
O.O. Brovarets, D.M. Hovorun

doi: 10.15407/ujpe60.08.0748

O.O. BROVARETS,1, 2 D.M. HOVORUN 1, 2

1 Institute of Molecular Biology and Genetics, Nat. Acad. of Sci. of Ukraine
(150, Academician Zabolotnyi Str., Kyiv 03680, Ukraine; e-mail: dhovorun@imbg.org.ua)

2 Institute of High Technologies, Taras Shevchenko National University of Kyiv
(2h, Academician Glushkov Ave., Kyiv 03022, Ukraine)

HOW DO LONG IMPROPER
PURINE-PURINE PAIRS OF DNA BASES
ADAPT THE ENZYMATICALLY COMPETENT
CONFORMATION? STRUCTURAL MECHANISM
AND ITS QUANTUM-MECHANICAL GROUNDSPACS 82.35.Pg, 87.14.gk

Aimed at the answer the biophysically important question posed in the title of this article, we
have first investigated, at the MP2/aug-cc-pVDZ//B3LYP/6–311++G(d,p) level of quantum-
mechanical theory, the structural, energetic, and dynamic features of the acquisition of the
enzymatically competent conformation by the incorrect А*·А(WC), G ·A(WC), A*·G*(WC),
and G*·G(WC) DNA base mispairs with the Watson–Crick (WC) geometry – active players on
the field of spontaneous point mutagenesis. It is first shown that the characteristic time of these
non-dissociative A*·A(WC)↔A*·Asyn(TF), G ·A(WC)↔G ·Asyn, A*·G*(WC)↔A*·G*

syn,
and G ·G*(WC)↔G ·G*

syn conformational transitions is much less than the period of time
that it is spent by a high-fidelity DNA-polymerase on the incorporation of one nucleotide into
the DNA double helix.
K e yw o r d s: DNA biosynthesis, spontaneous transversion, large-amplitude rearrangement,
conformational transition, Watson–Crick-like mispair, purine-purine DNA mismatch, MP2
and B3LYP, QTAIM.

1. Introduction

The critical analysis of the literature evidences that,
at the present time, there are no generally ac-
cepted and internally non-contradictable microstruc-
tural ideas of which exactly DNA base mispairs play
a role of transversions [1–9], not to mention in which
way they adapt their geometry in the hydrophobic
recognition pocket of a high-fidelity DNA-polymerase
to the enzymatically competent, i.e., to the sizes
of the classical adenine·thymine (A ·T(WC)) and
guanine · cytosine (G ·C(WC)) Watson–Crick (WC)
DNA base pairs [10, 11].

In our recent works [12–14], we have made as-
sumption quite realistic from the biophysical point
of view that the purine-purine mismatches, which
play the pivotal role of transversions in the DNA
biosynthesis, namely А*·Аsyn(TF) [12], the so-
called Topal–Fresco (TF) nucleobase pair, G ·Аsyn

[13], A*·G*
syn [13] and G ·G*

syn [14], are formed in
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the recognition pocket of the high-fidelity DNA-
polymerase during its conformational transforma-
tion from the open conformation into the enzy-
matically competent closed one in two successive
stages (here and below, the rare, in particular
mutagenic [15–17], tautomers of the DNA bases
are marked with an asterisk, and the subscript
“syn” designates the syn-orientation of the base rel-
atively to the sugar residue [18], while the ab-
sence of the subscript denotes the anti-orientation
of the base). Initially, in the open state of the
high-fidelity DNA-polymerase, the so-called long
А*·А(WC) [19], G ·A(WC)/А ·G(WC) [20] and
G ·G*(WC) [21] Watson–Crick DNA base pairs (on
the left is the base that belongs to the template
strand) are formed, which adapt then their ge-
ometry to the Watson–Crick architecture at the
transition of the enzyme into its working con-
formation due to the A*·A(WC)→A*·Asyn(TF),
G ·A(WC)→G ·Asyn, A*·G*(WC)→A*·G*

syn, and
G ·G*(WC)→G ·G*

syn conformational transitions.
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At the same time, the quite logical question arises:
“Why are not these transversions formed in the recog-
nition pocket of the high-fidelity DNA polymerase at
once, i.e., at the H-pairing of two purine bases, one
of which (incoming one) is in the syn-orientation?”
The answer lies in the structural and dynamic prop-
erties of the DNA-like [22] syn-conformers of purine
2′-deoxyribonucleosides [18]. It turns out that they
are dynamically unstable structures with very short
lifetimes, which does not allow them to form H-bonds
in the syn-conformation with others bases. There is
only one single output from this situation – to form
a long Watson–Crick H-connected pair of the purine
bases, each of which is in the anti-conformation,
and then to switch one of these bases into the syn-
conformation by the anti→ syn conformational tran-
sition. Let us recall that such conformational transi-
tion in a hydrophobic recognition pocket of the high-
fidelity DNA-polymerase is allowed from the steric
consideration only for the base of the incoming (but
not for the maternal!) nucleotide (here and below,
the base of the incoming nucleotide in the designa-
tions of the considered H-bonded base pairs is always
situated on the right, and the maternal base – on the
left). Figuratively speaking, the base that would per-
form the anti→ syn conformational transition should
firstly “throw anchor” through the H-bonding with
another (parent) purine base, by forming a long
Watson–Crick base pair, and then it would eventu-
ally pass from the anti- to syn-conformation, which
would be dynamically stable.

This work is intended to seek the answer to the
biophysically important question formulated in the
title of this article. By using quantum-mechanical
calculations at the MP2/aug-cc-pVDZ//B3LYP/6–
311++G(d,p) level of theory, we succeed, for the first
time, to localize the transition states (TSs) of the
А ·А*(WC)↔А*·Аsyn(TF), G ·А(WC)↔G ·Аsyn,
А*·G*(WC)↔А*·G*

syn, and G ·G*(WC)↔G ·G*
syn

conformational transitions and to prove that they
occur by a non-dissociative mechanism, i.e., without
the breaking of all intermolecular H-bonds without
any exception, stabilizing, base pairs. At this, the
N6H2 amino group of the A base and the О6H hy-
droxyl group of the G* base, which serve as “molecu-
lar joints” at the anti↔ syn conformational transition
of the base of the incoming nucleotide, keep the inter-
molecular H-bonds with another base of the pair as
donors of the H-bonding. It will be demonstrated that

the time, during which these conformational transi-
tions are carried out ((1÷3) · 10−7 s), is significantly
less than the time (∼8.3 · 10−4 s [23]) used by the
high-fidelity DNA-polymerase for the incorporation
of a single nucleotide into the structure of the DNA
double helix, but exceeds the period of time (∼10−9 s
[8]) spent by the DNA-polymerase for the forced dis-
sociation of the H-bonded DNA base pairs into the
isolated DNA bases by two orders.

2. Computational Methods

All calculations of the geometries and the harmonic
vibration frequencies of the considered base mis-
pairs, as well as the transition states of their con-
formational transitions, have been performed, by us-
ing Gaussian’09 package [24] at the B3LYP DFT/6–
311++G(d,p) level of theory [25, 26], which was ap-
plied to analogous complexes and was verified to give
accurate geometrical structures, normal mode fre-
quencies, barrier heights, and characteristics of inter-
molecular H-bonds [27–29]. The scaling factor that
is equal to 0.9668 has been applied in the present
work to the correction of the harmonic frequencies of
all studied base pairs [30–32]. We have confirmed the
minima and TSs located by means of the synchronous
transit-guided quasi-Newton method [33] on the po-
tential energy landscape by the absence or presence,
respectively, of the imaginary frequency in the vibra-
tional spectra of the complexes.

In order to consider the electronic correlation ef-
fects as accurately as possible, we followed geometry
optimizations with single-point energy calculations
using MP2 functional [34] and a wide variety of basis
sets, in particular, Pople’s basis sets of valence triple-
𝜁 quality [35, 36], as well as Dunning’s cc-type basis
sets [37], augmented with polarization and/or diffuse
functions: 6–311++G(2df, pd) and aug-cc-pVDZ.

Reaction pathways have been established by fol-
lowing the intrinsic reaction coordinate (IRC) in the
forward and reverse directions from each ТS using
the Hessian-based predictor-corrector integration al-
gorithm [38] with tight convergence criteria. These
calculations eventually ensure that the proper reac-
tion pathway, connecting the expected reactants and
products on each side of the ТS, has been found
[39, 40].

Electronic interaction energies Eint have been cal-
culated at the MP2/6–311++G(2df, pd) level of the-
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ory as the difference between the total energy of
the base mispair and the energies of the isolated
monomers. The Gibbs free energy of interaction has
been obtained using a similar equation. In each case,
the interaction energy was corrected for the basis set
superposition error (BSSE) [41, 42] through the coun-
terpoise procedure [43, 44].

The Gibbs free energy 𝐺 for all structures was ob-
tained in the following way:

𝐺 = 𝐸el + 𝐸corr, (1)

where 𝐸el – electronic energy, while 𝐸corr – thermal
correction. We applied the standard TS theory [45] to
estimate the activation barriers of the conformational
transitions.

The time 𝜏99.9% necessary to reach 99.9% of the
equilibrium concentrations of the reactant and the
product in the system of reversible first-order forward
(𝑘f) and reverse (𝑘r) reactions can be estimated by
formula [45]:

𝜏99.9% =
ln 103

𝑘f + 𝑘r
. (2)

To estimate the values of rate constants 𝑘f and 𝑘r,

𝑘f,r = Γ
𝑘B𝑇

ℎ
𝑒−

ΔΔ𝐺f,r
𝑅𝑇 , (3)

we applied the standard TS theory [45], in which the
quantum tunneling effect is accounted by Wigner’s
tunneling correction [46], which was successfully
applied to other biologically important reactions
[47–49]:

Γ = 1 +
1

24

(︂
ℎ𝜈𝑖
𝑘B𝑇

)︂2
, (4)

where 𝑘B – Boltzmann’s constant, ℎ – Planck’s con-
stant, ΔΔ𝐺f,r – Gibbs free energy of activation for
the reaction in the forward (f) and reverse (r) direc-
tions, 𝜈𝑖 – magnitude of imaginary frequency associ-
ated with the vibrational mode at ТSs.

Bader’s Quantum Theory of Atoms in Molecules
(QTAIM) was used to analyze the electron den-
sity distribution [50–53]. The topology of the elec-
tron density was analyzed, by using program package
AIMAll [54] with all default options. The presence
of a bond critical point (BCP), namely the so-called
(3,–1) BCP, and the bond path between a hydrogen
donor and an acceptor, as well as the positive value

of Laplacian at this BCP (Δ𝜌 > 0), were considered
as criteria for the H-bond formation [55, 56]. Wave
functions were obtained at the level of theory used
for the geometry optimization.

The energies of the weak C2H· · ·N2 H-bond
[55–57] in the A*·G*(WC) base mispair and the
attractive N1· · ·N6/N7 van der Waals contacts
in the TSA*·A(WC)↔A*·Asyn(TF)/TSG·A(WC)↔G·Asyn

transition states were calculated by the empiri-
cal Espinosa–Molins–Lecomte (EML) formula [57–
59] based on the electron density distribution at the
(3,–1) BCPs of the H-bonds:

𝐸C2H···N2/N1···N6/N7 = 0.5𝑉 (𝑟), (5)

where 𝑉 (𝑟) – the value of local potential energy at
the (3,–1) BCP.

The energies of all other conventional AH· · ·B H-
bonds were evaluated by the empirical Iogansen for-
mula [60]:

𝐸AH···B = 0.33
√
Δ𝜈 − 40, (6)

where Δ𝜈 – the magnitude of frequency shift of
the stretching mode of the AH H-bonded group in-
volved in the AH· · ·B H-bond relatively the unbound
group. The partial deuteration was applied to mini-
mize the effect of vibrational resonances [61, 62].

To determine the deformation energies necessary
to be used for the investigated C ·C(WC), C ·T(WC)
and T ·T*(WC) base mispairs to acquire the Watson–
Crick sizes, we have adjusted the glycosidic angles at
the base localized on the left within the base pair
to those corresponding to the A and G bases in the
A ·T(WC) and G ·C(WC) Watson–Crick base pairs,
respectively, while at the base localized on the right –
to those corresponding to the T and C bases, respec-
tively, and the distance between the glycosidic hy-
drogens of the bases – to those of the A ·T(WC) and
G ·C(WC) Watson–Crick base pairs and then frozen
these parameters, by using the “opt = modredundant”
key word.

The atomic numbering scheme for the DNA bases
is conventional [63].

3. Results and Their Discussion

The obtained results are presented on Figure and in
Tables 1–3. Their analysis allows us to reach the fol-
lowing conclusions.
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Structures corresponding to the stationary points on the reaction pathways of the (a) A*·A(WC)↔A*·Asyn(TF),
(b) G ·A(WC)↔G ·Asyn, (c) A*·G*(WC)↔A*·G*

syn, and (d) G ·G*(WC)↔G ·G*
syn anti↔ syn conversions through the large-

scale adjustments of the bases relative to each other obtained at the B3LYP/6–311++G(d,p) level of theory. Dotted lines indicate
AH· · ·B H-bonds and attractive N· · ·N van der Waals contacts (their lengths are presented in Å); dihedral angle characterizing
non-planarity is indicated near each TS; carbon atoms are in light-blue, nitrogen – in dark-blue, hydrogen – in grey and oxygen –
in red; 𝜈𝑖 – imaginary frequency
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Table 1. Electron-topological, structural, vibrational, and energetic characteristics
of the intermolecular H-bonds in the purine-purine mispairs containing A and G nucleobases
and TSs of their large-scale 𝑎𝑛𝑡𝑖↔ 𝑠𝑦𝑛 conformational reorganizations, energetic and polar
characteristics of the latters obtained at the B3LYP/6–311++G(d,p) level of theory

Base pair/TS

AH···B H-
bond/N···N

van der
Waals
contact

𝜌𝑎 Δ𝜌𝑏 100𝜀𝑐 𝑑
A ··· B/

/N ··· N𝑑

𝑑H···Be Δ𝑑𝑓
AH ∠AH···B𝑔 Δ𝜈ℎ 𝐸

AH ··· B/

/N ··· N𝑖

ΔG𝑗 𝜇𝑘

A*·A(WC)[19] N6H· · ·N6 0.035 0.091 7.19 2.918 1.885 0.028 176.3 491.5 7.01 0.00 1.75
N1H· · ·N1 0.034 0.087 6.76 2.943 1.904 0.030 179.0 474.6 6.88

A*·Asyn (TF)[12] N6H· · ·N6 0.032 0.098 7.17 2.937 1.921 0.023 168.9 410.4 6.35 0.56 7.96
N1H· · ·N7 0.032 0.093 5.99 2.959 1.929 0.022 173.5 389.1 6.17

TSA*·A(WC)↔A*·Asyn(TF) N6H· · ·N6 0.028 0.082 3.34 2.960 1.985 0.021 157.5 362.0 5.92 8.09 5.46
N1H· · ·N6 0.011 0.033 40.58 3.317 2.447 0.004 143.3 63.7 1.61
N1· · ·N6 0.002 0.008 67.50 3.790 – – – – 0.39*

G ·A(WC)[20] N6H· · ·O6 0.032 0.109 3.79 2.866 1.842 0.019 176.6 336.2 5.68 0.00 5.21
N1H· · ·N1 0.032 0.084 6.64 2.972 1.936 0.024 178.9 429.1 6.51

N2H· · ·HC2 0.004 0.014 33.40 3.153 2.469 0.0007 124.6 −0.5 0.68*

G ·Asyn
[13] N6H· · ·O6 0.029 0.104 2.85 2.886 1.874 0.016 169.9 276.9 5.08 0.76 7.93

N1H· · ·N7 0.032 0.087 5.50 2.958 1.926 0.022 175.6 383.8 6.12

TSG·A(WC)↔G·Asyn
N6H· · ·O6 0.024 0.083 3.30 2.942 1.986 0.015 154.7 249.1 4.77 8.39 6.71
N1H· · ·N6 0.011 0.035 36.44 3.296 2.425 0.003 143.3 3470.1 19.33
N1· · ·N7 0.002 0.009 104.95 3.802 – – – – 0.40*

A*·G*(WC)[20] O6H· · ·N6 0.064 0.095 4.89 2.648 1.624 0.060 172.7 1126.9 10.88 0.00 5.26
N1H· · ·N1 0.037 0.091 6.52 2.905 1.871 0.028 173.1 490.6 7.01
C2H· · ·N2 0.003 0.009 34.03 3.897 3.229 −0.00009 120.8 −3.2 0.42*

A*·G*
syn

[13] O6H· · ·N6 0.057 0.103 4.56 2.645 1.664 0.048 161.0 905.4 9.71 −0.15 6.43
N1H· · ·N7 0.038 0.094 5.72 2.894 1.855 0.028 179.5 489.3 6.99

TSA*·G*(WC)↔G*
syn

O6H· · ·N6 0.053 0.101 3.12 2.695 1.704 0.043 165.6 829.9 9.27 7.55 5.07

G ·G*(WC)[21] O6H· · ·N6 0.050 0.138 2.48 2.646 1.649 0.036 171.2 687.1 8.39 0.00 8.45
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

G ·G*
syn

[14] O6H· · ·O6 0.043 0.138 1.07 2.653 1.691 0.025 162.3 490.8 7.01 2.24 8.60
N1H· · ·N7 0.037 0.095 5.35 2.897 1.861 0.026 175.7 460.8 6.77

TSG·G*(WC)↔G·G*
syn

O6H· · ·O6 0.041 0.124 0.95 2.699 1.729 0.026 164.1 486.0 6.97 9.17 7.39

N1H· · ·O6 0.008 0.029 202.83 3.299 2.509 0.001 134.5 317.2 5.49

𝑎The electron density at the (3,−1) BCP of the H-bond, a.u.; 𝑏The Laplacian of the electron density at the (3,−1) BCP of the
H-bond, a.u.; 𝑐The ellipticity at the (3,−1) BCP of the H-bond: 𝑑The distance between the A (H-bond donor) and B (H-bond
acceptor) atoms of the AH· · ·B H-bond, Å; 𝑒The distance between the H and B atoms of the AH· · ·B H-bond, Å; 𝑓The elonga-
tion of the H-bond donating group AH upon the AH· · ·B H-bonding, Å; 𝑔The H-bond angle, degree; ℎThe redshift of the stret-
ching vibrational mode 𝜈(AH) of the AH H-bonded group, cm−1; 𝑖Energy of the H-bonds, calculated by Iogansen’s [60] or Es-
pinose–Molins–Lecomte (marked with an asterisk) [58, 59] formulas, kcal ·mol−1; 𝑗The relative Gibbs free energy of the comp-
lex obtained at the MP2/aug-cc-p VDZ//B3LYP/6–311++G(d,p) level of theory under normal conditions, kcal ·mol−1; 𝑘The
dipole moment of the complex, D.
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Table 2. Energetic and kinetic characteristics of the A*·A(WC)↔A*·Asyn(TF), G ·A(WC)↔G ·Asyn,
A*·G*(WC)↔A*·G*

syn, G ·G*(WC)↔G ·G*
syn 𝑎𝑛𝑡𝑖↔ 𝑠𝑦𝑛 conformational transitions via the large-scale

reorganizations of the bases relative to each other obtained at the different levels of theory
for the geometry calculated at the B3LYP/6–311++G(d,p) level of theory

Level of theory Δ𝐺𝑎 Δ𝐸𝑏 ΔΔ𝐺TS
𝑐 ΔΔ𝐸TS

𝑑 ΔΔ𝐺𝑒 ΔΔ𝐸𝑓 𝜏99.9𝑔

A*·A(WC)↔A*·Asyn(TF)

MP2/6–311++G(2df, pd) 0.54 1.22 7.50 7.50 6.96 6.29 1.01× 10−7

MP2/aug-cc-pVDZ 0.56 1.23 8.09 8.09 7.53 6.85 2.66× 10−7

G ·A(WC)↔G ·Asyn

MP2/6–311++G(2df, pd) 0.73 0.55 7.80 8.29 7.07 7.75 1.32× 10−7

MP2/aug-cc-pVDZ 0.76 0.58 8.39 8.89 7.64 8.31 3.47× 10−7

A*·G*(WC)↔A*·G*
syn

MP2/6–311++G(2df, pd) −0.14 0.95 7.01 7.70 7.15 6.75 8.60× 10−8

MP2/aug-cc-pVDZ −0.15 0.94 7.55 8.24 7.70 7.30 2.15× 10−7

G ·G*(WC)↔G ·G*
syn

MP2/6–311++G(2df, pd) 1.84 3.06 8.30 9.70 6.46 6.64 5.85× 10−8

MP2/aug-cc-pVDZ 2.24 3.47 9.17 10.56 6.92 7.10 1.30× 10−7

𝑎The Gibbs free energy of the product relative to the reactant of the reaction (𝑇 = 298.15 K), kcal ·mol−1; 𝑏The electronic
energy of the product relative to the reactant of the reaction, kcal ·mol−1; 𝑐The Gibbs free energy barrier for the forward reac-
tion, ·mol−1; 𝑒The Gibbs free energy barrier for the reverse reaction, kcal ·mol−1; 𝑓The electronic energy barrier for the rever-
se reaction, kcal ·mol−1; 𝑔 the time necessary to reach 99.9% of the equilibrium concentration between the reactant and the
product of the conformational transition, s.

The characteristic feature of all revealed transition
states, connecting long Watson-Crick DNA base pairs
and their enzymatically competent conformations, is
their non-planarity, the low value of imaginary fre-
quency (from 15.8𝑖 to 30.4𝑖 cm−1), and the high po-
larity (5.07÷7.39 D) (Figure, Table 1). Moreover, all
structures that correspond to the transition states
are stabilized by the participation of the coopera-
tive specific contacts, among which there are both
H-bonds and attractive van der Waals contacts (Ta-
ble 1). Their energetic characteristics enable us to
identify them as specific interactions of a medium-
strong strength. A comprehensive analysis of the na-
ture of the conformational transitions of the long
А*·А(WC), G ·A(WC), A*·G*(WC) and G*·G(WC)
Watson–Crick DNA base pairs into the enzymati-
cally competent A*·Asyn(TF), G ·Asyn, A*·G*

syn, and
G ·G*

syn conformations, respectively, shows that they
are non-dissociative, i.e., they are not accompanied
by the rupture of all H-bonds without exception. At
these conformational transitions, at least one H-bond,
in which an amino or hydroxyl group in the 6th po-

sition is involved, is not broken along the IRC. The
comparison of the energetic characteristics presented
in Table 2 with similar data for the anti↔ syn transi-
tion of the purine 2′-deoxyribonucleosides [18] clearly
shows that the limiting stage of the acquisition of the
enzymatically competent conformation by the long
Watson–Crick DNA base pairs is precisely the con-
formational conversions of the pairs instead of nucle-
osides. The latter process as low energetic is only
assisting the first one.

Despite the fact that the heterocycles of the nu-
cleotide bases are rather soft structures for the out-
of-plane bending [64, 65], they remain almost planar
in the processes of conformational transformations of
the pairs.

All conformational transitions without exception
are rather rapid processes (Table 2) in comparison
with the time that the high-fidelity DNA-polymera-
se spends for the incorporation of a single nucleotide
into the structure of the DNA double helix that is
synthesized (∼8.3 · 10−4 s [23]). Moreover, all final
A*·Asyn(TF), G ·Asyn, A*·G*

syn and G ·G*
syn com-
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Table 3. Structural and energetic characteristics of the incorrect pyrimidine-pyrimidine base pairs,
responsible for the spontaneous transversions, and the classical A ·T(WC) and G ·C(WC) Watson–Crick
DNA base pairs obtained at the MP2/6–311++G(2df, pd)//B3LYP/6–311++G(d,p) level of theory

Base mispair Reference R(HN1/N9-HN1/N9)
𝑎, Å 𝛼1

𝑏, ∘ 𝛼2
𝑐, ∘

Δ𝐸def
𝑑, kcal ·mol−1

to A ·T(WC) to G ·C(WC)

C ·C*(WC) [66] 8.086 60.3 59.5 8.57 8.76
C ·T(WC) [67] 8.215 59.7 57.0 8.67 8.87
T ·T*(WC) [68] 8.385 53.6 58.1 10.97 10.91

A ·T(WC) [10] 10.130 54.3 54.8 0.00 0.25
G ·C(WC) [11] 10.209 52.9 55.3 0.11 0.00

𝑎The distance between the glycosidic protons at the N1/N9 atoms in the pyrimidine-pyrimidine and purine-pyrimidine base
pairs, respectively; 𝑏Glycosidic angle for the base situated on the left within the base pair; 𝑐Glycosidic angle for the base situa-
ted on the right within the base pair; 𝑑The deformation energy necessary to apply for the DNA mismatch to acquire the sizes of
the A ·T(WC) and G ·C(WC) Watson–Crick DNA base pairs.

plexes – products of the A*·A(WC)↔A*·Asyn(TF),
G·A(WC)↔G ·Asyn, A*·G*(WC)↔A*·G*

syn, and
G ·G*(WC)↔G ·G*

syn conformational transformati-
ons – are dynamically stable complexes: their life-
times (𝜏 = (2÷7)10−8 s) enable all their low-
frequency intermolecular vibrations to develop. Note-
worthy, that the values of lifetime 𝜏 exceed, by one
order, the time spent by the DNA-polymerase ma-
chinery for the forced dissociation of DNA pairs into
isolated DNA bases (∼10−9 s [7]).

Previously, we have demonstrated that all incor-
rect А*·Аsyn(TF) [12], G ·Аsyn [13], A*·G*

syn [13],
and G ·G*

syn [14] DNA base pairs, that are involved
in the origin of spontaneous point mutations, acquire
quite easily the characteristic geometrical dimensions
of the classical A ·T(WC) [10] and G ·C(WC) [11]
Watson–Crick DNA base pairs during thermal fluctu-
ations [7], which eventually guarantees their chemical
incorporation into the structure of the DNA double
helix that is synthesized. In this paper, we have filled
the existing gap, by calculating the analogous data for
the so-called short С ·С*(WC) [66], С ·Т(WC) [67],
and Т ·Т*(WC) [68] Watson–Circk DNA base pairs
playing the role of spontaneous transversions. It was
revealed that these nucleobase pairs are characterized
by a considerably greater energy than the one that
should be spent to adjust their geometry to classical
Watson–Crick sizes (Table 3). Nevertheless, we be-
lieve that these estimates are overstated, because it
cannot be excluded that these stretched pyrimidine-
pyrimidine base pairs would be additionally stabilized

by the interactions with the recognition pocket of the
high-fidelity DNA-polymerase. The reason for this as-
sumption is structural feature of these pairs – the po-
sitions of their N3 and O2 atoms in the stretched state
coincide with the locations of similar atoms in the
A ·T(WC), T ·A(WC), G ·C(WC) and C ·G(WC)
Watson–Crick DNA base pairs. It should be noted
that, according to the QTAIM analysis, these base
pairs in the stretched conformational state are stabi-
lized by two weakened intermolecular H-bonds.

It is worth to mention that none of the purine-
purine and pyrimidine-pyrimidine DNA base mis-
pairs discussed in this paper, which are, figuratively
speaking, “star actors” in their enzymatically com-
petent conformations, does not create steric hin-
drances in the recognition pocket of the high-fidelity
DNA-polymerase from the side of the DNA minor
groove. We have arrived at this conclusion, by care-
fully comparing the van der Waals outlines of all
incorrect base mispairs in their enzymatically com-
petent conformations from the side of the DNA mi-
nor groove with similar summary outlines of all four
canonical A ·T(WC), T ·A(WC), G ·C(WC), and
C ·G(WC) Watson–Crick DNA base pairs.

4. Conclusions

Here, at the MP2/aug-cc-pVDZ//B3LYP/6–
311++G(d,p) level of quantum-mechanical theory,
the structural, energetic, and dynamical features
of the acquisition of the enzymatically compe-
tent conformation by the incorrect А*·А(WC),
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G ·A(WC), A*·G*(WC) and G ·G*(WC) DNA base
mispairs with Watson–Crick geometry have been
determined for the first time. We have found that
the characteristic time of these non-dissociative
A*·A(WC)↔A*·Asyn(TF), G ·A(WC)↔G ·Asyn,
A*·G*(WC)↔A*·G*

syn, and G ·G*(WC)↔ G ·G*syn
anti↔ syn conformational transitions is much less
than the time spent by the high-fidelity DNA-poly-
merase on the incorporation of one nucleotide into
the DNA double helix. The possible biological app-
lications of the obtained results and the promising
lines of the future research were discussed in our
previous works [69, 70] in details.

We dedicate this paper to the outstanding scientist,
excellent teacher, and our dear colleague Academi-
cian Leonid A. Bulavin, communication with whom
inspires to creativity, on the occasion of his 70th an-
niversary.
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ЯК ДОВГI НЕПРАВИЛЬНI
ПУРИНОВО-ПУРИНОВI ПАРИ ОСНОВ ДНК
НАБУВАЮТЬ ЕНЗИМАТИЧНО-КОМПЕТЕНТНОЇ
КОНФОРМАЦIЇ? СТРУКТУРНИЙ МЕХАНIЗМ
ТА ЙОГОКВАНТОВО-МЕХАНIЧНЕОБҐРУНТУВАННЯ

Р е з ю м е

Прагнучи дати вiдповiдь на бiофiзично важливе запита-
ння, винесене у заголовок статтi, ми вперше дослiдили
на квантово-механiчному рiвнi теорiї MP2/aug-cc-pVDZ//
B3LYP/6–311++G(d,p) структурно-енергетичнi та дина-
мiчнi особливостi набуття неправильними парами основ
ДНК А*·А(WC), G ·A(WC), A*·G*(WC) i G*·G(WC) –
активними гравцями на полi спонтанного точкового мута-
генезу – ензиматично-компетентної конформацiї. Вперше
показано, що характерний час цих недисоцiативних пе-
реходiв A*·A(WC)↔A*·Asyn(TF), G ·A(WC)↔G ·Asyn,
A*·G*(WC)↔A*·G*

syn та G ·G*(WC)↔G ·G*
syn значно

менший перiоду часу, який витрачає високоточна ДНК-
полiмераза на iнкорпорацiю одного нуклеотиду у подвiйну
спiраль ДНК, що синтезується.
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