of the studied base 

pairs within the narrow range of values 8.14÷8.64 D along the IRC of the G·G*↔G*·G tautomerisation with 

pronounced sharp peak at the IRC=-7.42 Bohr (Fig. 3), that can be explained by the fact that the dipole moment 

is the result of the vector sum of two terms: an atomic dipolar polarization term and a charge transfer (or bond 

dipole) term [101]. Moreover, it was previously shown by the research group of Prof. Chérif F. Matta that the 

property of the dipole moment to rise nearby the TS can be exploited in the laser control of reactions [102,103]. 

It should be highlighted that the curves of the electron density ρ, the Laplacian of the electron density 

∆ρ and the ellipticity ε for the N1-H bonds intersect with each other exactly at the KP 3 (IRC=-0.08 Bohr), 

whereas for the O6-H bonds – at the KP 7 (IRC=0.62 Bohr), indicating that their values are equalized at the 

points of intersection (Figs. 4a and 4b). The analogous crossings are observed on the graphs of the distance 

dAH/HB between the hydrogen and electronegative A or B atoms (Fig. 5b). The values of the ρ (0.032÷0.320 

a.u.), ∆ρ (-2.225÷0.165 a.u.), ε (0.013÷0.067) and dAH/HB (0.998÷1.935 Å) parameters, lying within a wide 

range of values, are in a good agreement with the previous results [5,6,13,14] (Figs. 4a, 4b, 4c and 5b). 

Our studies of the dependencies of the H-bond energies, calculated by the EML formula [89,90] at the 

(3,-1) BCPs of the H-bonds, on the IRC presented in Figure 4d, indicate that the O6H···O6 and N1H···N1 H-

bonds are weakly anti-cooperative [104] both in the G·G* (dEN1H···N1/dEO6H···O6=-0.78 at the IRC=-25.13 Bohr) 

and G*·G (dEN1H···N1/dEO6H···O6=-2.13 at the IRC=7.35 Bohr) DNA base mispairs. 

It is worthwhile to point out that the upper O6H···O6 H-bond from the side of the major groove (13.61 ÷ 

51.96 kcal·mol-1) and the middle N1H···N1 H-bond (7.08 ÷ 37.65 kcal·mol-1) exist within the range from the KP 

1 to KP 6 (from -25.13 to 0.42 Bohr) and from the KP 1 to KP 2 (from -25.13 to -0.29 Bohr), achieving at this 

their maximum values at the KPs 6 and 2, respectively, whereas the upper O6H···O6 H-bond (14.76 ÷ 54.32 

kcal·mol-1) from the side of the major groove and the middle N1H···N1 H-bond (8.19 ÷ 38.64 kcal·mol-1) exist 

within the range from the KP 8 to KP 9 (from 0.79 to 7.35 Bohr) and from the KP 4 to KP 9 (from 0.00 to 7.35 

Bohr), attaining their maximum values at the KPs 8 and 4, respectively (Fig. 4d). 
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We have also observed the changes in the distance between the O6 oxygen atoms (2.434÷2.672 Å) and 

the N1 nitrogen atoms (2.595÷2.960 Å) involved in the O6H···O6 and N1H···N1 H-bonds, respectively, and 

also the R(HN9-HN9) distance between the glycosidic hydrogens (11.913÷12.361 Å), that results in the 

compression or the so-called “respiration” of the G·G* DNA base mispair during the reaction path, especially at 

the TS region (Figs. 5a and 9a). Also the noticeable oscillations of the ∠O6H···O6 (171.6÷174.8º) and 

∠N1Н···N1 (168.3÷176.1º) H-bond angles and the α1 (∠N9H(G)H(G*))) (41.4÷44.6º) and α2 

(∠N9H(G*)H(G)) (42.0÷45.0º) glycosidic angles have been established (Figs. 5c and 9b). 

The tautomerisation process of the base mispair is accompanied by the significant correlated 

conformational changes of both amino groups belonging to the G and G* bases, that is reflected in the changes 

of the β1 (∠HN2C2N3(G)) (-9.1÷13.6º) and β2 (∠HN2C2N3(G*)) (-11.5÷15.9º) dihedral angles along the IRC 

of the G·G*↔G*·G tautomerisation via the DPT (Fig. 10b). Herewith, particularly dramatic changes are 

observed for the angle of inclination of the HN2H plane of the amino group relatively to the C2N2 exocyclic 

bond τ (Fig. 10a). In particular, the amino group of the G base becomes planar (τ1=0º) at the IRC=-22.86 Bohr 

and then it begins to dodge in the direction opposite to the C2N2 bond (Fig. 10a). The same effect (τ2=0º) is 

observed for the amino group of the G* base at the IRC=-7.73 Bohr. Notably, exactly at this point the dipole 

moment of the base mispair, that tautomerises, reaches its maximum (8.59 D) (Fig. 3). 

The scans of the NBO charges of the hydrogen atoms HI and HII involved in the N1HI···N1 and 

O6HII···O6 H-bonds do not intersect with each other along the IRC of the G·G*↔G*·G tautomerisation via the 

DPT (Fig. 8). 

 

4. Properties of the third specific contact assisting the G·G*↔G*·G DPT tautomerisation 

This section addresses the behavior of the third N2H···N2 H-bond, which physico-chemical properties 

we have monitored along the IRC of the tautomerisation (Figs. 6 and 7). 

A characteristic structural feature of the long G·G* Watson-Crick base pair, that distinguishes it among 

others long incorrect pairs of nucleotide bases [17,22,32,94], is a steric conflict between the two exocyclic C-

amino groups of the G and G* nucleobases. Thіs conflict is overcome in a very interesting way - through the 

propeller-like geometry of the base pair (Fig. 1), as well as due to the conformational adjustment of both amino 

groups. As a result, the pyramidal, substantially non-equivalent amino groups are involved in the canonical 

intermolecular (G)N2H···N2(G*) H-bond (see Tables 1 and 2). During the G·G*↔G*·G DPT tautomerisation 

basic physical and chemical parameters of the (G)N2H···N2(G*) H-bond, that exists in the IRC range from -

25.13 to -10.37 Bohr, change noticeably - ρ (0.0081÷0.0165 a.u.); ∆ρ (0.0286÷0.0489 a.u.); ε (0.074÷2.4992); 

E(G)N2H···N2(G*) (1.45÷2.79 kcal·mol-1); dN2···N2 (3.198÷3.278 Å); dH···N2 (2.237÷2.671 Å) and ∠N2H···N2 

(118.8÷162.9º) (Figs. 6 and 7) - and the sequential switching (G)N2H···N2(G*) H-bond → N2···N2 van der 
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Waals contact → (G)N2···HN2(G*) H-bond → (G*)N2···HN2(G) H-bond occurs in an original way. At the 

IRC=-10.37 Bohr the (G)N2H···N2(G*) H-bond is transformed without discontinuities and bifurcations into the 

attractive N2···N2 van der Waals contact with slightly varying properties (ρ (0.0080÷0.0081 a.u.); ∆ρ 

(0.0281÷0.0286 a.u.); ε (2.379÷3.488); EN2···N2 (1.44÷1.45 kcal·mol-1) and dN2···N2 (3.275÷3.279 Å)), which 

exists till the IRC=-9.23 Bohr and then smoothly, i.e. without discontinuities and bifurcations is converted into 

the (G)N2···HN2(G*) H-bond with significantly disturbed physico-chemical characteristics (ρ (0.008÷0.022 

a.u.); ∆ρ (0.028÷0.067 a.u.); ε (0.057÷2.229); E(G)N2···HN2(G*)  (1.44÷4.28 kcal·mol-1); dN2···N2 (3.075÷3.307 Å); 

dH···N2 (2.097÷2.677 Å) and ∠(G)N2···HN2(G*) (118.0÷160.5º)), which further at the IRC=0.79 Bohr is turned 

due to the DPT along the O6H···O6 and N1···HN1 H-bonds into the (G*)N2···HN2(G) H-bond with greatly 

disturbed physico-chemical properties (ρ (0.015÷0.022 a.u.); ∆ρ (0.044÷0.067 a.u.); ε (0.059÷0.070); 

E(G*)N2···HN2(G) (2.46÷4.28 kcal·mol-1); dN2···N2 (3.075÷3.266 Å); dH···N2 (2.097÷2.286 Å) and ∠(G*)N2···HN2(G) 

(160.5÷162.9º)) (Figs. 6 and 7, Tables 1 and 2). Notably, the distance dN2H slightly varies within 1.2 % 

remaining practically constant during the tautomerisation reaction. 

Intriguingly, the N2···N2 van der Waals contact is dynamically unstable in the limiting points of its 

existence, i.e. it is modulated by the low-frequency inter- and intramolecular vibrations [59], as is indicated by 

a significant increasing of the value of the ellipticity ε in this region (Fig. 6c, Tables 1 and 2). It is not excluded 

that the described above regularities are quite universal and can be specific to any exocyclic C-amino groups 

that sterically clash with each other in the H-bonded pairs of nucleotide bases. 

Our studies indicate that the hydrogen atom HIII, which is included in the donor group of the 

(G)N2HIII···N2(G*) H-bond, posesses a larger NBO charge (0.394÷0.417 e) than the hydrogen atom HIV of the 

N2HIV (G*) imino group of the G* base (0.382÷0.395 e) till the IRC=-8.35 Bohr, where these NBO charges are 

equalized (0.395 e) (Fig. 8). Notably, in the vicinity of this structure the singularities on the profiles of the 

electronic energy, the first derivative of the electronic energy with respect to the IRC of the tautomerisation and 

the dipole moment are observed (Figs. 2 and 3). Thereafter, the NBO charge of the hydrogen atom HIV involved 

in the (G*)N2HIV···N2(G) H-bond (0.396÷0.421 e), that has acquired its donor properties at the IRC=-9.23 

Bohr, starts to exceed the NBO charge of the hydrogen atom HIII of the amino group N2HIII (G) of the G base 

(0.380÷0.394 e), that is reflected in the arrangement of its graph above those for the hydrogen atom HIII. So, it 

is obvious that the hydrogen atoms of the neighboring exocyclic amino groups of the G and G* bases 

interchange their donor properties along the IRC.  

 

5. Thermodynamic and dynamic stability of the G·G*/G*·G DNA base mispairs 

In the course of this investigation, it was found that the G·G* or G*·G DNA base mispair is 

thermodynamically [94,95] and dynamically [105] stable structure (Table 3). The intermolecular H-bonds in the 
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G·G*/G*·G DNA base mispair ([EO6H···O6+EN1H···N1+EN2H···N2]/|∆Eint|=73.8 %) represent itself a significant 

portion into the electronic energy of the interaction between the G and G* bases (∆Eint=-23.40 kcal·mol-1). 

These data agree remarkably well with the results in our previous papers [5,6,13-15,17,22,26,32-34]. 

Our study indicates that the lifetime τ of the G·G*/G*·G DNA base mispairs (τ=8.22·10-10 s obtained at 

the MP2/cc-pVQZ//B3LYP/6-311++G(d,p) level of QM theory) was established to be noticeably greater than 

the periods T (1.49·10-12, 8.53·10-13, 5.52·10-13, 3.67·10-13, 3.53·10-13 and 3.06·10-13 s, respectively) of all 6 low-

frequency [59] intermolecular vibrations (22.4, 39.1, 60.4, 90.8, 94.6 and 109.0 cm-1), additionally suggesting 

that the G·G*/G*·G base pair is dynamically stable structure [105]. Logically, the G·G*↔G*·G Löwdin’s 

[106,107] tautomerisation via the DPT can be considered as the periodic dipole-active process (Table 2, Figure 

3) that occurs with the frequency 1220 MHz. 

The time τ99.9% necessary to reach 99.9% of the equilibrium concentration of the starting G·G* and the 

final G*·G base pair is equal to 3.79·10-9 s (Table 3). 

 

6. Comparative analysis of the long purine·purine Watson-Crick pairs of nucleotide bases  

Finally, let's sum the brief results concerning investigated by us wrong purine-purine base pairs that 

belong to the so-called long Watson-Crick DNA base pairs (see Table 4).  

First, these base pairs are intermediates of the acquisition of the geometry close to those of the canonical 

Watson-Crick base pairs in the base-pairing recognition pocket of the high-fidelity DNA polymerase. It is 

known that namely this process provides the catalytic competence of these base pairs in a closed conformation 

of the DNA polymerase. The А·А*↔А*·Аsyn, G·G*↔G·G*syn, G·А↔G·Аsyn and А*·G*↔А*·G*syn structural 

transitions are possible due to the availability of the so-called "molecular joint arthroplasty" – the exocyclic 

NH2- or OH- groups – at the 6 position of one of the bases in the pair. We have already started the investigation 

of the nature of these conformational transitions and the first obtained results are very encouraging. Secondly, 

some of the investigated incorrect purine·purine base pairs, namely the A·A*, G·G* and H·H* base pairs, can be 

the source of the mutagenic tautomers at their dissociation in the recognition pocket of the DNA polymerase. 

Conclusions. In this study the methodology of the scans of the basic physicо-chemical parameters, 

namely energetic, electron-topological, geometric, polar and NBO properties, along the IRC combined with 

QM/QTAIM analysis has been used for the investigation of the G·G* DNA base mispair tautomerisation into 

the G*·G DNA base mispair via the migration of the protons involved in the intermolecular O6···HO6 (8.39) 

and N1H···N1 (6.14 kcal·mol-1) H-bonds. On the basis of the obtained results the solid conclusions can be made 

that the G·G*↔G*·G DPT tautomerisation occurs through the asynchronous concerted mechanism.  

We have paid special attention to the profiles of the physico-chemical properties of the G·G* DNA base 

mispair and intermolecular interactions in it, that provides new clues for the step-by-step tracking of their 
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changes along the G·G*↔G*·G reaction path. Furthermore, the 9 key points, that are critical for the atomistic 

understanding of the tautomerisation reaction, were comprehensively presented and analysed. 

It was established that the tautomerisation via the DPT is assisted, except two others O6H···O6 and 

N1H···N1 H-bonds, that have been established to be anti-cooperative, by the third specific contact, sequentially 

switching along the IRC in an original way: (G)N2H···N2(G*) H-bond (-25.13 ÷ -10.37) → N2···N2 van der 

Waals contact (-10.37 ÷ -9.23) → (G)N2···HN2(G*) H-bond (-9.23 ÷ 0.79) → (G*)N2···HN2(G) H-bond (0.79 

÷ 7.35 Bohr). 

We have also predicted that the G·G*/G*·G DNA base mispairs are thermodynamically and 

dynamically stable structures with lifetime of 8.22·10-10 s and all 6 low-frequency intermolecular vibrations are 

able to develop during this lifetime. These observations are key causes to consider the G·G*↔G*·G 

tautomerisation via the Löwdin’s mechanism as the periodic dipole-active process occuring with the frequency 

of 1220 MHz. 

The possible practical application of the investigated tautomerisation deserves a more detailed 

discussion. Thus, we hope that our results on the incorrect purine·purine nucleobase pairs that can be integrated 

into the DNA double helix would be useful at the creation of the nano-biomolecular sensors for the detection of 

the point structural defects in DNA associated with the formation of the mismatches. On the other hand, these 

knowledges can guide the planning of the experiments for the studying of the new types of the nucleotide pairs 

of the metallized DNA [108-110] and microstructural interpretation of their results (Figure S1, ESI†). 
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Table 1 Electron-topological, structural, vibrational and energetic characteristics of the intermolecular H-bonds revealed in 

the G·G*/G*·G DNA base mispairs and the TSG·G*↔G*·G obtained at the B3LYP/6-311++G(d,p) level of QM theory in vacuum 

Complex AH···B 
Н-bond 

ρ
a 

∆ρ
b
 100·ε

c dA···B
d
 dH···B

e
 ∆dAH

f
 ∠AH···Bg ∆ν

h

 EHB

i

 

G·G*/G*·G  O6H···O6 0.050 0.138 2.48 2.646 1.649 0.036 171.2 687.1 8.39 
N1H···N1 0.035 0.091 6.64 2.920 1.893 0.021 172.4 385.6 6.14 

N2H···N2 0.016 0.048 6.71 3.231 2.244 0.006 163.9 108.6 2.73 

TSG·G*↔G*·G O6H···O6 0.100 0.124 1.81 2.464 1.398 - 174.7 - 20.72* 

N2H···N2 0.022 0.066 5.97 3.079 2.104 - 160.1 - 2.92* 
aThe electron density at the (3,-1) BCP, a.u. 
bThe Laplacian of the electron density at the (3,-1) BCP, a.u. 
cThe ellipticity at the (3,-1) BCP 
dThe distance between the A (H-bond donor) and B (H-bond acceptor) electronegative atoms involved in the AH···B H-bond, Å 
eThe distance between the H and B atoms of the AH···B H-bond, Å 
fThe elongation of the H-bond donating group AH upon the AH···B H-bonding, Å 
gThe AH···B H-bond angle, degree 
hThe redshift of the stretching vibrational mode ν(AH), cm-1 
iEnergy of the H-bonds, calculated by Iogansen’s [88] or Nikolaienko-Bulavin-Hovorun (marked with an asterisk) [92] 
formulas, kcal mol-1 
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Table 2 Electron-topological and structural characteristics of the intermolecular bonds revealed in the 9 key 

points and the polarity of the latters along the IRC of the G·G*↔G*·G DPT tautomerisation obtained at the 

B3LYP/6-311++G(d,p) level of QM theory in vacuum 

Complex AH···B  
Н-bond 

ρ ∆ρ 100·ε dA···B 

 

dH···B ∠AH···B µ 

Key point 1 (-25.13 Bohr): 

G·G* 

O6···HO6 0.050 0.138 2.48 2.646 1.649 171.2 8.45 

N1H···N1 0.035 0.091 6.64 2.920 1.893 172.4  

N2H···N2 0.016 0.048 6.71 3.231 2.244 163.9  

Key point 2 (-0.29 Bohr): 

∆ρH···N1=0 

 

O6···HO6 0.092 0.149 1.77 2.469 1.426 174.8 8.29 

N1H···N1 0.115 0.000 4.31 2.597 1.409 174.9  

 N2···HN2 0.022 0.066 6.14 3.080 2.107 160.1  

Key point 3 (-0.08 Bohr):  

ρN1-H=ρH-N1 

O6···HO6 0.097 0.132 1.80 2.465 1.406 174.8 8.28 

N1-H-N1 0.155 -0.221 3.93 2.596 1.294 175.6  

 N2···HN2 0.022 0.066 6.02 3.079 2.105 160.1  

Key point 4 (0.00 Bohr): 

TSG·G*↔G*·G 

O6···HO6 0.100 0.124 1.81 2.464 1.398 174.7 8.31 

N2···HN2 0.022 0.066 5.97 3.079 2.104 160.1  

Key point 5 (0.17 Bohr):  

∆ρN1···H=0 

O6···HO6 0.106 0.101 1.82 2.461 1.377 174.7 8.43 

N1···HN1 0.112 0.000 4.52 2.600 1.419 176.0  

 N2···HN2 0.022 0.066 5.86 3.078 2.102 160.0  

Key point 6 (0.42 Bohr): 

∆ρO6···H=0 

O6···HO6 0.126 0.011 1.74 2.450 1.314 174.5 8.46 

N1···HN1 0.089 0.071 5.04 2.617 1.511 176.0  

 N2···HN2 0.022 0.066 5.75 3.075 2.098 160.1  

Key point 7 (0.62 Bohr): 

ρO6-H=ρH-O6 

O6-H-O6 0.161 -0.234 1.59 2.439 1.227 174.2 8.30 

N1···HN1 0.081 0.088 5.20 2.630 1.545 175.8  

N2···HN2 0.022 0.066 5.78 3.075 2.097 160.4  

Key point 8 (0.79 Bohr): 

∆ρH···O6=0 

O6H···O6 0.133 0.000 1.76 2.435 1.290 173.9 8.23 

N1···HN1 0.077 0.098 5.27 2.636 1.564 175.7  

 N2···HN2 0.022 0.067 5.86 3.075 2.097 160.5  

Key point 9 (7.35 Bohr): 

G*·G 

O6H···O6 0.050 0.138 2.48 2.646 1.649 171.2 8.45 

N1···HN1 0.035 0.091 6.64 2.920 1.893 172.4  

 N2···HN2 0.016 0.048 6.71 3.231 2.244 163.9  

Notes: For footnote definitions see Table 1. µ – the dipole moment of the complex, D. 
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Table 3 Energetic and kinetic characteristics of the G·G*↔G*·G DPT tautomerisation obtained at the different levels of QM theory for the 

geometry calculated at the B3LYP/6-311++G(d,p) level of QM theory in vacuum 

 

Level of QM theory ∆∆GTS
a 

∆∆ETS
b 

τc τ99.9%
d 

kcal·mol-1 cm-1 
MP2/6-311++G(2df,pd) 4.97 7.79 2724.2 3.29·10-10 1.52·10-9 
MP2/6-311++G(3df,2pd) 5.46 8.28 2896.9 7.56·10-10 3.48·10-9 

MP2/cc-pVTZ 5.21 8.03 2807.7 4.92·10-10 2.27·10-9 
MP2/cc-pVQZ 5.51 8.33 2914.2 8.22·10-10 3.79·10-9 

aThe Gibbs free energy of activation for the forward and reverse reactions of the G·G*↔G*·G DPT tautomerisation (∆GG·G*/G*·G=0; T=298.15 

K), kcal·mol-1 
bThe activation electronic energy for the forward and reverse reactions of the G·G*↔G*·G DPT tautomerisation (∆EG·G*/G*·G=0) 
cThe lifetime of the G·G*/G*·G DNA base mispair, s 
dThe time necessary to reach 99.9% of the equilibrium concentration between the reactant G·G* and the product G*·G of the G·G*↔G*·G 

tautomerisation reaction via the DPT, s  

The frequency of the vibrational mode in the G·G*/G*·G DNA base mispair, which becomes imaginary in the TSG·G*↔G*·G of the G·G*↔G*·G 

DPT tautomerisation, is equal to 3195.3 cm-1 and zero-point vibrational energy associated with this normal mode is equal to 4.57 kcal·mol-1 or 

1597.6 cm-1 obtained at the B3LYP/6-311++G(d,p) level of QM theory. 
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Table 4 Selected physico-chemical characteristics of the incorrect purine·purine nucleobase pairs of biological importance possessing Watson-

Crick geometry 

Base 

mispairs 
References 

Geometric parameters Energetic parameters 

Symmetry 

 

R(HN9-HN9),  

Å 

α1, 

degree 

α2,  

degree 
H-bonds 

EHB,  

kcal·mol-1 

-∆Eint,  

kcal·mol-1 

-∆Gint,  

kcal·mol-1 

G·G* Present 

investigation 

C1 12.047 45.4 43.6 O6H···O6 8.39 23.40 9.65 

    N1H···N1 6.14   

    N2H···N2 2.73   

A·A* [32] Cs 12.324 45.6 46.7 N6H⋯N6 7.01 17.89 4.32 

      N1H⋯N1 6.88   

A·G [33] C1 12.375 43.4 45.1 N6H···O6 5.68 17.54 3.57 

      N1H···N1 6.51   

      N2H···HC2 0.68   

H·H* [17] Cs 12.345 42.2 42.6 O6H···O6 7.95 18.91 6.84 

      N1H···N1 6.97   

A·H [94] Cs 12.335 44.6 45.7 N6H···O6 5.40 24.72 12.92 

      N1H···N1 6.99   
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Scheme 1 Geometrical structure of the G·G* DNA base mispair (C1). 

The numeration of atoms is generally accepted [88]. The 

intermolecular H-bonds are marked by dashed lines. 
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Key point 1 

G·G* 

Key point 2 

∆ρH···N1=0 

Key point 3 

ρN1-H=ρH-N1 

Key point 4 

TSG·G*↔G*·G 

Key point 5 

∆ρN1···H=0 

IRC=-25.13 Bohr IRC=-0.29 Bohr IRC=-0.08 Bohr IRC=0.00 Bohr IRC=0.17 Bohr 

    

 

    

 

Key point 6 

∆ρO6···H=0 

Key point 7 

ρO6-H=ρH-O6 

Key point 8 

∆ρH···O6=0 

Key point 9 

G·G* 

 

IRC=0.42 Bohr IRC=0.62 Bohr IRC=0.79 Bohr IRC=7.35 Bohr  

Fig. 1 Geometric structures of the 9 key points describing the evolution of the G·G*↔G*·G tautomerisation via the DPT along the IRC obtained at the B3LYP/6-

311++G(d,p) level of theory in vacuo. Coordinates of the 9 key points are presented below each structure. The dotted lines indicate the AH···B H-bonds, while 

continuous lines show covalent bonds (their lengths are presented in angstroms). Carbon atoms are in light-blue, nitrogen in dark-blue, hydrogen in grey and 

oxygen in red. 
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a  b 
Fig. 2 Profiles of: (a) the electronic energy E and (b) the first derivative of the electronic energy with respect to the IRC 

(dE/dIRC) along the IRC of the G·G*↔G*·G tautomerisation via the DPT obtained at the B3LYP/6-311++G(d,p) level of 

theory in vacuo 
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Fig. 3 Profile of the dipole moment µ along the IRC of the 
G·G*↔G*·G tautomerisation via the DPT obtained at the B3LYP/6-

311++G(d,p) level of theory in vacuo 
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Fig. 4 Profiles of: (a) the electron density ρ; (b) the Laplacian of the electron density ∆ρ; (c) the ellipticity ε and (d) the 

energy of the H-bond EHB, estimated by the EML formula [85,86], at the (3,-1) BCPs of the covalent and hydrogen bonds 

along the IRC of the G·G*↔G*·G tautomerisation via the DPT obtained at the B3LYP/6-311++G(d,p) level of theory in 

vacuo 
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c   

Fig. 5 Profiles of: (a) the distance dA···B between the electronegative A and B atoms; (b) the distance dAH/HB between the 

hydrogen and electronegative A or B atoms and (c) the angle ∠AH···B of the AH···B H-bonds along the IRC of the 

G·G*↔G*·G tautomerisation via the DPT obtained at the B3LYP/6-311++G(d,p) level of theory in vacuo 
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Fig. 6 Profiles of: (a) the electron density ρ; (b) the Laplacian of the electron density ∆ρ; (c) the ellipticity ε and (d) the 

energy, estimated by the EML formula [85,86], at the (3,-1) BCPs of the (G)N2H···N2(G*) / (G*)N2H···N2(G) H-bonds 

and the N2···N2 van der Waals contact along the IRC of the G·G*↔G*·G tautomerisation via the DPT obtained at the 

B3LYP/6-311++G(d,p) level of theory in vacuo 
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Fig. 7 Profiles of: (a) the distance dN2···N2 between the N2 nitrogen atoms; (b) the distance dH···N2 between the hydrogen and 

N2 nitrogen atoms; (c) the angle ∠N2H···N2 and (d) the NBO charges of the hydrogens of the 

(G)N2HIII···N2(G*) / (G*)N2HIV···N2(G) H-bonds and the N2···N2 van der Waals contact along the IRC of the G·G*↔G*·G 

tautomerisation via the DPT obtained at the B3LYP/6-311++G(d,p) level of theory in vacuo 
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Fig. 8 Profiles of the NBO charges of the hydrogen atoms involved 

in the N1HI···N1, O6HII···O6 and N2HIII···N2 H-bonds and in the 

N2HIV (G*) imino group of the G* base along the IRC of the 

G·G*↔G*·G tautomerisation via the DPT obtained at the 

B3LYP/6-311++G(d,p) level of theory in vacuo 
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a b 

Fig. 9 Profiles of: (a) the distance R(HN9-HN9) between the glycosidic hydrogens and (b) the α1 (∠N9H(G)H(G*)) and α2 

(∠N9H(G*)H(G)) glycosidic angles along the IRC of the G·G*↔G*·G tautomerisation via the DPT obtained at the 

B3LYP/6-311++G(d,p) level of theory in vacuo 
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a b 

Fig. 10 Profiles of: (a) the angles between the HN2H plane and the C2N2 exocyclic bond of the amino fragments in the G 

(τ1) and G* (τ2) bases and (b) the β1 (∠HN2C2N3(G)) and β2 (∠HN2C2N3(G*)) dihedral angles along the IRC of the 

G·G*↔G*·G tautomerisation via the DPT obtained at the B3LYP/6-311++G(d,p) level of theory in vacuo 
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Graphical Abstract. 

 

The G·G*↔G*·G DPT tautomerisation assisted by the third specific contact proceeds through the 

asynchronous concerted mechanism. 
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