Open Access Article. Published on 27 July 2021. Downloaded on 10/24/2025 12:32:12 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue,

i ") Check for updates ‘

Cite this: RSC Adv., 2021, 11, 25700

Received 12th October 2020
Accepted 9th June 2021

DOI: 10.1039/d0ra08702e

rsc.li/rsc-advances

Introduction

Novel mechanisms of the conformational
transformations of the biologically important G-C
hucleobase 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', 12 ** Alona Muradova® and Dmytro M. Hovorun (22°

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 < rWC, WC < rwyc, r'WC < WC, rWC < wyce, Wywe < rwye, H
o rH H < rwy, rH & H rH < wy, wy < rwy. Gibbs free energies AG of activation for these
conformational transformations are AG = 2.96-19.04/3.58-13.36 kcal mol™ (in vacuum under normal
conditions (T = 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, wywc and rwyc configurations and 28 base pairs in H, rH, wy and rwy configurations with
relative Gibbs free AG/electronic AE energies in the range AG/AE = 0.00-44.73/0.00-46.99 and AG/AE
= 0.00-37.52/0.00-38.54 kcal mol™?, 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.

structural variability." However, the pairs of the nucleotide
bases, stabilized by the participation of the intermolecular H-

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
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bonds, are usually considered as conformationally conserva-
tive, despite their soft structures.>* Their structural variability is
usually associated with their insignificant deviations from
planarity, which do not change the configuration of the base
pairs.* 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 after 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,>® 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.élfl‘l

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 significant roles in
functioning of the DNA and RNA biomolecules.”®? 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.’*® Thus, lately it was found out,*** that intrapair
proton transfer in the DNA base pairs causes their mutagenic
tautomerization and conformational changes due to the mutual
shifting 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
reflects the real state of affairs and could be confirmed experi-
mentally.** Such approach significantly extends the biological
importance of tautomerism and indicates that it goes far
beyond the framework of the classical Watson—Crick tautomeric
hypothesis,>* 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,* investigation of the conformational variety of the
classical G-C DNA base pair has been insufficiently provided.
Thus, recently it has been provided comprehensive research***°
of the tautomerization pathways of the reverse Lowdin
G*-C*(rWC), Hoogsteen G*'-C*(H) and reverse Hoogsteen
G*'-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 keal mol™" in vacuum under normal conditions (T =
298.15 K), leading to the novel G-C*q,(tWC), G*y,-C(rWC),
G*'y,- C(rWC), G*y7+C(H) and G*'y,-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,* devoted to the physico-chemical mechanisms of the
tautomeric wobblization of the biologically-important G-C
nucleobase pairs - G*-C*rWC), G*"-C*(H) and G*'-C*(rH),
leading to the novel wobble G-C nucleobase pairs. However,
these representations obviously could not explain the full range
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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), Lowdin
G*-C*WC), reverse Lowdin 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 Lowdin  G*-C*(wwc), wobble Lowdin
G*-C*(rwyy), wobble Hoogsteen G-C(wy) and reverse wobble
Hoogsteen G- C(rwy) 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 < rWC, WC < 1wy, IWC < WC, IWC < wy,
Wwe < Wyc; H « tH, H < rwy, tH < H, rH < wy, wy <
I'Wig.

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.*>>°

As a results of this investigation, for the first 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, wyc and rwyc configurations with
relative Gibbs free AG/electronic AE energies in the range - AG/
AE = 0.00-44.73/0.00-46.99 kcal mol™?, respectively, and 28
base pairs in H, rH, wy and rwy configurations with AG/AE =
0.00-37.52/0.00-38.54 kcal mol™!, respectively, in vacuum
under normal conditions (7' = 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 RNA™? from parallel to anti-
parallel orientation and vice versa®® 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.

reverse

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,* using Gaussian’09 program package.*®
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.**”*® 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.**

We have confirmed local minima and TSs, localized by
Synchronous Transit-guided Quasi-Newton method,* 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 confirmed 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
¢ = 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 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.****

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.®>*

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

G= Eel + Ecorra (1)

where E, - electronic energy and E.,,, — thermal correction.

QTAIM analysis

Bader's quantum theory of Atoms in Molecules (QTAIM)*** was
applied to analyse the electron density distribution, using
program package AIMAIL* 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 (Ap > 0), were considered as criteria for the forma-
tion of the H-bond or attractive van der Waals contact.®* 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.*® In this study rare tautomeric forms of the G and
C nucleobases are marked by an asterisk.*

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 firstly formulated and
analysed basic results, which have been obtained for the first
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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 (AG/AE = 0.00-
33.62/0.00-35.41 and 0.00-35.23/35.50 kcal mol "), respectively,
which are planar and significantly 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 configuration 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) configurations 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), defining
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 specific 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 < rWC, WC < 1wy, TIWC < WC, IWC <
Wwe, Wwe < IWywe, H « tH; H < rwy, tH < H, rH < wy, wy
< 1wy (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 »; = 11.2-101.9/11.3-104.7 cm™ " (Tables
1 and 2), which indicates the structural softness of these
transformations, and relatively low values of their barriers
(AAGys/AAErs = 2.96-19.04/3.58-13.36 kcal mol™' under
normal conditions) (T = 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(rww.)

© 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 the Watson—Crick (WC), reverse Watson—Crick (rWC), wobble Watson—Crick (wyc), reverse wobble Watson—Crick (rwyc),
Hoogsteen (H), reverse Hoogsteen (rH), wobble Hoogsteen (wy) and reverse wobble Hoogsteen (rwy) G-C nucleobase pairs, obtained at the
MP2/6-311++G(2df,pd)//B3LYP/6-311++G(d,p) level of theory (AG - relative Gibbs free and AE — relative electronic energies (in kcal mol™) in
vacuum) under normal conditions (T = 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 (rwy,c) configurations
G-C(WC) < G-C(rwyy) {rotation around the middle N1H---N3 H-bond}

G-C(WC) TSG-cWe) © G-Clrwy) G- C(rwwc)
(AG = 0.00/AE = 0.00/ (i =242icm Y (AG = 11.53/AE = 13.09/u = 8.57)
= 6.03) (AG = 12.63/AE = 13.30/
i =7.94)

G"-C(tWC) < G-C(WC) {rotation around the middle N1H---N3 H-bond}

1.384
549 2.047
1.816,

cconar o mﬁ

G"-C~(rtWC) TSG.c-(1We) — G-C(WC) G-C(WC)
(AG = 0.00/AE = 0.00/ (vi=37.2iem™) (AG = —14.55/AE = —15.33/u = 6.03)
u = 3.20) (AG = 6.93/AE = 7.06/
= 4.12)

G*-C*WC) < 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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G*-C*WC)
(AG = 0.00/AE = 0.00/
& = 6.09)

-

TSg*.cxwc) < 6*c*xwc)
(vi=37.2icm™)
(AG = 13.11/AE = 14.53/
w=4.12)

G*-C*WC) < G*-C*(rwwc/mu) {rotation around the upper O6H--N4 H-bond}

1.757

G*-C*WC)
(AG = 0.00/AE = 0.00/
& = 6.09)

TSgr.cxwe) © G*CHrwyem)
(vi=17.7icm™)
(AG = 10.05/AF = 11.17/
W= 6.47)

G*-C*WC) < G*-C*(rwyc) {rotation around the lower N2H---02 H-bond}

1.714
.86
2.001

G*-C¥*(WC)
(AG = 0.00/AE = 0.00/
& = 6.09)

25704 | RSC Adv, 2021, 11, 25700-25730

TSG*AC*(WC) o G*-C*rwyc)
(vi =30.3icm™ %)
(AG = 12.98/AE = 14.53/
u=>5.21)

G*-C*rWC)
(AG = 2.03/AE = 2.07/u = 6.54)

2.215.
1.746

G*-C*(rtwwcym)
(AG = 7.63/AE = 10.21/u = 5.13)

2.122

.29

. P

G*-C*(rwwc)
(AG = 11.95/AF = 14.30/u = 5.12)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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G*-C*IWC) < G*-C*(Wwc/mu) {rotation around the upper O6H---02 H-bond}

G*-C*(rWCQ)
(AG = 0.00/AE = 0.00/
u=6.54)

796
2.283
1.835

TSgr.cxawe) o G*-CH(Wywem) G*- C*(Wwen)
(vi=11.8iem™) (AG = 8.40/AE = 11.16/p = 4.00)
(AG = 10.29/AE = 11.67/
u = 6.09)

G*-C*IWC) < G*-C*(wwc) {rotation around the lower N2H---N4 H-bond}

G*-C*(rWC)
(AG = 0.00/AE = 0.00/
u=6.54)

TSG*-C*(rWC) o G* C*(Wye) G*C*(WWC)
(»=333icm™") (AG = 8.76/AE = 11.00/u = 5.48)
(AG = 9.95/AE = 11.28/
1 =5.86)

G- C*pa(rWC) < G-C*gy(Wwc) {rotation around the middle N1H---N3 H-bond}

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 (Contd.)

G‘C*oz(rwc) TSG~C*02(rWC) < G-C*O2(Wy) G‘C*oz(wwc)
(AG = 0.00/AE = 0.00/ (Vi =43.41 Cmfl) (AG = 16.74/AE = 17.33/u = 7.91)
m= 5.43) (AG = 19.04/AE = 19.92/
u=7.45)

G*-C*(rwwem) < G*-C*(Wwe/mn) {rotation around the lower N3H---06 H-bond}

1.746 . 2142
2.215 3306

“Rigeo TN

G*'C*(I'WWC/H) TSG*’C*("WWC/H] o G* CHWyam)? G*'C*(WWC/H]
(AG = 0.00/AE = 0.00/ (v; = 18.8 i em ™) (AG = 2.80/AE = 3.02/u = 4.00)
1= 5.13) (AG = 7.49/AE = 7.16/
u=3.94)

G*- C*(twwom) < G* C*(Wwe/n) {rotation around the upper N3H:--06 H-bond}

1.699
2.261

2179
1.878

G** C*(twwoym) TSGrt-CHrwyen) © G*t-CHwywe G**- C*(Wwom)
(AG = 0.00/AE = 0.00/ S=112icm™ (AG = 4.37/AE = 4.76/u = 4.12)
1= 5.14) (AG = 8.48/AF = 8.35/
1 = 3.30)

25706 | 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) < G*'-C*(WC) {rotation around the middle N3H---N1 H-bond}

o T ma

G**-C*(rwQ) TSG*t-CHrWC) — G¥t-CHWG) G**-C*WC)
(AG = 0.00/AE = 0.00/ (vi=24.0icm™") (AG = 1.34/AE = 1.54/p = 1.91)
w=2.54) (AG = 5.23/AE = 6.28/
w = 1.08)

G*'-C*(IWC) © G*'-C*(wy) {rotation around the lower N2H---N4 H-bond}

G*-C*(rWC) TSGrt-cHrwe) o G*t-CHwye) G*'-C¥(Wwc)
(AG = 0.00/AE = 0.00/ (=146 icm ) (AG = 2.74/AE = 4.24/u = 1.95)
= 2.54) (AG = 4.13/AE = 3.97/
1= 2.10)

G- C*p(T'WC) « G-C*py(Wwc) {rotation around the middle N1H---N3 H-bond}
1.56

;845

2.49;

© 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*tOZ(rWC) TSG.cro2aWe) © G-C*t02(wWye) G'C*toz(wwc)
(AG = 0.00/AE = 0.00/ (i =36.4icm™Y) (AG = 9.20/AE = 9.84/u = 8.65)
u=3.32) (AG = 12.28/AE = 13.65/
u = 7.40)

G*-C*(WC) < G*'-C*(rwy); {rotation around the middle N3H:--N1 H-bond}

G**-C*(WCQ) TSgweCHWE) © Gt Cre(rwd); G*- C*(twwc) 1
(AG = 0.00/AE = 0.00/ (vi=217icm™) (AG = 3.69/AE = 5.37/u = 3.00)
w=2.99) (AG = 5.05/AE = 6.01/
u=3.51)

G*-C*(WC) « G* C*(rwy) {rotation around the lower N2H:--02 H-bond}
g:263

G*-C*(WC) TSGr-CHWE) © Grt-CHi{rwg) G*'- C*(twywc)
(AG = 0.00/AE = 0.00/ (vi=273iem ™) (AG = 5.36/AE = 7.03/p = 1.98)
u = 2.99) (AG = 6.69/AE = 6.91/
w=1.92)

G-C*wwc); < G-C*(rwwc) {rotation around the lower N1H---O2 H-bond}

2.077
2011 b 224
2.209 -
498
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B2,

G‘C*(WWC)T TSG'C*(WWC)T © G-C*(IwWC) G‘C*(YWWC)
(AG = 0.00/AE = 0.00/ (vi =181 icmfl) (AG = 3.20/AE = 3.88/u = 6.94)
u=7.29) (AG = 4.97/AE = 5.50/
u=9.37)

G- C*(rwwc) < G-C*(ww) {rotation around the lower N3H:--N2 H-bond}

GC*(I’WWC) TSG~C*(rwWC) o G-CHwye) G'C*(WWC)
(AG = 0.00/AE = 0.00/ (v = 24.2 i em™) (AG = 1.83/AE = 2.37/u = 7.36)
u = 6.94) (AG = 7.36/AE = 7.73/
@ = 10.57)

G- C*(rwwc) < G-C*(wwc); {rotation around the upper N3H-:-06 H-bond}

1.899

1.877,

1.798

" S o e

G'C*(I'WWC)T TSG‘C*(erc]T © G- CHWyc); G'C*(WWC)T
(AG = 0.00/AE = 0.00/ (vi=26.5icm™) (AG = 1.38/AE = 1.55/u = 7.29)
uw=7.74) (AG = 9.98/AE = 11.47/
= 6.10)

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2021, 11, 25700-25730 | 25709
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G-C*(wwc); < G-C*(Wwwc) {rotation around the lower N1H:---N4 H-bond}

nft sl

S

G'C*(I'WWC)T TSG CH(twyo); < G- C*(ch) G'C*(WWC)
(AG = 0.00/AE = 0.00/ (ri=37.4icm™) (AG = 2.75/AE = 3.05/u = 7.36)
w=7.74) (AG = 4.34/AE = 5.80/
u = 8.68)

G*-C(twwc) < G* C(Wwc/m) {rotation around the upper O6H::-N3 H-bond}

1.801

1.773 o
931

G*-C(rwwc) TSa.Clrwiye); « G* CWuan) G*-C(wwem)
(AG = 0.00/AE = 0.00/ (v; =38.1icm ) (AG = 2.29/AE = 4.06/u = 4.79)
= 7.36) (AG = 3.73/AE = 4.71/
u=7.39)

G*-C(twwc) < G*-C(wwc), {rotation around the lower N4H:--N1 H-bond}

zoesw 2.047,
2.011

25710 | RSC Adv, 2021, 11, 25700-25730 © 2021 The Author(s). Published by the Royal Society of Chemistry
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G* ‘C(ch)l
(AG = 3.32/AE = 4.09/u = 4.70)

G*’C(rWWC)T TSG*'C(erc)T < G*C(Wwe),
(AG = 0.00/AE = 0.00/ (vi=29.8icm™)
u=7.36) (AG = 8.09/AE = 9.14/
u=6.05)

G*-C(wwc), < G*-C(rwywc) {rotation around the lower N2H---N1 H-bond}

G*-C(wwc)y TSG*- Cwe), < G*Clrwiwe)
(AG = 0.00/AE = 0.00/ (vi=36.5icm )
u = 4.70) (AG = 2.96/AE = 2.91/
© = 5.63)

G*-C*gp(Wwc)r <> G*-C*py(rwwc), {rotation around the lower O2H:---N1 H-bond}

G*-C*oa(Wwc) TSc+.croawye);, <
(AG = 0.00/AE = 0.00/ G*-C*02(1 W),
U= 6.67) (vi=42.8icm™ ")
(AG = 12.20/AE = 11.29/
u=4.64)

© 2021 The Author(s). Published by the Royal Society of Chemistry

G*-C(twwc)
(AG = 2.08/AE = 2.81/u = 6.20)

76 I i a 8 1.636
1.973

G*-C*op(tWwc) |
(AG = 3.09/AE = 3.82/u = 2.64)

RSC Adv, 2021, 11, 25700-25730 | 2571
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G*-C*op(Wwc)r < G*-C*oy(rWyycm) {rotation around the upper O6H:--N3 H-bond}

G*'C*OZ(WWC)T TSG*‘C*OZ(WWC)T o G*- C*oa(tWworm)
(AG = 0.00/AE = 0.00/ G- CHOR (W) (AG = 8.74/AE = 9.01/u = 3.05)
u=6.67) (vi=55.3icm %)
(AG = 11.52/AE = 11.00/
u = 6.00)

G*-C*oy(twwc); < G*-C*oy(Wwc) {rotation around the lower N2H---N3 H-bond}

1.636,

1.973

B g8 Lo o T Ten)

G*'C*oz(rwwc)i TSG*-C*oz(xw‘,vc)l o G*'C*oz(wwc)
(AG = 0.00/AE = 0.00/ G+ C*02(w) (AG = 7.07/AE = 6.14/u = 5.05)
= 2.64) (vi=87.3icm™ ")
(AG = 9.10/AE = 7.84/
u=4.48)

G*np CH*(Wwc)| < G¥na-C*(rwwc), {rotation around the lower N3H:--N2 H-bond}

1.831 1739
1.722, 1.8__6,10% 1.770&

25712 | RSC Adv, 2021, 11, 25700-25730 © 2021 The Author(s). Published by the Royal Society of Chemistry
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G*np CH(Wwc) TSGN2-CHwye), < G*n2- C*(twwe) |
(AG = 0.00/AE = 0.00/ R (AG = 1.68/AE = 1.00/u = 4.00)
w=4.17) (vi=36.5icm 1)
(AG = 13.90/AE = 15.15/
u=2.62)

G*-C*oy(tWwe) | « G*'-C*y(Wyw) {rotation around the lower N2H---N3 H-bond}

G*t‘c*oz(rwwch TSt c*o2(twye) | < G*t'c*oz(wwc)
(AG = 0.00/AE = 0.00/ G- CHO2(Wic) (AG = 8.04/AE = 8.49/u = 4.79)
w=2.25) (vi=72.6icm™%)
(AG = 9.55/AE = 9.27/
u=1.75)

G*-C*pp(Wwe)r © G*:C*oy(tWywe/m) {rotation around the upper O6H:--N3 H-bond}

1.794
o 1.881~
1.81

— T

G*- C* oy (Wiwe) 1 TSg+.c*o2(wye); < G*- C* oy (tWweym)
(AG = 0.00/AE = 0.00/ O] (AG = 8.10/AE = 8.45/u = 3.71)
w=7.38) (vi=51.0icm ™)
(AG’ = 11.26/AE = 11.09/
u=5.39)

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2021, 11, 25700-25730 | 25713
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G*-C*pp(Wwe)r < G* C*oy(rwwc), {rotation around the lower O2H---N1 H-bond}

G*-C* (W) 1 TSg+.c*02(wye), < G*- C*op(tWwc) |
(AG = 0.00/AE = 0.00/ — (AG = 5.73/AE = 5.65/u = 2.34)
u=7.38) (vi=39.5icm )
(AG = 11.27/AE = 10.80/
u=>5.74)

G*-C*py(tWwe) | © G*-C*py(Wwc) {rotation around the lower N2H:--N3 H-bond}

1.855

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Lepee |
=
G*- C*oa(twwc) | TSG*.c*02(rwwe), « G*- C*op(Wiwc)
(AG = 0.00/AE = 0.00/ 6 CHO2m) (AG = 4.58/AF = 4.75/u = 5.53)
w=2.34) (vi=101.9icm™ ")
(AG = 6.87/AE = 6.58/
u = 4.03)

G*-C*pp(tWwc);  G**-C*py(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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G*t'C*tOZ(rWWC)l TSG*t‘C*tOZ(erc)l hnd
(AG = 0.00/AE = 0.00/ G*t- C*t02(Wyy()
w = 4.88) (vi=92.9icm™")
(AG = 7.82/AE = 7.96/
w = 4.60)

a2 C*Wwe), © G*nz-C*(twwc), {rotation around the lower N3H---N2 H-bond}
1.765,
1747 L800

s Segie° ey

G*'yp- C¥*(wwa), TSG*tnz- CHwye), <
(AG = 0.00/AE = 0.00/ G*N2- C*(twyy),
= 3.78) (v; =283 icm )
(AG = 11.90/AE = 13.01/
1= 3.01)

2 CHtwwe), © G*npC*(Wwc); {rotation around the upper N1H---02 H-bond}

1.790, 1.849
1.776 3.320 K
3.383

- BES00 ePoe

G*np - C*(twwe) | TSG*enz-cHrwye), ©
(AG = 0.00/AE = 0.00/ G oy, (= 364
u=2.79) iem™") (AG = 8.06/AE =
8.02/u = 3.67)

© 2021 The Author(s). Published by the Royal Society of Chemistry

G C*toz(wwc)
(AG = 6.12/AE = 6.78/u = 6.88)

G*np C*(tWwc) |
(AG = 3.04/AF = 3.02/p = 2.79)

G* - CH(Wwce)t
(AG = 7.28/AF = 9.50/u = 4.23)
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G*yz - C*(twwe), < G*'yna-C*(Ww(); {rotation around the upper N1H---02 H-bond}

1.770
1.804

G*th'C*t(erC)l TSG*th-C*t(nva)l And G*tNZ'C*t(WWC)T
(AG = 0.00/AE = 0.00/ GHN2- C*t(wyye) (AG = 10.08/AE = 11.62/u = 1.83)
w=4.63) (vi=28.9icm 1)
(AG = 9.92/AE = 9.99/
u=4.01)

Hoogsteen (H), reverse Hoogsteen (rH), wobble Hoogsteen (w;) and reverse wobble Hoogsteen (rwy;) configurations
G*-C*(rH) < G*-C*(H) {rotation around the middle N3H---N7 H-bond}

G*C*(I'H) TSG*C*(H)  G*-C*(rH) G*C*(H)
(AG = 0.00/AE = 0.00/ (=113 icm™Y) (AG = 0.76/AE = 0.75/u = 2.22)
1= 2.84) (AG = 3.58/AF = 2.90/
i = 1.45)

G**-C*(H) < G*'-C*(rH) {rotation around the middle N3H---N7 H-bond}

25716 | RSC Adv, 2021, 1, 25700-25730 © 2021 The Author(s). Published by the Royal Society of Chemistry
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G*t'C*(H)
(AG = 0.00/AE = 0.00/
4 =5.16)

TSgxt-cx(H) « G*t-C*rH)
(vi=25.8icm ™)
(AG’ = 11.35/AE = 12.71/
= 3.33)

G*'-C*(H) < G*'-C*(rwy) {rotation around the upper O6H:--N4 H-bond}

G**-C*(H)
(AG = 0.00/AE = 0.00/
u=5.16)

725
3.322/¢

TSg*-c*H) o G*t-C*aw,,)
(ri=19.5icm™)
(AG = 8.37/AF = 8.98/
u=7.54)

G**-C*(rH) < G*'-C*(Wwc/n) {rotation around the upper O6H:--02 H-bond}

785
1797
3.014

SRS Seglor

G**-C*(rH)
(AG = 0.00/AE = 0.00/
U =5.43)

G*-C*p(Wp); © G**-C*py(rwy), {rotation around the lower O2H:--N7 H-bond}

1.804
1.610

TSG#t-cHrH) © G*t-C*(Wyam)
(vi=12.0icm™%)
(AG = 8.79/AE = 9.31/
= 6.73)

© 2021 The Author(s). Published by the Royal Society of Chemistry

G**-C*(rH)
(AG = 2.59/AE = 2.72/u = 5.43)

1.699
2.261

G*'- C*(rwy)
(AG = 5.28/AF = 7.08/u = 7.71)

G**- C¥(Wwoym)
(AG = 7.05/AF = 9.12/u = 4.12)

1,697,
2.367
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G*'- C*oy(Wh)1 (AG = 0.00/ TSg.croz(wy); < G**-C¥oa(tw, )|
AE = 0.00/p = 6.70) G Cr02(rwy), (AG = 3.93/AE = 4.69/u = 2.36)
(vi=48.0icm™ %)
(AG = 8.53/AE = 9.22/
© = 4.25)

G*-C*p(Wy); < G**-C*py(rwy) {rotation around the upper O6H:--N3 H-bond}

1.804

1.610

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

G*-C*o(w,)1 TSg*t-c*o2(wy), — G*'- C*prwy)
(AG = 0.00/AE = 0.00/ G0z (AG = 4.84/AE = 6.47/u = 8.22)
Q= 6.70) (ri=104.7icm ™)
(AG = 9.87/AE = 11.67/
u=7.58)
- G*-C*op(Wr); < G**-C*y(tWyem) {rotation around the upper O6H---N3 H-bond}
s
1.796
1.804 ;
a .057
1.610

G*- C¥gp(Wai)1 TSgrt-croz(w,), G*'- C*oa(tWyweym)
(AG = 0.00/AE = 0.00/ G 02w (AG = 8.47/AE = 9.73/u = 2.47)
w=6.70) (vi=42.0icm 1)
(AG = 9.67/AE = 9.96/
i =7.55)

25718 | RSC Adv, 2021, 1, 25700-25730 © 2021 The Author(s). Published by the Royal Society of Chemistry
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G*-C¥py(w,)1 < G*-C*y,(1tw,); {rotation around the middle O6H---N3 H-bond}

G*-C* op(wh) 1
(AG = 0.00/AE = 0.00/
w=7.97)

TSG*t-C*tOZ(wH)T -
G*t-C*tO2(rwy);
(vi=322icm™ ")
(AG = 10.62/AE = 10.82/
U= 6.28)

G*-C*pp(Wi) © G*-C*p,(twy), {rotation around the lower O2H---N7 H-bond}

2.532
1.70

“oges-

TSg*t-c*to2(w,,), <

G*t‘c*toz(WH)T
(AG = 0.00/AE = 0.00/
u=7.97)

G*t-C*t02(rwyy) |
(vi=452icm ™)
(AG = 9.15/AF = 9.55/
u=5.92)

G*-C*y(tw,); < G**-C*y(wy), {rotation around the lower C8H:--N3 H-bond}
1.69 2.835
2.& 2.52

© 2021 The Author(s). Published by the Royal Society of Chemistry

G*- C* oy (twp) 1
(AG = 6.55/AF = 6.58/u = 1.39)

1.69
2.578

G**-C*oy(1w, ),
(AG = 6.31/AE = 7.84/u = 2.39)

RSC Adv, 2021, 11, 25700-25730 | 25719
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G*-C *toz(rWH) !
(AG = 0.00/AE = 0.00/
u = 2.39)

G**-C(wy), < G**'-C(rwy) {rotation around the upper N4H---N7 H-bond}

2.078
2.29

G*-C(wy),
(AG = 0.00/AE = 0.00/
W = 4.66)

G*-C(twy); < G*-C(wy), {rotation around the lower N4H:---N7 H-bond}

TSG#t-c*o(rw,), «

(vi=14.2icm™")
(AG = 8.89/AE = 9.99/

TSGxt-cwy), — G*t-Crw,y)
(vi=26.7icm™ ")
(AG = 4.74/AE = 3.84/

G*t'c*toz(WH)l
(AG = 7.28/AE = 9.78/ = 7.64)

1.977

2.042

s £

G*- C(rwy)
(AG = 2.45/AF = 1.23/u = 4.29)

H Yrge oy

G*-C(rwg)p
(AG = 0.00/AE = 0.00/
u = 8.25)

G*-C(twy); < G*-C(wy); {rotation around the upper O6H:--N3 H-bond}

25720 | RSC Adv, 2021, 1, 25700-25730

TSG*t-clrwy);, < G*t-Clwy),
(v =25.5icm™")
(AG = 5.72/AF = 3.92/

2.261
1.759
3421

© 2021 The Author(s). Published by the Royal Society of Chemistry

G*-C(wn),
(AG = 2.73/AE = 4.24/u = 4.66)
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G*-Ctwiy)¢ TSGot-cliw,), = G*-Clw); G**-Cwr)y
(AG = 0.00/AE = 0.00/ (v =32.2icm ) (AG = 2.00/AF = 3.34/u = 7.91)
p = 8.25) (AG = 3.67/AF = 3.64/
p = 8.84)

*n7-C¥(Iwy); < G¥*yy-C*(wy); {rotation around the upper N3H:--06 H-bond}
1.685
T 656

G*N7'C*(IWH)T TSG*N7-C*(er)T G*N7'C*(WH)T
(AG = 0.00/AE = 0.00/ G*N7-CH(w,); (AG = 3.25/AE = 3.12/u = 9.46)
u=10.28) (vi=347icm™")
(AG = 13.36/AE = 13.06/
u=9.49)

*n7-C*(xwy); < G*yy-C*(wy) {rotation around the lower N7H:--N4 H-bond}

1. 685 ) ~1.906
'-.._?.352
) 1.764.
1.656 764

5 ”o o m_o >>>>>> » %

G*N7'C*(rWH)T TSg*n7- C*(rwy); < G*N7-C*(wy) G*N7'C*(WH)
(AG = 0.00/AE = 0.00/ (V, =19.5icm™ ) (AG = 4.62/AE = 4.71/u = 4.42]
n= 10.28) (AG = 8.70/AE = 7.53/
u=4.58)

© 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*(Wh); < G*nz-C*(twy); {rotation around the middle N3H---06 H-bond}

Gy C¥(wr) TSz Cowy), < G*ny C*(tw,),
(AG = 0.00/AE = 0.00/ GNT-Co(rwy); (AG = 6.43/AE = 6.23/u = 9.80)
w=9.52) (vi=46.0icm™")
(AG = 12.63/AE = 12.92/
© = 9.89)

G*oe/n7 C*(Wh) | < G*oen7- C*(twy), {rotation around the lower N3H---C8 H-bond}

1.948
1.909
" 2.028 1.990
1.956 % B

G*op/n7 C*(Wh) | TSG*06/N7-C*w,), < G*o6/ G*ogn7 C*(tw, ),
(AG = 0.00/AE = 0.00/ N7-CH(rwy), (AG = 2.29/AE = 2.42/u = 2.49)
w = 3.49) (vi=20.2icm™ %)
(AG = 8.82/AE = 9.66/
1= 1.52)

G*o/n7'CH*Wh) |, < G¥oemn7  C*(twy); {rotation around the upper N7H:--N4 H-bond}

1.9462 a
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V00 o>

G* o067 C*(Wh)|
(AG = 0.00/AE = 0.00/
1= 3.49)

G*oen7 C*(wh)1 < G¥oenyC*(Wh)¢ {rotation around the upper N3H:--06 H-bond}

G*o6n7°C *(I'WH) T
(AG = 0.00/AE = 0.00/
u=521)

G*oe/n7 CH(IWh)| < G*og/n7*C*(Wy); {rotation around the upper N7H:--02 H-bond}

G*og/n7 C*(rwy)
(AG = 0.00/AE = 0.00/
L = 2.49)

gD

TSG*06/N7-C¥wy), « G*06/
N7-C*rwy,),
(vi=157icm™ )

(AG = 8.12/AE = 8.84/
L= 5.47)

2.078

/3444

TSG*06/N7-C¥(twy), < G*O6/
N7-C*wy),
(vi=163icm™)

(AG = 6.72/AE = 7.98/
u = 4.79)

1.938

TSG*06/N7-C*(rw,), — G*O6/
N7-C*(wyy);
(vi=20.6icm™")

(AG = 6.75/AE = 7.56/
= 3.19)

© 2021 The Author(s). Published by the Royal Society of Chemistry

G*oen7 CH(rw, )
(AG = 4.17/AF = 4.14/u = 5.21)

1.915
1.967

~dgPt oo

G*oein7'C *(WH) 1
(AG = 1.66/AE = 1.97/u = 5.68)

1.915
967,

chgPt oo

G*og/n7* C¥(Wr) 1
(AG = 3.54/AF = 3.68/u = 5.68)
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G*oen7 C*Wi), < G*oen7  C*(twy), {rotation around the lower N3H:--C8 H-bond}

1.876

1.945

1.865

1.%

R SN P %% ®-B5%° gt

G >ktoe‘./N7 -C *(WH) 1
(AG = 0.00/AE = 0.00/
u=4.81)

N7-C*(rwy),

TSa *t06/N7-C*(wy), < G*tO6/

G *tOG/N7 -C *(rWH)L
(AG = 2.25/AE = 2.28/u = 4.41)

(vi=181icm™")

(AG = 10.40/AE = 11.68/

w=2.71)

nucleobase pair. This G-C(WC) < 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---06(G), (G)N1H:--N3(C),
(G)N2H:--02(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
significantly non-planar with significantly non-planar NH,
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.*>***

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 specific contacts: (G)O6---02(C), (C)N3H---N7(G), (G)
C8H:--N4(C) — (G)O6--N4(C), (C)N3H:--N7(G), (G)C8H:--02(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 (v; = 37.2 cm™ ') (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*'-C*(H) and reverse Hoogsteen
G*'-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) < G*-C*tWC) and G*“C*H) <
G**-C*(rH) conformational transitions (Table 1). Conforma-
tional transition of the so-called Lowdin 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+.cxwc)—g*.c*xwc), Stabilized by single (C)N3H:--
N1(G) H-bond (Table 1). This G*-C*WC) < G*-C*I1WC)
conformational transition leads to the so-called reverse
Lowdin'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*'-C*(H) and reverse Hoogsteen G*'-C*(rH) base mispairs
conformationally transform into the reverse wobble
G*'-C*(rwy) and wobble G*'-C*(wwcy) base mispairs,
respectively, via the mutual rotations of the bases around the
intermolecular H-bonds: G*-C*(H) < G*“C*(rwy) and
G**-C*(rH) © G*'-C*(wwcyn), respectively.

5. Rotation of the G* and C* rare tautomers in the Lowdin's
G*-C*(WC) nucleobase pair around the upper (G)O6H:---N4(C)
or lower (G)N2H---0O2(C) H-bonds leads to the formation of the
two reverse wobble G*- C*(rwycy) and G*- C*(rwwc) base mis-
pairs, respectively: G*-C¥WC) < G*-C*(rwwgn) and
G*-C*WC) < G*-C*(rwwc) conformational transformations,
accordingly (Table 1).

6. The same situation is observed for the reverse Lowdin's
G*-C*(rWC) nucleobase pair: G*-C*IWC) < G*-C*Wwc/n)
and G*-C*rWC) <« G*-C¥wwc) conformational trans-
formations, which occur via the mutual rotations of the bases
around the upper (G)O6H---02(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 (e = 1) under normal conditions (T = 298.15 K) (see Table 1)

Conformational transformation Vi 1s° AG? AE° AAGs? AAEL€ s’

Watson-Crick (WC), reverse Watson-Crick (rWC), wobble Watson-Crick (wwc) and reverse wobble Watson-Crick (rwywc) configurations

G-C(WC) « G-C(rwwc) 24.2 11.53 13.09 12.63 13.30 7.94
G"-C(rWC) < G-C(WCQ) 37.2 —14.55 —15.33 6.93 7.06 4.12
G*-C*(WC) « G*-C*rWCQ) 37.2 2.03 2.07 13.11 14.53 4.12
G*-C*(WC) © G*-C*(twwom) 17.7 7.63 10.21 10.05 11.17 6.47
G*-C*WC) « G*-C*(rwwc) 30.3 11.95 14.30 12.98 14.53 5.21
G*-C*IWC) © G*-C*(Wwc) 11.8 8.40 11.16 10.29 11.67 6.09
G*-C*IWC) < G*-C*(wy() 33.3 8.76 11.00 9.95 11.28 5.86
G+ C*0,y(rtWC) < G- C*py(Wwe) 43.4 16.74 17.33 19.04 19.92 7.45
G*-C*(rwywom) < G*-C*(Wweoym) 18.8 2.80 3.02 7.49 7.16 3.94
G*'- C*rwwom) < G*' C*(Wwom) 11.2 4.37 4.76 8.48 8.35 3.30
G*'-C*IrWC) « G*'-C*(WCQC) 24.0 1.34 1.54 5.23 6.28 1.08
G*'-C*rWC) & G*C*(wwc) 14.6 2.74 4.24 4.13 3.97 2.10
G-C*5y(tTWC) < G-C*gy(Wwc) 36.4 9.20 9.84 12.28 13.65 7.40
G*.C*(WC) & G*-C*(rwwc)p 21.7 3.69 5.37 5.05 6.01 3.51
G*-C*(WC) « G*' C*(rwwc) 27.3 5.36 7.03 6.69 6.91 1.92
G-C*(wwc)p < G-C*{rwywc) 18.1 3.20 3.88 4.97 5.50 9.37
G-C*(twwc) © G-C*(wwo) 24.2 1.83 2.37 7.36 7.73 10.57
G- C*1wwc)r < G-C*wWwe)t 26.5 1.38 1.55 9.98 11.47 6.10
G-C*(twwc); < G-C*(wwc) 37.4 2.75 3.05 4.34 5.80 8.68
G*-C(rwwe); © G*-C(Wwen) 38.1 2.29 4.06 3.73 4.71 7.39
G*-C(twwc); < G*-C(wwc), 29.8 3.32 4.09 8.09 9.14 6.05
G*-C(wwa); < G* C(rwwc) 36.5 2.08 2.81 2.96 2.91 5.63
G*-C*pp(Wwe)p © G*-C*op(twwe) 42.8 3.09 3.82 12.20 11.29 4.64
G*-C*gp(Wwe)r < G*+C¥ou(tWwo/m) 55.3 8.74 9.01 11.52 11.00 6.00
G*-C*py(tww), < G*-C*oy(Wwc) 87.3 7.07 6.14 9.10 7.84 4.48
Gy C*(Wwe); < G*npr CHrwwe) | 36.5 1.68 1.00 13.90 15.15 2.62
G*- C*op(twwe), © G*'-C*op(Wwc) 72.6 8.04 8.49 9.55 9.27 1.75
G*-C*op(Wwe)r < G*-C*ou(twwem) 51.0 8.10 8.45 11.26 11.09 5.39
G*-C¥op(Wwe); © G* C*oy(twive), 39.5 5.73 5.65 11.27 10.80 5.74
G*-C¥o,(twwe), © G*-C*op(Wwe) 101.9 4.58 4.75 6.87 6.58 4.03
G*- C*oy(twwe) | © G*'-C*ou(Wie) 92.9 6.12 6.78 7.82 7.96 4.60
G*y C¥(Wwe), © G*na CHtwwe) 28.3 3.04 3.02 11.90 13.01 3.01
G*yy C*(wwe); © G*np CHwwe)r 36.4 7.28 9.50 8.06 8.02 3.67
G* iy C*(twwe) ] © G*nz- C*(Wic)1 28.9 10.08 11.62 9.92 9.99 4.01

Hoogsteen (H), reverse Hoogsteen (rH), wobble Hoogsteen (wy;) and reverse wobble Hoogsteen (rwy;) configurations

G*-C*(rH) < G*-C*(H) 11.3 0.76 0.75 3.58 2.90 1.45
G*-C*(H) « G*'-C*(rH) 25.8 2.59 2.72 11.35 12.71 3.33
G*-C*(H) « G*C*(rwy) 19.5 5.28 7.08 8.37 8.98 7.54
G*-C*(rH) < G*'-C*(wwc/m) 12.0 7.05 9.12 8.79 9.31 6.73
G*-C*pp(Wh)y © G*-C*op(twh)| 48.0 3.93 4.69 8.53 9.22 4.25
G*-C*oy(Wh)p © G*'-C*op(twy) 104.7 4.84 6.47 9.87 11.67 7.58
G*-C*py(Wh)y © G*'-C*op(tWiwo/m) 42.0 8.47 9.73 9.67 9.96 7.55
G*-C*op(Wh)p < G*C*op(twi)1 32.2 6.55 6.58 10.62 10.82 6.28
G*-C*op(wh)p < G*C*oy(twy), 45.2 6.31 7.84 9.15 9.55 5.92
G*-C*oy(twy), © G*-C*op(wy), 14.2 7.28 9.78 8.89 9.99 8.04
G*-C(wy), < G**C(rwy) 26.7 2.45 1.23 4.74 3.84 3.41
G*-C(rwy); © G*-C(wy), 25.5 2.73 4.24 5.72 3.92 4.50
G*-C(rwy); « G*-C(wy)p 32.2 2.00 3.34 3.67 3.64 8.84
G¥n7-C*(twh); © G¥ny-CH(wh)p 34.7 3.25 3.12 13.36 13.06 9.49
G*n7-C*(twy); © G¥ny-CHwy) 19.5 4.62 4.71 8.70 7.53 4.58
G*n7+C*(wh)p © G*nz-C*(twp); 46.0 6.43 6.23 12.63 12.92 9.89
G*oen7 C*Wh)|, < G*oemny CHtwh) | 20.2 2.29 2.42 8.82 9.66 1.52
G*oen7* C*(Wh); < G*ogny - C*(twh)t 15.7 417 4.14 8.12 8.84 5.47
G* ooy C* (W) < G*og/n7-C*(Wh)1 16.3 1.66 1.97 6.72 7.98 4.79
G* ooy C*(twi) | < G*os/n7 - C*(Wh)1 20.6 3.54 3.68 6.75 7.56 3.19
G*oen7 CHwr)| < G*oen C*(rwr), 18.1 2.25 2.28 10.40 11.67 2.71

¢ Imaginary frequenc%/ at the TS of the conformational transformation, cm~". * Relative Gibbs free energy of the formed G-C nucleobase pair (T =
298.15 K), keal mol ™. ¢ Relative electronic energy of the formed G-C nucleobase pair, kcal mol~". ¢ Relative Gibbs free energy of the TS of the
conformational transformation (T = 298.15 K), kcal mol™'. °Relative electronic energy of the TS of the conformational

transformation, kecal mol ./ Dipole moment of the TS, D.
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G*-C*Wwcn) and G*-C*(wwe) base mispairs, accordingly
(Table 1).

7. The G- C*5,(rWC) < G-C*gy(Wwc) conformational trans-
formation of the reverse Watson-Crick G-C*g,(rWC) nucleo-
base pair by the participation of the G base and C*,, tautomer
of the C nucleobase proceeds through the rotation of the G and
C*o, bases around the middle (G)N1H---N3(C) H-bond and
leads to the formation of the wobble G-C*o,(Wwc) base pair,
which has non-planar geometry. So, this conformational
transformation greatly changes the geometry of the initial
G- C*u,(rWC) base pair from reverse Watson-Crick geometry to
wobble Watson—Crick geometry.

8. The G*-C*(twwemu) and G*-C*(wwcem) base mispairs
mutually transform into each other through the mutual rotation
of the bases around the intermolecular lower (C)N3H:---06(G) H-
bond: G*-C*(twwem) < G* C*Wwem) (Table 1). Similar
transformation occurs also for the G*'-C*(rwwcgm) and
G*'-C*(Wwcn) base mispairs by the participation of the G**
base with trans-oriented O6H hydroxyl group: G*'- C*(rwyc/i)
o G*'-C*(wwcn) (Table 1).

9. The G*'-C*(rWC) < G*-C*WC) and G*'-C*(rWC) <
G*'-C*(wywc) conformational transformations of the reverse
Watson-Crick G*'-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*-C*WC) or wobble Watson-Crick
G*'-C*(wyc) nucleobase mispairs, respectively (Table 1). The
G- C*5,(TWC) < G-C*',(Wywc) conformational transformation
proceeds for the reverse Watson-Crick G-C*'o,(rWC) base
mispair by the participation of the G base and C*'o, tautomer
with trans-oriented N4H imino group and leads to the wobble
Watson-Crick G-C*,(Wwc) base mispair (Table 1).

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

Thus, the G**-C*(WC) < G*-C*(rwwc); and G*'-C*{(WC)
o G*.C*(rwyc) conformational transformations of the
G*'-C*(WC) base mispair via the mutual rotations of the bases
around the middle (C)N3H---N1(G) or lower (G)N2H---02(C) H-
bonds lead to the formation of the reverse wobble
G**-C*(rwy() or G*'-C*(twyw ) 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
(rww() configurations occur via the mutual rotation of the bases:

- around the upper H-bond: G*-C*WC) < G*-C*(rtwwc/n),
G*-C*IWC) & G*-C*(wwcm), G** C*(twwom) © G*-C*(wwey
H)» G'C*(IWWC)T A G'C*[ch)m G*'C(rWWC)T < G*-C(Wwcm),
G*-C*oa(Wwc)t < G*C*ox(tWwom), G* C*ox(Wwce)r <
G*-C *tOZ(rWWC/H)y G*na- C*(I'ch)l o G¥y C*(Wwc) s
G*th‘C*t(erc)l Ang G*th’C*t(ch)T;

25726 | RSC Adv, 2021, 11, 25700-25730
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- around the middle H-bond: G-C(WC) < G-C(rwwc),
G"-C (1IWC) ¢ G-C(WC), G*-C¥WC) <« G* C*rWcC),
G C*0,(TWC) © G-C*py(Wwe), G*-C*IWC) < G**-C*WCQ),
G- C*¥o(tWC) &  G-C*¥gy(wwe), G*-CH(WC) o
G*t'C*t(rWWC)ﬁ

- around the lower H-bond: G*-C*(WC) < G*-C*(rwyc),
G*-C*(IWC) < G*-C¥(wwc), G*-C*(twwem) < G* C*Wwoy),
G**-C*(rWC) < G*'C*(wwc), G*- C*(WC) © G*'-C*(rwywc),
G-C¥wwc); < G-C*rwwc), G-C*rwwc) < G-C*wwc),
G-C*rwwc)r < G-C¥wwc), G*C(twwe)r < G* C(Wwe),
G*'C(ch)i < G*-Crwwc), G*'C*OZ(WWC)T < G* C*o,
(tWwc)ys G* C*oa(twiyc) | © G*+ C*oa(Wie), G*nz CH(Wwe), <
G*Nz'C*(erc)l, G*t'c*oz(rwwc)l < G*t'c*oz(wwc)y
G*'C*tOZ(WWC)T « G*'C*toz(rwwc)l» G*‘C*toz(rwwc)l <
G* C*toz(ch)y G*- C*toz(rwwc)i < G*-C *toz(ch),
G*th'C*[chh < G*tNZ'C*(IWWC)l~

G-C nucleobase pairs in the WC, rWC, wywc and 1wy
configurations 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, wyc and rwwc G-C base pairs the
following complexes have significantly non-planar geometry:

G-Ctwwe), G* C*rwwe), G* C*wwe), G*C*(rwwc),
G*-C*(rWC), G*"C*WCQC), G*-C*wwc), G-C*ox(Wwc),
G C¥o(tWC), G-C*¥oy(wwe), G C*rwwe), G:-C*wwc),
G*-C(rwwc)1, G*-C(Wwcym), G*-C(Wwc) |, G*-C(rwwoc),

G* C*os(Wwc), G*'C¥oa(Wwc), G*-C*ox(Wwe) and G*-C*,
(Wwwc)- This non-planarity of the base pairs is caused by the sp®
hybridization of the NH, amino group of the G base and its non-
planarity.

12. Conformational transitions of the G-C nucleobase pairs
in H, rH, wy and rwyg configurations proceed through the
mutual rotations of the bases:

- around the upper H-bond: G*'-C*(H) < G*'-C*(rwy),
G*t-C*(rH) PN G*t'C*(WWC/H)y G*t'C*OZ(WH)T PN G*t.c*02
(twi), G*-C¥op(wWn)y © G*:C*ox(tWwom), G*-Clwy), ©
G*-C(rwp), G*-C(twy); < G*-C(wg)p, G*ny-C*twh); <
G*n7 C*(WH)T , G*op/n7 C*(WHJL < G*o6/N7" C*(I’WH)T ,
G*OG/N7'C*(er)T < G*OG/N7'C*(WH)T7 G*OG/N7'C*(er)l <
G*oein7'C *(WH) 13

- around the middle H-bond: G*-C*(rH) < G*-C*(H),
G*-C*(H) < G*-C*(rH), G*"-C*oy(wy)y < G*C*oy(twh)s,
G*n7 C¥(wh) © G¥*nye C¥ (1w

- around the lower H-bond: G**-C*py(wy)y © G*-C*o,
(twi)}, G* C¥op(Wi)p < G*C¥op(twy) |, G* C¥op(twyy) | ©
G*-C* op(Wh) |, G*-C(rwy); © G*-C(wy) |, G*ny- C*(twy) <
G*n7 - C*(wWh), G¥o6/n7° C*(WH)l < G*o6/n7° C*(I'WH)¢ ,
G*tOG/N7'C*(WH)l < G*tOG/N7'C*(er)l~

By using QTAIM analysis it was identified that H, rH, wy and
rwy 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, wy and rwy
configurations the following complexes have significantly non-
planar  geometry:  G*-C*oy(wn);,  G*C*ou(tWwom),
G*-C*op(twr), G*C*op(Wh), G*C(twy), G*'-C(rwy)t,
G*-C(wy); and G*yy-C*(rwy);. 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 NH, 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 from Watson-Crick to Hoogsteen and
vice versa through the intermediate wobble (W) Or reverse
wobble (rwwc/) base pairs via the G*-C*WC) < G*-C*(rwwc,
b), G*C*iWC) © G*C*wwgu) and G*-C*rH) o
G*'-C*(Wwcyn) 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**-C*(rH), respectively.

14. All TSs of the conformational transformations are stabi-
lized by specific 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:.ctwc) « G-cwa)
TSg*.cxwe) o G*-cxewe) TSG#t-c*xwe) < G*t-CHWC)y 1SG*t-C*(WC)
© G*t-CHIWWC)Tr LSG* CrwWC)T < G* CWWC)ls LOG*N2 CHwWC)| «
G*N2-C*(rwWC) |y TSG*N2-CHwWC)| < G*N2 C¥twwC)l5 L9G*-C*rH) «
G*-c*(H)y TSa*t-c*H)  G*t-C*rH)y TS9G*t-CrwH)T < G*t-C(wH)|» 1SG*06/
N7-C*wH)| < G*os/N7~c*(er)T); OH---N (TSG*»C*(WC) < G*-C*rwWC/H)»
TSg*.crwwa)t o G*-Cwwe/H) LSG* C*o2wwe)t « G*-C*02(wwC)| )
TSG*.cro2wwa)t - G*-C*O2(rwWC/H)y  15G*.C*toa(wwC) “
G*-CHO2(rwWC/H)  1SG*.CHO2wwWC)t < G*-C*tOZ(rWWC)l); OH:---O0
(TSG*-C*(rWC) “ G*-C*(wWC/H))? NH---O (TSG-C*(I’WWC)T © G-C*wWC)1)
TSg*06/N7-CHrwi) | < G*06/N7-c*w)1); NH'**C (TSgro6/N7-cHw)| <
G*O6/N7-C*(rwH) |y L OG*t06/N7-CHwH)| <> G*t06/N7~C*(er)1)-

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): TSgx¢.c*oawin)1 < G*t-C*02(rwH) 1>
TSg*t- c*t02wWH)T < G*t-C*O2(wH) s TSG*t- C*O2(wH)| « G*t-C*O2(WH)|»
TSgsn7-cxawh)t o o*N7-c*wh)t and TSgroeN7 cxawH)t © G*O6/
N7-c*wH)1, especially those involving NH, amino groups of the G
and C bases (Table 1): TSg+.cxwc) — 6*-c*mwwc)y TSe*.cxewe) o
TSg.crozawe) < TSg.croopwe) o

G*- C*WWC) G- C*02(WWC)y

G-C*O2wWWC)y  LISG*t-CH(WC) <  G*-CHEwWC) L9G-CHwwe)p o
G- C*awwC)s 1SG-crrwwa)t < G-CrwwcC)y 1SG*-cwwa)l < G*-CrwwC)s
TSg*.cro2(wwe)| « G*-C*02wwC)y TSG*-C*O2(wWC)| < G*t-C*O2(WWC)y
TS+ crtozawwa) | - G*-C*O2WWC)y  LSG*t-C*to2(wwc)| “
G*t- C*tO2(WWC)5 TSG*t-C(wH)l © G*t-C(rwH)-

Especially interesting are the cases of the following TSs -
TSG.cro2awe) o« G-croawwc)y 1SG-C*o2(iwC) < G- C*O2(WWC))
TSg.c*wwe)t < G-c*rwwa) TSg-c*(rwwa)t « G-c*wwa), Where the
N1H:--N3 and N2H:--N3/N1H:--N3 and N2H:--N3/N1H:--02
and N2H---O2/N1H---N4 and N2H---N4 H-bonds are focused on
one common N3/N3/02/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+.cxwwom) o
G*-C*rwWC/H)y LOG*t C*rwWC/H) o G*t-CHwWC/H)y ISG*-C*rwe) o
G¥t-C*wWC)s LSG-C*twWC) <« G-C¥wwC)y LSG*N2-CHrwwC)| o
G*tN2 - CHwWWC) s ISGHIN2-CHIwWC) | < G*N2-C*(wwC)15 1SG*t-C*H) «
G*t-C*(WWC/H)» TSG*bc*oz(wH)T -

G*t-C*(rwH)) TS+t C*rH) <«

G*t-C*O2(rwH)) TSG*bC*OZ(wH]T < G*t-C*O2(rwWC/H)) TSG*t»C*toz(wH)T

© 2021 The Author(s). Published by the Royal Society of Chemistry
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o G*t-C*02(rwH)Ts LSG*t-CrwH)1 < G*t-C(wH)Ts LOG*N7 C*rwH)T <
G*N7-C*(wH)-

Finally, there are also TSs stabilized by three intermolecular
H-bonds (Table 1): TSg.cwc) < 6-cewwc) aNd TSgan7. cxewin) o
G*N7-C*t(rwH) 1+

It is especially interesting to note the cases of the TSs -
TSG*tC*(H) - G*t-C*(rwH)y TSG*t»C*(rH) - G*t-C*(WWC/H)»
TSG*tC*OZ(wH)T « G*t-C*O2(rwH)) TSG*t»C*Oz(wH)T < G*t-C*O2(rwWC/H)»
TSg*t.c*o2wH)T < G*t-C*O2(wH)t) L19G*-CrwH)] < G*t-C(wH)1»
TSg*N7-C*awH)T < G*N7-C*(wH)y LOG*N7-C*t(wH)T < G*N7-C*t(rwH)1»
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:---N3/06---N4 and N7H---N4/N4H---06 and
N3H---0O6 H-bonds and attractive van der Waals contacts are
focused on one common N4/02/N3/N3/N3/N3/N4/O6 atom,
respectively.

15. Moreover, careful analysis of the specificities 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 fixed axis, but in the sense of the
rotation around labile “axis” of rotation. Notably, that exactly
this circumstance significantly 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: u = 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 final structures
(Table 1).

17. Especial interest attracts conformational transformations
in the G-C(wy)/G-C(rwy) 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*oe/n7"C*(Wh), < G*oen7 CHtwh)y, GFoens C*(Wh), <
G*O6/N7'C*(rWH)T’ G*06/N7'C*(I'WH)¢ « G*OG/N7'C*(WH)T and
G*oem7 C*(Wh), © G*ognz+C¥(rwy), (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, Wy,
'Wwc, H, TH, wy and rwy) nucleobase pairs, which is caused by
the rotational mobility of the bases around the individual
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intermolecular H-bonds, significantly 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-parallel®** 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 finally, 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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