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Abstract The biologically important tautomerization of the
Hyp-Cyt, Hyp*-Thy and Hyp-Hyp base pairs to the
Hyp*-Cyt*, Hyp-Thy* and Hyp*-Hyp* base pairs, respec-
tively, by the double proton transfer (DPT) was comprehen-
sively studied in vacuo and in the continuum with a low
dielectric constant (¢=4) corresponding to hydrophobic
interfaces of protein—nucleic acid interactions by combining
theoretical investigations at the B3LYP/6-311++G(d,p) level
of QM theory with QTAIM topological analysis. Based on
the sweeps of the energetic, electron-topological, geometric
and polar parameters, which describe the course of the
tautomerization along the intrinsic reaction coordinate
(IRC), it was proved that the tautomerization through the
DPT is concerted and asynchronous process for the Hyp-Cyt
and Hyp*-Thy base pairs, while concerted and synchronous
for the Hyp-Hyp homodimer. The continuum with ¢=4 does
not affect qualitatively the course of the tautomerization
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reaction for all studied complexes. The nine key points
along the IRC of the Hyp Cyte—Hyp*-Cyt* and
Hyp*-Thy«<>Hyp-Thy* tautomerizations and the six key
points of the Hyp-Hyp—Hyp*-Hyp* tautomerization have
been identified and fully characterized. These key points
could be considered as electron-topological “fingerprints”
of concerted asynchronous (for Hyp-Cyt and Hyp*-Thy) or
synchronous (for Hyp-Hyp) tautomerization process via the
DPT. It was found, that in the Hyp*-Cyt*, Hyp-Thy*,
Hyp-Hyp and Hyp*-Hyp* base pairs all H-bonds are signif-
icantly cooperative and mutually reinforce each other, while
the C2H...02 H-bond in the Hyp-Cyt base pair and the
O6H...04 H-bond in the Hyp*-Thy base pair behave anti-
cooperatively, i.e., they become weakened, while two others
become strengthened.

Keywords Base pairs with Watson-Crick-like geometry that
contains hypoxanthine - Cooperativity of H-bonds - B3LYP
level of QM theory - Sweeps of the energetic -
Electron-topological - Geometric and polar parameters -
Point mutations in DNA - Prototropic tautomerizm - QTAIM
analysis - The double proton transfer

Introduction

Though accidental changes in a genomic DNA sequence,
called mutations [1], can be harmful to a cell, in which they
occur, changing the functions of proteins and causing aging,
illnesses and inherited diseases [1—4] in some circumstan-
ces, may be beneficial providing the fuel for phenotypic
evolution [5] in others.

Spontaneous mutations generally occur during DNA rep-
lication due to a variety of sources such as endogenous
chemical lesions generated spontaneously during normal
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cell metabolism, errors in normal cellular processes and
transposable genetic elements [5]. Spontaneous point muta-
tions may arise due to the substitution of one nucleotide
base for another [4].

A common cause of spontaneous point mutations on the
molecular level is the deamination of the canonical DNA
base to an atypical (modified) base containing a keto-imino
group in place of the original amino group [1, 2]. Thus, for
example, the oxidative deamination of the adenine (Ade)
[6-11] leads to the formation of the hypoxanthine (Hyp) [11,
12] that possesses a structure similar to DNA base guanine
(Gua) lacking its exocyclic 2-amino group and so has the H-
bonding pattern, which is complementary to cytosine (Cyt)
[7, 9, 13—19]. In such a way, Hyp is able to pair with Cyt
forming a Hyp-Cyt base pair during DNA replication [7-9,
13-21]. So, the deamination of Ade leads to the Ade-Thy —
Gua-Cyt transition [7, 8, 15, 19, 22-24]. However, a review
of the current literature indicates a lack of both experimental
and theoretical data concerning the molecular mechanisms
underlying the transitions induced by the Hyp [15, 23-25].

In our previous work [25] we discovered the mechanism
of the prototropic tautomerizm of Hyp, which is known to
play a fundamental role in the mutagenesis as the formation
of rare tautomers (maked with an asterisk) of Hyp can
induce alterations in the normal base pairing, leading to
changes in the genetic code [26]. We have investigated the
mechanism of the intermolecular tautomerization of the
most energetically favorable Hyp-Hyp homodimer (symme-
try C,;), stabilized by the two equivalent N1H...O6 H-
bonds, via the DPT [25]. Moreover, we established the
molecular mechanism of the first discovered keto-enol tau-
tomerization of the Hyp-Hyp homodimer (C,,) via the zwit-
terionic near-orthogonal transition state (TS), stabilized by
the N1"H...N1~ and O6"H...N1™ H-bonds, to the
Hyp*-Hyp heterodimer (C;), stabilized by the O6H...06
and N1H...N1H-bonds. We first showed that the Hyp*-Thy
mispair (C,), stabilized by the O6H...04, N3H...N1 and
C2H...02 H-bonds, mimicking Watson-Crick base pairing,
converts to the wobble Hyp-Thy base pair (Cy), stabilized by
the N3H...06 and N1H...O2 H-bonds, via the high- and
low-energy TSs and the Hyp-Thy* intermediate, stabilized by
the O4H...06, N1H...N3 and C2H...02 H-bonds. The most
energetically favorable TS of the Hyp*-Thy— Hyp-Thy tau-
tomerization is the Hyp "~ Thy” zwitterionic pair (Cy), stabilized
by the O6'H...04", O6'H...N3", N1'H...N3" and N1'H...
02" H-bonds. We also provided investigation of the Hyp-
Cyt— Hyp*-Cyt* tautomerization via the DPT both in vacu-
um and in solution.

Based on the obtained results, it was expressed and
substantiated the hypothesis, that the keto tautomer of Hyp
is a mutagenic compound, while enol tautomer Hyp* does
not possess mutagenic properties [25]. The lifetime of the
nonmutagenic tautomer Hyp* exceeds by many orders the
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time required to complete a round of DNA replication in the
cell. An influence of the surrounding environment (e=4)
corresponding to a hydrophobic interfaces of protein—
nucleic acid interactions [25, 27-34] on the stability of
studied complexes and corresponding TSs was established
to be negligible [25].

Since these stationary points for the base pairs and TSs of
their interconversion were located, the reaction pathways
were established by following the IRC in the forward and
reverse directions from each TS to ensure the expected
reactants and products on each side of the TS.

However, these data cannot give an exhaustive under-
standing of the detailed physico-chemical mechanisms of
the tautomerization and mutagenic action of Hyp as a prod-
uct of the Ade deamination in DNA.

In our recent work [27] devoted to elementary physico-
chemical mechanisms of the tautomerization of the Ade-Thy
Watson-Crick DNA base pair, we first applied a novel
approach, based on the sweeps along the IRC of such
important physico-chemical characteristics of the DPT as
energetic, electron-topological, polar and geometric. We
have investigated the evolution of these characteristics of
the H-bonds and base pairs along the reaction pathway
establishing them at the each point of the IRC.

For the first time, the nine key points along the IRC of the
Ade-Thy base pair tautomerization, which could be consid-
ered as electron-topological “fingerprints” of the concerted
asynchronous process of the Ade- Thy — Ade*-Thy* tautome-
rization via the DPT, have been identified and fully character-
ized. We first suggested that the nine key points are
characteristic for any asynchronous tautomerization process
via the DPT in the H-bonded complexes. Based on this ap-
proach, it becomes possible to clearly distinguish reactant,
transition state and product regions [27, 35, 36] of the DPT
in the Ade‘Thy base pair separated by key points 2 and 8,
where the Ap=0 at the BCPs of the corresponding H-bonds. It
was established, that the extrema of the first derivative of the
electronic energy along the IRC dE/dIRC (the so-called reac-
tion force [35, 36]) is reached exactly at these key points.

Investigation of the energy dependencies of the H-bonds
taken at the beginning and at the end of the movement of
protons in the Ade-Thy base pair along the IRC, which
stabilize the Ade-Thy Watson-Crick and Ade*-Thy* Low-
din’s DNA base pairs, respectively, allowed us to numeri-
cally characterize such an important characteristic of
intermolecular H-bonds as their cooperativity [37, 38]. It
was found that all H-bonds are cooperative in the Ade-Thy
base pair, reinforcing each other, while the C2H...02 H-
bond behaves anti-cooperatively in the Ade*-Thy* base
pair, that is it gets weakened, while two others get
strengthened.

The aim of this work is to extend our approach [27] to a
wider range of biologically important objects, such as the H-
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bonded pairs of Hyp with DNA bases. Realization of this
goal is important for understanding the mechanisms of
genomic instability associated with point mutations, caused
by the tautomerization of nucleotide bases. Biologically
important base pairs involving Hyp and DNA bases —
namely, Hyp-Cyt, Hyp*-Cyt*, Hyp*-Thy, Hyp-Thy*,
Hyp-Hyp, Hyp*-Hyp* — investigated earlier [25], serve as
the objects of this study.

The biologically important tautomerization of the Hyp-Cyt,
Hyp*-Thy and Hyp-Hyp base pairs to the Hyp*-Cyt*,
Hyp-Thy* and Hyp*-Hyp* base pairs, respectively, by the
DPT was comprehensively studied in vacuo and in the con-
tinuum with a low dielectric constant (€=4) corresponding to
a hydrophobic interfaces of protein—nucleic acid interactions
[25, 27-34] by combining theoretical investigations at the
B3LYP/6-311++G(d,p) level of QM theory with QTAIM
topological analysis. Based on the sweeps of the energetic,
electron-topological, geometric and polar parameters, which
describe the course of the tautomerization along the IRC, it
was proved that the tautomerization through the DPT is con-
certed and asynchronous process for the Hyp-Cyt and Hyp* -
Thy base pairs, while concerted and synchronous process for
the Hyp-Hyp homodimer. The limiting stage for the
Hyp-Cyt— Hyp*-Cyt* and Hyp*-Thy — Hyp-Thy* tautome-
rizations is the final proton transfer along the N4H...O6 and
O6H...04 H-bonds, respectively, exposed in the major
groove of the double-stranded DNA. The continuum with
€=4 does not affect qualitatively the course of the tautomeri-
zation reaction for all studied complexes.

The nine and six key points for the Hyp-Cyt, Hyp* - Thy
and Hyp-Hyp base pairs, respectively, which could be con-
sidered as electron-topological “fingerprints” of their tauto-
merization via the DPT, have been identified and fully
characterized along the IRC. These key points have been
used to define the reactant, transition state and product
regions of the DPT in the investigated base pairs.

We have revealed for the first time that the third C2H...
02 H-bond in the Hyp-Cyt and Hyp*-Thy base pairs assists
their tautomerization via the DPT.

It was found, considering the energy dependence of each
of the H-bonds along the IRC in the investigated base pairs,
that in the Hyp*-Cyt*, Hyp-Thy*, Hyp-Hyp and Hyp*-Hyp*
base pairs all H-bonds are significantly cooperative [37, 38]
and mutually reinforce each other, while in the Hyp-Cyt and
Hyp*-Thy base pairs the C2H...02 and O6H...04 H-
bonds, respectively, behave anti-cooperatively, i.e., they
become weakened, while two others become strengthened.

The obtained results enable us to regard the proposed
approach [27] not only as a powerful tool for the study of
the mechanisms underlying the tautomerization of any H-
bonded complex via the DPT, but also as a method for
researching the cooperativity of the H-bonds that stabilize
them [37, 38].

Computational methods

All calculations have been carried out with the Gaussian 09
suite of programs [39]. Geometries and harmonic vibration-
al frequencies of the base pairs and the TSs of their tauto-
merization were obtained using density functional theory
(DFT) with the B3LYP hybrid functional [40], which
includes Becke’s three-parameter exchange functional (B3)
[41] combined with Lee, Yang and Parr’s (LYP) correlation
functional [42] in connection with Pople’s 6-311++G(d,p)
basis set. A scaling factor of 0.9668 has been used in the
present work at the B3LYP level of theory to correct the
harmonic frequencies of all the studied base pairs. We
performed single point energy calculations at the correlated
MP2 level of theory [43] with the 6-311++G(2df,pd) basis
set for B3LYP/6-311++G(d,p) geometries to consider elec-
tronic correlation effects as accurately as possible. MP2/6-
311++G(2df,pd)//B3LYP/6-311++G(d,p) level of theory has
been successfully applied on similar systems recently stud-
ied and has been verified to give accurate normal mode
frequencies, barrier heights, characteristics of intra- and
intermolecular H-bonds and geometries [4, 25, 27, 28,
44-61]. Moreover, an excellent agreement between compu-
tational and experimental NMR, UV and IR spectroscopic
data [51, 55, 56, 60, 61] evidences that the applied level of
theory for the single-point energy calculations (MP2/6-311+
+G(2df,pd)), as well as the method employed for geometry
optimization (B3LYP/6-311++G(d,p)) are reliable.

In order to take into account the impact of the surround-
ing effect on the tautomerization process of the investigated
complexes, we have repeated the geometry optimizations at
the B3LYP/6-311++G(d,p) level of theory [50] using the
conductor-like polarizable contintum model (CPCM) [62,
63], choosing the continuum with a dielectric constant of ¢=
4 to mimic hydrophobic interfaces of protein-nucleic acids
interactions [30-34].

The correspondence of the stationary points to minimum
on the potential energy landscape or TS has been checked
by the absence or the presence, respectively, of one and only
one imaginary frequency corresponding to the normal mode
that identifies the reaction coordinate. TSs were located by
means of synchronous transit-guided quasi-Newton (STQN)
method [64, 65].

Since the stationary points were located, the reaction
pathway was established by following the IRC in the for-
ward and reverse directions from each TS using the Hessian-
based predictor-corrector (HPC) integration algorithm
[66—68] with tight convergence criteria. These calculations
eventually ensure that the proper reaction pathway, connect-
ing the expected reactants and products on each side of the
TS, has been found. We have investigated the evolution of
the energetic, geometric, polar and electron-topological
characteristics of the H-bonds and base pairs along the
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reaction pathway establishing them at each point of the IRC
in vacum and in the continuum with ¢=4.

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

G= Eel + Ecorr: (1)

where E. - the electronic energy, while E,,, — thermal cor-
rection. We applied the standard transition state theory [69] to
estimate activation barriers of the tautomerization reactions.

Bader’s quantum theory “atoms in molecules” (QTAIM)
was applied to analyze electron density [70]. The topology
of the electron density was analyzed using program package
AIMAII [71] with all the default options. The presence of a
bond critical point [70], namely the so-called (3,-1) bond
critical point (BCP) and a bond path between hydrogen donor
and acceptor, as well as the positive value of the Laplacian of
the electron density at this BCP (Ap>0), were considered as
criteria for H-bond formation. Wave functions were obtained
at the level of theory used for geometry optimization.

The energies of the non-conventional CH...O H-bonds and
conventional H-bonds (at the investigation of the corresponding
sweeps) were evaluated by the empirical Espinosa-Molins-
Lecomte (EML) formula [72, 73] based on the electron density
distribution at the (3,-1) BCPs of the H-bonds:

EHB =0.5- V(I'), (2)

where V(r) is the value of a local potential energy at the (3,-1)
BCP.

The energy of the O6H...04 H-bond in the
TStyp* ThyHyp-Thy* Were estimated by the Nikolaienko-
Bulavin-Hovorun formula [74]:

EHB =-2.03 + 225 - P, (3)

where p is the electron density at the (3,-1) BCP of the O6H...
04 H-bond.

The energies of the conventional H-bonds were evaluated
by the empirical Iogansen’s formula [75]:

Eug = 0.33 - V. Av — 40, (4)

where Av - the magnitude of the redshift (relative to the free
molecule) of the stretching mode of H-bonded AH groups in
the AH...B H-bond (A and B — N, O). The partial deuter-
ation was applied to minimize the effect of vibrational
resonances [4, 25, 27, 28, 44-52, 55-57, 60].

The atomic numbering scheme for the purine and pyrim-
idine bases is conventional [76].

Results and discussion

The obtained results are collected in Table 1 and presented
in Figs. 1,2,3,4,5,6,7,8,9, 10, 11, 12, 13, 14 and 15 (see
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also Figs. S1-S39 in the Supplementary materials).
They were analyzed separately for each studied base
pair.

The Hyp-Cyt, Hyp*-Cyt*, Hyp*-Thy and Hyp-Thy*
Watson-Crick-like base pairs are stabilized by three inter-
molecular H-bonds each, while the Hyp-Hyp and Hyp*-
Hyp* homodimers are joined by two equivalent H-bonds:
their basic physico-chemical characteristics are presented in
Table 1. It draws attention to the fact that at the Hyp-Cyt—
Hyp*-Cyt*, Hyp*-Thy—Hyp-Thy* and Hyp-Hyp—
Hyp*-Hyp* tautomerizations the total energy of the intra-
pair H-bonds increases in 1.27/1.37, 1.12/1.09 and 1.47/
1.58 times, respectively (hereinafter in this Article e=1/e=
4) (Table 1).

In the Hyp-Cyt and Hyp*-Thy base pairs the average
N1H...N3 (7.05/7.58) and N3H...N1 (7.23/6.76 kcalmol ™)
H-bonds, respectively, are the strongest ones. It should be
noted that the DPT in this base pairs starts from the single
PT along these H-bonds.

The classical geometric criteria for the identification of
H-bonds are satisfied for all conventional AH...B H-bonds,
which physico-chemical parameters are presented in
Table 1.

The spectroscopic data collected in Table 1 confirm geo-
metric results. The shift in frequency of the stretching mode
of the AH donor group (the difference between the frequen-
cy of the AH group in monomer and the frequency of this
group involved in H-bonding) is mostly positive (shift to the
red) for all conventional H-bonds, while negative (shift to
the blue) for the CH...O H-bonds.

All studied intrapair H-bonds without exceptions show
positive values of the Laplacian of the electron density Ap
at the BCPs of the AH...B H-bonds and the values of the
electron density p at this BCPs, usually treated as a measure of
H-bonding strength [70, 77], are situated within the range
0.002+0.127/0.002+0.102 a.u., at that the minimum value of
the p corresponds to the C2H...02 H-bond in the Hyp*-Thy
base pair both in vacuum and in the continuum with ¢=4,
while the maximum value of the p in vacuum corresponds to
the N4H...O6 H-bond in the TSpypcytotyp*cyr+ and in the
continuum with e=4 corresponds to the O6H...04 H-bond
in the TSpyp*ThyoHypThy*. This clearly shows that gen-
erally the N4H...06 H-bond in the TSpyp-cytomyp*
cye and the O6H...04 H-bond in the TSyyp«ThycsHyp Thy*
are the strongest interactions, while the C2H...02 H-bond in
the Hyp*- Thy base pair is the weakest one.

In the Hyp-Cyt, Hyp*-Cyt*, Hyp*-Thy, Hyp-Thy*
base pairs and in the TSpyp.cytonyp*-cyex and the
TStyp* Thynypthy* Of their interconversion via the DPT
we revealed non-conventional or so-called weak [78]
C2H...O2 H-bonds with the energy in the range
0.40+0.97/0.32+0.98 kcalmol™, which is acceptable for a
weak H-bonds of the CH...O type (Table 1) [4, 25, 28, 57].
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point 6, Ap . =0
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Fig. 1 Geometric structures of the nine key points describing the
evolution of the Hyp-Cyt— Hyp*-Cyt* tautomerization via the DPT
along the IRC (see also Fig. S1 in the Supplementary materials)
obtained at the DFT level of theory in vacuo. Coordinates of the nine

We have performed the IRC calculations both in vacuum
and in the continuum with e=4 corresponding to a hydropho-
bic interfaces of protein—nucleic acid interactions [25-34] to
map out a reaction pathway of the Hyp-Cyt—>Hyp*-Cyt*,
Hyp* Thy«<>Hyp-Thy* and Hyp-Hyp«<>Hyp*-Hyp* transfor-
mations and to test whether the optimized TS structures are
connected to the products (the Hyp*-Cyt*, Hyp-Thy* and
Hyp*-Hyp* base pairs) and the reactants (the Hyp-Cyt, Hyp*-Thy
and Hyp-Hyp base pairs) of the tautomerization reactions
starting from the corresponding TSs downhill, both in forward
and reverse directions (Figs. 2,7 and 12).

The pathways of the Hyp*-Thy<—Hyp - Thy* and
Hyp-Hyp—Hyp*-Hyp* transformations yield any dynami-
cally stable intermediate as in vacuum, so in the continuum
with €=4, while the Hyp-Cyte—Hyp*-Cyt* transformation
occurs without any intermediate in vacuum and proceeds
through the zwitterionic Hyp™Cyt™ base pair, which is dy-
namically unstable [25, 79], in the continuum with e¢=4.

Tautomerization of the Hyp-Cyt base pair

into the Hyp*-Cyt* mispair

A local minimum on the electronic energy surface
corresponding to the zwitterionic Hyp™Cyt™ base pair is

stabilized by the N4H...06 (21.05), N3H...N1 (22.92)

Fig. 2 Energy profiles of the a

point 3, Pk = Pran
-0.79

PoInt 5, (T8, o Cyt s Hyp" « Gy
0.00

point, sp, . =0
044

point 9, (Hyp* » Cyt*)
2

key points are presented in Bohr for each structure. The dotted lines
indicate H-bonds, while continuous lines show covalent bonds (their
lengths are presented in angstroms). Carbon atoms are in green, nitro-
gen in blue, hydrogen in grey and oxygen in red

and C2H...02 (0.96 kcalmol™) H-bonds and observed at
the IRC=-4.58 Bohr in the continuum with ¢=4 (Table 1).
The zwitterionic Hyp~Cyt' base pair formally can not be
considered as an intermediate, due to the negligible value of
the electronic energy of the reverse barrier of the Hyp-Cyt—
Hyp™Cyt" transformation (41.9 cm™' obtained at the
B3LYP/6-311++G(d,p) level of theory) or absence of this
barrier (-69.5 cm™ obtained at the MP2/6-311++G(2df,pd)//
B3LYP/6-311++G(d,p) level of theory) [25].

To characterize the evolution of the Hyp-Cyt— Hyp*-Cyt*
tautomerization via the DPT along the IRC as comprehensive-
ly as possible, we have identified in vacuum and in the
continuum with ¢=4 the nine key points, three of which are
stationary - Hyp-Cyt, Hyp*-Cyt* and TSpyp-cyt—typ*cCyt*
(Figs. 1 and S1). The energetic, geometric, electron-
topological and polar characteristics of these nine key
points along the IRC are exhaustively presented in
Figs. 1-5 and S1-S16.

It should be noted that these nine key points differ in

vacuum and in the continuum with e=4.
Key point 1. The starting structure along the IRC pathway
is the Hyp-Cyt base pair with Watson-Crick-
like geometry. It is stabilized by the N4H...
06, N1H...N3 and C2H...02 H-bonds
(Table 1, Figs. 1 and S1).

Hyp-Cyt—Hyp*-Cyt* T s
tautomerization along the IRC 12|
obtained at the DFT level of
theory a in vacuo and b in the
continuum with a low dielectric
constant (¢e=4). Coordinates of
the nine key points are listed in
Figs. 1 and S1
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Fig. 3 Profiles of the Laplacian
of the electron density Ap at the
BCPs along the IRC of the
Hyp-Cyt— Hyp*-Cyt*
tautomerization obtained at the
DFT level of theory a in vacuo
and b in the continuum with a
low dielectric constant (e=4)
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Key point 2. The structure of the base pair corresponding of the energy of the N1...HH-bond is attained
to the situation in which the N1-H chemical at this key point (Fig. 4).
bond of the Hyp base is significantly weak- ~ Key point 5. In vacuum the TSyyp.cyterbyp*cyex Of the
ened and the N3...HH-bond actually Hyp-Cyt—Hyp*-Cyt* tautomerization via
becomes the N3-H covalent bond (Fig. 1). the DPT, stabilized by the N4H...06,
A characteristic feature of this structure is a N3H...N1 and C2H...0O2 H-bonds, is ob-
zero value of the Ap for the BCP of the served at this key point (Table 1, Fig. 1).
N3...HH-bond (Fig. 3). The maximum value In the continuum with eé=4 the N4-H
of the energy of the N3...HH-bond is chemical bond of the Cyt base is significantly
attained at this key point (Fig. 4). weakened and the O6...HH-bond actually

Key point 3. This structure is characterized by the equiva- becomes the O6-H covalent bond (Table 1,
lent loosened N3-H and N1-H covalent bonds Fig. S1). A characteristic feature of this struc-
that have equal values of the electron density ture is a zero value of the Ap for the BCP of
p, the Laplacian of the electron density Ap at the O6...HH-bond (Fig. 3b). The maximum
the BCPs and the dnspmaing distances of the value of the energy of the O6...HH-bond is
N3-H and N1-H covalent bonds. x-like depen- attained at this key point (Fig. 4b).
dencies of electron-topological and geometric =~ Keypoint6.  Invacuum is observed the structure corresponding
characteristics are observed for the loosened to key point 5 in the continuum with e=
N3-H-N1 bridge (Figs. 3, 5 and S3). 4 (Figs. 1 and SI).

Key point 4. At this key point the dynamically unstable [79] In the continuum with ¢=4 it is observed
zwitterionic Hyp™Cyt" base pair begins to the structure that possesses equivalent loos-
form, i.e., the N1-H covalent bond begins to ened N4-H and O6-H covalent bonds that have
acquire characteristics of the N1...HH-bond equal values of the electron density p, the Lap-
(Fig. 1). A characteristic feature of this struc- lacian of the electron density Ap at the BCPs
ture is a zero value of the Ap for the BCP of the and the dngposn distances of the N4-H and
N1...HH-bond (Fig. 3). The maximum value 06-H covalent bonds. x-like dependencies of
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Fig. 4 Profiles of the energy of the H-bonds Eyp, estimated by the EML formula [72, 73], along the IRC of the Hyp-Cyt— Hyp*-Cyt*
tautomerization obtained at the DFT level of theory a in vacuo and b in the continuum with a low dielectric constant (¢e=4)
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Fig. 5 Profiles of the distance dap between the hydrogen H and electronegative A or B atoms of the AH...B H-bond along the IRC of the
Hyp-Cyt— Hyp*-Cyt* tautomerization obtained at the DFT level of theory a in vacuo and b in the continuum with a low dielectric constant (¢=4)

electron-topological and geometric character-
istics are observed for the loosened N4-H-O6
bridge (Figs. 3b, 5b and S3). It should be noted
that x-like dependencies of the p, Ap and the
dapmp distances of the N3-H-N1 and N4-H-
06 bridges are shifted along the IRC, so the
DPT at the tautomerization process occurs with
a time gap (Figs. 3b, 5b and S3).

In vacuum is observed the structure corresponding
to key point 6 in the continuum with ¢=4
(Figs. 1 and S1).

In the continuum with e¢=4 the
TSuyp-cytoHyp*-cyt+, stabilized by the
N3H...N1 and C2H...O2 H-bonds and
by the O6-H-N4 bridge, corresponds to
this key point (Table 1, Fig. S1).

Both in vacuum and in the continuum with
e=4 at this key point the mispair containing
rare tautomers of the Hyp and Cyt bases
begins to form, i.e., the significantly
weakened N4-H covalent bond begins to

Key point 7.

Key point 8.

point 1, [Hyp= » Thy)

-5.94

point 6, Ap, =0
014 0.34

POINt T, poy = Pogn

Fig. 6 Geometric structures of the nine key points describing the
evolution of the Hyp*-Thy —Hyp-Thy* tautomerization via the DPT
along the IRC obtained at the DFT level of theory in vacuo (see also
Fig. S17 in the Supplementary materials). Coordinates of the nine key

@ Springer

acquire characteristics of the N4...HH-
bond (Figs. 1 and S1). A characteristic
feature of this structure is a zero value
of the Ap for the BCP of the N4...HH-
bond (Fig. 3). The maximum value of the
energy of the N4...HH-bond is attained
at this key point (Fig. 4).

Key point 9. The final structure in vacuum and in the
continuum with ¢=4 — the tautomerized
Hyp*-Cyt* mispair. It is stabilized by the
O6H...N4, N3H...N1 and C2H...02 H-
bonds (Table 1, Figs. 1 and S1).

These nine key points are used to define the reactant,
transition state and product regions [27, 35, 36] of the DPT
in the Hyp-Cyt base pair (Fig. 2).

Interestingly, the extrema of the first derivative of the
electron energy with respect to the IRC dE/dIRC are reached
exactly at key points 2 and 8 (Fig. S2).

Nucleotide bases do not lose their chemical individuality at
the reactant region and acquire such mutual deformation and

point 5, ap, . =0
0.01

POINt 3, TSy, e Thyes Hyp » Thy!
o.00

point 8, Ap . =0 point 9, (Hyp = Thy*)
0.51 a.82

points are presented in Bohr for each structure. The dotted lines
indicate H-bonds, while continuous lines show covalent bonds (their
lengths are presented in angstroms). Carbon atoms are in green, nitro-
gen in blue, hydrogen in grey and oxygen in red



J Mol Model (2013) 19:4119-4137 4127
a b
N . 2313678 . . s o T : : T . . 5
2 46 8
8 8t 4
— | i . ]
EG ] 6 ]
T5 5t |
E J
W 4r 4 B
<
3 3 1
2t 2 B
1+ 1+ 1
e i ) 0 2 s R i 2 0 2 4 6
IRC, Bohr IRC, Bohr

Fig. 7 Energy profiles of the Hyp*-Thy — Hyp-Thy* tautomerization along the IRC obtained at the DFT level of theory a in vacuo and b in the
continuum with a low dielectric constant (¢ =4). Coordinates of the nine key points are listed in Figs. 6 and S17

orientation, that eventually leads to the chemical reaction at
the transition state region, namely to the DPT. It quite logi-
cally follows from our data (sweeps) on the Ap that the
reactant region starts at key point 1 and ends at key point 2,
after passing which bases lose their chemical individuality and
the DPT chemical reaction starts. We obtained that the elec-
tronic energy necessary to bring the donor and acceptor atoms
as close as possible to each other to activate the DPT reaction,
that is the energy difference between key points 2 and 1, is
8.28/5.89 kcalmol™. Actually, the transition state region,
where the DPT occurs, is located between key points 2 and 8.

The product region, where rare tautomers of nucleotide
bases do not lose their chemical individuality and where the
relaxation to the final Hyp*-Cyt* base pair takes place,
begins at key point 8 and ends at the final key point 9.
Comparably small amount of energy 2.51/0.78 kcalmol™,
that is the difference between the energy of key points 8 and
9, releases at the relaxation of the base pair, corresponding
to key point 8, under its tautomerization into the reaction
product — the Hyp*- Cyt* base pair.

Movement along the IRC of the Hyp-Cyt«>Hyp*-Cyt*
tautomerization reaction in vacuum and in the continu-
um with e=4 shows that this reaction involves no
stable intermediates (it is concerted) and the DPT does
not occur simultaneously (this event occurs asynchro-
nously) including the concerted movement of two pro-
tons along the H-bridges that join the Hyp and Cyt
bases. Moreover, we established that first the proton
localized at the N1 nitrogen atom of the Hyp base
migrates along the strongest N1H...N3H-bond [25]
to the N3 nitrogen atom of the Cyt base inducing the
formation of the unstable HypCyt" zwitterion (Fig. 1).
This migration further induces the transition of the
proton at the N4 nitrogen atom of the Cyt to the O6
oxygen atom of the Hyp, that leads to the formation of
the Hyp*-Cyt* mispair. The limiting stage of this phe-
nomenon is the final proton transfer along the N4H...
06 H-bond exposed in the major groove of the double-
stranded DNA. In the continuum with a low dielectric
constant (e=4) the mechanism of the DPT reaction
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Fig. 8 Profiles of the Laplacian of the electron density Ap at the BCPs along the IRC of the Hyp*-Thy — Hyp-Thy* tautomerization obtained at the
DEFT level of theory a in vacuo and b in the continuum with a low dielectric constant (e=4)
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Fig. 9 Profiles of the energy of the H-bonds Eyp, estimated by the EML formula [72, 73], along the IRC of the Hyp*-Thy —Hyp-Thy*
tautomerization obtained at the DFT level of theory a in vacuo and b in the continuum with a low dielectric constant (e=4)

remains the same for the Hyp-Cyt base pair differing
only by the presence of the local minimum Hyp -Cyt’,
which is dynamically unstable. We revealed that the
TShyp-cytoHyp*-cyt 1S more similar to product
Hyp*-Cyt* of the Hyp-Cyt— Hyp*-Cyt* tautomerization
reaction.

Characteristic structural feature of the Hyp-Cyt—
Hyp*-Cyt* tautomerization is that it noticeably disturbs the
Watson-Crick-like geometry of the Hyp-Cyt base pair (see
Figs. S5, S6, S15 and S16), namely the DPT reaction is
accompanied by a contraction of the distance between the
two bases. Graphs, reflecting the changes in glycosidic
parameters and geometric characteristics of the H-bonds,
especially dapmp distances (Fig. 5), vividly demonstrate
the “breathing” of the Hyp-Cyt base pair throughout the
tautomerization process. The Hyp-Cyt base pair deforms in
the range 52.4+56.7/49.1+57.5° and 10.025+10.178/
9.856+10.359 A (Figs. S15 and S16) of the glycosidic
angles and distances, correspondingly.

It is connected with the change of distances between pairs
of electronegative atoms: N3 and N1, N4 and 06, C2 and
02 (Figs. S5 and S11). It should be noted that in vacuum
and in the continuum with ¢=4 the C2...02 and N3...NlI
distances monotonically decrease reaching the minimum at
key point 2, that coincides with the minimum of the R(H-H)
glycosidic distance in the continuum with ¢é=4 and then
non-monotonically increase. At the same time the N4...06
distance non-monotonically decreases reaching its mini-
mum at key point 7 in vacuum and at key point 6 in the
continuum with e=4. The Hyp-Cyt—Hyp*-Cyt* tautomeri-
zation is represented by the non-monotonical changes of «;
and «, glycosidic angles and R(H-H) glycosidic distance
(Figs. S15 and S16).

Analysis of the energetic characteristics listed in Fig. 4
allows us to make a definite conclusion about the interde-
pendence (cooperativity) of H-bonds [37, 38], which can be
estimated by the dE',;5/dIRC/dE'};/dIRC formula proposed
in our previous work [27], where the ratio of derivatives is

dam/up, A

357
19+ 2/ 486 8 il
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Fig. 10 Profiles of the distance dayp between the hydrogen H and electronegative A or B atoms of the AH...B H-bond along the IRC of the
Hyp*-Thy — Hyp-Thy* tautomerization obtained at the DFT level of theory a in vacuo and b in the continuum with a low dielectric constant (e=4)
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Fig. 11 Geometric structures of the six key points describing the
evolution of the Hyp-Hyp— Hyp*-Hyp* tautomerization via the DPT
along the IRC obtained at the DFT level of theory in vacuo (see also
Fig. S33 in the Supplementary materials). Coordinates of the six key

taken at the beginning and at the ending of the movement of
protons along the IRC. We obtained the following numerical
relations of the H-bonds cooperativity in the Hyp-Cyt and
Hyp*-Cyt* base pairs in vacuum using the EML formula
[72, 73]: dEnin.. N3/dENan. . 06/dEcon...02=1.00/1.45/-0.01
and dENSH...Nl/dEO6H...N4/dEC2H...02:1'00/0~65/O'06; Ire-
spectively. Thus, unlike the Hyp*-Cyt* base pair, in which
all three H-bonds are significantly cooperative and mutually
strengthen each other, in the Hyp-Cyt base pair the C2H...
02 H-bond behaves anti-cooperatively, that is it becomes
weakened, while two others become strengthened (Fig. 4).

The middle N1H...N3 and the upper N4H...O6 H-bonds
in the Hyp-Cyt base pair exist within the 1-2 and 1-6/1-5
(e=1/e=4) structures, respectively, coherently becoming
stronger during the tautomerization process, the middle
N3H...N1 and the upper O6H...N4H-bonds in the
Hyp*-Cyt* base pair exist within the 4-9 and 8-9 structures,
respectively, coherently becoming weaker during the tauto-
merization both in vacuum and in the continuum with ¢=4
(Fig. 4). The transition from vacuum to the continuum with
€¢=4 practically has no impact on the energy of H-bonds
(Table 1). It should be noted that on the graphs is shown
only that energy of H-bonds corresponding to the value
Ap>0 (Figs. 3 and 4).

We established that the tautomerization of the Hyp-Cyt
base pair is assisted by the third C2H...O2 H-bond, that
continuously exists as the H-bond during the entire process

9'““‘ 5 Bpyg = 0 point 6, (Hyp" = Hyp")

3ar

"'[“‘:’nfsmp Hyp o Hyp® o Hyp!

K-lli‘ 682
m 1005

582
110 101
.20

points are presented in Bohr for each structure. The dotted lines
indicate H-bonds, while continuous lines show covalent bonds (their
lengths are presented in angstroms). Carbon atoms are in green, nitro-
gen in blue, hydrogen in grey and oxygen in red

of tautomerization, profiles of the C2H...02 H-bond energy
are presented in Figs. S7-S13. The energy value of the
C2H...02 H-bond Ecyy. o» maximally increases by 7.1/
34.4 % at the IRC=-1.67/-7.59 Bohr in comparison with the
starting Hyp-Cyt base pair. Ecopy. oo energy decreases to
0.49/0.38 kcalmol™ in the Hyp*- Cyt* mispair. The geomet-
ric characteristics of the C2H...0O2 H-bond — C2...02 and
H...02 distances reach their minima along the IRC at key
point 2 in the continuum with ¢=4 and non-monotonically
increase in vacuum (Figs. SI11 and S12). The angle of the
C2H...02 H-bond non-monotonically changes along the
IRC (Fig. S13).

It draws attention that maximum value of the energy of
the C2H...02 H-bond along the IRC is realized in those key
points, where maximum values of the electron density p and
the Laplacian of the electron density Ap are implemented
(Figs. S7, S8 and S10).

Characteristically, the ellipticity ¢ for the BCP of the
C2H...02 H-bond reaches its maximum value 0.07/0.26
exactly at the IRC=3.23/-0.52 Bohr (Fig. S9). At the same
time the values of the ellipticity € of the C2H...02 H-bond
possess the same range of values as classical H-bonds (Figs.
S4 and S9).

The dipole moment p shows significant changes in vac-
uum and noticeably non-monotonic )-like dependence in
the continuum with ¢=4 along the IRC of the Hyp-Cyt—
Hyp*-Cyt* tautomerization via the DPT (Fig. S14). In the
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Fig. 12 Energy profiles of the Hyp-Hyp — Hyp*-Hyp* tautomerization along the IRC obtained at the DFT level of theory a in vacuo and b in the
continuum with a low dielectric constant (¢=4). Coordinates of the six key points are listed in Figs. 11 and S33
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Fig. 13 Profiles of the Laplacian of the electron density Ap at the BCPs along the IRC of the Hyp-Hyp— Hyp*-Hyp* tautomerization obtained at
the DFT level of theory a in vacuo and b in the continuum with a low dielectric constant (¢=4)

IRC range -5.15+-1.67 Bohr p almost linearly decreases
from 4.07 D (IRC=-5.15 Bohr) to 3.59 D (IRC=-1.67
Bohr) and then sharply increases almost twice to the value
7.99 D at the IRC=-0.30 Bohr in vacuum. Then a sharp
decline is observed in vacuum followed by the monotonical
decrease to the value 3.90 D at the IRC=3.23 Bohr
corresponding to the Hyp*-Cyt* base pair. Along the IRC
in the continuum with eé=4 the dipole moment 1 monoton-
ically increases from 5.09 D at the IRC=-11.15 Bohr to 5.51
D at the IRC=-7.59 Bohr. Then, a sharp rise (more than
twice) of the dipole moment p from this point to its maxi-
mum value 11.90 D at the IRC=-2.34 Bohr is observed.
This is followed by the sharp decline of the value of the
dipole moment p to 4.93 D at the IRC=1.82 Bohr
corresponding to the Hyp*-Cyt* base pair. This indicates
that the tautomerization of the Hyp-Cyt base pair is accom-
panied by a substantial reorganization of its electronic struc-
ture. The profile of the dipole moment also gives a
qualitative idea of the charge separation in the course of
the Hyp-Cyt— Hyp*-Cyt* tautomerization along the IRC.
This observation is interesting for understanding the

particular influence of solvation on the tautomerization of
the Hyp-Cyt base pair (Fig. S14).

It draws attention to the fact that the symmetry, namely
C,, of the tautomerized base pair remains unchanged during
the tautomerization, but at this the Hyp-Cyt base pair sig-
nificantly deformes, namely it compresses at the
TStyp-cytotyp*cye+ (see Figs. S15 and S16).

Tautomerization of the Hyp*-Thy mispair
into the Hyp-Thy* mispair

The process of the Hyp*-Thy<—Hyp-Thy* tautomerization
via the DPT along the IRC is also characterized by the nine
key points (Figs. 6, 7 and S17), which energetic, geometric,
electron-topological and polar characteristics are exhaus-
tively presented in Figs. 610 and S17-S32.

a
T : : : : : T : :
55 - 2 4 6
50 -
45
S 40l 1
E 40 ‘
g 35 s
x
D30
L
25 -
20 -
151 O6H N1H
10 f . . . . f | L 1 .
-7 6 -5 -4 3 -2 - 0 1 2 3
IRC, Bohr

Key point 1. The starting structure along the IRC pathway
is the Hyp*-Thy base pair with Watson-Crick
geometry. It is stabilized by the O6H...04,
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Fig. 14 Profiles of the energy of the H-bonds Eypg, estimated by the EML formula [72, 73], along the IRC of the Hyp-Hyp— Hyp*-Hyp*
tautomerization obtained at the DFT level of theory a in vacuo and b in the continuum with a low dielectric constant (¢e=4)
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Fig. 15 Profiles of the distance dayp between the hydrogen H and electronegative A or B atoms of the AH...B H-bond along the IRC of the
Hyp-Hyp— Hyp*-Hyp* tautomerization obtained at the DFT level of theory a in vacuo and b in the continuum with a low dielectric constant (e =4)

N3H...N1 and C2H...O2 H-bonds (Table 1, value of the energy of the N3... HH-bond is
Figs. 6 and S17). attained at this key point (Fig. 9).
Key point 2. The structure of the base pair corresponding ~ Key point 6. The structure corresponding to the situation
to the situation in which the N3-H chemical in which the O6-H chemical bond of the Hyp
bond of the Thy base is significantly weak- base is significantly weakened and the O4...
ened and the N1...HH-bond actually HH-bond actually becomes the O4-H cova-
becomes the N1-H covalent bond (Figs. 6 lent bond (Figs. 6 and S17). A characteristic
and S17). A characteristic feature of this feature of this structure is a zero value of the
structure is a zero value of the Ap for the Ap for the BCP of the O4...HH-bond
BCP of the N1...HH-bond (Fig. 8). The (Fig. 8). The maximum value of the energy
maximum value of the energy of the N1... of the O4... HH-bond is attained at this key
HH-bond is attained at this key point point (Fig. 9).
(Fig. 9). Key point 7. The structure that possesses equivalent loos-
Key point 3. This structure is characterized by the equiv- ened O6-H and O4-H covalent bonds that
alent loosened N3-H and N1-H covalent have equal values of the electron density p,
bonds that have equal values of the electron the Laplacian of the electron density Ap at
density p, the Laplacian of the electron den- the BCPs and the dop/06 distances of the
sity Ap at the BCPs and the dyspnip dis- 04-H and O6-H covalent bonds (Figs. 6, 8,
tances of the N3-H and N1-H covalent bonds 10, S17 and S19). x-like dependencies of
(Figs. 6, 8, 10, S17 and S19). x-like depen- electron-topological and geometric charac-
dencies of electron-topological and geomet- teristics are observed for the loosened O6-
ric characteristics are observed for the H-0O4 bridge (Figs. 8, 10 and S19).
loosened N3-H-N1 bridge (Figs. 8, 10 and  Key point 8. The structure corresponding to the situation
S19). in which the mispair containing rare tauto-
Key point 4. The TSyyp+ThyHyp-Thy* Of the tautomeriza- mers of the Hyp and Thy bases begins to
tion via the DPT, stabilized by the O6H...04 form, i.e., when the significantly weakened
and C2H...02 H-bonds and N3-H-NI cova- 06-H covalent bond begins to acquire char-
lent bridge (Table 1, Figs. 6 and S17). acteristics of the O6...HH-bond (Figs. 6 and
Key point 5. At this structure situated quite close to the S17). A characteristic feature of this struc-
TStiyp* ThytypThy* the N3-H covalent bond ture is a zero value of the Ap for the BCP of
of the Thy base begins to acquire character- the O6...HH-bond (Fig. 8). The maximum
istics of the N3...HH-bond (Figs. 6 and value of the energy of the O6...HH-bond is
S17). A characteristic feature of this struc- attained at this key point (Fig. 9).
ture is a zero value of the Ap for the BCP of  Key point 9. The final structure is the tautomerized
the N3...HH-bond (Fig. 8). The maximum Hyp-Thy* base pair, stabilized by the
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O6H...04, N1H...N3 and C2H...02 H-
bonds (Table 1, Figs. 6 and S17).

These nine key points are used to define the reactant,
transition state and product regions [27, 35, 36] of the
Hyp*-Thy—Hyp - Thy* tautomerization via the DPT
(Fig. 7).

Interestingly, the extrema of the first derivative of the
electron energy with respect to the IRC dE/dIRC are reached
exactly at key points 2 and 8 (Fig. S18).

We obtained that the electronic energy necessary to bring
the donor and acceptor atoms as close as possible to each
other to activate the DPT reaction is 5.84/6.18 kcalmol™.
Comparably small amount of energy 4.36/4.87 kcalmol
releases at the relaxation of key point 8 into key point 9.

Movement along the IRC of the Hyp*-Thy<>Hyp-Thy*
tautomerization reaction in vacuum and in the continuum
with e=4 shows that this process is concerted including the
concerted movement of two protons along the H-bridges
that join the Hyp and Thy bases. Moreover, we established
that the DPT in the Hyp*-Thy base pair in vacuum and in the
continuum with e=4 is the concerted asynchronous process,
in which first the most acidic proton [80, 81], localized at
the N3 nitrogen atom of the Thy base, migrates along the
strongest N3H...N1H-bond to the N1 nitrogen atom of the
Hyp base inducing the formation of the unstable Hyp " Thy"
zwitterion (Figs. 6 and S17). This migration in its turn
provokes the final transfer of the proton at the O6 oxygen
atom of the Hyp to the O4 oxygen atom of the Thy base
along the O6H...04 H-bond, exposed in the major groove
of double-stranded DNA, that is the limiting stage of this
phenomenon, and leads to the formation of the Hyp-Thy*
mispair. In the continuum with a low dielectric constant
(e=4) the mechanism of the DPT reaction remains the same
for the Hyp*-Thy mispair. We revealed that the
TStiyp* Thy—typThy* 0f the Hyp*-Thy — Hyp-Thy* tautome-
rization reaction is more similar to product — the Hyp-Thy*
mispair (Figs. 6 and S17).

The middle N3H...N1 and the upper O6H...04 H-bonds
in the Hyp*-Thy base pair exist within the 1-2 and 1-6
structures, respectively, coherently becoming stronger dur-
ing the tautomerization process; the middle N1H...N3 and
the upper O4H...06 H-bonds in the Hyp-Thy* base pair
exist within the 5-9 and 8-9 structures, respectively, coher-
ently becoming weaker during the tautomerization process
in vacuum and in the continuum with ¢=4 (Fig. 9). The
transition from vacuum to the continuum with ¢=4 practi-
cally has no impact on the energy of H-bonds (Fig. 9). It
should be noted that on the graphs is shown only that energy
of H-bonds corresponding to the value Ap>0 (Fig. 8).

Characteristic structural feature of the Hyp*-Thy«<>Hyp-Thy*
tautomerization process is the slight disturbance of Watson-
Crick geometry of the Hyp*-Thy base pair in the course of the
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tautomerization (Figs. 10, S21, S22, S31 and S32), namely
the DPT reaction is accompanied by a contraction of the
distance between the Hyp and Thy bases. The DPT reaction
insignificantly affects the distance R(H-H) between the H1
and H9 glycosidic protons of the Hyp*-Thy base pair (Figs.
S31 and S32), while accompanying by the distorsion of the ot
and o, glycosidic angles that leads to their non-monotonical
decreasing with the singularities in the region of the
aforementioned key points. Graphs, reflecting the
changes in glycosidic parameters and geometric charac-
teristics of the H-bonds, especially dappp distances
(Figs. 10, S21, S22, S31 and S32), vividly demonstrate
the “breathing” of the Hyp*-Thy base pair throughout
the tautomerization process. The Hyp*-Thy base pair
deforms in the range 50.4+52.3/48.9+52.6° and
9.925+10.281/9.952+10.378 A (Figs. S31 and S32) of
the glycosidic distance and angles.

First of all, it is connected with the change of distances
between the pairs of electronegative atoms: N3 and N1, O4
and 06, C2 and O2 (Fig. S21). It should be noted that in
vacuum and in the continuum with e=4 the C2...02 and
N3...N1 distances monotonically decrease reaching the
minimum at key point 2, coinciding with the minimum of
the profile of the R(H-H) glycosidic distance, and then non-
monotonically increase (Fig. S31). At the same time the
04...06 distance non-monotonically decreases reaching its
minimum at key point 8 in vacuum and in the continuum
with e=4. This process is represented by the changes of o
and «, glycosidic angles and R(H-H) glycosidic distance
(Fig. S31 and S32).

Analysis of the energetic characteristics listed in Fig. 9
allows us to make a definite conclusion about the coopera-
tivity of H-bonds [37, 38]. We obtained the following numer-
ical relations of the H-bonds cooperativity in the Hyp* - Thy
and Hyp-Thy* base pairs in vacuum using the EML formula
[72, 73]: dEnzn.. n1/dEoeh...04/dEcon...02=1.00/-0.67/0.09
and dENlH_,,N3/dEO4H,,,Oé/dECZH,,,OZZ1c00/0~28/0'059 Ire-
spectively. Thus, in contrast to the Hyp-Thy* base pair, in
which all three H-bonds are significantly cooperative
and mutually reinforce each other, in the Hyp*-Thy base
pair O6H...04 H-bond behaves anti-cooperatively, that
is it becomes weakened, while two others become
strengthened.

We established that the Hyp*-Thy — Hyp-Thy* tautome-
rization is assisted by the third C2H...O2 H-bond, that in
contrast to the two others H-bonds continuously exists as the
H-bond during the entire process of tautomerization and the
profiles of which is presented in the Figs. S23-S29. The
energy value of the C2H...02 H-bond Ecyyy 0> maximally
increases by 55.4/64.2 % at the IRC=-0.41/-0.40 Bohr in
comparison with the starting Hyp*- Thy base pair (Fig. S26).
Econ. o2 decreases to 0.56/0.49 kcalmol™ in the final Hyp-
Thy* mispair. The geometric characteristics of the C2H...02
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H-bond — C2...02 and H...0O2 distances reach their minima
along the IRC at key point 2 (Figs. S27 and S28). The angle of
the C2H...02 H-bond non-monotonically decreases along the
IRC (Fig. S29).

It also draws attention to the fact that maximum value of
the energy of the C2H...02 H-bond along IRC is realized in
the vicinity of those points where maximum values of the p
and the Ap of the C2H...02 H-bond are implemented (Figs.
S23, S24 and S26).

Characteristically, the ellipticity ¢ for the C2H...02 H-
bond reaches its maximum value 0.19/0.22 exactly at the
Hyp- Thy* mispair (Fig. S25). At the same time the values
of the ellipticity ¢ for the C2H...02 H-bond possess the
same range as the classical H-bonds and lie within the same
range (Figs. S25 and S20).

The dipole moment p initially starts from the value 3.21/
4.10 D at the IRC=-5.94/-6.37 Bohr for the Hyp* Thy base
pair remaining almost constant value and then rapidly
declines to the value 1.61/2.25 D at the IRC=-0.12/-0.06
Bohr (Fig. S30). Then, the slight rise to 1.67/2.41 D at the
IRC=0.06/0.11 Bohr is followed by the slight slope to 1.63/
2.30 D at the IRC=0.23/0.39 Bohr and then is accompanied
by a rapid growth to the value 3.12/4.01 D at the IRC=3.58/
3.55 Bohr. After this the value of the dipole moment insig-
nificantly decreases to the 3.01/3.67 D at the IRC=4.82/
5.52 Bohr corresponding to the Hyp-Thy* base pair.

It draws attention to the fact that the symmetry of the
Hyp-Thy* base pair remains unchanged, namely Cj, but at
this the base pair itself slightly deformes, namely it com-
presses at the TSyyp+hyHyp-Thy* (Figs. S31 and S32).

Tautomerization of the Hyp-Hyp homodimer
into the Hyp*-Hyp* homodimer

In our opinion, the results obtained by us at the study of the
physico-chemical mechanism of the centrosymmetric (C,
symmetry) and therefore non-polar Hyp-Hyp homodimer
tautomerization through the DPT are extremely interesting.
The Hyp-Hyp homodimer associated by the two equivalent
antiparallell N1H...O6 H-bonds with the energy 6.52/
6.31 kcalmol™ each (Table 1, Figs. 11-15 and S33-S39).
The high-energy Hyp*-Hyp* homodimer (AG=5.30/
6.83 kcalmol™!, AE=5.64/7.04 kcalmol™), stabilized by
the two equivalent antiparallel O6H...N1H-bonds with the
energy 9.56/9.97 kcalmol™ each, possesses the same Cs,
symmetry and zero value of the dipole moment p as the
Hyp-Hyp homodimer. This is not surprising, because there
are no fundamental physico-chemical grounds for the sym-
metry breaking during the Hyp-Hyp— Hyp*-Hyp* tautome-
rization process under the study.

So, we have first shown that the Hyp-Hyp— Hyp*-Hyp*
tautomerization process does not change the symmetry of
the Hyp-Hyp dimer. At the movement along the IRC the

dipole moment p remains equal to zero and the
corresponding pairs of characteristics listed in Figs. 13—15
and S35 completely coincide. x-like dependencies, which
we discussed earlier, in this case coincide, that is they realize
at the same point (IRC=0.16/0.16 Bohr). This clearly indi-
cates that the tautomerization process through the DPT is
synchronous, i.e., both protons move simultaneously toward
each other without the time gap.

Another characteristic difference of the tautomerization
of the Hyp Hyp complex in contrast to the previous two
(Hyp-Cyt and Hyp*-Thy) is the six key points that charac-
terize the Hyp-Hyp — Hyp*-Hyp* tautomerization instead of
the nine key points (Figs. 11, 12 and S33). Degeneration of
some points takes place as a consequence of the C,, sym-
metry of the system.

It should be noted that, the degree of degeneracy of the
key points can be larger and the number of points can be
reduced to four in those cases, where the initial and final
(tautomerized) structures of high-symmetry H-bonded com-
plexes coincide.

Key point 1. The starting structure along the IRC pathway
is the Hyp-Hyp homodimer, stabilized by the
two equivalent antiparallel N1H...0O6 H-
bonds (Table 1, Figs. 11 and S33).

The structure of the base pair corresponding to
the situation in which the two N1-H chemical
bonds of the Hyp bases are significantly weak-
ened and the O6...HH-bonds actually become
the O6-H covalent bonds (Figs. 11 and S33). A
characteristic feature of this structure is a zero
value of the Ap for the BCPs of the O6...HH-
bonds (Fig. 13). The maximum values of the
energy of the O6...HH-bonds are realized at
this key point (Fig. 14).

This structure is characterized by the equiv-
alent loosened N1-H and O6-H covalent
bonds that have equal values of the electron
density p, the Laplacian of the electron den-
sity Ap at the BCPs and the dnipoen dis-
tances of the N1-H and O6-H covalent bonds
(Figs. 11, 13, 15, S33 and S35). x-like de-
pendencies of electron-topological and geo-
metric characteristics are observed for the
loosened N3-H-N1 bridges (Figs. 13, 15
and S35).

The TSuypHyponyp*uyp* Oof the Hyp-Hyp
—Hyp*-Hyp* tautomerization via the
DPT stabilized by the pair of the O6-H
and N1-H non-equivalent covalent bonds
(Table 1, Figs. 11 and S33).

The structure corresponding to the situation
in which the mispair containing rare

Key point 2.

Key point 3.

Key point 4.

Key point 5.
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tautomer of the Hyp base begins to form, i.e.,
when the significantly weakened N1-H co-
valent bonds begin to acquire characteristics
of the N1...HH-bonds (Figs. 11 and S33). A
characteristic feature of this structure is a
zero value of the Ap for the BCPs of the
N1...HH-bonds (Fig. 13). The maximum
values of the energies of the N1...HH-bonds
are realized at this key point (Fig. 14).

The final structure — the tautomerized Hyp*-Hyp*
homodimer, stabilized by the two equivalent
antiparallel O6H...N1H-bonds (Table 1, Figs. 11
and S33).

Key point 6.

These six key points are used to define the reactant,
transition state and product regions [27, 35, 36] of the
DPT in the Hyp-Hyp base pair (Fig. 12).

Interestingly, the extrema of the first derivative of the
electron energy with respect to the IRC dE/dIRC are reached
exactly at key points 2 and 5 (Fig. S34).

It quite logically follows from our data (sweeps) on
the Laplacian of the electron density Ap that the reac-
tant region begins at key point 1 and ends at key point
2, after passing which Hyp bases lose their chemical
individuality and the DPT chemical reaction starts
(Fig. 13). We established that the electronic energy
necessary to bring the donor and acceptor atoms as
close as possible to each other to activate the DPT
reaction is 10.90/11.51 kcalmol™. Actually, the transi-
tion state region, where the DPT occurs, is located
between key points 2 and 5.

So, the product region, where the rare tautomer of the
Hyp base does not lose its chemical individuality and where
the relaxation to the final Hyp*-Hyp* homodimer takes
place, begins at key point 5 and ends at key point 6. A
comparably small amount of energy 2.54/2.20 kcalmol™,
that is the difference between the energy of key points 5 and
6, releases at the relaxation of the base pair, corresponding
to key point 5, under its tautomerization into the Hyp*-Hyp*
reaction product, corresponding to key point 6.

Another characteristic feature of this process is a rather
narrow zone of the essential chemical reaction, that lies
within the range -0.32+-0.21/-0.37+0.16 Bohr (Fig. 12). At
the same time there is a rather distended process of the
mutual deformation and orientation of the Hyp bases until
they lose their chemical individuality, energy of which for
the Hyp-Hyp— Hyp*-Hyp* tautomerization reaction con-
sists of 86.5/83.2 % of the TSyyp Hyp Hyp*Hyp* €nErgy!

The N1H...06 H-bonds in the Hyp-Hyp homodimer
exist within the 1 and 2 structures, coherently becoming
stronger during the tautomerization process, and the
O6H...N1H-bonds in the Hyp*-Hyp* homodimer exist
within the 5 and 6 structures, coherently becoming weaker
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during the tautomerization process, in vacuum and in the
continuum with a low dielectric constant (e=4) (Fig. 14).

Finally, let’s discuss the cooperativity [37, 38] of the
antiparallel H-bonds in the Hyp-Hyp and Hyp*-Hyp* homo-
dimers. As is clearly seen from Fig. 14, they reinforce each
other and in the Hyp*-Hyp* dimer this process is stronger,
since in this case the first derivative dEzg/dIRC is ~three
times greater than in the Hyp-Hyp dimer.

It should be mentioned, that Hyp monomers, which lost
their chemical individuality at the region of the chemical
reaction, are joined by the covalent bonds instead of the H-
bonds (Figs. 11 and S33). Exactly this fact explains the
minimization of the dp distances at the region of the
chemical reaction (Fig. S37). Invariability of the dipole
moment | (namely zero value) during the course of the
Hyp-Hyp homodimer tautomerization does not mean at all
that this process is not accompanied by the electronic reor-
ganization. This process has a rather high symmetry, which
is confirmed by the dependence of the Mulliken charges
(Fig. S39): the antibate dependence of the charge on the
hydrogen atom H and on the electronegative atoms along
the IRC takes place. They change most strongly at the
region of the chemical reaction and it is quite natural.

Conclusions

The calculations at the DFT B3LYP/6-311++G(d,p) lev-
el of QM theory in combination with the quantum
theory “atoms in molecules” (QTAIM) in the isolated
state and in the continuum with a low dielectric con-
stant (e¢=4), typical for hydrophobic interfaces of specific
protein-nucleic acid interactions [25, 27-34], were performed
to study in detail a biologically important process of the
tautomerization of the Hyp-Cyt, Hyp*-Thy and Hyp-Hyp base
pairs to the Hyp*-Cyt*, Hyp-Thy* and Hyp*-Hyp* base pairs
via the DPT.

To gain a deeper insight into the physico-chemical “anat-
omy” of the tautomerization of the base pairs, the calcula-
tions of the sweeps of the electron-topological, energetic,
geometric and polar parameters, that describe the course of
the tautomerization along the IRC, have been performed and
analyzed.

The nine key points along the IRC of the Hyp-Cyt«>Hyp*-
Cyt* and Hyp*-Thy<>Hyp-Thy* tautomerizations and the six
key points of the Hyp-Hyp<—>Hyp*-Hyp* tautomerization
have been identified and fully characterized. These key points
could be considered as electron-topological “fingerprints” of
concerted asynchronous (for Hyp-Cyt and Hyp*-Thy) or
synchronous (for Hyp-Hyp) tautomerization process via
the DPT.

Based on the sweeps of the energetic, electron-
topological, geometric and polar parameters, which describe
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the course of the tautomerization along the IRC, it was
proved that the tautomerization through the DPT is concert-
ed asynchronous process for the Hyp-Cyt and Hyp* - Thy
base pairs, while concerted synchronous process for the
Hyp-Hyp homodimer.

It was demonstrated for the first time that in the
Hyp*-Cyt*, Hyp-Thy*, Hyp-Hyp and Hyp*-Hyp* base pairs
all H-bonds are significantly cooperative and mutually rein-
force each other, while the C2H...O2 H-bond in the
Hyp-Cyt base pair and the O6H...04 H-bond in Hyp*-Thy
base pair behave anti-cooperatively, i.c., they become weak-
ened, while two others become strengthened.

It was established that the tautomerization process in
the Hyp-Cyt and Hyp-Thy* base pairs is accompanied
by the electronic reorderings and structural deviations of
the geometries of the base pairs from the Watson-Crick
geometry. Structural deviations arise primarily due to a
decrease in bonding distances between electronegative
atoms of H-bridges in the course of the tautomerization
process.

H-bond energies in the investigated nucleobase pairs
containing Hyp were estimated by QM calculations in vac-
uum and in the continuum with e=4. Within the framework
of the CPCM model, it was demonstrated that energies of
the intrapair H-bonds are slightly disturbed under the tran-
sition from vacuum (e=1) to the continuum with a low
dielectric constant (e=4).

The obtained results enable us to regard the proposed
approach [27] not only as a powerful tool for the study of
the mechanisms underlying the tautomerization of any H-
bonded complex via the DPT, but also as a method for
researching the cooperativity of the H-bonds [37, 38] that
stabilize them.
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