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A Quantum-Mechanical Looking
Behind the Scene of the Classic G-C
Nucleobase Pairs Tautomerization

Ol’ha O. Brovarets’™, Alona Muradova? and Dmytro M. Hovorun "2

" Department of Molecular and Quantum Biophysics, Institute of Molecular Biology and Genetics, National Academy of
Sciences of Ukraine, Kyiv, Ukraine, 2 Department of Molecular Biotechnology and Bioinformatics, Institute of High
Technologies, Taras Shevchenko National University of Kyiv, Kyiv, Ukraine

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

Keywords: DNA, RNA, GeC base pair, tautomerization mechanism, wobblization, wobble base pair, Levitt base
pair, Lowdin’s base pair
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FIGURE 1 | Continued

Frontiers in Chemistry | www.frontiersin.org 4 November 2020 | Volume 8 | Article 574454



Brovarets’ et al. Tautomerization of the Classic GeC Nucleobase Pairs

Iv. G* Croa(rwwe) < G*CHop(rwwe)
i) g

G*C¥op (twwe)  ©  G*-C*o, (rwwe)

1.636 1717, 1.73
1973 0 — — 57

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

1.663 1.743,
1.968 1.908

J

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

I

1.65 716 1.730,
= =
2.043 1.978 1.969

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

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

G*NI'C*‘("WWC) o G¥yu CH(rwwo)

1.739 1.798 1.790,
—> 1.776 — 1.776

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

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

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

FIGURE 1 | Continued
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FIGURE 1 | Investigated pathways of the tautomeric wobblization of the biologically-important G-C nucleobase pairs — G*-C*(rWC), G*-C*(H) and G*-C*(rH) pairs
obtained at the MP2/6-311++G(2df,pd)//B3LYP/6-3114++G(d,p) level of QM theory. AG-relative Gibbs free energy and AE-electronic energy (in kcal-mol~";
MP2/6-311++4G(2df,pd)//B3LYP/6-311++G(d,p) level of QM theory); AEj-electronic and AGin-Gibbs free energies of the interaction
(MP2/6-31144G(2df,pd)//B3LYP/6-3114++G(d,p) level of QM theory, in kcal-mol~1). vi—imaginary frequency. Intermolecular AH...B H-bonds are designated by dotted
lines, their lengths H...B are presented in angstroms.
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FIGURE 2 | Total geometries of the investigated G-C nucleobase pairs, corresponding to the local minima, presented altogether with their relative Gibbs free energies
AG and electronic energies (AE in kcal-mol~! under normal conditions) obtained at the MP2/6-311+4-+G(2df,pd)//B3LYP/6-3114+G(d,p) level of QM theory.
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TABLE 1 | Energetic characteristics of the tautomers of the G-C nucleobase pairs
obtained at the MP2/6-311+4-+G(2df,pd)//B3LYP/6-3114++G(d,p) level of QM
theory in vacuum (¢ = 1) (see Figure 2).

N G-C complex AG? AEP

rWC/rwwc

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

tautomerization (Figure 1, part X).

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

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

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

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

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

CONCLUSION

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

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