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Technologies, Taras Shevchenko National University of Kyiv, Kyiv, Ukraine

For the first time, at the MP2/6-311++G(2df,pd)//B3LYP/6-311++G(d,p) level of theory,
a comprehensive quantum-mechanical investigation of the physico-chemical mechanism
of the tautomeric wobblization of the four biologically-important G-C nucleobase pairs
by the participation of the monomers in rare, in particular mutagenic, tautomeric
forms (marked with an asterisk) was provided. These novel tautomeric transformations
(wobblization or shifting of the bases within the pair) are intrinsically inherent properties
of the G-C nucleobase pairs. In this study, we have obtained intriguing results, lying
far beyond the existing representations. Thus, it was shown that Léwdin’s G*.C*(WC)
base pair does not tautomerize according to the wobblization mechanism. Tautomeric
wobblization of the G*-C*(rWC) (relative Gibbs free energy AG = 0.00/relative electronic
energy AE = 0.00 kcal-mol~') (‘r’"—means the configuration of the base pair in
reverse position; “WC”—the classic Watson-Crick configuration) and G*.C*(H) (AG
= —0.19/AE = 0.29 kcal-mol~') (“H”—Hoogsteen configuration;”t” denotes the O6H
hydroxyl group in the trans position) base pairs are preceded by the stages of the base
pairs tautomerization by the single proton transfer (SPT). It was established that the
G*.C*(rH) (AG = 2.21/AE = 2.81 kcal-mol~") base pair can be wobbled through two
different pathways via the traditional one-stage mechanism through the TSs, which are
tight G*-.C~ ion pairs, stabilized by the participation of only two intermolecular H-bonds. It
was found out that the G-C base pair is most likely incorporated into the DNA/RNA double
helix with parallel strands in the G*-C*(rWC), G-C*(rwy), and G*-C(rwyc) (“w” —wobble
configuration of the pair) tautomeric forms, which are in rapid tautomeric equilibrium
with each other. It was proven that the G*-C*(rWC) nucleobase pair is also in rapid
tautomeric equilibrium with the eight tautomeric forms of the so-called Levitt base pair.
It was revealed that a few cases of tautomerization via the DPT of the nucleobase pairs
by the participation of the C8H group of the guanine had occurred. The biological role of
the obtained results was also made apparent.

Keywords: DNA, RNA, GeC base pair, tautomerization mechanism, wobblization, wobble base pair, Levitt base
pair, Lowdin’s base pair
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INTRODUCTION

Shortly after the establishment of the spatial organization of the
DNA molecule by James Watson and Francis Crick (Watson
and Crick, 1953a,b), the tautomeric hypothesis was formulated
(Watson and Crick, 1953b; Crick and Watson, 1954), which
considers the transformation or transition of the nucleotide
bases from the main (canonical) into the rare (mutagenic)
tautomeric form as the main source of the origin of spontaneous
point mutations. Since that time, the topic of tautomerism has
remained active over the decades to the present day (Lowdin,
1963, 1966; Topal and Fresco, 1976; Florian et al., 1994; Gorb
et al., 2004; Brovarets’ et al., 2014; Godbeer et al., 2015; Turaeva
and Brown-Kennerly, 2015).

However, up until recently it was considered that only a few
unusual tautomers existed for the G-C Watson-Crick nucleobase
pair (Pous et al, 2008; Alvey et al, 2014; Brovarets and
Hovorun, 2014a; Nikolova et al., 2014; Poltev et al., 2016; Szabat
and Kierzek, 2017; Brovarets et al., 2019a,b; Srivastava, 2019).
In particular, tautomerization via the double proton transfer
(DPT) has been carefully investigated in the reverse Lowdin
G*.C*(rWC), Hoogsteen (H) G*'-C*(H), and reverse Hoogsteen
G*¥.C*(rH) base pairs (Brovarets’ et al., 2019b), leading to the
novel structures: G-C§,(rWC), Gf,-C(rWC), G*'n2-C(rWC),
GY;+C(H), and G*'n7-C(rH).

Eventually a great contribution into the further development
of the tautomeric hypothesis was made by Per-Orlov Lowdin
(Lowdin, 1963, 1966) and Topal and Fresco (Topal and Fresco,
1976; Brovarets’ et al., 2014). Thus, Per-Orlov Lowdin expressed
the revolutionary, non-trivial opinion that the ability of the
nucleotide bases to transform into the rare tautomeric form is
provided by the electronic structure of the canonical DNA base
pairs and qualitatively substantiated this assumption from the
position of quantum mechanics. Subsequently, Topal and Fresco
elaborated this approach in more detail, by using simple and
visual models, and extended it for the explanation of the limited
accuracy of codon-anticodon recognition (Topal and Fresco,
1976; Brovarets’ et al., 2014).

In recent years, an alternative view in this area of the research
was suggested, which could be characterized as the “Renaissance”
of the tautomeric hypothesis [see Chapter Brovarets and
Hovorun (2018) and bibliography provided there]. According to
this investigation the new, unusual pathways of the tautomeric
interconversions between wobble (w) and Watson-Crick (WC)
base pairs have been provided (Brovarets’ and Hovorun, 2009,
2015a,b,c,d,e,f):

- for usual AT and G-C DNA base pairs:
A T(WC)<A*-T(w)/A-TE, (W)/A-T*(w) and
G-C(WC)<—>G~C’{(w)/G*~C¢(w)/G~Cj(w)/G*~C¢(w)
(Brovarets’ and Hovorun, 2015a);

- for unusual purine-pyrimidine wobble A-C and G-T DNA
base pairs: A-C(w)<>A-C*(WC) and G-T(w)<>G*-T(WC)
(Brovarets’ and Hovorun, 2009, 2015b,¢);

- for incorrect purine-purine A-A, G-G, and A-G DNA
base pairs: A-A(w)<>A*A(WC), G-G(w)<G*-G(WC),

A~G(WC)<—>A-GT (W), A-G(WC)«>A*-G4(w) (Brovarets and
Hovorun, 2015d,e);

- for pyrimidine-pyrimidine base pairs: C-T(WC)<C*-T4(w),
C~T(WC)<—>C~T’I(W), T-T(w)<T-T*(WC), C-C(w)<«C-C*
(WCQC) (Brovarets and Hovorun, 2015f).

Thus, by utilizing modern quantum-mechanical (QM) methods,
the mechanisms of the mutagenic tautomerization of the pairs of
nucleotide bases were investigated in detail, which were revealed
to be active players in the field of spontaneous point mutagenesis
(Brovarets and Hovorun, 2018). It was established, in which cases
Lowdin’s approach was adequate and in which cases another
approach should be reconsidered and supplemented.

Thus, it was suggested that the mechanism of the mutagenic
tautomerization of the DNA base pairs, in particular classic
Watson-Crick pairs, are accompanied by the mutual shifting
(wobblization) of the bases one relative to the other into
the minor or major DNA grooves at the intrapair sequential
proton transfer (Brovarets and Hovorun, 2015a; Brovarets’
et al., 2019a). This valuable finding enables researchers to figure
out, how the incorrect DNA base pairs, which architecture is
different from the Watson-Crick configuration, can acquire the
enzymatically-competent conformation, that guarantees their
successful chemical incorporation into the composition of the
main carrier of the genetic information—DNA—by the high-
fidelity DNA-polymerase. Notably, even though these theoretical
approaches have been realized in quite basic model objects, they
correctly reflect the real state-of-affairs at the macromolecular
level, since they have been experimentally confirmed for
macromolecular objects.

In this research, the objects of the investigation have been
extended—except the Watson-Crick (WC) nucleobase pair,
to the other biologically-important G-C nucleobase pairs—
reverse Watson-Crick G-C(rWC), Hoogsteen G-C(H), and
reverse Hoogsteen G-C(rH). Also, it was exactly established
why the classic A-T(WC) DNA base pair was selected for the
construction of the genetic material (Brovarets’ and Hovorun,
2009, 2015a,b,c,d,e,f; Brovarets et al, 2018a). The novel
mechanism of the mutagenic tautomerization of the biologically-
important A-T DNA base pairs through the quasi-orthogonal
transition state and also through the protonated amino-group
(Brovarets’ et al., 2018b,c,d,e,f) was revealed for the first time.
Based on these data an assumption was expressed about their
possible biological role.

At the same time, investigations into the mechanisms of
the mutagenic tautomerization of the pairs of nucleotide bases
seemed to be quite a complicated issue, which may not be
evident at a first glance. Thus, recent investigations into the
tautomerization mechanisms of the biologically-important G-C
nucleobase pairs, in which monomers are in the rare, in particular
mutagenic, tautomeric form, continue to challenge researchers by
its mystery (Brovarets’ et al., 2019a,b).

It is still not possible to formulate simple physico-chemical
rules, that would predict the course of these biologically
important processes. Obviously, this is due to the fact that
despite the enormous theoretical and experimental efforts of
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researchers, the present material remains insufficient for its
final generalization.

This work aims to deepen the existing ideas about the
microstructural mechanisms of the tautomerization of the
biologically important pairs of nucleobases using the example of
the G-C base pair (Brovarets’ and Hovorun, 2014a), for which
both monomers are in the rare tautomeric form.

Such a task is completely substantiated—we have investigated
a few surprising tautomerizations, which significantly expand
the existing ideas on tautomerization mechanisms and their
biological applications. They will be outlined and discussed in
more detail below.

COMPUTATIONAL METHODS

Density Functional Theory Calculations of

the Geometry and Vibrational Frequencies
Equilibrium geometries of the investigated nucleobase pairs
and the transition states (TSs) of their mutual tautomeric
transformations, as well as their harmonic vibrational frequencies
have been calculated at the B3LYP/6-311++G(d,p) level of QM
theory (Hariharan and Pople, 1973; Krishnan et al., 1980; Lee
et al., 1988; Parr and Yang, 1989; Tirado-Rives and Jorgensen,
2008), using the Gaussian’09 program package (Frisch et al,
2010). An applied level of theory has proved itself to be successful
for the calculations of similar systems (Brovarets’ and Hovorun,
2010a,b, 2015g; Matta, 2010; Brovarets’ et al., 2015). A scaling
factor that is equal to 0.9668 has been applied in the present
work for the correction of the harmonic frequencies of all
complexes and TSs of their tautomeric transitions (Palafox, 2014;
Brovarets’ and Hovorun, 2015g; Brovarets’ et al., 2015; El-Sayed
et al.,, 2015). We have confirmed the local minima and TSs,
localized by a synchronous transit-guided quasi-Newton method
(Peng et al.,, 1996), on the potential energy landscape by the
absence or presence, respectively, of the imaginary frequency in
the vibrational spectra of the complexes. We applied standard
TS theory for the estimation of the activation barriers of the
tautomerization reaction (Atkins, 1998).

All calculations have been carried in the continuum withe =1,
that adequately reflects the processes occurring in real biological
systems without deprivation of the structurally functional
properties of the bases in the composition of DNA/RNA and
satisfactorily models the substantially hydrophobic recognition
pocket of the DNA-polymerase machinery as a part of the
replisome (Bayley, 1951; Dewar and Storch, 1985; Petrushka et al.,
1986; Garcia-Moreno et al., 1997; Mertz and Krishtalik, 2000;
Brovarets’ and Hovorun, 2014a,b).

Single Point Energy Calculations
We continued geometry optimizations with electronic energy
calculations as single point calculations at the MP2/6-
311++G(2df,pd) level of theory (Frisch et al., 1990; Kendall
et al., 1992).

The Gibbs free energy G for all structures was obtained in the
following way:

G = Eo + Ecorrs (1)

where E¢—electronic energy, while Ecor —thermal correction.

Evaluation of the Interaction Energies
Electronic interaction energies AEiy; have been calculated at
the MP2/6-3114++G(2df,pd) level of theory as the difference
between the total energy of the base pair and energies of
the monomers, which have been corrected for the basis set
superposition error (BSSE) (Boys and Bernardi, 1970; Gutowski
et al., 1986) through the counterpoise procedure (Sordo et al.,
1988; Sordo, 2001).

QTAIM Analysis

Bader’s quantum theory of atoms in molecules (QTAIM) (Bader,
1990; Matta and Hernandez-Trujillo, 2003; Matta et al., 2006;
Cukrowski and Matta, 2010; Keith, 2010; Matta, 2014; Lecomte
et al,, 2015), using the program package AIMAIl (Keith, 2010),
was applied to analyze the electron density distribution. The
presence of the bond critical point (BCP), namely the so-called
(3,-1) BCP, and a bond path between the hydrogen donor and
acceptor, as well as the positive value of the Laplacian at this BCP
(Ap > 0), were considered as criteria for the H-bond formation
(Bader, 1990; Matta and Hernandez-Trujillo, 2003; Matta et al.,
2006; Cukrowski and Matta, 2010; Matta, 2014; Lecomte et al.,
2015). Wave functions were obtained at the level of QM theory
used for geometry optimization.

The atomic numbering scheme used for the nucleobases is
conventional (Saenger, 1984). In this study mutagenic or rare
tautomeric forms of the bases (Brovarets’ and Hovorun, 2009,
2014a, 2015a,b,c,d,e,f; Brovarets and Hovorun, 2018; Brovarets’
et al., 2018a,b,c,d,e,f; Brovarets’ et al., 2019a,b) are denoted by
the asterisk.

OBTAINED RESULTS AND THEIR
DISCUSSION

So, based on the obtained data, let us firstly formulate
the basic results, which have been obtained for the
first time and which have the closest connection to the
structural biology and molecular biophysics (Figures1, 2,
Table 1).

Before providing the discussion of the investigated material,
let us firstly give attention to the novel mechanisms of the
G*.C*(rWC) tautomerization, which complement the results of
the previous work (Brovarets’ et al., 2019a).

1. So, in the G*-C*(rWC) base pair, the non-usual DPT-
tautomerization was fixed by the participation of the
protons at the N3(C) and N2(G) atoms (Figure 1, part I):
G*-C*(rWC)<—>G§}2~C(rWC). This process is unusual, since
the transfer of the proton from the C* to the G* base along
the intermolecular (C)N3H..N1(G) H-bond provokes the
rotation of the amino group of the G base into the trans-
position relative to the C2=N3 double bond. As a result,
a significantly non-planar TS+ .c+(rwe) - GLty-CeWC) of the
tautomerization reaction is formed, which proceeds through
the asynchronous mechanism and the significantly non-planar
product of the tautomerization—the G§,-C(rWC) base pair,
which is stabilized by the three intermolecular H-bonds
(G)O6H...02(C), (G)N1H..N3(C), and (C)N4H..N2(G).
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L. G*C*(rWC)oG*,-C (rWC) {DPT}

1.753 1.768
1.894 1.921
2.01 02
G*-C*(rw(C) TSe*crrweyo6N2-c(rwe) G*tn2-C(Trwc)

(vi=1243.4icm'?)
(AEin=-20.21 / AGint=-7.40 / (AG=27.43 / AE=29.29)

AG=0.00 / AE=0.00)

(AEin=-33.41 / AGin=-18.99 /
AG=24.74 / AE=24.58)

IL. G*-C*(rWC) = G*C-(rWC) ©G-C*o2(rWC) ©G-C*(rwWC) & G*-C(rwwc

G*C*(rWC)-G+C-(rWC) {SPT}
(Brovarets' etal., 2019a)

175
1.894 Y
e

2.01

G*-C*(rWC)

G+C(rweC) TSG*C(rWe)6-C*02(rWC)
(vi=383.9icm?)

(AG=3.64 / AE=5.71)

TSecrrwe)o6t-c (rwe)
(vi=1132.1icm?)
(AG=4.38 / AE=6.72)

(AEim=-20.21 / AGini=-7.40 /
AG=0.00 / AE=0.00)

(AEin=-161.61 / AGini=-146.76
/ AG=4.44 / AE=5.68)

G-C*02(rWC) e G-C*(rwwc) {WC-w}

TSE+C6.cr02(:WC) o 6-CHrwWC) G-C*(rwwc)
(vi=159.8 i cm?)
AEin=-139.96 / AGin=-125.22 / (AEin=-17.44 / AGin=-5.43 /

AG=19.47 / AE=20.83) AG=1.39 / AE=2.29)

TSG-c*rwwe)o6*C(rwWe)
(vi=544.9 i cm!)
(AG=6.42 / AE=9.46)

1. G*C*(xrWC)oG*-C (rWC) ©G*n2-C*(rwwc) ©G*-C*oz (rwwi
G*-C*(rWC) »G*+C-(rWC) {SPT}
(Brovarets' etal., 2019a)

O

1.753, 1.384
1.894 1.649,
2.01 1.816,
G*-C*(rwc) TSe+c*rwe) o6 (rwe) G*C(rw() TS6*C (rWC) o G*N2-CH(rwwC)

(vi=1132.1i cm)
(AG=4.38 / AE=6.72)

(vi=763.3icm)
(AEin=-20.21 / AGin=-7.40 / (AG=17.94 / AE=21.81)

£AG=0.00 / AE=0.00)

(AEin=-161.61 / AGini=-
146.76 / AG=4.44 / AE=5.68)

G*n2-C*(rwwc) ©G*-C*o2(rwwc) {DPT}

<0
j m 636,
-0
319 _d 2 1.973
g

G*C*o2(rwwc)

TS 6*N2:CHrwW () & 6*C*02(rwWC)
(vi=1036.8 i cm!)
(AG=24.41 / AE=27.80)

(AEini=-20.69 / AGini=-10.05 /
AG=17.31 / AE=20.03)

FIGURE 1 | Continued

G*+C-(rWC) & G-C*o2(rWC) {SPT}
(Brovarets' etal., 2019a)

1.500
1.825,

1.96

G-C*o2(rWC)

(AEin=-39.67 / AGin=-26.53 /

AG=3.51 / AE=3.80)

G-C*(rwwc) < G*-C(rwwc) {DPT}

1.773,
.93

G*C(rwwc)

(AEint=-17.45 / AGine=-4.85 /

AG=1.40 / AE=2.33)

1.739

G*n2'C*(rwwc)

(AEin=-23.88 / AGin=-11.01 /
AG=25.70 / AE=26.96)
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Iv. G* Croa(rwwe) < G*CHop(rwwe)
i) g

G*C¥op (twwe)  ©  G*-C*o, (rwwe)

1.636 1717, 1.73
1973 0 — — 57

G*-C*02(rwwc) TSGr-Cr02mWCYo G -C-02GwWC) G*“C*0a(rwwc)
(vi=509.6 i cm™)
(AE;,=-20.69 / AG;,=-10.05 / (AE;y=-21.98 / AG,,=-10.01 / (AE;,=-21.89 / AG;,=-10.03 /
AG=17.31/ AE=20.03) AG=24.53 / AE=26.98) AG=17.16 / AE=18.65)

1.663 1.743,
1.968 1.908

J

TSG'-C'OZ(N\\'C)HG'-C'Ol'(rw\\'Cj TSG' “CrO2(rwW LjHG' c-oz (rwWC)
(vi=1048.4 i cm™) (vi=1052.1i cm™)
(AEy=-19.19/ AG;,=-8.54 / (AE;=-20.66 / AGy,=-8.66 /
AG=43.53 / AE=48.58) AG=43.65 /| AE=47.35)

I

1.65 716 1.730,
= =
2.043 1.978 1.969

G*C¥0; (rWwc) TSGr-C"02 (rwWC)orG-C02 (rwWC) G*'-C¥p; (rwwc)
(vi=504.9 i cm™)
(AEin=-17.32 / AGin=-5.79 / (AEin=-18.60 / AGiy=-6.64 / (AEin=-19.19 / AGin=-8.54 /
AG=18.09 / AE=19.76) AG=24.73 | AE=27.03) AG=17.26 /| AE=18.61)

V. G 'CHrwwe) < Gy "CH(rwywc)
! !

G*NI'C*‘("WWC) o G¥yu CH(rwwo)

1.739 1.798 1.790,
—> 1.776 — 1.776

*n2r C*(rwwc) TSNz C*(rwWC)GN2 -CHrwwe) G*\z *C*(rwwc)
(vi=476.4i cm1)
(AEin=-23.88 / AGin=-11.01 / (AEin=-8.88 / AGint=2.07 / (AEin=-18.43 / AGin=-6.46 /

AG=25.70 / AE=26.96) AG=31.54 / AE=33.54) AG=24.36ﬁ AE=25.54)
1.725 1.767
1.856 1.839
TSGN2-C*rwWC)o6N2-Cr i rwwC) TSe+'nz c*(rwWe) o6 N2 i rwwe)
(v=10163 i cm) (vi=1024.3 i cm)
(AEin=-24.01 / AGin=-10.84 / (AEin=-18.14 / AGin=-5.72 /
AG= 4—994—/AE 53.48) AG= 4827 AE=52.56)
1.731 1.780 1.770
1.817, <> 1.806
G*nz C*t(rwwc) TSeenz-c rwWe) o N2 i rwwe) G¥ze C*(rwwc)

(vi=476.4 i cm1)
(AEin=-26.87 / AGin=-13.79 /  (AEin=-21.47 / AGin=-9.42 /  (AEin=-20.97 / AGine=-7.90 /
AG=24.54 / AE=25.73) AG=30.80 / AE=32.76) AG=23.56 / AE=24.76)

FIGURE 1 | Continued
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VI. a) G*- C*oz(l‘ch)HG*Nz C*(rwwc) {DPT}

636 1739
1.973 @i
G*-C*02(rwwc) TSe*-c*02(rwWC) o G*N2-C*rwW () *N2:C*(rwwc)
(vi=1036.8 icm1)
(AEint=-20.69 / AGint=-10.05 / (AG=24.41 / AE=27.80) (AEin=-23.88 / AGint=-11.01 /
AG=17.31 / AE=20.03) AG=25.70 / AE=26.96)
b) G*t-C*02 (I‘ch)HG*Nz C*Y(rwwc) {DPT}
1.730, 1.770
1.969 1.804
G*t-C*02 (rwwc) TSetc'b2 (rwweyoeNz -crirwwe) N2 C*(rwwc)
(vi=995.3 i cm)
(AEint=-19.19 / AGin=-8.54 / (AG=24.69 / AE=28.58) (AEin=-20.97 / AGin=-7.90 /
AG=17.26 / AE=18.61) AG=23.56 / AE=24.76)

c) G*t'C*oz(rwwc)HG*th C*(rwwc) {DPT}

173 1.790
1.917 1.776
G*t-C*o2(rwwc) TSG+t.c*02(rwW () © G*N2 -Crww(c) *N2 C*(rwwc)
(vi=945.7 i cm™1)
(AEin=-21.89 / AGin=-10.03 / (AG=24.19 / AE=27.84) (AEin=-18.43 / AGine=-6.46 /
AG=17.16 / AE=18.65) AG=24.36 / AE=25.54)

d) G*-C*62 (rwwc) >G*x2-C¥(rww) {DPT}

T

G*-C*02 (rwwc) TSec+02 (rwwc) o G*N2-c*irwwe) *N2-C¥(rwwc)
(vi=1144.3 i cm™1) (AEint—-26.87/AGmt— 13.79 /
(AEint=-17.32 / AGint=-5.79 / (AG=24.26 / AE=28.23) AG=24.54 / AE=25.73)

AG=18.09 / AE=19.76)

FIGURE 1 | Continued
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VIIL. G*C*(H) ©G*n7:C(H) ©G*tC* 02 (Wn) © G*n7*C* (WH

1.743
1.790
3.029 7
G*-C*(H) TSe+tc*(H)o6*N7-C(H) G*n7C(H)
(vi=675.7 i cm)
(AEin=-21.24 / AGin=-8.91 / (AG=4.01 / AE=6.65) (AEin=-35.66 / AGin=-22.05 /
AG=0.00 / AE=0.00) AG=3.20 / AE=3.07)
G*n7°C(H) & G*tC*02(wn) {Hown} G*t:C*o2(wn) ©G*n7C*(wn) {DPT}
£,
1.807 1.742
<~
\ 1610 1656
TSE+C Gen7-c(H) o6t -c*02(wH) G*tC*oz(Wn) TS6+t.c*02(wH) ©G*N7-C*(wH) G*n7-C*(Wh)
(vi=196.2 i cm'Y) (vi=548.9 i cm'1)
(AEint=-140.75 / AGint=-127.54 / (AEin=-25.11 / AGin=-12.97 /  (AG=18.88 / AE=22.22)  (AEin=-21.91 / AGin=-10.05 /
AG=25.24 / AE=27.66) AG=17.07 / AE=17.80) AG=16.43 / AE=17.33)

VIII. G*t-C*, wi ) e G*t-C*! wi ) G*n7 C*twh) < G*n7 C* (w

G*t-C*o2(wn) & G*t-C*to2(wn) {TRANS} G*t-C*to2 (W) & G*n7-C*(wn) {DPT}
£
2394 2.598
207 1.764 Q 1.738 1.671
1610 = L P, & 649 —
G*t-C*o2(Wn) TScet.c*02(wH)6tc*02(wH) G*-C*oz(Wh) TSg+.c*'02(wH)6*N7-C*(wH) G*n7"C¥t(wn)
(v=1039.8 i cm1) (vi=1063.0 i cm?)

(AEin=-25.11 / AGin=-12.97 / (AEin=-25.87 / AGin=-14.56 / (AEin=-24.84 / AGin=-12.80 /  (AG=13.63 / AE=1849)  (AEin=-29.40 / AGin=-16.73 /
AG=17.07 / AE=17.80) AG=41.11 / AE=44.34) AG=13.70 / AE=14.37) AG=12.04 / AE=12.25)
G*n7+C*t (Wn) ©G*n7°C*(wn) {TRANS}

1.759 1.7%
1.639 1.656
e
TSeN7-Co (wH) o G*N7-C*(wH) G*n7+C*(w)
(AEin=-24.49 / AGin=-11.98 / (AEin=-21.91 / AGin=-10.05 /
AG=39.13 / AE=41.95) AG=16.43 / AE=17.33)
IX. G*t-C(wn) ©G*-C(wn) ©G*N7:C* (wh) © G*tn7-CH (W)
G*-C(wn)©G*-C(wu) {TRANS} G*-C(wn)©G*tN7-C*(wn) {DPT}
o
078 1.991 L5 1.909
2349
29 L 2.33 <> 19656 <
G*-C(wn) TSGrt:C(wH) < G*C(wH) G*C(wn) TSG-C(wH)G*N7-C*(wH) G*N7*C*(wh)
(vi=500.7 i cm1) (vi=1137.9icm?)
(AEin=-10.75 / AGin=0.05/  (AEin=-12.83 / AGin=-1.10 /  (AEin=-13.06 / AGin=-1.82/  (AG=30.48/ AE=33.75)  (AEin=-17.97 / AGin=-6.26
AG=5.16 / AE=7.41) AG=11.43 / AE=13.83) AG=3.25 / AE=5.07) AG=30.33 / AE=30.90)

G*n7-C*(wi) &Gty C*(WH) {TRANS}

1.905,
1.876,
<> 1.959 <
1.945 5 i

TSG*N7-C*(wH) o G*N7-C*(wH) G*ty7-C*(wn)
(vi=463.0 i cm1)
(AEin=-18.30 / AGin=-6.55/ (AEin=-20.05 / AGin=-8.70 /
AG=38.05 / AE=39.57) AG=34.30 / AE=35.29)

FIGURE 1 | Continued
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X.G*tC*(H) ©G*n7:C(H) ©G*t-C(wn) © G*tn7C* (wWh)

1.743
1.790
3.029

G*-C*(H)eG*x7"C(H) {DPT} Brovarets et al,, 2019a
O ay

>
G*-C*(H) TS+t c*(H)o6*N7-C(H)
(vi=675.7 i cm™1)
(AEin=-21.24 / AGine=-8.91 / (AG=4.01 / AE=6.65) (AEint=-35.66 / AGin=-22.05 /
AG=0.00 / AE=0.00) AG=3.20 / AE=3.07)
G*n7*C(H) ©G*tC(wn) {Hown} G*t-C(wn)G*n7-C*(wn) {DPT}
1.876,
= 1.945 5 i
TSE+C 7.l o6rtcwh) G*t-C(wn) TSe.cw) 6+ IN7-CHwH) G*tn7C*(wn)
(vi=108.2 i cm) (vi=1141.3icm?)
(AEin=-145.45 / AGin=-131.16 / (AEin=-10.75 / AGin=0.05/  (AG=34.09 / AE=37.72)  (AEin=-20.05 / AGin=-8.70 /
AG=25.21 / AE=26.53) AG=5.16 / AE=7.41) AG=34.30 / AE=35.29)
XI. G*t-C*(rH) ©G*t-C*o2(rwn) © G*tn7-C* (rwn
G*-C*(rH) © G*-C*(rwn) ©G*n7-C*(rwn)
G*tC*(rH) o G*tC*o2(rwn) {rHowrn} G*t-C*oz2(rwn) e G*tn7-C*(rwn) {DPT}

1.968\ y o O
1519 .
. \-

697,

14
\ > 2367,

. v Q ——4
1.785
1.797 TSG+Cgrt.cr(rHy6*t-C*02(rwH) G*tC*o2(rwn) TSe+t.c*02(rwH) o G*N7-C*(rwH) G*ty7C*(rwn)
(vi=85.8icm1) (vi=1135.2 i cm-1)
3.014 (AEin=-136.60 / AGin=-122.78 /  (AEn=-17.13 / AGin=-5.58 / (AG=34.55 / AE=38.08) (AEin=-17.31 / AGin=-5.99 /

AG=23.47 / AE=25.14) AG=18.29 / AE=19.49) AG=34.06 / AE=34.95)
G*t-C*(rH) o G*-C(rwn) {rHow:n} G*-C(rwun) ©G*n7"C*(rwn) {DPT}
G*-C*(rH) 2 .
. - 1.685
1.823
(AEin=-17.63 / AGin=-5.42 /
AG=0.00 / AE=0.00) 1,656,
1.904 <=
TSE+C gt errmyecrtcrwh) G*tC(rwn) TSeH.c(rwH) o G*N7-C*(rwH) G*n7°C*(rwn)
(v=200.9 i cm?) (vi=959.9 i cm1)
(AEim=-139.47/AGm(=-127.66/ [AEinr=-17.15 /AGim=“4’.85/ (AG=950 / AE=1281) [AEim=-26.66 /AGim=-14.93/
AG=23.02 / AE=25.13) AG=0.26 / AE=0.88) AG=10.81 / AE=11.72)

FIGURE 1 | Investigated pathways of the tautomeric wobblization of the biologically-important G-C nucleobase pairs — G*-C*(rWC), G*-C*(H) and G*-C*(rH) pairs
obtained at the MP2/6-311++G(2df,pd)//B3LYP/6-3114++G(d,p) level of QM theory. AG-relative Gibbs free energy and AE-electronic energy (in kcal-mol~";
MP2/6-311++4G(2df,pd)//B3LYP/6-311++G(d,p) level of QM theory); AEj-electronic and AGin-Gibbs free energies of the interaction
(MP2/6-31144G(2df,pd)//B3LYP/6-3114++G(d,p) level of QM theory, in kcal-mol~1). vi—imaginary frequency. Intermolecular AH...B H-bonds are designated by dotted
lines, their lengths H...B are presented in angstroms.
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G-C*02(rWC)
AG=3.51 / AE=3.80

wft

1.773,
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ks

636,

1.973
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AG=1.39 / AE=2.29

G*-C(rwwc)
AG=1.40 / AE=2.33

*N2*C* (rwwc)
AG= 25.70/AE 26.96

G*:C*o2(rwwc)
AG=17.31 / AE=20.03

.73

1917

1.65:
2.043

1.730,

1.969

G*"C¥*0a(rwc)
AG=17.16 /| AE=18.65

G*+C*bz (rwwc)
AG=18.09 / AE=19.76

G*"C*0p (rwwc)
AG=17.26 / AE=18.61

e

Y

1.770
1.804,

*tn2+C*(rwwe)
AG= 24 36 / AE=25.54

*N2-C*t(rwwc)
AG= 24 54 / AE=25.73

*n2-C*(rwwc)
AG= 23 56 / AE=24.76
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1.743
% :U 1.807, 1.742 5
1.790, 1.70(
1.610 1.656,
3.029 2711
G*-C*(H) G*n7C(H) G*t-C*o2(wn) G*n7+C*(wh)

AG=0.00 / AE=0.00

AG=3.20 / AE=3.07

AG=17.07 / AE=17.80

AG=16.43 / AE=17.33

94,
1.738

631

2.598
1.671

078
.291,

1979

2.349

G*t-C*to2 (W)
AG=13.70 / AE=14.37

G*N7*C*t(wn)
AG=12.04 / AE=12.25

G*t-C(wn)
AG=5.16 / AE=7.41

G*-C(wn)
AG=3.25 / AE=5.07

1.909 01,876
1,956 1.945
G*N7*C*(Wh) G*ty7+C*(wn)

AG=30.33 / AE=30.90

AG=34.30 / AE=35.29

T'WH

1.785

1.797
3.014

1697
2%

1.865

1.998

1.823

1.904,

G*t-C*(rH)
AG=0.00 / AE=0.00

G*t-C*o2(rwi)
AG=18.29 / AE=19.49

G*ty7-C* (rwi)
AG=34.06 / AE=34.95

G*tC(rwn)
AG=0.26 / AE=0.88

1.685
1.656,

G*n7C*(rwh)
AG=10.81 / AE=11.72

FIGURE 2 | Total geometries of the investigated G-C nucleobase pairs, corresponding to the local minima, presented altogether with their relative Gibbs free energies
AG and electronic energies (AE in kcal-mol~! under normal conditions) obtained at the MP2/6-311+4-+G(2df,pd)//B3LYP/6-3114+G(d,p) level of QM theory.
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TABLE 1 | Energetic characteristics of the tautomers of the G-C nucleobase pairs
obtained at the MP2/6-311+4-+G(2df,pd)//B3LYP/6-3114++G(d,p) level of QM
theory in vacuum (¢ = 1) (see Figure 2).

N G-C complex AG? AEP

rWC/rwwc

1 G*-C*rWQC) 0.00 0.00
2 G-C*(rwwe) 1.39 2.29
3 G*-C{rwwc) 1.40 2.33
4 G-C*o2(rWC) 3.51 3.80
5 G*-C~(r'WC) 4.44 5.68
6 G*-C*o2(rwc) 17.16 18.65
7 G*.C*L, (o) 17.26 18.61
8 G*-C*o2(wiwe) 17.31 20.03
9 G*-C*h, (wwe) 18.09 19.76
10 G p-CHwie) 24.36 25.54
11 G*ne-CH (rwe) 24.54 25.73
12 G -C (rwive) 23.56 24.76
13 G,-C('WC) 24.74 24.58
14 G*ne-CHrwwe) 25.70 26.96
H/wy

15 G*.C*(H) 0.00 0.00
16 G*n7-C(H) 3.20 3.07
17 G*-C(wph) 3.25 5.07
18 G*.Clwy) 5.16 7.41

19 G*n7-C(wy) 12.04 12.25
20 GG, (W) 13.70 14.37
21 G*ny - C(wi) 16.43 17.33
22 G*.C*op(wpy) 17.07 17.80
23 G*n7-CHwh) 30.33 30.90
24 G*7-C*(wh) 34.30 35.29
rHrwy

25 G*.C*(rH) 0.00 0.00
26 G*.C(rwy) 0.26 0.88
27 G*n7-CH(rwi) 10.81 11.72
28 G*.C*op(rwp) 18.29 19.49
29 G7-CH(rwi) 34.06 34.95

aRelative Gibbs free energy (T=298.15K), kcal-mol~.
bRelative electronic energy, kcal-mol~".

Its characteristic structural specificity has significant non-
planarity and out-of-plane deformation of the purine ring of
the O6H, N1H, and N2H atomic groups with trans-orientation
relatively to the neighboring C2N3 bond.

. Further, it was found out that Léwdin’s G*-C*(WC) DNA base
pair, which is formed from the classic G-C(WC) DNA base pair
through the DPT and is stabilized by the participation of the
three intermolecular (G)O6H...N4(C), (C)N3H..N1(G), and
(G)N2H...02(C) H-bonds (Brovarets’ and Hovorun, 2014a),
does not tautomerize in the wobble manner.

In this case all localized transition states of tautomerization in
this manner and its pathways are the same as in the case of the
wobble mutagenic tautomerization of the G-C(WC) DNA base
pair, which has been investigated and described earlier (Brovarets’

and Hovorun, 2015a). In other words, in order to tautomerize
in the wobble-manner, the Lowdin’s G*-C*(WC) DNA base pair
should revert back to the classic G:C(WC) configuration (form)
(Brovarets’ and Hovorun, 2015a, 2018).

This bright fact allows us to claim that the functional role
of the tautomeric G-C(WC)— G*-C*(WC) transition consists
in the removal of the steric obstacles for the conformational
G-C(WC)— G*-C*(rWQC) transition (Brovarets et al., 2019a) and
is not directly related to the origin of the spontaneous point
mutations—transitions and transversions, as it was suggested
earlier (please, refer to work (Brovarets’ and Hovorun, 2014a) and
references provided therein for more details).

This aforementioned conformational transition, in its turn,
guarantees the integration of the G-C(WC) nucleobase pair into
the DNA/RNA with parallel strands.

3. Opposite to the previously considered methods both the
so-called correct and incorrect DNA base pairs (Brovarets’
and Hovorun, 2009, 2015a,b,c,d,e,f; Brovarets’ and Hovorun,
2018), the process of the tautomeric wobblization in the
investigated G*-C*(rWC) (Figure 1, parts II and III), and
G*'.C*(H) (Figure 1, part X) base pairs is preceded by the
process of the tautomerization via the single proton transfer
(SPT). At this point, both processes of the wobblization
of the G*-C*(rWC) base pair occur through the joint
intermediate—tight G*-C~ ion pair, which is stabilized
by the participation of the three (G)O6TH..027(C),
(GN1TH..N37(C), and (G)N2TH..N4~H(C) H-bonds
(Brovarets’ and Hovorun, 2014a). This dynamically non-
stable intermediate is associated with the local minimum on
potential (electronic) energy surface (PES). This situation
is observed for the first time. Up until now the commonly
accepted idea, that mutagenic tautomerization of the
classic DNA base pairs is assisted by the intermediate
corresponding to the local minimum on the PES, has not
been confirmed.

The first process of the tautomeric wobblization
of the G"C*(rWC) base pair (Figurel, part II)—
G*-C*"(rWC)«G-C{, tWC)<>G-C*(rwwc) <> G*-C(rwwc)—is
most likely tightly connected with the incorporation of the
G-C(WC) base pair into the DNA/RNA with parallel strands
(Watson and Crick, 1953b).

Another tautomerization process (Figurel, part III)—
G*-C*(rWC) <> Gy, C* (rwy) <> G*-C{, (rwyy), which proceeds
through the unique TSgi.c—(rwe)oG*cr020wwe) Path with
the (G)N1-H-O2(C) covalent bridge, is most probably
concerned with the mechanisms of maintaining the RNA
spatial architecture due to the incorporation of the non-stable (in
the main tautomeric state) Levitt base pair (Crick and Watson,
1954; Levitt, 1969). This suggestion is based on the established
structural mechanism of the tautomeric interconversion of
the G*-C*(rWC) pair into the eight stable planar tautomeric
forms of the Levitt base pair (Watson and Crick, 1953a)
(Figure 1, parts IV-V)—G*.C*0a(rwwc), G*-CE,(rtwwc),
G*t'C*Otz(rWWC)r G*'C*Otz(rWWC)) G;Z'C*(rWWC):
Gl C*(rwwc), G, C*(rwwc), and GIY,-C*(rwwc) (Figure 2,
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Table 1)—and in principle, allows us to understand the dynamic
of the formation of the Levitt base pair, which has not been
considered before in the literature. It would be interesting to
investigate how the tautomers of the Levitt base pair is stabilized
in RNA by the H-bonds and surrounding environment further
in the future (Oliva et al., 2007).

4. A quite interesting situation is observed for the tautomeric
wobblization of the G*'-C*(H) base pair (Figure 1, part VII):
G*.C*(H) <G, C(C)«G*-C, (wi) <G, -C*(wn).

The transition of the Cf, tautomer of the cytosine (C)
within the G*t'C’(‘)z(wH) base pairs with cis-orientation
of the N4H C-imino group into the trans-orientation
through its inversion leads to the decreasing of the
energy in the tautomerization (Figurel, part VIII): G*.
CE, (W) G*-CE, (W)« G- C*(wh) <> GY;-C*(wh).  This
decreasing of energy occurs when the affinity of the Cg,
tautomer according to the “complementary” G*' tautomer is
higher than the Cf, tautomer. This decreasing of the energy
with excess overrides the increasing of the internal energy of the
Cg, tautomer at its tautomerization C5, — C,.

In the another pathway of the tautomeric wobblization
of the G*.C*(H) base pair (Figure1, part VII, VIII) the
decreasing of energy in the course of the process is achieved by
the conformational transition of the G*' tautomer within the
G*.C(wy) complex into the low-energy mutagenic tautomeric
form G{;, which is zwitterion.

5. At this, the G*-C(wy)<>Gy,-C*(wy) DPT tautomerization
process does not really occur, since its barrier is
negative under normal conditions (Figurel, part IX):
G*-C(wn)<G*-C(wh) <> G, C*(wh) <> G, C*(wh).

The same situation is also observed for the
G*.C*(H)« G}y, C(H)«>G*-C(wn)«>G},-C*(wy) ~ DPT

tautomerization (Figure 1, part X).

6. Tautomeric wobblization of the G*.C*(rH) base pair
(Figure 1, part XI) occurs through the two traditional
pathways without any preparatory SPT stages through
the TSs, which represent themselves as the covalently
bonded tight GT-C~ ion pairs in reverse Hoogsteen
conformation, which are only supported by two H-
bonds:  G*.C*(rH)<>G*'.C§, (rwn)<>Gyj,-C*(rwn)  and
G*t'C*(rH)<—>G*t-C*(er)<—>G§7-C*(er). The transition of
the G* tautomer within the G*-C, (rwy) complex into the
G* mutagenic tautomer through the orthogonal TS decreases
the energy of the further process of tautomerization.

. Also, in addition to the previously revealed processes,
DPT tautomerization was also fixed by the participation of
the proton at the C8 carbon atom of G, which lead to
the dynamically-stable, but short-lived, complexes by the
participation of the yilidic forms of the G base (Figure1,
parts IX-XI).

8. Finally, there are three more fixed mysteries, which
deserve more attention. Several G-C base pairs, in
which both bases were in the rare tautomeric form and
their energy of stabilization significantly exceeded the
analogical values for the classic G-C(WC) DNA base pair
were fixed.

Despite the structural softness of the heterocycles of the G and
C bases for the out-of-plane deformational bending (Hovorun
etal,, 1999), it was not revealed that there was any deviation from
the plane in the investigated processes of the tautomerization of
the base pairs.

Obtained data convincingly show that among all possible
tautomeric wobblizations of the G*-C*(rWC), G*'.C*(H), and
G*.C*(rH) DNA base pairs, which possess Watson-Crick,
Hoogsteen, and reverse Hoogsteen configurations and both
monomers of which are in the rare tautomeric form, at least
one non-dissociative transition was absent, which would recover
the tautomeric status of both the G*/G*' and C* bases to the
canonical G and C bases, correspondingly. This fact altogether
with the results, obtained in our previous work (Brovarets’ et al.,
2019a), soundly exhibits why the Watson-Crick DNA base pairs
were chosen for the building of genetic material (Brovarets’ et al.,
2018a).

CONCLUSION

Concluding the obtained results, we arrived to a summation
after providing an investigation of the tautomeric wobblization of
the biologically-important G-C(WC), G*-C*(WC), G*-C*(rWC),
G*.C*(H), and G*.C*(rH) nucleobase pairs and extended
the existing thoughts about the microstructural mechanisms
of these processes, as well as about their functional roles.
Thus, it was established that the G-C base pair is the most
likely to be incorporated into the DNA/RNA double helix with
parallel strands in the form of the G*-C§,(rWC), G-C*(rwwc),
and G*-C(rwwc) tautomers, which are in rapid tautomeric
equilibrium with each other.

For the first time we have formulated rules, defining these
biologically-important processes.
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