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Abstract. It is widely known that canonical DNA base pairs preserve Watson-Crick (WC) scheme of
the pairing that enables accurate transfer of genetic information across generations. Herein, we present firstly
discovered biologically important property of the classical A-T(WC) and G-C(WC) nucleobase pairs to
tautomerise into the wobble (w) H-bonded mismatches — A*-Ty(w), A-T*pap(w), A-T* (w) and G-C*y(w),
G*-Cy(w), GC*(w), G*Cy(w), respectively, containing mutagenic tautomers of the bases (denoted by
asterisks), and vice versa. QM and QATIM calculations show that these non-dissociative tautomerisation
processes, that are quite fast in comparison with the rate of the DNA replication in the cell, are controlled by the
highly stable and highly polar transition states — tight A™T, A~T", G™-C~ and G -C" ion pairs, — formed by the
protonated and deprotonated bases. Estimation of the populations of the tautomerised states of the A-T(WC)
(6.1:10°-1.5-107) and G-C(WC) (4.2:10"'-1.4-10) base pairs in the continuum with e=4, corresponding to
the interface of the protein-nucleic acid interactions, points to their involvement in the processes of the
nucleation of the spontaneous point replication errors in DNA arising with frequencies to around 10 =10~
errors per nucleotide replicated. Presented conception about the mutagenic quantum wobbling of the canonical
A-T(WC) and G-C(WC) nucleobase pairs as their intrinsic property resulting in their tautomerisation allows us
to explain the increase in the frequency of point mutations induced by 2-aminopurine and also non-
contradictory interpret the NMR experimental literature data that show slow exchange between the G-P(WC)
Watson-Crick-like base pair with the corresponding wobble pair, which includes 6H,8H-3.4-
dihydropyrimido[4,5-c][1,2]oxazin-7-one (P) mutagen. These findings significantly expand the horizons of the
classical Watson-Crick tautomeric hypothesis of the spontaneous point mutagenesis. Collectively, our
investigation revealed hitherto unknown ability of the canonical Watson-Crick DNA base pairs to switch into
the wobble mismatches with mutagenic tautomers, clarifying the nature of genome instability. Moreover, this
paper reveals new facets of the Watson—Crick tautomeric hypothesis of the spontaneous point mutagenesis
arising at the DNA replication and significantly broadens the possibilities for rational design of the chemical

mutagens with targeted action, which could be interesting for medicine, synthetic biology and biotechnology.
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1 Electronic supplementary information (ESI) available: (i) Computational details; (ii) Profiles of the glycosidic parameters of
the Watson-Crick DNA base pairs along the IRC of the tautomerisation; (iii) Stationary structures on the reaction pathways of the
tautomeric transformations of the A-T and G-C Watson-Crick DNA base pairs; (iv) Energetic profiles of the reaction pathways of the
tautomeric transformations of the A'T and G-C Watson-Crick DNA base pairs; (v) Physico-chemical parameters of the specific
intermolecular contacts in the investigated DNA base pairs and TSs of their wobbling tautomerisations; (vi) Energetic and kinetic
characteristics of the tautomerisations of the DNA base pairs containing canonical bases and mutagenic analogue of cytosine P, and
also of the conformational interconversions of the mirror-symmetric enantiomers of the DNA base mispairs; (vii) Interaction energies
for the investigated DNA base pairs and TSs of their tautomeric wobbling; (viii) Energetic and kinetic characteristics of the wobbling
tautomerisations of the Watson-Crick DNA base pairs; (ix) Ranges of the existence of the obtained patterns of the specific
intermolecular interactions along the IRC of the Watson-Crick DNA base pairs tautomerisations; (x) Movies of the tautomeric
conversions of the A'T and G-C Watson-Crick DNA base pairs via the sequential DPT into the wobble mismatches containing

mutagenic tautomers. See DOI: 10.1039/x0xx00000x.
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Although DNA is replicated in the cell with high precision, anyway errors occur'”. In recent years
Watson-Crick tautomeric hypothesis3 that associates the nature of spontaneous point mutations arising in DNA
with the transition of nucleotide bases from the canonical into the rare, mutagenic tautomeric forms*’ resulting
in the formation of the base pairs by their participation, has received reliable experimental®'’, in particular X-

% and theoretical''""® verifications. Nevertheless,

ray analysis”®, NMR relaxation dispersion measurements,”'
these data do not allow us to answer on the sore point according the physico-chemical mechanisms enabling
DNA bases in the canonical tautomeric form to acquire rare or mutagenic tautomeric form before the
dissociation of the Watson-Crick (WC) nucleobase pairs into the monomers by the replication machinery in
order to produce mispairs resulting in further misincorporations and as a result — the spontaneous point
mutations at the DNA replication. At the same time, the clarification of the concrete physico-chemical

116 that ensure transition of the nucleotide bases from the canonical into the rare tautomeric form

mechanisms
at the DNA replication, i.e. at the forced dissociation of the Watson-Crick nucleobase pairs into the monomers
by the replication machinery, remains its "narrow" place.

As of today, it has been definitely established that double proton transfer (DPT) along neighboring
intermolecular H-bonds'” as in the Watson-Crick'®*' and wobble*** DNA base pairs, so in the complexes of

amino acid residues of the DNA-binding proteins with nucleotide bases***’

can’t cope with this biologically
important task.

In this paper we have pursued the goal to reveal unknown properties of the well-studied canonical
A-T(WC) and G-C(WC) DNA base pairs, which are inherent to these H-bonded complexes itself and able to
explain the intrinsic DNA mutability without involvement of the external agents.

All calculations of the geometries and harmonic vibrational frequencies of the considered base mispairs
and transition states of their conversion have been performed using Gaussian’09 package®® at the DFT
(B3LYP)/6-311++G(d,p) level of theory”’?’, that has been applied for analogous systems and verified to give
accurate geometrical structures, normal mode frequencies, barrier heights and characteristics of intermolecular
H-bonds™™*'*°. A scaling factor that is equal to 0.9668 has been applied in the present work for the correction
of the harmonic frequencies of all studied base pairs®>>. We have confirmed the minima and TSs, located by
means of Synchronous Transit-guided Quasi-Newton method®®, on the potential energy landscape by the
absence or presence, respectively, of the imaginary frequency in the vibrational spectra of the complexes. We
applied standard TS theory”’ to estimate the activation barriers of the tautomerisation reactions.

Reaction pathways have been monitored by following intrinsic reaction coordinate (IRC) in the forward
and reverse directions from each TS using Hessian-based predictor-corrector integration algorithm® with tight

convergence criteria. These calculations eventually ensure that the proper reaction pathway, connecting the

expected reactants and products on each side of the TS, has been found. We’ve have investigated the evolution
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of the energetic and geometric characteristics of the H-bonds and base pairs along the reaction pathway
establishing them at each point of the IRC***!,

In order to consider electronic correlation effects as accurately as possible, we followed geometry
optimizations with single point (SP) energy calculations using MP2 level of theory* and 6-311++G(2df,pd)

Pople’s basis set of valence triple-{ quality®**

and aug-cc-pVDZ Dunning’s cc-type basis set”, augmented
with polarization and/or diffuse functions.

Physico-chemical parameters have been estimated by the known formulas of the physico-chemical
kinetics®” (for more details see Methods Section in ESI). Bader's quantum theory of Atoms in Molecules
(QTAIM)***" was applied to analyse the electron density distribution*®*’.

In the present paper we have considered the simplest physico-chemical model of the base mispairs in the
base-pair recognition pocket of the high-fidelity DNA-polymerase, namely the H-bonded pairs of nucleotide
bases in the continuum with e=1/¢=4. In this case, we have relied on the results obtained in the work™, in which
the adequacy of this model was convincingly proved, at least at the study of the tautomerisation of the H-
bonded pairs of nucleotide bases, where insignificance of the influence of the stacking and the sugar-phosphate
backbone on the tautomerisation process has been demonstrated. Thereby, their impact can be neglected in the
first approximation. In addition, the applied model can help to distinguish the lowest structural level, at which
the tautomerisation effects can be observed, and to estimate the changes at the sequential complication of the
model.

In this study we have chosen the simplest level of the base pairs that adequately reflects the processes
occurring in real systems’' without deprivation of the structurally functional properties of the bases in the
composition of DNA. In this case, the value of the effective dielectric constant € (I < g < 4), that is
characteristic for the anhydrous molecular crystals, satisfactorily models the substantially hydrophobic
recognition pocket of the DNA-polymerase machinery as a part of the replisome '**'*,

Mutagenic tautomeric wobbling of the canonical A-T Watson—Crick DNA base pair. In this paper
we discovered for the first time a new physico-chemical property of the classical A-T(WC) DNA base pair to
be in the fast (in comparison with the rate of the DNA replication in the cell?) tautomeric equilibrium with the
short-lived wobble (w) A*-Ty(w), A-T*po1(w) and A-T* (w) H-bonded mismatches, comprising mutagenic
tautomers of nucleotide bases (here and below marked by an asterisk) (Figs. 1, 2, Table 1 and Fig. S1, Tables
S1-S3). It turned out that the A-T(WC) DNA base pair exists simultaneously in three other biologically
important hypostasis — A*-Ty(w), A-T*p21(w) and A-T* (w). Their forced dissociation into monomers by the
DNA-polymerase machinery with necessity generates mutagenic tautomers of the DNA bases, which are
themselves long-lived structures™ and are able to cause spontaneous point mutations'' >,

Common feature of all three A-T(WC)—A*-Ty(w), A-T(WC)—A-T*py1(w) and A T(WC)—>A-T* (W)
routes of the quantum mutagenic tautomerisation via the sequential DPT accompanied with the structural

rearrangement of the bases lies in the fact that they are controlled by the plane symmetrical, highly stable and

4
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highly polar transition states — tight ion pairs formed by the protonated A" base and deprotonated T~ base — and
occur by the non-dissociative mechanism (Figs. 1, 2 and Fig. S1). This non-dissociative quantum mechanism of
the mutual transformation of the base pairs is accompanied by the significant alteration of their geometry (from
Watson-Crick to wobble and vice versa) and succession of the patterns (from 9 to 10) of the specific
intermolecular interactions including both AH---B H-bonds and loosened A-H-B covalent bridges along the
IRC of tautomerisation (Figs. 1-3 and Table S5). Quite high stabilization energy (>100 kcal'mol'l) of the
transition states of the tautomerisation processes (Table S3) negates the direct participation of water molecules
in them as a chemical agent and eliminates influence of the stacking interactions™ on the course of the

"3 s confirmed experimentally for similar G-T(w)<—G* T(WC)

tautomerisation. Such point of view
tautomerisation’. C, symmetry of the structures involved in all three tautomerisation processes remains
unchanged; at this orientation of the methyl group of the T base also remains undisturbed. Notably, both
tautomerised A*-Ty(w), A-T*o1(W) and A-T* (w) mismatches and transition states of their tautomerisation —
A T(WC)=A* Ty(w), A T(WC)=A-T*oy(w) and A-T(WC)«<>A-T*(w) — are considerably more polar
structures than the A-T(WC) DNA base pair (Table S1). These structures that are involved in the above
described processes of tautomerisation are thermodynamically stable structures with negative value of the
Gibbs free energy of interaction (AGj,<0) (Table S3).

The A-T(WC)«<>A-T*(w) tautomerisation process, where two-stage transition of the one and the same
proton occurs, is much easier than two others A-T(WC)«>A*-Ty(w) and A-T(WC)—A-T*p1(w) (Figs. 1, 2).
These two last processes take place through a common TSA+'T'A.T(WC)HA+-T-(W) transition state and dynamically
unstable intermediate — H-bonded A™-T"(w) tight ion pair with wobble architecture: exactly at this A" T(w)
point it occurs bifurcation of the tautomerisation into two different (in topological and energetic aspects)
pathways, which final products are A*-T(w) and A-T*04(W) mispairs. Herewith, the TSA+'T'A.T(WC)<_,A+.T_(W) is
in fact the transition state for both A-T(WC)—A*-Ty(w) and A-T(WC)<A -T*p,4(W) tautomerisation reactions
(Figs. 1, 2). It was established at the MP2/aug-cc-pVDZ//B3LYP/6-311++G(d,p) level of theory that the A™-T
(w) intermediate is absent on the potential energy surface, since the A™-T(W)«>A-T*oy(w) and AT
(w)<>A*-Ty(w) tautomeric conversions are barrier-less in the continuum with e=1/e=4 (see Table S4).

Comparison of the energy barriers of the mutagenic tautomerisation of the isolated A and T bases (45.7
and 39.2 kcal-mol™, respectively)’® with similar values in the composition of the pair (17.4 and 20.8 kcal-mol™,
respectively (Table S4)) clearly evidences that complementary H-bonded bases catalyze the tautomeric
transformation of each other into the mutagenic tautomeric forms.

On the one hand, population of the tautomerised states of the A-T(WC) DNA base pair — A*-Ty(w),
A-T*0y1(w) and A-T*(w) — consists 5.4-10°/1.5-107, 9.9-10°/3.3-10°* and 2.5-10"/6.1-10”, respectively,
obtained at e=1/e=4 (the continuum with a low dielectric constant is typical for hydrophobic interfaces of
specific protein-nucleic acid interactions®*) (Fig. 1), that fits into the range of the frequencies of the
spontaneous point mutations observed experimentally (107!-107)*>>7,

5
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On the other hand, wobble A*-Ty(w), A-T*p(w) and A-T* (w) H-bonded mispairs satisfy all
necessary conditions in order to be successfully dissociated into the monomers by the replication machinery'”-
3 Indeed, they incorporate well into the structure of the DNA double helix***
bases in them does not exceed a similar value for the G-C(WC) DNA base pair (AEj,=-29.28 and AGi,=-15.97
kcal-mol™)*! and they have a fairly long lifetimes (t=1.6-10%, 2.9-10” and 3.0-10° s, respectively) (Table 1).

This indicates that uncovered by us for the first time internally inherent to the A-T(WC) DNA base pair

, interaction energy between

property to exist in a rapid tautomeric equilibrium with the A*-Ty(w), A-T*p24(Ww) and A-T* (w) mispairs (time
Tgg.99, necessary to reach 99.9% of the equilibrium concentration between the reactant and the product of the
tautomerisation reactions is equal to 1.1:107/6.0-107, 2.0-10%/1.4-10° and 2.1:107/9.2:10° s (e=1/e=4),
respectively (Table S4)) has direct relevance to the occurrence of the spontaneous replication errors in DNA.

Low population of the tautomerised states of the classical A-T(WC) DNA base pair complicates its
direct registration by the experimental physico-chemical methods. Meanwhile, developed in this work
conceptions about the spontaneous mutagenic tautomerisation of the A-T(WC) base pair allow us to explain
quite naturally microstructural mechanism of the mutagenic pressure exerted by 2-aminopurine (2AP) on the
DNA. It is well known®"** that this strong mu‘cagen65 causes A-T—G-C spontaneous point replication error,
incorporating into the DNA. According to our data, the tautomerisation reaction of the 2AP-T(WC)®® base pair
into the 2AP-T* (w) mispair containing T* mutagenic tautomer and back (Figs. 1, 2) causes the increasing of
the population of the latest in comparison with the A-T*(w) mispair in 1887/219 times under normal
conditions in the continuum with e=1/e=4 (accordingly, probability of the G-T*(WC) mismatch®’ formation in
the next cycle of the DNA replication increases in the appropriate number of times) (Figs. 1, 2, Table 1 and
Tables S1-S4). One of the basic reasons for this is that the weak C2H---N3 H-bond (1.41 kcal'mol™) in the
A-T*|(w) mispair is replaced by a much stronger classical N2H--N3 H-bond (5.27 kcal'mol™) in the
2AP-T* (w) mismatch (Figs. 1, 2, Table 1 and Table S1). In our opinion, the outlined above considerations are
important confirmation of the adequacy of our model of the tautomeric non-stability of the A-T(WC) DNA base
pair.

Finally, we would like to note that in addition to the pathways analyzed in details above, we have also
detected two others A-T*(w)«<>A-T(WC)«—A*-T(w) tautomerisation routes, controlled by the transition states
that are H-bonded A™T" tight ion pairs (Fig. 4 and Figs. S2, S3 and Tables S1-S4). In view of their extreme
slowness (199,9%26.6'1010 and 9.1-10° s, respectively (Table S4), that by orders exceeds time of the DNA
replication in the cell®), these tautomerisation processes do not present any biological interest and can be
attractive only from a theoretical point of view.

Mutagenic tautomeric wobbling of the canonical G-C Watson-Crick DNA base pair. We have
managed to establish pioneeringly that classical G-C(WC) DNA base pair stay in the rapid (in comparison
with the rate of the DNA replication in the cell?) tautomeric equilibrium with the four wobble (w) G-C*y(w),
G*-C(w), G:C*(w) and G*-C4(w) pairs involving mutagenic tautomers of the DNA bases (Figs. 5, 7, Table 2

6
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and Figs. S4, Tables S6-S10). Our QM computational experiment demonstrate that forced dissociation of
these mispairs into monomers by the DNA-polymerase machinery would generate with necessity in the
genome mutagenic tautomers of the DNA bases, that are able to cause spontaneous point mutations —
replication errors.

It should be noted that all four G-:C(WC)«<G-C*y(w), G-C(WC)-~>G*-Ci(w), G-C(WC)~G-C*(w) and
G C(WC)«<>G*-Cy(w) pathways of the mutagenic tautomerisation occur non-dissociatively (Fig. 8 and Fig. S9,
Table S14) via the highly stable and highly polar transition states — tight G"-C~ and G -C" ion pairs — formed by
the protonated and deprotonated bases (Figs. 5, 7). Bases in the aforementioned complexes, which are involved
in these tautomerisation processes, are tightly bound in view of the negative values of the Gibbs free energy of
interaction (AGiy<0) (Table S9), which extremely high values (>100 kcal-mol™) are achieved at the TSs. This

8870 on the course of the considered

means that impact of the water molecules and stacking interactions
processes is negligible.

This non-dissociative quantum mechanism of the sequential DPT in the nucleobase pairs is
accompanied by their substantial rearrangement and sequential change of their intermolecular specific
interactions (from 10 to 15 patterns), in particular AH---B, NH---HN H-bonds, attractive N---O/N van der
Waals contacts and loosened A-H-B covalent bridges along the IRC of tautomerisation (Fig. 8 and Table S14).

This approachlz'16 has stand the test of time for others mispairs and was confirmed experimentally for
the G-T(w)”'* and G-P(WC)"""* base mispairs.

It becomes clear from the comparison of the energy barriers of the mutagenic tautomerisation of the G
and C bases in the isolated state™, with the corresponding values in the composition of the G-C(WC) DNA base
pair, respectively (Table 2 and Table S10), that complementary H-bonded bases catalyze the tautomeric
transformation of each other.

The G-C(WC)«<>G-C*y(w) and G-C(WC)«<>G*-C|(w) tautomerisation processes occuring without
involvement of the intermediates are significantly simpler than two others G-C(WC)«G-C* (w) and
G- C(WC)«<>G*-Cy(w) (Figs. 5, 7, Table 2 and Table S10). These two latest processes proceed via the
dynamically unstable intermediate — the G*-C*(L) Lowdin’s (L) base mispair with Watson-Crick geometry
(Figs. 5, 7, Table 2 and Table S10).

It should be emphasized that all four wobble G-C*y(w), G*-C(w), G:C*(w) and G*-Cy(w) pairs do not
tautomerise through the DPT along the neighboring intermolecular H-bonds, because the products of these
reactions are dynamically unstable and short-lived structures, for which low-frequency intermolecular
vibrations can’t develop during their lifetimes (Figs. S5, S6 and Table S12). It also draws attention to the
significant non-planarity of the TS®“Grcxpoaenw (ZC6NI(GHN3C4(C)=+38.0° and TS™
'C+G*'C*(L)<—>G*~CT(W) (£C6N1(G)N3C4(C"=+40.2°) transition states and also of the wobble G-C* 1(w)
(£N1C2(G)N3C4(C*)=+42.3°) and G*-Cy(w) (£CONI1(G*)N1C6(C)= +£31.0°) mispairs (Figs. S7, S8 and Table
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S13). However, our simulation results show that it is not essential obstacle for the incorporation of these
complexes into the structure of the DNA double helix.

Detailed physico-chemical analysis revealed that the wobble G-C*y(w), G*-C|(w), G-C*|(w) and
G*-Cy(w) mismatches can be successfully dissociated into the monomers by the replication machinery, since
they fulfill all conditions, which are necessary to accomplish this purpose'®?'*. Thus, these tautomerised

mispairs can be embedded well’*

into the structure of the DNA double helix owing to the fact that their
interaction energy between the bases is lower than a similar value for the canonical G-C(WC) DNA base pair*’;
they have rather long lifetimes (21.5, 4.7, 4.9-10° and 1.2:10® s, respectively) and, in addition, the population
of these tautomerised states of the canonical G:C(WC) DNA base pair — G-C*y(w), G*-C|(w), G:C* (w) and
G*-Cy(w) — consist 1.4:10°, 5.3-107", 4.5-10""" and 4.2-10™", respectively, in the continuum with g=4>*",
spanning the experimentally observed range of the frequencies of the spontaneous point mutations (10™'-107
%337 All these facts gathered together indicate, that the identified here for the first time intrinsic property of
the G:C(WC) DNA base pair to stay in rapid tautomeric equilibrium with the wobble G-C*y(w), G*-C(w),
G-C*|(w) and G*-Cy(w) pairs, is closely related to the occurrence of spontaneous point mutations — DNA
replication errors.

Low population of the tautomerised states of the classical G-C(WC) base pair complicates their
registration by the experimental physico-chemical methods. Meanwhile, by NMR spectroscopy it was fixed the
conversion of the G-P(WC) base pair including 6H,8H-3,4-dihydropyrimido[4,5-c][1,2]oxazin-7-one (P)
mutagen® into the wobble configuration and vice versa in the DNA composition’"’*. In this case according to
the presented above model, the population of the tautomerised G-P*y(w) and G-P*|(w) states increases by
orders of magnitude in comparison with similar G-C*{(w) and G-C* (w) states, attaining values 4.5-107 and
1.4-10™, respectively (e=4), which allows them to be recorded experimentally (Figs. 5, 6, Table 2 and Tables
S8, S10, S11). Contrary, the population of two others tautomerised G*-P|(w) and G*-Py(w) states of the
G-P(WC) base pair increases only in 0.2 and 74.2 times in comparison to analogical states of the G-C(WC)
base pair in the continuum with e=4 (Figs. 5 and 6) and that’s why they remain inaccessible for experimental
observation. All this testifies to the adequacy of the presented above representations of the mutagenic
tautomerisation of the G-C(WC) base pair.

Obtained in this paper results significantly deepen and elaborate classical Watson-Crick tautomeric
hypothesis3 that links the nature of spontaneous point mutations occuring during DNA replication with ability
of the nucleotide bases to transfer from the canonical into the mutagenic tautomeric form. Developed
representations significantly extend possibility for the rational design of the promutagens by using nucleobases
with targeted action that are interesting from the point of view of both anticancer and antiviral therapy.

Rather promising task for the future is clarification of the role of the local protein environment of the
replisome’* on the discussed above tautomeric equilibrium and also possible evolutionary value of the
mutagenic tautomeric mobility of the canonical Watson-Crick DNA base pairs.

8
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Figure 1. Stationary structures optimized at the B3LYP/6-311++G(d,p) level of theory (¢=1) on the reaction
pathways  of the (a) AT(WC)oA T (w)oA* Tiw), (b)) AT(WC) oA T (W)A - T*0i(W),
(¢) AT(WC)«>A - T*|(w) and (d) 2AP-T(WC)«>2AP-T* (w) tautomerisations. All transition states of these
processes represent itself tight A™T/2AP"-T  ion pairs, geometry of which is no longer Watson-Crick, but
is not yet wobble. Populations N of the wobble mispairs containing rare tautomers are presented below them
in brackets (MP2/aug-cc-pVDZ//B3LYP/6-311++G(d,p) level of theory in the continuum with e=1/e=4 at
T=298.15 K). Dotted lines indicate AH---B H-bonds and continuos — loosened A-H-B covalent bridges
(their lengths in the continuum with ¢=1 are presented in angstroms; for more detailed physico-chemical
characteristics of the H-bonds see Table S1); carbon atoms are in light-blue, nitrogen — in dark-blue,
hydrogen — in grey and oxygen — in red; vi — imaginary frequency; numeration of atoms depicted on the
A-T(WC) base pair is standard.
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Figure 2. Energetic profiles of the mutagenic tautomeric wobbling of the A-T(WC) and 2AP-T(WC) DNA base
pairs due to their tautomeric transformations via the (a) A‘T(WC)HA+'T_(W)<—>A*'TT(W), AT(WC)—A™T
(W)=A-T*oop(w), A T(WC)—A-T*(w) and (b) 2AP-T(WC)<2AP-T*|(w) tautomerisation pathways depicted
together with key stationary structures on the potential energy hypersurface (see also Figure 1). These tautomeric
conversions occur through the initial nipping off the migrating proton from the T base and joining it to the A
complementary base, then shifting and significant rebuilding of the bases relative to each other within the base pair
into the major or minor groove sides of the DNA helix and further addition of the mobile or other acidic proton to
the neighboring nitrogen or oxygen atoms of the T base. The A-T(WC)«<>A*-Ty(w) and A-T(WC)—A -T*p21(W)
tautomerisation reactions proceed via the dynamically unstable intermediate — the A™-T  (w) tight ion pair with
wobble architecture, exactly at which bifurcation occurs into two different pathways. All transition states of these
processes represent itself tight A™T/2AP™-T  ion pairs, geometry of which is no longer Watson-Crick, but is not
yet wobble. These data are obtained by following IRC at the B3LYP/6-311++G(d,p) level of theory in the
continuum with e=1. For the detailed designations of the intermolecular bonds, atoms, their numeration and
complex populations see Fig. 1 caption.
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Figure 3. Exchange of the patterns of the intermolecular AH---B H-bonds along the IRC of the biologically
important tautomerisations of the A-T(WC) DNA base pair via the sequential DPT accompanied with the
structural ~ rearrangement of the bases: (a) A T(WC)<A*Tyw), (b) AT(WC)<A -T*pi(w) and
(¢) AT(WC)«>A-T*(w) (B3LYP/6-311++G(d,p) level of theory (e=1)). Here and below perpendicular lines
denote partition of all range into different regions. Detailed numerical characteristics of the unique patterns of the
specific intermolecular interactions, which sequential change accompanies non-dissociative processes of

tautomerisation, are presented in Table S5.
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Figure 4. Energetic profiles combined with the stationary points of the high-
energy (a) A T(WC)—A-T*(w) and (b) A T(WC)<—>A*-T|(W) reaction
pathways of the mutagenic tautomeric variability of the A-T(WC) DNA base
pair proceeding via the initial nipping off the migrating proton from the A
base and joining it to the T complementary base accompanied with structural
rearrangements of the bases relative to each other within the base pair into
the major or minor groove sides of the DNA helix and terminal transfer of
the mobile or other acidic proton to the N1/N6 nitrogen atoms of the A base
(see also Figs. S2, S3 and Tables S1-S4). These data are obtained by
following IRC at the B3LYP/6-311++G(d,p) level of theory in the
continuum with &=1. For the detailed designations of the intermolecular

bonds, atoms and their numeration see Fig. 1 caption.
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Table 1. Energetic and kinetic characteristics of the biologically important A-T(WC)«<>A*-Ty(w),
A T(WCO)=A - T*oop(Ww), A T(WC)—A-T*(w) and 2AP-T(WC)«<2AP-T*(w) tautomerisations obtained at the
MP2/aug-cc-pVDZ//B3LYP/6-311++G(d,p) level of theory in the continuum with e=1/e=4 (see also Tables S1-S4).
Tautomerisation & | AG® | AE° | AAGrs®| AAErs®| AAG' | AAE®| Tg99s;" 7 N

AT(WC)>A*-T(W) 9.90 | 9.59 | 1672 | 16.02 | 6.82 | 6.43 | 1.10-107 | 1.59-10° | 5.4-10°
932 | 878 | 1441 | 13.56 | 5.09 | 4.78 | 9.59-10” | 8.62:10™ | 1.5-10”
1091 1125 | 16.72 | 16.02 | 581 | 4.77 | 2.02:.10% | 2.92:10° | 9.9-10”
10.19 | 1048 | 14.41 | 13.56 | 422 | 3.07 | 1.36:10° | 1.97-10" | 3.3-10°
13.08 | 14.84 | 2028 | 2041 | 7.20 | 5.57 | 2.09:-107 | 3.03-10® | 2.5-10"
10.69 | 12.47 | 16.03 | 1642 | 534 | 3.94 | 9.20-10° | 1.33-10° | 6.1-10”
8.62 | 833 | 18.66 | 17.53 | 10.04 | 9.21 | 2.53-10° | 3.66:10° | 4.8-10”
4 | 7331 779 | 1548 | 1472 | 8.15 | 6.93 | 1.04-10° | 1.50-107 | 4.2-10°

"The dielectric constant; "The Gibbs free energy of the product relatively the reactant of the tautomerisation reaction (T=298.15 K), kcal-mol"; “The
electronic energy of the product relatively the reactant of the tautomerisation reaction, kecal'mol!; “The Gibbs free energy barrier for the forward

A T(WC)—>A-T¥031(W)

A T(WC)—A-T* (W)

—_— A== =

2AP-T(WC)-2AP-T* (W)

reaction of tautomerisation, kcal'mol™'; °The electronic energy barrier for the forward reaction of tautomerisation, kcal'mol’’; The Gibbs free energy
barrier for the reverse reaction of tautomerisation, kcal'mol™'; ®The electronic energy barrier for the reverse reaction of tautomerisation, kcal-mol™'; "The
time necessary to reach 99.9% of the equilibrium concentration between the reactant and the product of the tautomerisation reaction, s; ‘The lifetime of
the product of the tautomerisation reaction, s; 'Populations of the wobble mispairs containing mutagenic tautomers. See also summary Table S2 for the
Gibbs and electronic energies of the mispairs and TSs relatively the global minimum — the A-T(WC) DNA base pair.

17



RSC Advances Page 18 of 23

1.877
1.798

W DR DR BE

G G-C(WC)-G- C*T(w) G-C*(w)
(vi=169.2i cm™) (N=1.6-10""/1.4-10")

TSG+.C_G-C(WC)<—>G*1-C¢(W) G*C (w)
(vi=145.8i cm™) (N=1.3-10"/5.3-10™"")

1,714
1.865
2.00 TS “en. CHL)GEH W) G-C* (W)
(vl 190.5icm™)  (N=8.8-10"%/4.5-10")
G- C(WCO) TS¢.coweyog+ ) G*-C*(L)

(vi=969.0i cm™)

TSG"C G CHL-GHCT) G*-Cy(w)

(vi=85.9i cm™") (N=8.4-10"%/4.2-10"")
Figure 5. Stationary structures determined on the potential energy hypersurface of the canonical G-C(WC) DNA
base pair and pathways of their tautomeric interconversions: calculations at the B3LYP/6-311++G(d,p) level of
theory (e=1). The (a) G:C(WC)<—G-C*y(w), (b) G:C(WC)-G*-C|(w), (¢) G:C(WC)«<»>G*-C*(L)«>G-C* (W) and
(d) G:C(WC)>G*-C*(L)«>G*-Cy(w) tautomerisations occur through the initial nipping off the migrating proton
from the G or C base, then shifting and significant rebuilding of the bases relative to each other within the base
pair into the major or minor groove sides of the DNA helix and further addition of the mobile or other acidic
proton to the neighboring nitrogen or oxygen atoms of the complementary base. All transition states of these
processes represent itself tight G'-C~ or G -C" ion pairs, geometry of which is no longer Watson-Crick, but is not
yet wobble. Perpendicular projections of all complexes are given below them. For the detailed designations of the
intermolecular bonds, atoms, their numeration and complex populations see Fig. 1 caption.
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Figure 6. Stationary structures determined on the potential energy hypersurface of the G-P(WC) base pair
involving P cytosine analogue and their tautomerisation pathways into the mispairs containing mutagenic
tautomer of P: calculations at the B3LYP/6-311++G(d,p) level of theory (e=1). The (a) G-P(WC)«>G-P*y(w) and
(b) G-P(WC)G-P*|(w) tautomerisations occur through the initial nipping off the migrating proton from the G
or P base, then shifting and significant rebuilding of the bases relative to each other within the base pair into the
major or minor groove sides of the DNA helix and further addition of the mobile or other acidic proton to the
neighboring nitrogen or oxygen atoms of the complementary base. All transition states of these processes
represent itself tight G™-P~ or G -P" ion pairs, geometry of which is no longer Watson-Crick, but is not yet
wobble. Perpendicular projections of all complexes are given below them. For the designation of the
intermolecular bonds, atoms, their numeration and complex populations see Fig. 1 caption.
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Figure 7. Diversity of the reaction pathways of the (a) G:C(WC)<—G:-C*y(w), G C(WC)-=G*-Cy(w),
G- C(WC)=G-C* (W), G- C(WC)G*Cyw) and (b) G-P(WC)—G-P*y(w), G-P(WC)—~G-P*(w) mutagenic
wobbling tautomerisations depicted together with key stationary structures on the potential energy hypersurface
(see also Figs. 5 and 6). The G-C(WC)-G-C*|(w), G-C(WC)>G*-Cy(w) and G-P(WC)«-G-P* (w) processes
proceed via the short-lived and dynamically stable intermediates — the G*-C*(L) and G*-P*(L) Lowdin’s base
mispairs with Watson-Crick geometry. Presented data are obtained by following IRC at the B3LYP/6-
311++G(d,p) level of theory in the continuum with e=1. Various routes of the tautomerisation reactions are
depicted in different colors. Peaks curves correspond to the transition states of the tautomerisation processes, while
minima — to the base pairs with Watson-Crick or wobble architectures. For more detailed physico-chemical
characteristics of these tautomeric transformations see Table 2 and Tables S6-S14.
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Figure 8. Exchange of the patterns of the intermolecular AH:--B, NH---HN H-bonds and attractive N---O/N van
der Waals contacts along the IRC of the biologically important tautomerisations of the G-C(WC) DNA base pair
via the sequential DPT accompanied with structural rearrangements of the bases relative to each other:
(a) G:C(WC)=G-C*y(w), (b) G:C(WC)=G*-C (W), (¢) GC(WC)G*-C*(L)G-C* (W) and
(d) GC(WC)=G*C*(L)>G*Cy(w) (B3LYP/6-311++G(d,p) level of theory (e=1)). Detailed numerical
characteristics of the unique patterns of the specific intermolecular interactions, which sequential changing
accompanies non-dissociative processes of tautomerisation, are presented in Table S14.
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Table 2. Comprehensive energetic and kinetic parameters of the biologically important
G- C(WC)=G-C*y(w), G C(WC)=G*Cy(w), GC(WC)-GC*(w) and G C(WC)-=G*-Cy(w)
wobbling tautomerisations producing mutagenic tautomers of the G and C bases, and also of the
G-P(WC)<G-P*i(w) and G-P(WC)«<>G-P*|(w) tautomerisation pathways (P — cytosine analogue).
Presented data are obtained at the MP2/aug-cc-pVDZ level of theory for the geometry optimized at the
B3LYP/6-311++G(d,p) level of theory in the continuum with e=1/4 (see also Tables S6-S12).
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Tautomerisation € AG AE AAGTs AAETs 199,99 N
G:C(WC)G-C¥(w) |_1 13.35 | 14.10 | 30.47 | 30.74 3.95 1.6-10°
4 12.08 | 12.55 | 31.35 31.73 148.66 1.4-107
G-C(WC)-G*-Cy(w) |__1 1510 | 16.49 | 31.08 | 31.53 0.58 1.3-10™
4 14.14 | 15.40 | 32.50 32.40 32.45 5.3:-107"°
G-C(WC)-G-C*(w) |1 15.08 | 15.96 | 30.88 | 31.41 0.42 8.8-10"
4 14.11 15.48 | 2431 24.59  [3.35-10° | 4.5-10"
G-C(WC)—G*Cy(w) |__1 14.85 | 17.22 | 24.87 | 25.64 |[2.50-10° | 8.4-10"
4 12.64 14.59 | 19.30 19.06 [8.45-10° [ 4.2-10"
GP(WC)—G-P*(w) 1 4.85 597 | 21.77 | 22.08 2.80 2.8-10™
4 3.20 4.01 | 21.99 | 22.30 65.37 45107
G-P(WC)G-P* (W) 1 8.08 942 | 31.44 | 31.83 | 1.48:10° 1.2:10°
4 5.28 6.89 | 24.43 [ 24.67 123.32 1.4-10"

For the detailed designation see Table 1. See also summary Table S7 for the Gibbs and electronic energies of

the mispairs and TSs relatively the global minimum — the G-C(WC) DNA base pair.
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Graphical Abstract

New structural hypostasis of the AT and G:C Watson-Crick DNA base
pairs caused by their mutagenic tautomerisation in a wobble manner: A

QM/QTAIM prediction

Ol’ha O. Brovarets’® & Dmytro M. Hovorun™**
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University of Kyiv, 2-h Akademika Hlushkova Ave., 03022 Kyiv, Ukraine
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Herein, we firstly present biologically important property discovered for the classical A-T(WC) and
G-C(WC) Watson-Crick (WC) DNA base pairs to pass non-dissociatively into three A*-Ty(w), A-T*o2(W)

and A-T*|(w) or four G:C*y(w), G*-Cy(w), G-C*|(w) and G*-C

containing mutagenic tautomers of the bases (denoted by asterisks) and vice versa.
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