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s of the conformational
transformations of the biologically important G$C
nucleobase pairs in Watson–Crick, Hoogsteen and
wobble configurations via the mutual rotations of
the bases around the intermolecular H-bonds:
a QM/QTAIM study

Ol'ha O. Brovarets', *a Alona Muradovab and Dmytro M. Hovorun ab

At the MP2/6-311++G(2df,pd)//B3LYP/6-311++G(d,p) level of quantum-mechanical theory, we provide for

the first time a comprehensive investigation of the physico-chemical mechanisms of the 55 conformational

transformations of the biologically-important G$C nucleobase pairs – Watson–Crick (WC), reverse

Watson–Crick (rWC), Hoogsteen (H), reverse Hoogsteen (rH), wobble (w) and reverse wobble (rw) base

pairs by the participation of the G and C bases in the canonical and rare tautomeric forms (“r” – means

reverse configuration of the base pair). It was established that all these G$C nucleobase pairs can

conformationally transform into each other without the changing of the tautomeric status of the G and

C bases. These transitions occur through significantly non-planar transition states via the mutual rotation

of the G and C bases relative to each other within the G$C nucleobase pair around the upper, middle or

lower intermolecular H-bonds: WC 4 rWC, WC 4 rwWC, rWC 4 WC, rWC 4 wWC, wWC 4 rwWC, H

4 rH, H 4 rwH, rH 4 H, rH 4 wH, wH 4 rwH. Gibbs free energies DG of activation for these

conformational transformations are DG ¼ 2.96–19.04/3.58–13.36 kcal mol�1 (in vacuum under normal

conditions (T ¼ 298.15 K)), which means that these reactions proceed quite fast. Obtained

conformational transformations are accompanied by the disruption and further formation of the

intermolecular specific contacts in the G$C nucleobase pairs (H-bonds and attractive van der Waals

contacts). As a result, 76 conformers of the G$C nucleobase pairs were established – 48 base pairs in

WC, rWC, wWC and rwWC configurations and 28 base pairs in H, rH, wH and rwH configurations with

relative Gibbs free DG/electronic DE energies in the range DG/DE ¼ 0.00–44.73/0.00–46.99 and DG/DE

¼ 0.00–37.52/0.00–38.54 kcal mol�1, respectively (in vacuum under normal conditions). Experimental

investigation and verification of the novel G$C nucleobase pairs are promising tasks for the future

research. Based on the obtained data, biologically important conclusions were made about the

importance of the conformational mobility of the G$C nucleobase pairs for the understanding of the

functioning of the DNA and RNA molecules and their transition from the parallel into the anti-parallel

duplexes and vice versa.
Introduction

In the classical conformational analysis of the nucleic acids,
DNA and RNA, rotations of their structural fragments around
the ordinary chemical bonds and bending of their rings, espe-
cially sugar residues, are considered as the source of their
hysics, Institute of Molecular Biology and

f Ukraine, 150 Akademika Zabolotnoho
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and Bioinformatics, Institute of High
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5730
structural variability.1 However, the pairs of the nucleotide
bases, stabilized by the participation of the intermolecular H-
bonds, are usually considered as conformationally conserva-
tive, despite their so structures.2,3 Their structural variability is
usually associated with their insignicant deviations from
planarity, which do not change the conguration of the base
pairs.1 This structural variability can be induced by different
external factors – stacking of neighboring pairs of bases, inter-
action with proteins, ligands of various nature and structure etc.
(see ref. in work 1).

Shortly aer the establishment of the spatial organization of
the DNA molecule by James Watson and Francis Crick, the rare
© 2021 The Author(s). Published by the Royal Society of Chemistry
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tautomeric hypothesis of spontaneous point mutagenesis was
formulated,2,3 which considers the transformation or transition
of the nucleotide bases from the main (canonical) into the rare
(mutagenic) tautomeric forms due to the proton transfers as
a main source of the origin of the spontaneous point mutations
or structural variability. Since that time, the topic of prototropic
tautomerism still remains important over decades to this
day.4–14

In general, the topic of the prototropic tautomerism has
actively attracted close attention in different areas of research –

drug design, proton transfer processes, formation of the mis-
pairs, origin of the spontaneous point mutations, biologically
important molecules and also play different signicant roles in
functioning of the DNA and RNA biomolecules.15–29 This fact
enables to open new possibilities for the understanding of the
fundamental mechanisms of the functioning of the biomole-
cules in a living cell.

The point of view, that tautomeric transformations in bio-
logical molecules are inseparable from the conformational
transformations, is becoming more and more popular
recently.30–36 Thus, lately it was found out,37–42 that intrapair
proton transfer in the DNA base pairs causes their mutagenic
tautomerization and conformational changes due to the mutual
shiing of the bases respectively each other into the minor or
major DNA grooves as well. These theoretical approaches have
been realized for model objects, which, however, correctly
reects the real state of affairs and could be conrmed experi-
mentally.42 Such approach signicantly extends the biological
importance of tautomerism and indicates that it goes far
beyond the framework of the classical Watson–Crick tautomeric
hypothesis,2,3 which considers tautomerism as the source of the
origin of the spontaneous point mutations, which arise at the
DNA replication.

As of today, while the conformationally-tautomeric mobility
of the classical A$T DNA base pair has been already exhaustively
explored,42–47 investigation of the conformational variety of the
classical G$C DNA base pair has been insufficiently provided.
Thus, recently it has been provided comprehensive research48,49

of the tautomerization pathways of the reverse Löwdin
G*$C*(rWC), Hoogsteen G*t$C*(H) and reverse Hoogsteen
G*t$C*(rH) nucleobase pairs by the participation of the bases in
the rare, in particular mutagenic, tautomeric forms (marked
with an asterisk “*”; “r” – reverse orientation of the base pair; “t”
– trans-orientation of the O6H hydroxyl group of the G base) –
via the single (SPT) or double (DPT) proton transfer along the
neighboring intermolecular H-bonds with Gibbs free energies
of activation for these reactions varying in the range 3.64–
31.65 kcal mol�1 in vacuum under normal conditions (T ¼
298.15 K), leading to the novel G$C*O2(rWC), G*N2$C(rWC),
G*tN2$C(rWC), G*N7$C(H) and G*tN7$C(rH) conformers by the
participation of the canonical and rare tautomers of the G and C
bases. Further, these studies have been followed by our
research,49 devoted to the physico-chemical mechanisms of the
tautomeric wobblization of the biologically-important G$C
nucleobase pairs – G*$C*(rWC), G*t$C*(H) and G*t$C*(rH),
leading to the novel wobble G$C nucleobase pairs. However,
these representations obviously could not explain the full range
© 2021 The Author(s). Published by the Royal Society of Chemistry
of the biological and structural properties of the nucleic acids,
which continue to challenge by its mystery.

This work is intended to show at the example of the different
biologically important G$C nucleobase pairs – classical Wat-
son–Crick G$C(WC), reverse Watson–Crick G$C(rWC), Löwdin
G*$C*(WC), reverse Löwdin G*$C*(rWC), Hoogsteen G$C(H)
and reverse Hoogsteen G$C(rH), as well as wobble Watson–
Crick G$C(wWC), reverse wobble Watson–Crick G$C(rwWC),
wobble Löwdin G*$C*(wWC), reverse wobble Löwdin
G*$C*(rwWC), wobble Hoogsteen G$C(wH) and reverse wobble
Hoogsteen G$C(rwH) base pairs, which contain G and C bases in
the main or rare tautomeric forms, that these base pairs are
conformationally mobile structures and that rotations of the
bases around the individual intermolecular H-bonds are closely
interconnected with the tautomeric status of the base pairs.

So, the aim of this study is to establish the conformational
pathways for the different G$C nucleobase pairs through the
mutual rotation of the G and C bases around the intermolecular
H-bonds: WC 4 rWC, WC4 rwWC, rWC 4WC, rWC4 wWC,
wWC 4 rwWC; H 4 rH, H 4 rwH, rH 4 H, rH 4 wH, wH 4

rwH.
Such statement of the task is quite promising, since it

enables to discover novel interpretations of the functional role
of the so-called excited states – different conformers of the G$C
nucleobase pair by the participation of the canonical and rare
tautomers, which are now attributed to the biologically-
important functions, especially in the RNA molecule.15–20

As a results of this investigation, for the rst time except the
classical Watson–Crick G$C(WC) and Hoogsteen G$C(H) base
pairs, it was revealed wide variety of the novel base pairs by the
participation of the canonical and rare tautomers of the G and C
bases and physico-chemical mechanisms of their mutual
conformational transformations into each other. Altogether, it
was discovered 76 conformations of the G$C nucleobase pairs –
48 base pairs in WC, rWC, wWC and rwWC congurations with
relative Gibbs free DG/electronic DE energies in the range – DG/
DE ¼ 0.00–44.73/0.00–46.99 kcal mol�1, respectively, and 28
base pairs in H, rH, wH and rwH congurations with DG/DE ¼
0.00–37.52/0.00–38.54 kcal mol�1, respectively, in vacuum
under normal conditions (T ¼ 298.15 K).

Based on these data, it was expressed assumption about
their possible biological role in the conformational trans-
formations of the DNA and RNA15–20 from parallel to anti-
parallel orientation and vice versa50 without proton transfer and
changing of the tautomeric status of the nucleobases.

These obtained results extend the existing thoughts about
the microstructural mechanisms of these processes, as well as
about their functional role.

Computational methods
Density functional theory calculations of the geometry and
vibrational frequencies

Equilibrium geometries of the investigated G$C nucleobase
pairs and transition states (TSs) of their mutual conformational
transformations, as well as their harmonic vibrational
frequencies have been calculated at the B3LYP/6-311++G(d,p)
RSC Adv., 2021, 11, 25700–25730 | 25701
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level of theory,51–55 using Gaussian’09 program package.56

Applied B3LYP/6-311++G(d,p) level of theory has approved itself
successfully for the calculations of the similar systems and
processes and shown acceptable level of accuracy and adequacy
of the obtained results.49,57,58 A scaling factor that is equal to
0.9668 has been applied in the present work for the correction
of the harmonic frequencies for all complexes and TSs of their
conformational transitions.44,45

We have conrmed local minima and TSs, localized by
Synchronous Transit-guided Quasi-Newton method,59 on the
potential energy landscape by the absence or presence,
respectively, of one imaginary frequency in the vibrational
spectra of the complexes. All reaction pathways have been reli-
ably conrmed by performing the optimization of the struc-
tures, which are close to the TS in the forward and reverse
directions at the B3LYP/6-311++G(d,p) level of theory.

All calculations have been performed in the continuum with
3 ¼ 1, that adequately reects the processes occurring in real
biological systems without deprivation of the structurally-
functional properties of the bases in the composition of the
DNA or RNA molecules and satisfactorily models the substan-
tially hydrophobic recognition pocket of the DNA–polymerase
machinery as a part of the replisome.60,61
Single point energy calculations

We continued geometry optimizations with electronic energy
calculations as single point calculations at MP2/6-
311++G(2df,pd) level of theory.62,63

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

G ¼ Eel + Ecorr, (1)

where Eel – electronic energy and Ecorr – thermal correction.
QTAIM analysis

Bader's quantum theory of Atoms in Molecules (QTAIM)64–68 was
applied to analyse the electron density distribution, using
program package AIMAll.69 The presence of the bond critical
point (BCP), namely the so-called (3,�1) BCP, and a bond path
between the donor and acceptor of the H-bond or attractive van
der Waals contact, as well as the positive value of the Laplacian
at this BCP (Dr > 0), were considered as criteria for the forma-
tion of the H-bond or attractive van der Waals contact.64–68 Wave
functions were obtained at the B3LYP/6-311++G(d,p) level of
theory, used for geometry optimisation.

The atomic numbering scheme for the DNA bases is
conventional.36 In this study rare tautomeric forms of the G and
C nucleobases are marked by an asterisk.10
Obtained results and their discussion

Received results are presented on Table 1 and in Table 2. So,
based on the obtained data, it would be rstly formulated and
analysed basic results, which have been obtained for the rst
25702 | RSC Adv., 2021, 11, 25700–25730
time and which have the closest relationship to the structural
biology and molecular biophysics.

Altogether, it was revealed 62 novel G$C nucleobase pairs
with wobble (w) and reverse wobble (rw) geometries from the
side of the Watson–Crick and Hoogsten edges (DG/DE ¼ 0.00–
33.62/0.00–35.41 and 0.00–35.23/35.50 kcal mol�1), respectively,
which are planar and signicantly non-planar pairs, stabilized
by the participation of at least two H-bonds, one of which could
be connected to the amino nitrogen atom of the G or C bases
(Table 1). Such conguration of base pairs with necessity entails
their tautomerization via the protonated amino group as tran-
sition state. However, they would become the subjects of our
precise consideration in further investigations.

Altogether, for the G$C nucleobase pairs in the Watson–
Crick (WC) and Hoogsteen (H) congurations involving basic
and rare tautomeric forms of the G and C bases, we have
localized 55 transition states (34 for the G$C base pairs from the
WC side and 21 for the G$C base pairs from the H side), dening
the conformational transformations by the mutual rotations of
the bases around the individual intermolecular H-bonds
(Tables 1 and 2). These conformational transformations of the
G$C nucleobase pairs occur with or without the changing of the
general geometry of the base pair and break of the intermo-
lecular specic contacts with their further formation (H-bonds
and van der Waals contacts), leading to the reorientation of
the base pairs with cis-oriented N1H/N9H glycosidic bonds to
the base pairs with trans-oriented N1H/N9H glycosidic bonds
and vice versa: WC 4 rWC, WC 4 rwWC, rWC 4 WC, rWC 4

wWC, wWC 4 rwWC, H4 rH, H 4 rwH, rH 4 H, rH 4 wH, wH

4 rwH (Tables 1 and 2).
In those cases, when TSs are joined by single intermolecular

H-bond (Table 1), in most cases their lengths exceed the length
of the analogical H-bond at the starting base pair, which is
stabilized by two anti-parallel H-bonds. This fact clearly indi-
cates that the latest are cooperative and mutually reinforce each
other. By the way, this approach could be also applied for the
numerical estimation of the cooperativity of the intermolecular
H-bonds.

Characteristic feature of all TSs is quite low values of the
imaginary frequencies ni ¼ 11.2–101.9/11.3–104.7 cm�1 (Tables
1 and 2), which indicates the structural soness of these
transformations, and relatively low values of their barriers
(DDGTS/DDETS ¼ 2.96–19.04/3.58–13.36 kcal mol�1 under
normal conditions) (T ¼ 298.15 K), pointing on the quite high
speed of these conformational transformations. Just only these
facts soundly testify that G$C pairs of nucleotide bases in the
basic and rare tautomeric forms are conformationally mobile
structures. It is quite evident that this biological observation
can be transferred on the other pairs of nucleotide bases,
independently from their nature and structure, almost without
any quality restrictions.

It should be attracted attention to the unexpected results of
this investigation and their comprehensive discussion (Tables 1
and 2).

1. It was revealed novel mechanism of the conformational
transformation of the classical Watson–Crick G$C(WC) nucle-
obase pair into the reverse wobble Watson–Crick G$C(rwWC)
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Conformational transformations via the rotations of the G and C bases in the canonical and rare tautomeric forms around the inter-
molecular H-bonds in theWatson–Crick (WC), reverseWatson–Crick (rWC), wobbleWatson–Crick (wWC), reversewobbleWatson–Crick (rwWC),
Hoogsteen (H), reverse Hoogsteen (rH), wobble Hoogsteen (wH) and reverse wobble Hoogsteen (rwH) G$C nucleobase pairs, obtained at the
MP2/6-311++G(2df,pd)//B3LYP/6-311++G(d,p) level of theory (DG – relative Gibbs free and DE – relative electronic energies (in kcal mol�1) in
vacuum) under normal conditions (T ¼ 298.15 K). Intermolecular AH/B H-bonds and A/B attractive van der Waals contacts are designated by
the dotted lines, their lengths H/B and A/B, respectively, are presented in Angstroms

Watson–Crick (WC), reverse Watson–Crick (rWC), wobble Watson–Crick (wWC) and reverse wobble Watson–Crick (rwWC) congurations
G$C(WC) 4 G$C(rwWC) {rotation around the middle N1H/N3 H-bond}

G$C(WC)
(DG ¼ 0.00/DE ¼ 0.00/

m ¼ 6.03)

TSG$C(WC) 4 G$C(rwWC)

(ni ¼ 24.2 i cm�1)
(DG ¼ 12.63/DE ¼ 13.30/

m ¼ 7.94)

G$C(rwWC)
(DG ¼ 11.53/DE ¼ 13.09/m ¼ 8.57)

G+$C�(rWC) 4 G$C(WC) {rotation around the middle N1H/N3 H-bond}

G+$C�(rWC)
(DG ¼ 0.00/DE ¼ 0.00/

m ¼ 3.20)

TSG+$C�(rWC) 4 G$C(WC)

(ni ¼ 37.2 i cm�1)
(DG ¼ 6.93/DE ¼ 7.06/

m ¼ 4.12)

G$C(WC)
(DG ¼ �14.55/DE ¼ �15.33/m ¼ 6.03)

G*$C*(WC) 4 G*$C*(rWC) {rotation around the middle N3H/N1 H-bond}

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 25700–25730 | 25703
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Table 1 (Contd. )

G*$C*(WC)
(DG ¼ 0.00/DE ¼ 0.00/

m ¼ 6.09)

TSG*$C*(WC) 4 G*$C*(rWC)

(ni ¼ 37.2 i cm�1)
(DG ¼ 13.11/DE ¼ 14.53/

m ¼ 4.12)

G*$C*(rWC)
(DG ¼ 2.03/DE ¼ 2.07/m ¼ 6.54)

G*$C*(WC) 4 G*$C*(rwWC/H) {rotation around the upper O6H/N4 H-bond}

G*$C*(WC)
(DG ¼ 0.00/DE ¼ 0.00/

m ¼ 6.09)

TSG*$C*(WC) 4 G*$C*(rwWC/H)

(ni ¼ 17.7 i cm�1)
(DG ¼ 10.05/DE ¼ 11.17/

m ¼ 6.47)

G*$C*(rwWC/H)
(DG ¼ 7.63/DE ¼ 10.21/m ¼ 5.13)

G*$C*(WC) 4 G*$C*(rwWC) {rotation around the lower N2H/O2 H-bond}

G*$C*(WC)
(DG ¼ 0.00/DE ¼ 0.00/

m ¼ 6.09)

TSG*$C*(WC) 4 G*$C*(rwWC)

(ni ¼ 30.3 i cm�1)
(DG ¼ 12.98/DE ¼ 14.53/

m ¼ 5.21)

G*$C*(rwWC)
(DG ¼ 11.95/DE ¼ 14.30/m ¼ 5.12)

25704 | RSC Adv., 2021, 11, 25700–25730 © 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 (Contd. )

G*$C*(rWC) 4 G*$C*(wWC/H) {rotation around the upper O6H/O2 H-bond}

G*$C*(rWC)
(DG ¼ 0.00/DE ¼ 0.00/

m ¼ 6.54)

TSG*$C*(rWC) 4 G*$C*(wWC/H)

(ni ¼ 11.8 i cm�1)
(DG ¼ 10.29/DE ¼ 11.67/

m ¼ 6.09)

G*$C*(wWC/H)
(DG ¼ 8.40/DE ¼ 11.16/m ¼ 4.00)

G*$C*(rWC) 4 G*$C*(wWC) {rotation around the lower N2H/N4 H-bond}

G*$C*(rWC)
(DG ¼ 0.00/DE ¼ 0.00/

m ¼ 6.54)

TSG*$C*(rWC) 4 G*$C*(wWC)

(ni ¼ 33.3 i cm�1)
(DG ¼ 9.95/DE ¼ 11.28/

m ¼ 5.86)

G*$C*(wWC)
(DG ¼ 8.76/DE ¼ 11.00/m ¼ 5.48)

G$C*O2(rWC) 4 G$C*O2(wWC) {rotation around the middle N1H/N3 H-bond}

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 25700–25730 | 25705
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Table 1 (Contd. )

G$C*O2(rWC)
(DG ¼ 0.00/DE ¼ 0.00/

m ¼ 5.43)

TSG$C*O2(rWC) 4 G$C*O2(wWC),
(ni ¼ 43.4 i cm�1)

(DG ¼ 19.04/DE ¼ 19.92/
m ¼ 7.45)

G$C*O2(wWC)
(DG ¼ 16.74/DE ¼ 17.33/m ¼ 7.91)

G*$C*(rwWC/H) 4 G*$C*(wWC/H) {rotation around the lower N3H/O6 H-bond}

G*$C*(rwWC/H)
(DG ¼ 0.00/DE ¼ 0.00/

m ¼ 5.13)

TSG*$C*(rwWC/H) 4 G*$C*(wWC/H),
(ni ¼ 18.8 i cm�1)

(DG ¼ 7.49/DE ¼ 7.16/
m ¼ 3.94)

G*$C*(wWC/H)
(DG ¼ 2.80/DE ¼ 3.02/m ¼ 4.00)

G*t$C*(rwWC/H) 4 G*t$C*(wWC/H) {rotation around the upper N3H/O6 H-bond}

G*t$C*(rwWC/H)
(DG ¼ 0.00/DE ¼ 0.00/

m ¼ 5.14)

TSG*t$C*(rwWC/H) 4 G*t$C*(wWC/

H) (ni ¼ 11.2 i cm�1)
(DG ¼ 8.48/DE ¼ 8.35/

m ¼ 3.30)

G*t$C*(wWC/H)
(DG ¼ 4.37/DE ¼ 4.76/m ¼ 4.12)
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Table 1 (Contd. )

G*t$C*(rWC) 4 G*t$C*(WC) {rotation around the middle N3H/N1 H-bond}

G*t$C*(rWC)
(DG ¼ 0.00/DE ¼ 0.00/

m ¼ 2.54)

TSG*t$C*(rWC) 4 G*t$C*(WC)

(ni ¼ 24.0 i cm�1)
(DG ¼ 5.23/DE ¼ 6.28/

m ¼ 1.08)

G*t$C*(WC)
(DG ¼ 1.34/DE ¼ 1.54/m ¼ 1.91)

G*t$C*(rWC) 4 G*t$C*(wWC) {rotation around the lower N2H/N4 H-bond}

G*t$C*(rWC)
(DG ¼ 0.00/DE ¼ 0.00/

m ¼ 2.54)

TSG*t$C*(rWC) 4 G*t$C*(wWC)

(ni ¼ 14.6 i cm�1)
(DG ¼ 4.13/DE ¼ 3.97/

m ¼ 2.10)

G*t$C*(wWC)
(DG ¼ 2.74/DE ¼ 4.24/m ¼ 1.95)

G$C*tO2(rWC) 4 G$C*tO2(wWC) {rotation around the middle N1H/N3 H-bond}

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 25700–25730 | 25707
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Table 1 (Contd. )

G$C*tO2(rWC)
(DG ¼ 0.00/DE ¼ 0.00/

m ¼ 3.32)

TSG$C*tO2(rWC) 4 G$C*tO2(wWC)

(ni ¼ 36.4 i cm�1)
(DG ¼ 12.28/DE ¼ 13.65/

m ¼ 7.40)

G$C*tO2(wWC)
(DG ¼ 9.20/DE ¼ 9.84/m ¼ 8.65)

G*t$C*t(WC) 4 G*t$C*t(rwWC)[ {rotation around the middle N3H/N1 H-bond}

G*t$C*t(WC)
(DG ¼ 0.00/DE ¼ 0.00/

m ¼ 2.99)

TSG*t$C*t(WC) 4 G*t$C*t(rwWC)[
(ni ¼ 21.7 i cm�1)

(DG ¼ 5.05/DE ¼ 6.01/
m ¼ 3.51)

G*t$C*t(rwWC)[
(DG ¼ 3.69/DE ¼ 5.37/m ¼ 3.00)

G*t$C*t(WC) 4 G*t$C*t(rwWC) {rotation around the lower N2H/O2 H-bond}

G*t$C*t(WC)
(DG ¼ 0.00/DE ¼ 0.00/

m ¼ 2.99)

TSG*t$C*t(WC) 4 G*t$C*t(rwWC)

(ni ¼ 27.3 i cm�1)
(DG ¼ 6.69/DE ¼ 6.91/

m ¼ 1.92)

G*t$C*t(rwWC)
(DG ¼ 5.36/DE ¼ 7.03/m ¼ 1.98)

G$C*(wWC)[ 4 G$C*(rwWC) {rotation around the lower N1H/O2 H-bond}
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Table 1 (Contd. )

G$C*(wWC)[
(DG ¼ 0.00/DE ¼ 0.00/

m ¼ 7.29)

TSG$C*(wWC)[ 4 G$C*(rwWC)

(ni ¼ 18.1 i cm�1)
(DG ¼ 4.97/DE ¼ 5.50/

m ¼ 9.37)

G$C*(rwWC)
(DG ¼ 3.20/DE ¼ 3.88/m ¼ 6.94)

G$C*(rwWC) 4 G$C*(wWC) {rotation around the lower N3H/N2 H-bond}

G$C*(rwWC)
(DG ¼ 0.00/DE ¼ 0.00/

m ¼ 6.94)

TSG$C*(rwWC) 4 G$C*(wWC)

(ni ¼ 24.2 i cm�1)
(DG ¼ 7.36/DE ¼ 7.73/

m ¼ 10.57)

G$C*(wWC)
(DG ¼ 1.83/DE ¼ 2.37/m ¼ 7.36)

G$C*(rwWC)[ 4 G$C*(wWC)[ {rotation around the upper N3H/O6 H-bond}

G$C*(rwWC)[
(DG ¼ 0.00/DE ¼ 0.00/

m ¼ 7.74)

TSG$C*(rwWC)[ 4 G$C*(wWC)[
(ni ¼ 26.5 i cm�1)

(DG ¼ 9.98/DE ¼ 11.47/
m ¼ 6.10)

G$C*(wWC)[
(DG ¼ 1.38/DE ¼ 1.55/m ¼ 7.29)

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 25700–25730 | 25709
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Table 1 (Contd. )

G$C*(rwWC)[ 4 G$C*(wWC) {rotation around the lower N1H/N4 H-bond}

G$C*(rwWC)[
(DG ¼ 0.00/DE ¼ 0.00/

m ¼ 7.74)

TSG$C*(rwWC)[ 4 G$C*(wWC)

(ni ¼ 37.4 i cm�1)
(DG ¼ 4.34/DE ¼ 5.80/

m ¼ 8.68)

G$C*(wWC)
(DG ¼ 2.75/DE ¼ 3.05/m ¼ 7.36)

G*$C(rwWC)[ 4 G*$C(wWC/H) {rotation around the upper O6H/N3 H-bond}

G*$C(rwWC)[
(DG ¼ 0.00/DE ¼ 0.00/

m ¼ 7.36)

TSG*$C(rwWC)[ 4 G*$C(wWC/H)

(ni ¼ 38.1 i cm�1)
(DG ¼ 3.73/DE ¼ 4.71/

m ¼ 7.39)

G*$C(wWC/H)
(DG ¼ 2.29/DE ¼ 4.06/m ¼ 4.79)

G*$C(rwWC)[ 4 G*$C(wWC)Y {rotation around the lower N4H/N1 H-bond}
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Table 1 (Contd. )

G*$C(rwWC)[
(DG ¼ 0.00/DE ¼ 0.00/

m ¼ 7.36)

TSG*$C(rwWC)[ 4 G*$C(wWC)Y
(ni ¼ 29.8 i cm�1)

(DG ¼ 8.09/DE ¼ 9.14/
m ¼ 6.05)

G*$C(wWC)Y
(DG ¼ 3.32/DE ¼ 4.09/m ¼ 4.70)

G*$C(wWC)Y 4 G*$C(rwWC) {rotation around the lower N2H/N1 H-bond}

G*$C(wWC)Y
(DG ¼ 0.00/DE ¼ 0.00/

m ¼ 4.70)

TSG*$C(wWC)Y 4 G*$C(rwWC)

(ni ¼ 36.5 i cm�1)
(DG ¼ 2.96/DE ¼ 2.91/

m ¼ 5.63)

G*$C(rwWC)
(DG ¼ 2.08/DE ¼ 2.81/m ¼ 6.20)

G*$C*O2(wWC)[ 4 G*$C*O2(rwWC)Y {rotation around the lower O2H/N1 H-bond}

G*$C*O2(wWC)[
(DG ¼ 0.00/DE ¼ 0.00/

m ¼ 6.67)

TSG*$C*O2(wWC)[ 4

G*$C*O2(rwWC)Y
(ni ¼ 42.8 i cm�1)

(DG ¼ 12.20/DE ¼ 11.29/
m ¼ 4.64)

G*$C*O2(rwWC)Y
(DG ¼ 3.09/DE ¼ 3.82/m ¼ 2.64)

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 25700–25730 | 25711
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Table 1 (Contd. )

G*$C*O2(wWC)[ 4 G*$C*O2(rwWC/H) {rotation around the upper O6H/N3 H-bond}

G*$C*O2(wWC)[
(DG ¼ 0.00/DE ¼ 0.00/

m ¼ 6.67)

TSG*$C*O2(wWC)[ 4

G*$C*O2(rwWC/H)

(ni ¼ 55.3 i cm�1)
(DG ¼ 11.52/DE ¼ 11.00/

m ¼ 6.00)

G*$C*O2(rwWC/H)
(DG ¼ 8.74/DE ¼ 9.01/m ¼ 3.05)

G*$C*O2(rwWC)Y 4 G*$C*O2(wWC) {rotation around the lower N2H/N3 H-bond}

G*$C*O2(rwWC)Y
(DG ¼ 0.00/DE ¼ 0.00/

m ¼ 2.64)

TSG*$C*O2(rwWC)Y 4

G*$C*O2(wWC)

(ni ¼ 87.3 i cm�1)
(DG ¼ 9.10/DE ¼ 7.84/

m ¼ 4.48)

G*$C*O2(wWC)
(DG ¼ 7.07/DE ¼ 6.14/m ¼ 5.05)

G*N2$C*(wWC)Y 4 G*N2$C*(rwWC)Y {rotation around the lower N3H/N2 H-bond}
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Table 1 (Contd. )

G*N2$C*(wWC)Y
(DG ¼ 0.00/DE ¼ 0.00/

m ¼ 4.17)

TSG*N2$C*(wWC)Y 4

G*N2$C*(rwWC)Y
(ni ¼ 36.5 i cm�1)

(DG ¼ 13.90/DE ¼ 15.15/
m ¼ 2.62)

G*N2$C*(rwWC)Y
(DG ¼ 1.68/DE ¼ 1.00/m ¼ 4.00)

G*t$C*O2(rwWC)Y 4 G*t$C*O2(wWC) {rotation around the lower N2H/N3 H-bond}

G*t$C*O2(rwWC)Y
(DG ¼ 0.00/DE ¼ 0.00/

m ¼ 2.25)

TSG*t$C*O2(rwWC)Y 4

G*t$C*O2(wWC)

(ni ¼ 72.6 i cm�1)
(DG ¼ 9.55/DE ¼ 9.27/

m ¼ 1.75)

G*t$C*O2(wWC)
(DG ¼ 8.04/DE ¼ 8.49/m ¼ 4.79)

G*$C*tO2(wWC)[ 4 G*$C*tO2(rwWC/H) {rotation around the upper O6H/N3 H-bond}

G*$C*tO2(wWC)[
(DG ¼ 0.00/DE ¼ 0.00/

m ¼ 7.38)

TSG*$C*tO2(wWC)[ 4

G*$C*tO2(rwWC/H)

(ni ¼ 51.0 i cm�1)
(DG ¼ 11.26/DE ¼ 11.09/

m ¼ 5.39)

G*$C*tO2(rwWC/H)
(DG ¼ 8.10/DE ¼ 8.45/m ¼ 3.71)

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 25700–25730 | 25713
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Table 1 (Contd. )

G*$C*tO2(wWC)[ 4 G*$C*tO2(rwWC)Y {rotation around the lower O2H/N1 H-bond}

G*$C*tO2(wWC)[
(DG ¼ 0.00/DE ¼ 0.00/

m ¼ 7.38)

TSG*$C*tO2(wWC)[ 4

G*$C*tO2(rwWC)Y
(ni ¼ 39.5 i cm�1)

(DG ¼ 11.27/DE ¼ 10.80/
m ¼ 5.74)

G*$C*tO2(rwWC)Y
(DG ¼ 5.73/DE ¼ 5.65/m ¼ 2.34)

G*$C*tO2(rwWC)Y 4 G*$C*tO2(wWC) {rotation around the lower N2H/N3 H-bond}

G*$C*tO2(rwWC)Y
(DG ¼ 0.00/DE ¼ 0.00/

m ¼ 2.34)

TSG*$C*tO2(rwWC)Y 4

G*$C*tO2(wWC)

(ni ¼ 101.9 i cm�1)
(DG ¼ 6.87/DE ¼ 6.58/

m ¼ 4.03)

G*$C*tO2(wWC)
(DG ¼ 4.58/DE ¼ 4.75/m ¼ 5.53)

G*t$C*tO2(rwWC)Y 4 G*t$C*tO2(wWC) {rotation around the lower N2H/N3 H-bond}

25714 | RSC Adv., 2021, 11, 25700–25730 © 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 (Contd. )

G*t$C*tO2(rwWC)Y
(DG ¼ 0.00/DE ¼ 0.00/

m ¼ 4.88)

TSG*t$C*tO2(rwWC)Y 4

G*t$C*tO2(wWC)

(ni ¼ 92.9 i cm�1)
(DG ¼ 7.82/DE ¼ 7.96/

m ¼ 4.60)

G*t$C*tO2(wWC)
(DG ¼ 6.12/DE ¼ 6.78/m ¼ 6.88)

G*tN2$C*(wWC)Y 4 G*tN2$C*(rwWC)Y {rotation around the lower N3H/N2 H-bond}

G*tN2$C*(wWC)Y
(DG ¼ 0.00/DE ¼ 0.00/

m ¼ 3.78)

TSG*tN2$C*(wWC)Y 4

G*tN2$C*(rwWC)Y
(ni ¼ 28.3 i cm�1)

(DG ¼ 11.90/DE ¼ 13.01/
m ¼ 3.01)

G*tN2$C*(rwWC)Y
(DG ¼ 3.04/DE ¼ 3.02/m ¼ 2.79)

G*tN2$C*(rwWC)Y 4 G*tN2$C*(wWC)[ {rotation around the upper N1H/O2 H-bond}

G*tN2$C*(rwWC)Y
(DG ¼ 0.00/DE ¼ 0.00/

m ¼ 2.79)

TSG*tN2$C*(rwWC)Y 4

G*tN2$C*(wWC)[ (ni ¼ 36.4
i cm�1) (DG ¼ 8.06/DE ¼

8.02/m ¼ 3.67)

G*tN2$C*(wWC)[
(DG ¼ 7.28/DE ¼ 9.50/m ¼ 4.23)

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 25700–25730 | 25715
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Table 1 (Contd. )

G*tN2$C*
t(rwWC)Y 4 G*tN2$C*

t(wWC)[ {rotation around the upper N1H/O2 H-bond}

G*tN2$C*
t(rwWC)Y

(DG ¼ 0.00/DE ¼ 0.00/
m ¼ 4.63)

TSG*tN2$C*t(rwWC)Y 4

G*tN2$C*t(wWC)[
(ni ¼ 28.9 i cm�1)

(DG ¼ 9.92/DE ¼ 9.99/
m ¼ 4.01)

G*tN2$C*
t(wWC)[

(DG ¼ 10.08/DE ¼ 11.62/m ¼ 1.83)

Hoogsteen (H), reverse Hoogsteen (rH), wobble Hoogsteen (wH) and reverse wobble Hoogsteen (rwH) congurations
G*$C*(rH) 4 G*$C*(H) {rotation around the middle N3H/N7 H-bond}

G*$C*(rH)
(DG ¼ 0.00/DE ¼ 0.00/

m ¼ 2.84)

TSG*$C*(H) 4 G*$C*(rH)

(ni ¼ 11.3 i cm�1)
(DG ¼ 3.58/DE ¼ 2.90/

m ¼ 1.45)

G*$C*(H)
(DG ¼ 0.76/DE ¼ 0.75/m ¼ 2.22)

G*t$C*(H) 4 G*t$C*(rH) {rotation around the middle N3H/N7 H-bond}
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Table 1 (Contd. )

G*t$C*(H)
(DG ¼ 0.00/DE ¼ 0.00/

m ¼ 5.16)

TSG*t$C*(H) 4 G*t$C*(rH)

(ni ¼ 25.8 i cm�1)
(DG ¼ 11.35/DE ¼ 12.71/

m ¼ 3.33)

G*t$C*(rH)
(DG ¼ 2.59/DE ¼ 2.72/m ¼ 5.43)

G*t$C*(H) 4 G*t$C*(rwH) {rotation around the upper O6H/N4 H-bond}

G*t$C*(H)
(DG ¼ 0.00/DE ¼ 0.00/

m ¼ 5.16)

TSG*t$C*(H) 4 G*t$C*(rwH)

(ni ¼ 19.5 i cm�1)
(DG ¼ 8.37/DE ¼ 8.98/

m ¼ 7.54)

G*t$C*(rwH)
(DG ¼ 5.28/DE ¼ 7.08/m ¼ 7.71)

G*t$C*(rH) 4 G*t$C*(wWC/H) {rotation around the upper O6H/O2 H-bond}

G*t$C*(rH)
(DG ¼ 0.00/DE ¼ 0.00/

m ¼ 5.43)

TSG*t$C*(rH) 4 G*t$C*(wWC/H)

(ni ¼ 12.0 i cm�1)
(DG ¼ 8.79/DE ¼ 9.31/

m ¼ 6.73)

G*t$C*(wWC/H)
(DG ¼ 7.05/DE ¼ 9.12/m ¼ 4.12)

G*t$C*O2(wH)[ 4 G*t$C*O2(rwH)Y {rotation around the lower O2H/N7 H-bond}
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Table 1 (Contd. )

G*t$C*O2(wH)[ (DG ¼ 0.00/
DE ¼ 0.00/m ¼ 6.70)

TSG*t$C*O2(wH)[ 4

G*t$C*O2(rwH)Y
(ni ¼ 48.0 i cm�1)

(DG ¼ 8.53/DE ¼ 9.22/
m ¼ 4.25)

G*t$C*O2(rwH
)Y

(DG ¼ 3.93/DE ¼ 4.69/m ¼ 2.36)

G*t$C*O2(wH)[ 4 G*t$C*O2(rwH) {rotation around the upper O6H/N3 H-bond}

G*t$C*O2(wH
)[

(DG ¼ 0.00/DE ¼ 0.00/
m ¼ 6.70)

TSG*t$C*O2(wH)[ 4

G*t$C*O2(rwH)

(ni ¼ 104.7 i cm�1)
(DG ¼ 9.87/DE ¼ 11.67/

m ¼ 7.58)

G*t$C*O2(rwH)
(DG ¼ 4.84/DE ¼ 6.47/m ¼ 8.22)

G*t$C*O2(wH)[ 4 G*t$C*O2(rwWC/H) {rotation around the upper O6H/N3 H-bond}

G*t$C*O2(wH)[
(DG ¼ 0.00/DE ¼ 0.00/

m ¼ 6.70)

TSG*t$C*O2(wH)[ 4

G*t$C*O2(rwWC/H)

(ni ¼ 42.0 i cm�1)
(DG ¼ 9.67/DE ¼ 9.96/

m ¼ 7.55)

G*t$C*O2(rwWC/H)
(DG ¼ 8.47/DE ¼ 9.73/m ¼ 2.47)
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Table 1 (Contd. )

G*t$C*tO2(wH
)[ 4 G*t$C*tO2(rwH

)[ {rotation around the middle O6H/N3 H-bond}

G*t$C*tO2(wH)[
(DG ¼ 0.00/DE ¼ 0.00/

m ¼ 7.97)

TSG*t$C*tO2(wH)[ 4

G*t$C*tO2(rwH)[
(ni ¼ 32.2 i cm�1)

(DG ¼ 10.62/DE ¼ 10.82/
m ¼ 6.28)

G*t$C*tO2(rwH)[
(DG ¼ 6.55/DE ¼ 6.58/m ¼ 1.39)

G*t$C*tO2(wH)[ 4 G*t$C*tO2(rwH)Y {rotation around the lower O2H/N7 H-bond}

G*t$C*tO2(wH)[
(DG ¼ 0.00/DE ¼ 0.00/

m ¼ 7.97)

TSG*t$C*tO2(wH)[ 4

G*t$C*tO2(rwH)Y
(ni ¼ 45.2 i cm�1)

(DG ¼ 9.15/DE ¼ 9.55/
m ¼ 5.92)

G*t$C*tO2(rwH
)Y

(DG ¼ 6.31/DE ¼ 7.84/m ¼ 2.39)

G*t$C*tO2(rwH
)Y 4 G*t$C*tO2(wH)Y {rotation around the lower C8H/N3 H-bond}

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 25700–25730 | 25719
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Table 1 (Contd. )

G*t$C*tO2(rwH
)Y

(DG ¼ 0.00/DE ¼ 0.00/
m ¼ 2.39)

TSG*t$C*tO2(rwH)Y 4

G*t$C*tO2(wH)Y
(ni ¼ 14.2 i cm�1)

(DG ¼ 8.89/DE ¼ 9.99/
m ¼ 8.04)

G*t$C*tO2(wH
)Y

(DG ¼ 7.28/DE ¼ 9.78/m ¼ 7.64)

G*t$C(wH)Y 4 G*t$C(rwH) {rotation around the upper N4H/N7 H-bond}

G*t$C(wH)Y
(DG ¼ 0.00/DE ¼ 0.00/

m ¼ 4.66)

TSG*t$C(wH)Y 4 G*t$C(rwH)

(ni ¼ 26.7 i cm�1)
(DG ¼ 4.74/DE ¼ 3.84/

m ¼ 3.41)

G*t$C(rwH)
(DG ¼ 2.45/DE ¼ 1.23/m ¼ 4.29)

G*t$C(rwH)[ 4 G*t$C(wH)Y {rotation around the lower N4H/N7 H-bond}

G*t$C(rwH)[
(DG ¼ 0.00/DE ¼ 0.00/

m ¼ 8.25)

TSG*t$C(rwH)[ 4 G*t$C(wH)Y
(ni ¼ 25.5 i cm�1)

(DG ¼ 5.72/DE ¼ 3.92/
m ¼ 4.50)

G*t$C(wH)Y
(DG ¼ 2.73/DE ¼ 4.24/m ¼ 4.66)

G*t$C(rwH)[ 4 G*t$C(wH)[ {rotation around the upper O6H/N3 H-bond}
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Table 1 (Contd. )

G*t$C(rwH)[
(DG ¼ 0.00/DE ¼ 0.00/

m ¼ 8.25)

TSG*t$C(rwH)[ 4 G*t$C(wH)[
(ni ¼ 32.2 i cm�1)

(DG ¼ 3.67/DE ¼ 3.64/
m ¼ 8.84)

G*t$C(wH)[
(DG ¼ 2.00/DE ¼ 3.34/m ¼ 7.91)

G*N7$C*(rwH)[ 4 G*N7$C*(wH)[ {rotation around the upper N3H/O6 H-bond}

G*N7$C*(rwH)[
(DG ¼ 0.00/DE ¼ 0.00/

m ¼ 10.28)

TSG*N7$C*(rwH)[ 4

G*N7$C*(wH)[
(ni ¼ 34.7 i cm�1)

(DG ¼ 13.36/DE ¼ 13.06/
m ¼ 9.49)

G*N7$C*(wH)[
(DG ¼ 3.25/DE ¼ 3.12/m ¼ 9.46)

G*N7$C*(rwH)[ 4 G*N7$C*(wH) {rotation around the lower N7H/N4 H-bond}

G*N7$C*(rwH)[
(DG ¼ 0.00/DE ¼ 0.00/

m ¼ 10.28)

TSG*N7$C*(rwH)[ 4 G*N7$C*(wH)

(ni ¼ 19.5 i cm�1)
(DG ¼ 8.70/DE ¼ 7.53/

m ¼ 4.58)

G*N7$C*(wH)
(DG ¼ 4.62/DE ¼ 4.71/m ¼ 4.42)

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 25700–25730 | 25721
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Table 1 (Contd. )

G*N7$C*
t(wH)[ 4 G*N7$C*

t(rwH)[ {rotation around the middle N3H/O6 H-bond}

G*N7$C*
t(wH)[

(DG ¼ 0.00/DE ¼ 0.00/
m ¼ 9.52)

TSG*N7$C*t(wH)[ 4

G*N7$C*t(rwH)[
(ni ¼ 46.0 i cm�1)

(DG ¼ 12.63/DE ¼ 12.92/
m ¼ 9.89)

G*N7$C*
t(rw

H
)
[

(DG ¼ 6.43/DE ¼ 6.23/m ¼ 9.80)

G*O6/N7$C*(wH)Y 4 G*O6/N7$C*(rwH)Y {rotation around the lower N3H/C8 H-bond}

G*O6/N7$C*(wH)Y
(DG ¼ 0.00/DE ¼ 0.00/

m ¼ 3.49)

TSG*O6/N7$C*(wH)Y 4 G*O6/

N7$C*(rwH)Y
(ni ¼ 20.2 i cm�1)

(DG ¼ 8.82/DE ¼ 9.66/
m ¼ 1.52)

G*O6/N7$C*(rwH
)Y

(DG ¼ 2.29/DE ¼ 2.42/m ¼ 2.49)

G*O6/N7$C*(wH)Y 4 G*O6/N7$C*(rwH)[ {rotation around the upper N7H/N4 H-bond}
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Table 1 (Contd. )

G*O6/N7$C*(wH)Y
(DG ¼ 0.00/DE ¼ 0.00/
m ¼ 3.49)

TSG*O6/N7$C*(wH)Y 4 G*O6/

N7$C*(rwH)[
(ni ¼ 15.7 i cm�1)
(DG ¼ 8.12/DE ¼ 8.84/
m ¼ 5.47)

G*O6/N7$C*(rwH
)[

(DG ¼ 4.17/DE ¼ 4.14/m ¼ 5.21)

G*O6/N7$C*(rwH)[ 4 G*O6/N7$C*(wH)[ {rotation around the upper N3H/O6 H-bond}

G*O6/N7$C*(rwH)[
(DG ¼ 0.00/DE ¼ 0.00/
m ¼ 5.21)

TSG*O6/N7$C*(rwH)[ 4 G*O6/

N7$C*(wH)[
(ni ¼ 16.3 i cm�1)
(DG ¼ 6.72/DE ¼ 7.98/
m ¼ 4.79)

G*O6/N7$C*(wH)[
(DG ¼ 1.66/DE ¼ 1.97/m ¼ 5.68)

G*O6/N7$C*(rwH)Y 4 G*O6/N7$C*(wH)[ {rotation around the upper N7H/O2 H-bond}

G*O6/N7$C*(rwH)Y
(DG ¼ 0.00/DE ¼ 0.00/
m ¼ 2.49)

TSG*O6/N7$C*(rwH)Y 4 G*O6/

N7$C*(wH)[
(ni ¼ 20.6 i cm�1)
(DG ¼ 6.75/DE ¼ 7.56/
m ¼ 3.19)

G*O6/N7$C*(wH)[
(DG ¼ 3.54/DE ¼ 3.68/m ¼ 5.68)

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 25700–25730 | 25723

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Ju

ly
 2

02
1.

 D
ow

nl
oa

de
d 

on
 6

/1
3/

20
26

 2
:3

7:
47

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra08702e


Table 1 (Contd. )

G*tO6/N7$C*(wH)Y 4 G*tO6/N7$C*(rwH)Y {rotation around the lower N3H/C8 H-bond}

G*tO6/N7$C*(wH)Y
(DG ¼ 0.00/DE ¼ 0.00/

m ¼ 4.81)

TSG*tO6/N7$C*(wH)Y 4 G*tO6/

N7$C*(rwH)Y
(ni ¼ 18.1 i cm�1)

(DG ¼ 10.40/DE ¼ 11.68/
m ¼ 2.71)

G*tO6/N7$C*(rwH)Y
(DG ¼ 2.25/DE ¼ 2.28/m ¼ 4.41)
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nucleobase pair. This G$C(WC) 4 G$C(rwWC) conformational
transformation occurs by the rotation of the G and C bases
accordingly each other around the middle intermolecular (G)
N1H/N3(C) H-bond and is accompanied by the rebuilding of
the intermolecular H-bonds: (C)N4H/O6(G), (G)N1H/N3(C),
(G)N2H/O2(C) / (G)N1H/N3(C), (G)N2H/N3(C), (C)N4H/
N2(G). Unusually, this transition leads to the changing of the
geometry from the Watson–Crick-like to wobble-like, which is
signicantly non-planar with signicantly non-planar NH2

amino group of the G base. Notably, that during this transition
nucleobases do not change their tautomeric status. This ob-
tained data complement the results of the previous works.42,48,49

2. It was established that rotation of the G and C bases in the
reverse Hoogsteen G*$C*(rH) base pair around the middle
intermolecular (C)N3H/N7(G) H-bond leads to the Hoogsteen
G*$C*(H) base pair, causing the transformation of the inter-
molecular specic contacts: (G)O6/O2(C), (C)N3H/N7(G), (G)
C8H/N4(C)/ (G)O6/N4(C), (C)N3H/N7(G), (G)C8H/O2(C)
(Table 1).

3. It was shown that tight G+$C�(rWC) ion pair relaxes to the
classical Watson–Crick G$C(WC) nucleobase pair by the rota-
tion around the middle (G)N1H/N3(C) H-bond, which is
assisted by the proton transfer along this H-bond from the G+ to
C� base. As a result of this transition, it is formed molecular
structure, which is not ionic and is characterized by the low
value of the imaginary frequency (ni ¼ 37.2 cm�1) (Table 1).

4. It was proven that the Watson–Crick G*$C*(WC) and
reverse Watson–Crick G*$C*(rWC) base pairs, from the one
side, and the Hoogsteen G*t$C*(H) and reverse Hoogsteen
G*t$C*(rH) base pairs, from the other side, turn one into
another by the rotations around the middle intermolecular H-
25724 | RSC Adv., 2021, 11, 25700–25730
bond: G*$C*(WC) 4 G*$C*(rWC) and G*t$C*(H) 4

G*t$C*(rH) conformational transitions (Table 1). Conforma-
tional transition of the so-called Löwdin G*$C*(WC) nucleobase
pair, involving G* and C* rare tautomers of the nucleobases,
occurs through the rotation of the G* and C* tautomers around
the intermolecular (C)N3H/N1(G) H-bond through the non-
planar TSG*$C*(WC)4G*$C*(rWC), stabilized by single (C)N3H/
N1(G) H-bond (Table 1). This G*$C*(WC) 4 G*$C*(rWC)
conformational transition leads to the so-called reverse
Löwdin's G*$C*(rWC) nucleobase pair with trans-oriented N1H
and N9H glycosidic bonds. Geometry of the formed G*$C*(rWC)
nucleobase pair is Watson–Crick-like. Both Hoogsteen
G*t$C*(H) and reverse Hoogsteen G*t$C*(rH) base mispairs
conformationally transform into the reverse wobble
G*t$C*(rwH) and wobble G*t$C*(wWC/H) base mispairs,
respectively, via the mutual rotations of the bases around the
intermolecular H-bonds: G*t$C*(H) 4 G*t$C*(rwH) and
G*t$C*(rH) 4 G*t$C*(wWC/H), respectively.

5. Rotation of the G* and C* rare tautomers in the Löwdin's
G*$C*(WC) nucleobase pair around the upper (G)O6H/N4(C)
or lower (G)N2H/O2(C) H-bonds leads to the formation of the
two reverse wobble G*$C*(rwWC/H) and G*$C*(rwWC) base mis-
pairs, respectively: G*$C*(WC) 4 G*$C*(rwWC/H) and
G*$C*(WC) 4 G*$C*(rwWC) conformational transformations,
accordingly (Table 1).

6. The same situation is observed for the reverse Löwdin's
G*$C*(rWC) nucleobase pair: G*$C*(rWC) 4 G*$C*(wWC/H)
and G*$C*(rWC) 4 G*$C*(wWC) conformational trans-
formations, which occur via the mutual rotations of the bases
around the upper (G)O6H/O2(C) and lower (G)N2H/N4(C) H-
bonds, respectively, leading to the formation of the wobble
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Vibrational, energetic and polar characteristics of the conformational transformations of the G$C nucleobase pairs via the mutual
rotations of the bases around the intermolecular H-bonds, obtained at the MP2/6-311++G(2df,pd)//B3LYP/6-311++G(d,p) level of theory in
vacuum (3 ¼ 1) under normal conditions (T ¼ 298.15 K) (see Table 1)

Conformational transformation ni TS
a DGb DEc DDGTS

d DDETS
e mTS

f

Watson–Crick (WC), reverse Watson–Crick (rWC), wobble Watson–Crick (wWC) and reverse wobble Watson–Crick (rwWC) congurations
G$C(WC) 4 G$C(rwWC) 24.2 11.53 13.09 12.63 13.30 7.94
G+$C(rWC) 4 G$C(WC) 37.2 �14.55 �15.33 6.93 7.06 4.12
G*$C*(WC) 4 G*$C*(rWC) 37.2 2.03 2.07 13.11 14.53 4.12
G*$C*(WC) 4 G*$C*(rwWC/H) 17.7 7.63 10.21 10.05 11.17 6.47
G*$C*(WC) 4 G*$C*(rwWC) 30.3 11.95 14.30 12.98 14.53 5.21
G*$C*(rWC) 4 G*$C*(wWC/H) 11.8 8.40 11.16 10.29 11.67 6.09
G*$C*(rWC) 4 G*$C*(wWC) 33.3 8.76 11.00 9.95 11.28 5.86
G$C*O2(rWC) 4 G$C*O2(wWC) 43.4 16.74 17.33 19.04 19.92 7.45
G*$C*(rwWC/H) 4 G*$C*(wWC/H) 18.8 2.80 3.02 7.49 7.16 3.94
G*t$C*(rwWC/H) 4 G*t$C*(wWC/H) 11.2 4.37 4.76 8.48 8.35 3.30
G*t$C*(rWC) 4 G*t$C*(WC) 24.0 1.34 1.54 5.23 6.28 1.08
G*t$C*(rWC) 4 G*t$C*(wWC) 14.6 2.74 4.24 4.13 3.97 2.10
G$C*tO2(rWC) 4 G$C*tO2(wWC) 36.4 9.20 9.84 12.28 13.65 7.40
G*t$C*t(WC) 4 G*t$C*t(rwWC)[ 21.7 3.69 5.37 5.05 6.01 3.51
G*t$C*t(WC) 4 G*t$C*t(rwWC) 27.3 5.36 7.03 6.69 6.91 1.92
G$C*(wWC)[ 4 G$C*(rwWC) 18.1 3.20 3.88 4.97 5.50 9.37
G$C*(rwWC) 4 G$C*(wWC) 24.2 1.83 2.37 7.36 7.73 10.57
G$C*(rwWC)[ 4 G$C*(wWC)[ 26.5 1.38 1.55 9.98 11.47 6.10
G$C*(rwWC)[ 4 G$C*(wWC) 37.4 2.75 3.05 4.34 5.80 8.68
G*$C(rwWC)[ 4 G*$C(wWC/H) 38.1 2.29 4.06 3.73 4.71 7.39
G*$C(rwWC)[ 4 G*$C(wWC)Y 29.8 3.32 4.09 8.09 9.14 6.05
G*$C(wWC)Y 4 G*$C(rwWC) 36.5 2.08 2.81 2.96 2.91 5.63
G*$C*O2(wWC)[ 4 G*$C*O2(rwWC)Y 42.8 3.09 3.82 12.20 11.29 4.64
G*$C*O2(wWC)[ 4 G*$C*O2(rwWC/H) 55.3 8.74 9.01 11.52 11.00 6.00
G*$C*O2(rwWC)Y 4 G*$C*O2(wWC) 87.3 7.07 6.14 9.10 7.84 4.48
G*N2$C*(wWC)Y 4 G*N2$C*(rwWC)Y 36.5 1.68 1.00 13.90 15.15 2.62
G*t$C*O2(rwWC)Y 4 G*t$C*O2(wWC) 72.6 8.04 8.49 9.55 9.27 1.75
G*$C*tO2(wWC)[ 4 G*$C*tO2(rwWC/H) 51.0 8.10 8.45 11.26 11.09 5.39
G*$C*tO2(wWC)[ 4 G*$C*tO2(rwWC)Y 39.5 5.73 5.65 11.27 10.80 5.74
G*$C*tO2(rwWC)Y 4 G*$C*tO2(wWC) 101.9 4.58 4.75 6.87 6.58 4.03
G*t$C*tO2(rwWC)Y 4 G*t$C*tO2(wWC) 92.9 6.12 6.78 7.82 7.96 4.60
G*tN2$C*(wWC)Y 4 G*tN2$C*(rwWC)Y 28.3 3.04 3.02 11.90 13.01 3.01
G*tN2$C*(rwWC)Y 4 G*tN2$C*(wWC)[ 36.4 7.28 9.50 8.06 8.02 3.67
G*tN2$C*

t(rwWC)Y 4 G*tN2$C*
t(wWC)[ 28.9 10.08 11.62 9.92 9.99 4.01

Hoogsteen (H), reverse Hoogsteen (rH), wobble Hoogsteen (wH) and reverse wobble Hoogsteen (rwH) congurations
G*$C*(rH) 4 G*$C*(H) 11.3 0.76 0.75 3.58 2.90 1.45
G*t$C*(H) 4 G*t$C*(rH) 25.8 2.59 2.72 11.35 12.71 3.33
G*t$C*(H) 4 G*t$C*(rwH) 19.5 5.28 7.08 8.37 8.98 7.54
G*t$C*(rH) 4 G*t$C*(wWC/H) 12.0 7.05 9.12 8.79 9.31 6.73
G*t$C*O2(wH)[ 4 G*t$C*O2(rwH)Y 48.0 3.93 4.69 8.53 9.22 4.25
G*t$C*O2(wH)[ 4 G*t$C*O2(rwH) 104.7 4.84 6.47 9.87 11.67 7.58
G*t$C*O2(wH)[ 4 G*t$C*O2(rwWC/H) 42.0 8.47 9.73 9.67 9.96 7.55
G*t$C*tO2(wH)[ 4 G*t$C*tO2(rwH)[ 32.2 6.55 6.58 10.62 10.82 6.28
G*t$C*tO2(wH)[ 4 G*t$C*tO2(rwH)Y 45.2 6.31 7.84 9.15 9.55 5.92
G*t$C*tO2(rwH)Y 4 G*t$C*tO2(wH)Y 14.2 7.28 9.78 8.89 9.99 8.04
G*t$C(wH)Y 4 G*t$C(rwH) 26.7 2.45 1.23 4.74 3.84 3.41
G*t$C(rwH)[ 4 G*t$C(wH)Y 25.5 2.73 4.24 5.72 3.92 4.50
G*t$C(rwH)[ 4 G*t$C(wH)[ 32.2 2.00 3.34 3.67 3.64 8.84
G*N7$C*(rwH)[ 4 G*N7$C*(wH)[ 34.7 3.25 3.12 13.36 13.06 9.49
G*N7$C*(rwH)[ 4 G*N7$C*(wH) 19.5 4.62 4.71 8.70 7.53 4.58
G*N7$C*

t(wH)[ 4 G*N7$C*
t(rwH)[ 46.0 6.43 6.23 12.63 12.92 9.89

G*O6/N7$C*(wH)Y 4 G*O6/N7$C*(rwH)Y 20.2 2.29 2.42 8.82 9.66 1.52
G*O6/N7$C*(wH)Y 4 G*O6/N7$C*(rwH)[ 15.7 4.17 4.14 8.12 8.84 5.47
G*O6/N7$C*(rwH)[ 4 G*O6/N7$C*(wH)[ 16.3 1.66 1.97 6.72 7.98 4.79
G*O6/N7$C*(rwH)Y 4 G*O6/N7$C*(wH)[ 20.6 3.54 3.68 6.75 7.56 3.19
G*tO6/N7$C*(wH)Y 4 G*tO6/N7$C*(rwH)Y 18.1 2.25 2.28 10.40 11.67 2.71

a Imaginary frequency at the TS of the conformational transformation, cm�1. b Relative Gibbs free energy of the formed G$C nucleobase pair (T ¼
298.15 K), kcal mol�1. c Relative electronic energy of the formed G$C nucleobase pair, kcal mol�1. d Relative Gibbs free energy of the TS of the
conformational transformation (T ¼ 298.15 K), kcal mol�1. e Relative electronic energy of the TS of the conformational
transformation, kcal mol�1. f Dipole moment of the TS, D.

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 25700–25730 | 25725
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G*$C*(wWC/H) and G*$C*(wWC) base mispairs, accordingly
(Table 1).

7. The G$C*O2(rWC) 4 G$C*O2(wWC) conformational trans-
formation of the reverse Watson–Crick G$C*O2(rWC) nucleo-
base pair by the participation of the G base and C*O2 tautomer
of the C nucleobase proceeds through the rotation of the G and
C*O2 bases around the middle (G)N1H/N3(C) H-bond and
leads to the formation of the wobble G$C*O2(wWC) base pair,
which has non-planar geometry. So, this conformational
transformation greatly changes the geometry of the initial
G$C*O2(rWC) base pair from reverse Watson–Crick geometry to
wobble Watson–Crick geometry.

8. The G*$C*(rwWC/H) and G*$C*(wWC/H) base mispairs
mutually transform into each other through themutual rotation
of the bases around the intermolecular lower (C)N3H/O6(G) H-
bond: G*$C*(rwWC/H) 4 G*$C*(wWC/H) (Table 1). Similar
transformation occurs also for the G*t$C*(rwWC/H) and
G*t$C*(wWC/H) base mispairs by the participation of the G*t

base with trans-oriented O6H hydroxyl group: G*t$C*(rwWC/H)
4 G*t$C*(wWC/H) (Table 1).

9. The G*t$C*(rWC) 4 G*t$C*(WC) and G*t$C*(rWC) 4

G*t$C*(wWC) conformational transformations of the reverse
Watson–Crick G*t$C*(rWC) base pair occur via the mutual
rotations of the bases around the middle (C)N3H/N1(G) and
lower (G)N2H/N4(C) H-bonds, respectively, and lead to the
Watson–Crick G*t$C*(WC) or wobble Watson–Crick
G*t$C*(wWC) nucleobase mispairs, respectively (Table 1). The
G$C*tO2(rWC)4 G$C*tO2(wWC) conformational transformation
proceeds for the reverse Watson–Crick G$C*tO2(rWC) base
mispair by the participation of the G base and C*tO2 tautomer
with trans-oriented N4H imino group and leads to the wobble
Watson–Crick G$C*tO2(wWC) base mispair (Table 1).

10. It is especially interesting to consider the conformational
transformations of the novel, unusual Watson–Crick
G*t$C*t(WC) and reverse Watson–Crick G*t$C*(rWC) base pairs
by the participation of the G*t and C*t rare tautomers with trans-
oriented hydroxyl group of the G*t base and trans-oriented
imino group of the C*t base, respectively.

Thus, the G*t$C*t(WC) 4 G*t$C*t(rwWC)[ and G*t$C*t(WC)
4 G*t$C*t(rwWC) conformational transformations of the
G*t$C*t(WC) base mispair via the mutual rotations of the bases
around the middle (C)N3H/N1(G) or lower (G)N2H/O2(C) H-
bonds lead to the formation of the reverse wobble
G*t$C*t(rwWC)[ or G*t$C*t(rwWC) base pairs, respectively (Table
1). It was also revealed mutual conformational transformations
between formed wobble base mispairs.

11. In general, conformational transformations of the G$C
base pairs in Watson–Crick (WC), reverse Watson–Crick (rWC),
wobble Watson–Crick (wWC) and reverse wobble Watson–Crick
(rwWC) congurations occur via the mutual rotation of the bases:

– around the upper H-bond: G*$C*(WC) 4 G*$C*(rwWC/H),
G*$C*(rWC) 4 G*$C*(wWC/H), G*

t$C*(rwWC/H) 4 G*t$C*(wWC/

H), G$C*(rwWC)[4 G$C*(wWC)[, G*$C(rwWC)[4 G*$C(wWC/H),
G*$C*O2(wWC)[ 4 G*$C*O2(rwWC/H), G*$C*tO2(wWC)[ 4

G*$C*tO2(rwWC/H), G*tN2$C*(rwWC)Y 4 G*tN2$C*(wWC)[,
G*tN2$C*

t(rwWC)Y 4 G*tN2$C*
t(wWC)[;
25726 | RSC Adv., 2021, 11, 25700–25730
– around the middle H-bond: G$C(WC) 4 G$C(rwWC),
G+$C�(rWC) 4 G$C(WC), G*$C*(WC) 4 G*$C*(rWC),
G$C*O2(rWC) 4 G$C*O2(wWC), G*

t$C*(rWC) 4 G*t$C*(WC),
G$C*tO2(rWC) 4 G$C*tO2(wWC), G*t$C*t(WC) 4

G*t$C*t(rwWC)[;
– around the lower H-bond: G*$C*(WC) 4 G*$C*(rwWC),

G*$C*(rWC) 4 G*$C*(wWC), G*$C*(rwWC/H) 4 G*$C*(wWC/H),
G*t$C*(rWC) 4 G*t$C*(wWC), G*

t$C*t(WC) 4 G*t$C*t(rwWC),
G$C*(wWC)[ 4 G$C*(rwWC), G$C*(rwWC) 4 G$C*(wWC),
G$C*(rwWC)[ 4 G$C*(wWC), G*$C(rwWC)[ 4 G*$C(wWC)Y,
G*$C(wWC)Y 4 G*$C(rwWC), G*$C*O2(wWC)[ 4 G*$C*O2
(rwWC)Y, G*$C*O2(rwWC)Y 4 G*$C*O2(wWC), G*N2$C*(wWC)Y 4

G*N2$C*(rwWC)Y, G*t$C*O2(rwWC)Y 4 G*t$C*O2(wWC),
G*$C*tO2(wWC)[ 4 G*$C*tO2(rwWC)Y, G*$C*tO2(rwWC)Y 4

G*$C*tO2(wWC), G*t$C*tO2(rwWC)Y 4 G*t$C*tO2(wWC),
G*tN2$C*(wWC)Y 4 G*tN2$C*(rwWC)Y.

G$C nucleobase pairs in the WC, rWC, wWC and rwWC

congurations are connected by the NH/O, NH/N, OH/N,
OH/O H-bonds and attractive O/O/O/N van der Waals
contacts.

Among the WC, rWC, wWC and rwWC G$C base pairs the
following complexes have signicantly non-planar geometry:
G$C(rwWC), G*$C*(rwWC), G*$C*(wWC), G*t$C*t(rwWC),
G*t$C*(rWC), G*t$C*(WC), G*t$C*(wWC), G$C*O2(wWC),
G$C*tO2(rWC), G$C*tO2(wWC), G$C*(rwWC), G$C*(wWC),
G*$C(rwWC)[, G*$C(wWC/H), G*$C(wWC)Y, G*$C(rwWC),
G*$C*O2(wWC), G*t$C*O2(wWC), G*$C*tO2(wWC) and G*t$C*tO2
(wWC). This non-planarity of the base pairs is caused by the sp3

hybridization of the NH2 amino group of the G base and its non-
planarity.

12. Conformational transitions of the G$C nucleobase pairs
in H, rH, wH and rwH congurations proceed through the
mutual rotations of the bases:

– around the upper H-bond: G*t$C*(H) 4 G*t$C*(rwH),
G*t$C*(rH) 4 G*t$C*(wWC/H), G*t$C*O2(wH)[ 4 G*t$C*O2
(rwH), G*t$C*O2(wH)[ 4 G*t$C*O2(rwWC/H), G*t$C(wH)Y 4

G*t$C(rwH), G*t$C(rwH)[ 4 G*t$C(wH)[, G*N7$C*(rwH)[ 4

G*N7$C*(wH)[, G*O6/N7$C*(wH)Y 4 G*O6/N7$C*(rwH)[,
G*O6/N7$C*(rwH)[ 4 G*O6/N7$C*(wH)[, G*O6/N7$C*(rwH)Y 4

G*O6/N7$C*(wH)[;
– around the middle H-bond: G*$C*(rH) 4 G*$C*(H),

G*t$C*(H) 4 G*t$C*(rH), G*t$C*tO2(wH)[ 4 G*t$C*tO2(rwH)[,
G*N7$C*

t(wH)[ 4 G*N7$C*
t(rwH)[;

– around the lower H-bond: G*t$C*O2(wH)[ 4 G*t$C*O2
(rwH)Y, G*

t$C*tO2(wH)[ 4 G*t$C*tO2(rwH)Y, G*
t$C*tO2(rwH)Y 4

G*t$C*tO2(wH)Y, G*
t$C(rwH)[ 4 G*t$C(wH)Y, G*N7$C*(rwH)[ 4

G*N7$C*(wH), G*O6/N7$C*(wH)Y 4 G*O6/N7$C*(rwH)Y,
G*tO6/N7$C*(wH)Y 4 G*tO6/N7$C*(rwH)Y.

By using QTAIM analysis it was identied that H, rH, wH and
rwH conformers of the G$C nucleobase pair are bounded by the
CH/N, NH/C, NH/O, NH/N, OH/N and OH/O H-bonds.

Among the G$C nucleobase pairs in H, rH, wH and rwH

congurations the following complexes have signicantly non-
planar geometry: G*t$C*O2(wH)[, G*t$C*O2(rwWC/H),
G*t$C*tO2(rwH)[, G*t$C*tO2(wH)Y, G*t$C(rwH), G*t$C(rwH)[,
G*t$C(wH)[ and G*N7$C*

t(rwH)[. This non-planarity of the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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complexes is also caused by the non-planarity of the NH2 amino
groups of the G and C nucleobases.

13. It is especially interesting to note the cases, when rota-
tion of the bases within the G$C nucleobase pairs leads to the
changing of the geometry fromWatson–Crick to Hoogsteen and
vice versa through the intermediate wobble (wWC/H) or reverse
wobble (rwWC/H) base pairs via the G*$C*(WC) 4 G*$C*(rwWC/

H), G*$C*(rWC) 4 G*$C*(wWC/H) and G*t$C*(rH) 4

G*t$C*(wWC/H) conformational transformations. This became
possible due to the transformations of the Watson–Crick
G$C(WC), reverse Watson–Crick G$C(rWC) and reverse Hoogs-
teen G$C(rH) base pairs into their tautomerised states –

G*$C*(WC), G*$C*(rWC) and G*t$C*(rH), respectively.
14. All TSs of the conformational transformations are stabi-

lized by specic intermolecular contacts –H-bonds and attractive
van der Waals contacts (from 1 to 3). In the most variety of cases
TSs of the conformational transformations are joined by single
intermolecular H-bond (Table 1): NH/N (TSG+$C-(rWC) 4 G$C(WC),
TSG*$C*(WC) 4 G*$C*(rWC), TSG*t$C*(rWC) 4 G*t$C*(WC), TSG*t$C*t(WC)

4 G*t$C*t(rwWC)[, TSG*$C(rwWC)[ 4 G*$C(wWC)Y, TSG*N2$C*(wWC)Y 4

G*N2$C*(rwWC)Y, TSG*tN2$C*(wWC)Y 4 G*tN2$C*(rwWC)Y; TSG*$C*(rH) 4

G*$C*(H), TSG*t$C*(H) 4 G*t$C*(rH), TSG*t$C(rwH)[ 4 G*t$C(wH)Y, TSG*O6/
N7$C*(wH)Y 4 G*O6/N7$C*(rwH)[); OH/N (TSG*$C*(WC) 4 G*$C*(rwWC/H),
TSG*$C(rwWC)[ 4 G*$C(wWC/H), TSG*$C*O2(wWC)[ 4 G*$C*O2(rwWC)Y,
TSG*$C*O2(wWC)[ 4 G*$C*O2(rwWC/H), TSG*$C*tO2(wWC)[ 4

G*$C*tO2(rwWC/H), TSG*$C*tO2(wWC)[ 4 G*$C*tO2(rwWC)Y); OH/O
(TSG*$C*(rWC) 4 G*$C*(wWC/H)); NH/O (TSG$C*(rwWC)[ 4 G$C*(wWC)[;
TSG*O6/N7$C*(rwH)Y 4 G*O6/N7$C*(wH)[); NH/C (TSG*O6/N7$C*(wH)Y 4

G*O6/N7$C*(rwH)Y, TSG*tO6/N7$C*(wH)Y 4 G*tO6/N7$C*(rwH)Y).
At the same time, there are also cases of the simultaneous co-

existence of the two H-bonds at the TSs (NH/N, NH/O, OH/
N, OH/O and CH/N) (Table 1): TSG*t$C*O2(wH)[ 4 G*t$C*O2(rwH)Y,
TSG*t$C*tO2(wH)[ 4 G*t$C*tO2(rwH)Y, TSG*t$C*tO2(rwH)Y 4 G*t$C*tO2(wH)Y,
TSG*N7$C*(rwH)[ 4 G*N7$C*(wH)[ and TSG*O6/N7$C*(rwH)[ 4 G*O6/

N7$C*(wH)[, especially those involving NH2 amino groups of the G
and C bases (Table 1): TSG*$C*(WC) 4 G*$C*(rwWC), TSG*$C*(rWC) 4

G*$C*(wWC), TSG$C*O2(rWC) 4 G$C*O2(wWC), TSG$C*tO2(rWC) 4

G$C*tO2(wWC), TSG*t$C*t(WC) 4 G*t$C*t(rwWC), TSG$C*(wWC)[ 4

G$C*(rwWC), TSG$C*(rwWC)[ 4 G$C*(wWC), TSG*$C(wWC)Y 4 G*$C(rwWC),
TSG*$C*O2(rwWC)Y 4 G*$C*O2(wWC), TSG*t$C*O2(rwWC)Y 4 G*t$C*O2(wWC),
TSG*$C*tO2(rwWC)Y 4 G*$C*tO2(wWC), TSG*t$C*tO2(rwWC)Y 4

G*t$C*tO2(wWC); TSG*t$C(wH)Y 4 G*t$C(rwH).
Especially interesting are the cases of the following TSs –

TSG$C*O2(rWC) 4 G$C*O2(wWC), TSG$C*tO2(rWC) 4 G$C*tO2(wWC),
TSG$C*(wWC)[ 4 G$C*(rwWC), TSG$C*(rwWC)[ 4 G$C*(wWC), where the
N1H/N3 and N2H/N3/N1H/N3 and N2H/N3/N1H/O2
and N2H/O2/N1H/N4 and N2H/N4 H-bonds are focused on
one common N3/N3/O2/N4 atom, respectively.

Also, there are cases of the H-bonds (NH/O, NH/N and
OH/N), which are combined with attractive van der Waals
contacts (O/O, N/C, O/N and N/N): TSG*$C*(wWC/H) 4

G*$C*(rwWC/H), TSG*t$C*(rwWC/H) 4 G*t$C*(wWC/H), TSG*t$C*(rWC) 4

G*t$C*(wWC), TSG$C*(rwWC) 4 G$C*(wWC), TSG*tN2$C*(rwWC)Y 4

G*tN2$C*(wWC)[, TSG*tN2$C*t(rwWC)Y 4 G*tN2$C*t(wWC)[; TSG*t$C*(H) 4

G*t$C*(rwH), TSG*t$C*(rH) 4 G*t$C*(wWC/H), TSG*t$C*O2(wH)[ 4

G*t$C*O2(rwH), TSG*t$C*O2(wH)[ 4 G*t$C*O2(rwWC/H), TSG*t$C*tO2(wH)[
© 2021 The Author(s). Published by the Royal Society of Chemistry
4 G*t$C*tO2(rwH)[, TSG*t$C(rwH)[ 4 G*t$C(wH)[, TSG*N7$C*(rwH)[ 4

G*N7$C*(wH).
Finally, there are also TSs stabilized by three intermolecular

H-bonds (Table 1): TSG$C(WC) 4 G$C(rwWC) and TSG*N7$C*t(wH)[ 4

G*N7$C*t(rwH)[.
It is especially interesting to note the cases of the TSs –

TSG*t$C*(H) 4 G*t$C*(rwH), TSG*t$C*(rH) 4 G*t$C*(wWC/H),
TSG*t$C*O2(wH)[ 4 G*t$C*O2(rwH), TSG*t$C*O2(wH)[ 4 G*t$C*O2(rwWC/H),
TSG*t$C*tO2(wH)[ 4 G*t$C*tO2(rwH)[, TSG*t$C(rwH)[ 4 G*t$C(wH)[,
TSG*N7$C*(rwH)[ 4 G*N7$C*(wH), TSG*N7$C*t(wH)[ 4 G*N7$C*t(rwH)[,
where the O6H/N4 and N7/N4/O6H/O2 and N7/O2/O6H/
N3 and N7/N3/O6H/N3 and N7/N3/O6H/N3 and N7/N3/
O6H/N3 and N7/N3/O6/N4 and N7H/N4/N4H/O6 and
N3H/O6 H-bonds and attractive van der Waals contacts are
focused on one common N4/O2/N3/N3/N3/N3/N4/O6 atom,
respectively.

15. Moreover, careful analysis of the specicities of the
geometrical structures of the TSs shows that the term “rotation
around the individual intermolecular H-bond” should not be
considered literally, in the sense of the rotation around some
imaginary non-deformable xed axis, but in the sense of the
rotation around labile “axis” of rotation. Notably, that exactly
this circumstance signicantly complicates the procedure of the
localization of the corresponding transition states, which to
some extent could be considered as an art. Localization of the
TSs is also complicated by the fact that corresponding hyper-
surface of the electronic energy is quite diverse. From our point
of view, some results evidence about this, when rotations
around one and the same H-bond, which of course are
controlled by the different TSs, lead to the different structural
consequences, that is to the different conformers of the G$C
nucleobase pair.

16. Investigated conformational transformations are dipole
active, for which the dipole moments of the TSs change in the
wide range of values: m ¼ 1.08–10.57/1.45–9.89 D (Table 1). At
this, in the vast majority of cases, the dipole moments of the TSs
are less than dipole moments of the starting and nal structures
(Table 1).

17. Especial interest attracts conformational transformations
in the G$C(wH)/G$C(rwH) base pairs, where G is in the yilidic
tautomeric form. In all these cases, conformational degree of
freedom ensures the unusual intermolecular C8/HN H-bond:
G*O6/N7$C*(wH)Y 4 G*O6/N7$C*(rwH)Y, G*O6/N7$C*(wH)Y 4

G*O6/N7$C*(rwH)[, G*O6/N7$C*(rwH)Y 4 G*O6/N7$C*(wH)[ and
G*tO6/N7$C*(wH)Y 4 G*tO6/N7$C*(rwH)Y (Table 1).

Conclusions

By the methods of quantum chemistry at the MP2/6-
311++G(2df,pd)//B3LYP/6-311++G(d,p) level of theory, it was
investigated in detail conformational possibilities of the iso-
lated G$C nucleotide base pairs by the participation of the G
and C bases in the canonical and rare tautomeric forms.

Provided investigation of the conformational trans-
formations of the biologically important G$C (WC, rWC, wWC,
rwWC, H, rH, wH and rwH) nucleobase pairs, which is caused by
the rotational mobility of the bases around the individual
RSC Adv., 2021, 11, 25700–25730 | 25727
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intermolecular H-bonds, signicantly extends the existing pull
of the unusual conformers of the G$C base pairs and thoughts
about the microstructural mechanisms of these processes, as
well as about their functional role.

As a result of this investigation, we have revealed a wide set
of the surprising conformers-rotamers of the G$C nucleobase
pairs, which could be incorporated into the double helix of the
parallel or anti-parallel50 DNA and RNA molecules. High-energy
conformers of the G$C nucleobase pair, formed by the inter-
bonded non-dissociative conformational transformations, most
likely in our opinion play the outstanding role in support of the
unique spatial structure of the nucleic acids, especially of the
RNA molecule, and their functionally-important rebuildings,
which are usually caused by the proteins.

And nally, it deserves to pay especial attention to the fact
that localization of the TSs, describing the conformational
mobility of the G$C nucleobase pairs, is quite delicate proce-
dure in its essence, approaching to the art. So, we hope that
presented here results would simplify further work in this
biologically-perspective direction.
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Chemistry, ed. P.-O. Löwdin, New York, NY; London,
Academic Press, 1966, pp. 213–360.

28 O. O. Brovarets’ and D. M. Hovorun, Can tautomerization of
the A$T Watson–Crick base pair via double proton transfer
provoke point mutations during DNA replication? A
comprehensive QM and QTAIM analysis, J. Biomol. Struct.
Dyn., 2014, 32, 127–154.

29 O. O. Brovarets’ and D. M. Hovorun, Proton tunneling in the
A$TWatson–Crick DNA base pair: Myth or reality?, J. Biomol.
Struct. Dyn., 2015, 33, 2716–2720.

30 O. O. Brovarets’ and D. M. Hovorun, Atomistic mechanisms
of the double proton transfer in the H-bonded nucleobase
pairs: QM/QTAIM computational lessons, J. Biomol. Struct.
Dyn., 2018, 37, 1880–1907.

31 O. O. Brovarets’ and D. M. Hovorun, Why the
tautomerization of the G$C Watson–Crick base pair via the
DPT does not cause point mutations during DNA
replication? QM and QTAIM comprehensive analysis, J.
Biomol. Struct. Dyn., 2014, 32, 1474–1499.

32 B. Bezbaruah and B. C. Medhi, Quantum mechanical study
on the proton transfer mechanism within adenine-thymine
and guanine-cytosine base pairs of DNA nucleobase, Indian
J. Adv. Chem. Sci., 2016, 4, 314–320.

33 A. Shekaari and M. Jafari, Modeling the action of
environment on proton tunneling in the adenine–thymine
base pair, Prog. Biophys. Mol. Biol., 2020, 150, 98–103.

34 O. O. Brovarets’, I. S. Voiteshenko, H. E. Perez-Sanchez and
D. M. Hovorun, A QM/QTAIM research under the
magnifying glass of the DPT tautomerisation of the wobble
mispairs involving 2-aminopurine, New J. Chem., 2017, 41,
7232–7243.

35 O. O. Brovarets’, I. S. Voiteshenko and D. M. Hovorun,
Physico-chemical proles of the wobble 4 Watson–Crick
G*$2AP(w) 4 G$2AP(WC) and A$2AP(w) 4 A*$2AP(WC)
tautomerisations: A QM/QTAIM comprehensive survey,
Phys. Chem. Chem. Phys., 2018, 20, 623–636.

36 O. O. Brovarets' and D. M. Hovorun, Renaissance of the
tautomeric hypothesis of the spontaneous point mutations
in DNA: New ideas and computational approaches.
Mitochondrial DNA - New Insights, IntechOpen, ed. H.
Seligmann, London, United Kingdom, 2018, ISBN 978-953-
51-6167-7.
© 2021 The Author(s). Published by the Royal Society of Chemistry
37 O. O. Brovarets’ and D. M. Hovorun, How many
tautomerization pathways connect Watson–Crick-like G*$T
DNA base mispair and wobble mismatches?, J. Biomol.
Struct. Dyn., 2015, 33, 2297–2315.

38 O. O. Brovarets’ and D. M. Hovorun, Novel physico-chemical
mechanism of the mutagenic tautomerisation of the
Watson–Crick-like A$G and C$T DNA base mispairs: A
quantum-chemical picture, RSC Adv., 2015, 5, 66318–66333.

39 O. O. Brovarets' and D. M. Hovorun, Tautomeric transition
between wobble A$C DNA base mispair and Watson–Crick-
like A$C* mismatch: Microstructural mechanism and
biological signicance, Phys. Chem. Chem. Phys., 2015, 17,
15103–15110.

40 O. O. Brovarets’ and D. M. Hovorun, Wobble 4 Watson–
Crick tautomeric transitions in the homo-purine DNA
mismatches: A key to the intimate mechanisms of the
spontaneous transversions, J. Biomol. Struct. Dyn., 2015, 33,
2710–2715.

41 O. O. Brovarets' and D. M. Hovorun, A novel conception for
spontaneous transversions caused by homo-pyrimidine DNA
mismatches: A QM/QTAIM highlight, Phys. Chem. Chem.
Phys., 2015, 17, 21381–21388.

42 O. O. Brovarets' and D. M. Hovorun, New structural
hypostases of the A$T and G$C Watson–Crick DNA base
pairs caused by their mutagenic tautomerisation in
a wobble manner: A QM/QTAIM prediction, RSC Adv.,
2015, 5, 99594–99605.

43 O. O. Brovarets’, K. S. Tsiupa and D. M. Hovorun, Novel
pathway for mutagenic tautomerization of classical A$T
DNA base pairs via sequential proton transfer through
quasi-orthogonal transition states: A QM/QTAIM
investigation, PLoS One, 2018, 13, e0199044.

44 O. O. Brovarets’, K. S. Tsiupa and D. M. Hovorun,
Unexpected A$T(WC) 4 A$T(rWC)/A$T(rH) and A$T(H) 4
A$T(rH)/A$T(rWC) conformational transitions between the
classical A$T DNA base pairs: A QM/QTAIM comprehensive
study, Int. J. Quantum Chem., 2018, 118, e25674.

45 O. O. Brovarets’, K. S. Tsiupa and D. M. Hovorun, Non-
dissociative structural transitions of the Watson–Crick and
reverse Watson–Crick A$T DNA base pairs into the
Hoogsteen and reverse Hoogsteen forms, Sci. Repts., 2018,
8, 10371.

46 O. O. Brovarets’, K. S. Tsiupa and D. M. Hovorun, The
A$T(rWC)/A$T(H)/A$T(rH) 4 A$T*(rwWC)/A$T*(wH)/
A$T*(rwH) mutagenic tautomerization via sequential
proton transfer: A QM/QTAIM study, RSC Adv., 2018, 8,
13433–13445.

47 O. O. Brovarets’, K. S. Tsiupa, A. Dinets and D. M. Hovorun,
Unexpected routes of the mutagenic tautomerization of the
T nucleobase in the classical A$T DNA base pairs: A QM/
QTAIM comprehensive view, Front. Chem., 2018, 6, 532.

48 O. O. Brovarets', T. A. Oliynyk and D. M. Hovorun, Novel
tautomerisation mechanisms of the biologically important
conformers of the reverse Löwdin, Hoogsteen, and reverse
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