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. Introduction

Nucleic acids (NA) are the most important component of the living cell. They exhibit two very
important functions: they preserve and transmit the heredity (genetic information) of the organism
and the determining participation in the biosynthesis of protein substances. Elucidation of the
processes in which nucleic acids are involved is a major problem of modern biology, chemistry
and physics.

Nitrogen DNA bases may exist in one of several forms called tautomers, which are isomers, that
differ in the position of hydrogen atoms and the bonds between atoms. The tautomerism in these
molecules is associated with the proton transfer from the amino group to the carbonyl group and
the formation of imino and hydroxyl groups. These tautomers, although short-lived, can form non-
standard basic pairs that fit in the double-stranded DNA spiral. The precision of replication and
transfer of the genetic material may be affected by the occurance of non-permanent pairs of nucleic
acids bases or their rare tautomric forms, and these phenomena can induce spontaneous point
mutations. As the tautomer and its associated proton transfer into the nucleic acid bases are often
occurs in water, the specific effect of the solvent on the tautometer balance and the proton transfer
reactions are essential.

The solvent can control the dynamics of proton transfer by two different types of solute-solvent
interactions. The first type of interactions are "macroscopic” effects ("Long-Range" effects),
including solvent polarization, and the second type are the effects of specific solvation (“short-
range" effects). In the latter case, the interaction with a certain number of solvent molecules could
affect the entire reaction route by reducing the energy barrier. This is due to the direct involvement
of the solvent molecules in the proton transfer, which can be connected to the dissolved molecule
by hydrogen bonds. This bonding may affect and disrupt the structure of the NA due to the increase
in the likelihood of the presence of rare tatometers of nitrogen bases. This type of connection could
be at the heart of the assumption between the monomer units of the NA and the bioactive structures,
such as biomarkers. The latter could intercalate in the macromolecules of NA or interact with them
through chemical bonds. In this case, it is essential to elucidate the binding expedient between the
biomolecule and nucleotides of the NA.

In the recent years new, safer biomarkers are is intensively sought. When the biomarker is
attached to the NA by hydrogen bonds, it does not affect the complementarity between the bases
nor the structure of the polynucleotide chain. To assess the type of interaction between the molecule
(nucleotide) and the environment (water), as well as between the environment (nucleotide) and a
biomolecule, a number of methods are used, including quantum-chemical and spectral (UV and
fluorescence).

From what has been said so far, it can be seen that taking into account the influence of the
environment is essential when considering biological systems. The formation of hydrogen bonds
between the solvent and the solute is important for their behavior, as well as for reactions involving
them. Thanks to the specific intermolecular interactions in a solvent environment, many tautomeric
reactions take place. On the other hand, tautomerism in a given compound may be a sought-after
quality, thanks to which certain desired physical, chemical and biochemical properties are
manifested.

The specific interactions involving the monomer units of DNA and RNA are the basis of many
medicinal actions, influence their activity and properties. On the other hand, the structure of many
drug molecules is based on that of nucleotides and nucleosides. Therefore, it is essential to study
the role of tautomeric processes, to clarify the influence of hydration on the energy difference of
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individual tautomeric forms and on the energy barriers of tautomerization reactions, to evaluate the
possibility of the presence of rare tautomeric forms of nitrogenous bases , to clarify the binding
method of biologically active molecules to nucleotides, to evaluate the possibility of their binding
to DNA and RNA and, last but not least, to experimentally evaluate their biological activity and
application.

Aims and tasks

The aim of this dissertation is to obtain sufficiently accurate and reliable data on the influence
of the environment on the formation of rare tautomeric forms of the monomeric units of NAs and
biologically active compounds by means of quantum-chemical methods, as well as to clarify the
related mechanism of proton transfer. This necessitated setting the following tasks:

* To assess the possibility of the presence of rare tautomeric forms of nucleobases and nucleosides
in the gas phase and in an aqueous environment;

* To investigate the mechanism of formation of rare tautomeric forms of nucleobases and
nucleotides in the presence of water molecules;

* To investigate the influence of the environment on biologically active molecules;

* To clarify the affinity and nature of binding of biologically active molecules to nucleotides.

I1. Results and discussion
11.1. Tautomerism at cytosine, cytidine and deoxycytidine
11.1.1. Tautomerism at cytosine in the gas phase

In the gas phase, cytosine exists as a mixture of several tautomers. The guantum-chemical
calculations presented in Table. 1, predict six possible tautomeric forms for the cytosine molecule:
two amino-oxo (A and E), one imino-oxo (B), one amino-enol (D), and two imino-enol (C and F),
represented in Fig. 1. In addition to the canonical form A, two enol (trans-enol D and cis-enol D)
and two imino (trans-imino B and cis-imino B) forms were found to be higher in energy than the
most stable tautomer by about 5 kcal mol™* and could also exist at low concentrations. In all
theoretical articles related to cytosine tautomerism published so far, the energy differences between
tautomers in terms of total (electronic + nuclear) energy are considered. There are some exceptions
which discuss the differences in the zero-kelvin energies and in the Gibbs energies of three
tautomers (A, B, and D) of cytosine (Table 2). The MP2 and CC methods predict trans-enol D as
the most stable. The total energy differences calculated at MP2, CCSD and CCSD(T) levels are 2
times higher (tautomers A and trans-imino B) or similar (tautomers cis-imino B and cis-enol D) in
comparison to these calculated at SCS-MP2 level (Table 1). This is probably due to the Dunning
basis set (cc-pVTZ) used which yields two times higher values of the energy differences than those
obtained with the Pople basis set 6-31+G(d,p). This is confirmed by single-point CCSD(T)/6-
31+G(d,p) calculations, performed using the MP2/6-31+G(d,p) optimized geometries of the
cytosine tautomers A—F (Fig. 1). For comparison the results obtained at CCSD(T), MP4(SDTQ),
and SCS-MP2 levels of theory are presented in Table 1. Energy differences between tautomers
calculated at the SCS-MP2 level are 2—3 times smaller (tautomers A and B) or similar (tautomers
D and E) to those calculated at the CCSD(T) one. However, the results obtained at the SCS-MP2
level are comparable to those obtained at the MP4(SDTQ) level.
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Figure 1. Cytosine tautomers A-F

The presence of A, D, and B tautomers was shown by various experimental techniques.
However, each of the experimental techniques requires different conditions. In order to reproduce
the experimental conditions, the relative stabilities of the tautomers were evaluated by quantum
chemical calculations taking into account the thermal energy corrections at 298, 493 and 568 K.
The calculated relative enthalpy (0 K, AHo) and Gibbs (AGT) energies in the gas phase at various
temperatures for the cytosine tautomers are compared with literature data. The relative Maxwell—
Boltzmann populations of the tautomer mixture in the gas phase at 568 K considers only the
population of A, D, and B tautomers. The calculated ratio is 1.0:0.85:0.45.

At 0.37 K the trans-enol-amino D is the most stable, tautomer A is 0.22 kcal mol™ higher in
energy, followed by cis-enol-amino D and cis-imino-oxo B which are less stable than trans-enol-
amino D by 0.73 and by 1.03 kcal mol?, respectively. However, the increase in temperature leads
to a change in the relative stability of the tautomers.



At 298 K the amino-oxo form, A, becomes the most stable. The trans-enol-amino D is 0.15 kcal
mol? higher in energy. The stability order is: A > trans-enol D > cis-enol D > trans-imino B > cis-
imino B. There are five direct unimolecular processes, shown in Fig. 2 that allow interconversion
the four cytosine tautomers via intramolecular proton transfer or rotation around single/double
bond. Three of the unimolecular processes involve a proton transfer between adjacent atoms. The
A — trans-enol D and cis-enol D < E reactions correspond to oxo-enol tautomerization, while the
A < trans-imino B conversion to an amino-imino tautomerization Fig. 2. During these
tautomerization processes, a N-H/O—H bond is broken and a new O—-H/N-H bond is formed. As a
result, the intramolecular proton transfer reactions exhibit very high activation energy barriers:
36.76 and 39.08 kcal mol™? for the oxo-enol tautomerizations A < trans D and cis D « E,
respectively, and 42.76 kcal mol™ for the A«strans-imino B tautomerization Fig. 2. The trans-enol
D < cis-enol D interconversion corresponds to rotation around a single C—O bond. This process
does not require bond breakage and thus exhibits a much lower energy barrier: 8.30 kcal mol™. The
trans-imino B«cis-imino B conversion corresponds to a cis—trans isomerization-rotation around a
double carbon-nitrogen bond. As rotation around the C=N bond is hindered, the energy barrier for
this process is calculated to 25.09 kcal mol?. For the forward intramolecular proton transfer
reactions at 298.15 K, k are too low (10™°-101°s?) and the reactions should not occur. The rate
constant for rotation around C—N bond is also low (2.52x10® s) while that for rotation around
C—O bond is 5.12x10° st and probably trans-enol D easily passes into cis-enol D.
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Table 1. MPn (n = 2,3,4), RIMP2, QCISD, QCISD(T), CCSD, CCSD(T), and SCS-MP2 calculated relative total energies (kcal mol*) of the cytosine
tautomers A-F shown in Fig. 1, optimized at MP2 level.

Tautomer MP22 Mp2°b MP2¢ Mp2d MP2¢ Mp2f MP29 Mp3h MP4i MP4i MP4k MP4!
amino-oxo A 1.51 1.53 1.62 1.65 1.60 1.58 2.06 9.6 6.3 35 2.3 0.00
trans-imino B 3.19 3.31 2.30 3.01 2.96 2.99 3.61 1.6 4.7 0.00 3.1 0.80
cis-imino B 491 3.88 4,74 4.70 4.76 5.22
trans-enol D 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.7 0.00 0.20
cis-enol D 0.74 0.76 0.72 0.69 0.71 0.71
amino-oxo E 8.89 8.89 39.3 36.4 334 30.9 7.50
trans,cis C 22.57 20.6
cis,cis C 18.89 18.94
trans,trans C 33.21
cis,trans C 28.64
trans,cis F 14.45 14.48
cis,cis F 17.38
trans,trans F 23.08
cis,trans F 26.98

RI-MP2™  QCISD" QCISD(T)° CCSDP CCSD(T)® CCSD(T) CCSD(T)* CCSD(T)! CCSD(T)" CCSD(T)Y MP4¥ SCS-MP2*
amino-oxo A 1.90 2.7 5.5 1.13 1.25 2.16 1.61 1.22 1.44 1.41 0.37 0.46
trans-imino B 3.21 0.6 5.3 0.53 0.99 1.69 1.87 1.70 2.11 2.25 1.52 0.95
cis-imino B 491 2.05 2.49 3.24 3.44 3.34 3.68 3.87 3.12 2.57
trans-enol D 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
cis-enol D 0.72 0.74 0.74 0.64 0.67 0.66 0.69 0.71 0.72 0.75
amino-oxo E 32.3 34.2 8.65 7.61 7.95
trans,cis C 20.38
cis,cis C 16.65
trans,trans C 30.78
cis,trans C 26.15
trans,cis F 12.76
cis,cis F 15.53
trans,trans F 21.42
cis,trans F 25.11

2 MP2/6-31+G(d,p), in this dissertation; ® MP2/6-31++G(d,p); ¢ MP2/cc-pVTZ(-f); ¢ MP2/cc-pVQZ; ¢ MP2/aug-cc-pvVDZ; F MP2/aug-cc-pVTZ; ¢ MP2/inf,
extrapolated MP2 relative energies; " MP3/6-31G(d,p)//MP2/6-31G(d,p); ' MP4(DQ)/6-31G(d,p)//MP2/6-31G(d,p); | MP4(SDQ)/6-31G(d,p)//MP2/6-31G(d,p); “
MP4(SDTQ)/6-31G(d,p)//MP2/6-31G(d,p); 'MP4(SDQ)/6-31+G(d,p)//MP2/6-31G(d); ™ RIMP2/TZVPP ; "QLIUCD/6-31G(d,p)//MP2/6-31G(d,p); ° QCISD(T)/6-
31G(d,p)//MP2/6-31G(d,p); P CCSD/cc-pVTZ(-f)/IMP2/cc-pVTZ(-f); ¢ CCSD(T)/cc-pVTZ(-f)//IMP2/cc-pVTZ(-f); " CCSD(T)/cc-pDTZ ; S CCSD(T)/cc-pVTZ ;¢
CCSD(T)/aug-cc-pDTZ ; * CCSD(T)/inf, extrapolated CCSD(T) relative energies; ¥ CCSD(T)/6-31+G(d,p)//MP2/6-31+G(d,p), our data; ¥ MP4(SDTQ)/6-

31+G(d,p)//IMP2/6-31+G(d,p), our data; * SCS-MP2/6-31+G(d,p)//MP2/6-31+G(d,p), our data;
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At temperature 493 K, the order of stability changes slightly: A > trans-enol D > trans-imino B >
cis-enol D > cis-imino B > amino-oxo E. The mixture of gaseous cytosine tautomers is calculated
to consist of 43.61% A, 25.65% trans-enol D, 14.78% trans-imino-oxo B, 12.42% cis-enol-amino
D, 3.50% cis-imino-oxo B and 0.03% E (Table 2).

Table 2. Calculated energy barriers, AG*, (kcal mol™?) of proton transfer reactions in cytosine at different
temperatures T (K) calculated at the SCS-MP2 level. Calculated rate constants (s*) of forward (ks) and reverse
(k) reactions, imaginary frequencies, v¥ (cm™), of transition states and time required to reach equilibrium
concentration of both tautomers in a monomolecular reaction.

Reaction AG# T ks Kr 799.9% Vi
Cytosine
A — trans-imino B 42.76 298 2.80x101°  1.23x1018  1.52x10V7 1910.30i

42.97 493 9.15x10°" 2.70x10® 6.36x10°
43.08 568 3.14x10*%  8.61x10* 1.96x10%

A — trans-enol D 36.76 298 7.00x10  9.03x10%°  1.44x10%*  1866.39i
37.11 493 3.63x10*  6.11x10* 2.36x103
37.28 568 5.35%x1072 9.60x1072 1.54x10!

trans-enol D — cis-enol D 8.30 298 5.12x10°% 1.72x 107 3.09x107 529.07i
8.50 493 1.75%x10° 3.62x10° 1.10x10°
8.61 568 5.76x10° 1.08x1010 4.17x1010

cis-enol D — E 39.08 298 1.40x1016  590x1012 1.17x10%2 1851.12i
38.98 493 5.38x10° 2.17x10%2 1.58x102
38.97 568 1.12x102 1.82 3.77

trans-imino B — cis-imino B 25.09 298 2.52x10 2.91x10° 2.18x104 1096.87i

24.93 493 9.11x10! 3.80x10? 1.47x107?
24.87 568 3.19x103 1.09x10* 9.73x10*

At higher temperature, 568 K, the order of stability is the same. However, the percentage
of amino-oxo A (43.11%) and trans-enol D (23.81%) decreases slightly, while that of trans-imino-
oxo B (15.70%), cis-imino-oxo B (4.58%), cis-enol-amino D (12.69%) and amino-oxo E (0.08%)
increases very little. The rate constants for the tautomeric conversions augment significantly with
increasing temperature to 493 K and to 568 K but remain low that no tautomeric equilibrium is
readily established.

Cytosine dimers

In the crystalline state, cytosine exists only as the A tautomer, where each cytosine engages in
a total of six hydrogen bonding interactions with four neighboring cytosine molecules. Dimers are
thus formed. From these dimers, by thermal evaporation, tautomers B and D could be formed (Fig.
3). The experimental data guide theoretical studies of the mechanism of the tautomeric conversion
of cytosine, by modeling dimers in the gas phase and simulating proton transfer.
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reverse (k) reaction are in s

The energy barrier of the double proton transfer process that occurs in the (A—A)a dimer and
produces trans D and trans B tautomers is calculated to be 9.44 kcal mol™ at 298.15 K (Fig. 3)
with rate constant 7.47x10° s, The reaction is fast. The increase of the temperature to 493 K and
568 K (Table 4) accelerates the reaction - the rate constants are of the order of 108 sX. In this way
the three tautomers, A, trans D, and trans B, can be formed in the gas phase. Rotations around
double/single bonds are also possible - the rate constants are of the order of 10%-10° s,

Of course, during the vaporization process, thermal motion of the cytosine molecules may allow
a generation of alternative dimers such as (A—A)p which after double proton transfer can produce
dimer (trans D) or (A—A)y which can yield dimer (trans B) (Fig. 3). Our calculations at SCS-
MP2/6-31+G(d,p) level show that (A—A)« and (A—A)g are practically isoenergetic (AE; = 0.11 kcal
mol™?) as (A-A). is more stable and AGzes = 0.31 kcal mol™ as (A—A)g is more stable). Based upon
previous theoretical studies the dimers (A-A)q«, (A—A)gp, and (A—A), are the most stable of all of
the possible cytosine dimers. In the rate constants calculations, the tunneling effect was neglected

due to its minor contribution at temperatures T > 490 K.



11.1.2. Proton transfer of cytosine in agueous solution

From the experimental data, two amino-oxo tautomers of cytosine, A and E, are present in
aqueous media, but they appear to coexist with other tautomeric forms, albeit in small amounts.

The importance of specific solvent interactions on the oxo-enol and amino-imino tautomerism
in cytosine should not be overlooked. For simulation of these short-range interactions in aqueous
medium, complexes containing five water molecules around the cytosine molecule (A, B, D, or E
tautomer) are considered (Figs. 4 and 5).

According to the CPCM/SCS-MP2//MP2/6—-31+G(d,p) calculations, the five-hydrated cytosine
should exist in three forms: two amino-oxo tautomers and one imino-oxo form. The most stable in
water is the five-hydrated complex of the amino-oxo tautomer A followed by the hydrated amino-
oxo E and the trans-imino-oxo B forms. The tautomers, trans-imino-oxo B and amino-oxo E are
close in energy.
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Figure 4. CPCM/MP2/6-31+G(d,p) optimized clusters of five-hydrated cytosine tautomers A, B, D, and E

However, the energy barriers of the water-assisted proton transfer for the two parallel reactions
A — trans-imino B and A — trans-enol-amino D of cytosine (Fig. 5) are almost equal. The
reaction barrier of A — trans-imino B amounts to 17.90 kcal mol* which is lower by 0.11 kcal
mol™ compared to that of the A — trans-enol-amino D reaction. Their rate constants are high and
practically the same, 0.47 s and 0.39 s (Fig. 5), whereat these parallel tautomeric conversions
should occur. It seems that probably three successive reactions, A — trans-enol-amino D, trans-
enol-amino D — cis-enol-amino D and cis-enol-amino D — E, could occur in aqueous solution
(Fig.5) because they are thermodynamically advantageous. Tautomer trans-enol-amino D can be
converted to its rotameric form cis-enol-amino D after rotation of the hydroxyl group at 2-position.
This process is slightly exothermic (0.61 kcal mol™) and the calculated energy barrier is low: 7.10
kcal mol™. It is by 1.20 kcal mol™ lower in comparison to the gas phase. The water-assisted proton
transfer reaction cis-enol-amino D — E is thermodynamically and kinetically advantageous. It is
also exothermic (3.14 kcal mol™) with activation barrier 12.20 kcal mol (Fig.5). The calculated
forward rate constant of tautomerization, ki = 7.09x10° s?, is high enough to generate the
tautomeric form E. The time necessary to reach the equilibrium concentration is 9.69x10*s. This
water-assisted proton transfer is also released through concerted mechanism. The water molecules
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situated between the exocyclic hydroxyl group and the nitrogen atom N3 in cis-enol-amino D are
hydrogen bonded with each other as well as cytosine molecule (Fig. 5).

The experiment, temperature jump spectroscopy, shows that in aqueous solution, cytosine exists
mainly as amino-oxo tautomer A, which tautomerize to the other amino-oxo form E, in agreement
with the results obtained at CPCM/SCS-MP2//MP2/6-31+G(d,p) level. The experimental stability
order, A < E < B, agrees with our computational results.
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conversions of cytosine in water.

11.1.3. Tautomerism and conformation in the nucleosides cytidine and deoxycytidine

The chemical structures and nomenclature of the cytidine and deoxycytidine tautomers are given
in Fig. 6. Three tautomeric forms are possible in cytidine and deoxycytidine: amino-oxo
(CydA/dCydA), imino-oxo (CydB/dCydB) and imino-hydroxy (CydC/dCydC). The imino-oxo
and imino-hydroxy tautomers can be divided into: trans-imino B1 and cis-imino B2, and trans-
imino C1 and cis-imino C2, respectively.
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Figure 6. Tautomers of cytidine and (deoxycytidine).

Tautomerism of cytidine in isolated state

Although there are experimental evidences for the existence of rare tautomeric forms of
nucleosides in the isolated state, evidence for the mechanism of tautomerism in cytidine and
deoxycytidine in the isolated state is still lacking.

The tautomeric forms in cytidine shown in Fig. 6 have two conformers: syn and anti. The plane
of the nucleobase is almost perpendicular to that of the sugar. When O2 orients above the sugar
ring (on the same side of O4' with respect to the C1'-N1 axis), y has a small value, an intramolecular
hydrogen bond C2=0-H-02-C2' is formed and the nucleoside has a syn conformation.
Conversely, an anti conformation has the H6 above the sugar ring and the y angle is usually large
in the anti conformer. The syn- and anti-conformers of the CydA-CydC tautomers are presented

in Figure 7. When an intramolecular hydrogen bond C2=0-H-0O5'-CHz- is created, a syn-clinal
conformer is formed. The syn-clinal conformers, sc-CydA and sc-CydB, are also presented in
Fig.7.

The relative total energies (AEy) for the syn-, anti- and syn-clinal conformers of the cytidine
tautomers calculated at MP2, SCS-MP2, CCSD(T), and MP4(SDTQ) levels of theory using 6-
31+G(d,p) basis set as well as the relative SCS-MP2/6-31+G(d,p) Gibbs free energies (T = 298.15
K) are presented in Table 3. The Gibbs free energy gap between the tautomers in the gas phase
reveal that the amino-oxo form, syn-CydA, is the most stable followed by its syn-clinal conformer,
sc-CydA. Energy difference between both conformers is 1.63 kcal mol™ (Table 3). The tautomer
syn-CydBl1 is higher in energy by 2.37 kcal mol™ than syn-CydA and by 0.63 kcal mol™ than sc-
CydA. Generally the syn-clinal-tautomers are slightly higher in energy compared to syn-tautomers.
However, the energy difference between the syn- and anti-conformers of CydA is 6.32 kcal mol*
while these between syn- and anti-conformers of CydB are 3.34-3.77 kcal mol™. As noted
previously the energy barrier of the rotation around the glycosidic bond in inosine is 4.33 kcal mol
! That is why the syn-, anti-, and syn-clinal conformers of the cytidine tautomers should coexist in
gas phase. The population percentage of syn-CydA, sc-CydA, syn-CydB1, sc-CydB1, syn-CydB2,
and sc-CydB2 according to their calculated relative stabilities in gas phase is found to be 91.75%,
5.85%, 1.67%, 0.57%, 0.09% and 0.03%, respectively. The population percentage of the anti-
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conformers is significantly lower: 2.1x103% for anti-CydA, 2.9x103% for anti-CydB1 and
3.2x10% for anti-CydB2. The conformers of the imino-hydroxy tautomer are calculated to be too
high in energy, more than 20 kcal mol™ (Table 3).
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Figure 7. MP2/6-31+G(d,p) optimized conformers of the cytidine tautomers CydA-CydC
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Table 3. MP2, SCS-MP2, CCSD(T), and MP4(SDTQ) calculated relative total energies (AE:) and relative Gibbs
free energies (AGaos) (kcal mol?) of the cytidine tautomers and their conformers using 6-31+G(d,p) basis set,
and MP2/6-31+G(d,p) optimized geometry of the species.

Tautomer AE¢ AGogs
MP2 SCS-MP2  CCSD(T) MP4(SDTQ) SCS-MP2

syn-CydA 0.00 0.00 0.00 0.00 0.00
synclinal-CydA 1.57 1.21 1.45 1.25 1.63
syn-CydB1 4.50 2.98 3.54 3.94 2.37
syn-clinal-CydB1 4.92 3.09 3.73 4.05 3.00
syn-CydB2 6.55 4.95 5.52 5.86 4.10
syn-clinal-CydB2 6.91 4.98 5.62 591 4.74
anti-CydA 9.03 8.05 9.34 8.61 6.32
anti-CydB1 10.21 7.98 9.15 9.35 6.14
anti-CydB2 11.75 9.42 10.62 10.79 7.44
syn-CydC1 27.87 26.44 26.78 27.64 25.24
syn-CydC2 24.57 23.12 23.45 2441 22.04
anti-CydC1 29.04 26.89 27.60 28.64 24.80
anti-CydC2 25.38 23.17 23.88 25.06 21.20

Steric hindrance between the cytosine moiety and the furanose ring affects the C2=0 and
glycosidic N1-C1' bond lengths, as well as the C4'-04' and C1'-O4' bond lengths in ribose.

Two unimolecular processes of an intramolecular 1,3 proton migration, corresponding to amino-
imino tautomerization were considered: syn-CydA <« syn-CydB1 and sc-CydA <« sc-CydB1 (Fig.
8a). During these tautomerization processes, a N—H bond from the amino group is broken
and a new N3-H bond is formed. The intramolecular proton transfer reactions have very high
activation energy barriers: 43.29 and 42.56 kcal mol™. They are practically identical to the A «>
trans-imino B conversion in cytosine - the first one is by 0.52 kcal mol™? higher and the second one
is by 0.2 kcal mol lower than that of cytosine. Migration of proton occurs entirely in the plane of
the cytosine moiety. Interestingly, the conformation of the furanose ring in cytidine does not change
during tautomerization. Thus syn-CydA and sc-CydA remain in their initial conformations, C3' -
endo/syn and C3'-endo/sc. Torsional angles y, B, and y also undergo minimal changes. The
glycosidic torsional angle y showed a change of 1.7° (syn-CydA) or 2.3° (sc-CydA) along with the
reaction, and similarly y and § changed on average 1°.
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Figure 8. Tautomeric conversions of cytidine: In gas phase, calculations at SCS-MP2/6-31+G(d,p) level (A) and

in water solution, calculations at CPCM/SCS-MP2/6-31+G(d,p) level (B). The relative energies, AGzgg, and the

energy barriers, AG},, are in kcal mol™, and the rate constants for the forward (kr) and the reverse (ki) reaction

areins?

Tautomerism of cytidine in water
In aqueous solution an amino-oxo tautomer of cytidine, CydA, is present. However, an

equilibrium between two species has been found upon heating an aqueous solution.

If only nonspecific solvent effects are considered, the oxo-amino tautomer syn-CydA should
be found only in water solution. However, according to the CPCM/SCS-MP2//MP2/6-31+G(d,p)
calculations of the three-hydrated complex of the cytidine tautomers, presented on Fig. 7, in
aqueous solution the compound should exist as conformers of the amino-oxo CydA and imino-oxo
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CydB tautomers. The most stable in water is the three-hydrated complex of the amino-oxo
tautomer syn-CydA followed by sc-CydA, syn-CydB1, and sc-CydB1 forms. The syn- and syn-
clinal conformers of the tautomer CydB1 are close in energy. They are 4.44 kcal mol™ and 5.19
kcal mol™ higher in energy than syn-CydA.

Two parallel water-assisted proton transfer reactions of cytidine are possible: syn-CydA —
syn-CydB1 and sc-CydA — sc-CydB1 (Fig. 8b). The reaction barrier of the first reaction amounts
to 16.56 kcal mol™ and it is lower by 0.59 kcal mol™ compared to that of the second one.

These parallel endothermic tautomeric conversions should occur. The calculated forward rate
constants of tautomerization, 4.52 and 12.22 s (Fig. 8b), are enough to generate concentration of
the tautomeric forms syn-CydB1 and sc-CydB1. The Kops is 8.1 x 10% s for syn-CydA — syn-
CydB1 and 1.7x10? s* for sc-CydA — sc-CydB1, and the time necessary to reach the equilibrium
concentration between the tautomeric forms syn-CydA and syn-CydB1, is 5.6x10* s while
between sc-CydA and sc-CydB1 is 1.2x103 s,

Similar to the water-assisted A — trans-imino B reaction in cytosine, the water-assisted proton
transfer CydA — CydB1 in cytidine is also carried through concerted mechanism. The proton
from the amino group transfers to the oxygen atom of the neighboring water molecule while a
proton from this water molecule is moved to the neighboring water molecule, and a proton from
the second water molecule jumps to the N3 atom of cytosine moyety in cytidine forming CydB1
tautomer. The conformation of the sugar ring in cytidine also does not change during the
tautomerization..

The population percentage of syn-CydA, sc-CydA, syn-CydB1, sc-CydB1, and anti-CydA
according to their calculated relative stabilities in aqueous solution is found to be 95.64%, 4.28%,
0.05%, 0.015%, and 3.5x1073%, respectively. The population percentage of the sc-CydB2, anti-
CydB1 and anti-CydB2 is substantially lower: 1.6x10° %, 2.1x10°%, and 1.12x10°%,
respectively.

Tautomerism in deoxycytidine in isolated state

The tautomeric forms of deoxycytidine, dCydA-dCydC, are presented in Fig. 9. Like cytidine,
when the oxygen atom from the carbonyl bond in the pyrimidine moiety orients above the
deoxyribose ring in deoxycytidine and an intramolecular hydrogen bond C2=0--H-0O5"-CHa- is
created, the nucleoside has a syn conformation. However, this conformer is rather syn-clinal (sc-
dCydA) because, according to our MP2/6-31+G(d,p) calculations, the y angle is 63.2°. The y angle
was calculated to have also borderline value (-150.2°) in the anti conformation, anti-dCydA. The
ab initio calculations reveal out of-plane deformation of the pyrimidine ring in dCydA. The value
of the C6-N1-C2-N3 torsion angle is 6.1° for the sc-conformer and 11.2° for the anti-conformer.
This agrees well with the experimental and computational results.

The relative Gibbs free energies for the sc- and anti-conformers of the deoxycytidine tautomers,
calculated at SCS-MP2/6-31+G(d,p) level, are listed in Table 4. According to the presented results,
the amino-oxo form, sc-dCydA, is the most stable, followed by anti-dCydA (0.96 kcal mol™). This
is followed by the sc- (1.14 kcal mol™) and anti- (2.64 kcal mol™) conformers of dCydB1 tautomer
and the sc- (2.75 kcal mol™) and anti- (4.30 kcal mol™) conformers of dCydB2.

The population percentage of sc-dCydA, sc-dCydB1, sc-dCydB2 according to their calculated
relative stabilities in gas phase is found to be 73.22%, 10.69%, 0.71%, respectively. The population
percentage of the anti-conformers is: 14.48% for anti-dCydA, 0.85% for anti-dCydB1, and 0.05%,
for anti-dCydB2.
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Table 4. Relative stabilities, AE: and AGags (kcal mol?t) of deoxycytidine tautomers and conformers obtained at
MP2, SCS-MP2, CCSD(T) u MP4(SDTQ) levels with 6-31+G(d,p) basis set previously optimized at MP2/6-
31+G(d,p) level.

structure AE; AGoog
MP2 SCS-MP2  CCSD(T) MP4(SDTQ) SCS-MP2
sc-dCydA 0.00 0.00 0.00 0.00 0.00
sc-dCydB1 2.94 1.48 1.86 2.38 1.14
anti-dCydA 3.09 2.65 3.09 3.34 0.96
sc-dCydB2 4.77 3.21 3.60 4.09 2.75
anti-dCydB1 8.12 5.95 4.20 4,78 2.64
anti-dCydB2 9.89 7.64 5.91 6.44 4.30
anti-dCydC1 28.12 26.11 23.89 25.18 22.48
anti-dCydC2 24.55 22.52 20.28 21.68 19.11
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Figure 9. MP2/6-31+G(d,p) optimized conformers of the deoxycytidine tautomers dCydA-dCydC

As was already noted, the energy barrier of the rotation around the glycosidic bond is low. For
that reason, the sc- and anti- conformers of the dCydA should coexist in the gas phase. Similar to
cytidine, the conformation of the deoxyribose in deoxycytidine does not change during
tautomerization. However, like cytosine and cytidine, the sc-dCydA — sc-dCydB1 and anti-
dCydA — anti-dCydB.1 tautomerization reactions have very high activation energy barriers: 42.79
and 43.11 kcal mol? (Fig.11). Since the calculated forward rate constant of tautomerization are
very low (2.66x10° st and 1.55x107° s1), they are not sufficient to generate tautomers sc- or anti-
dCydB1.
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Deoxycytidine dimers
However, the tautomer anti-dCydB1 could be produced by thermal vaporization from dimer

formed by the canonic tautomer anti-dCydA. An X-ray study of the deoxycytosine shows that the
compound has a layered structure in solid state and the two molecules in the cell are hydrogen
bonded through the amino group and N3 atom in pyrimidine ring. This is illustrated in Fig.10. The
crystal structure is composed of dimers involving dual hydrogen bonds, similar to the (A—A)y dimer
of cytosine, shown on Fig. 10. As was discussed above, the proton transfer in cytosine dimers is
facilitated by dual hydrogen bonding interactions between the two bases. The energy barrier of the
double proton transfer that occurs in the (A—A)y dimer and produces cytosine trans B tautomer is
calculated to be 13.27 kcal mol? at 298.15 K with rate constant 1.16x10° s (Fig.10). Our
calculations carried out at SCS-MP2/6-31+G(d,p) level for the deoxycytidine dimers, (dCydA):
and (dCydB1)2, how that Gibbs free energy difference at 298 K is 6.22 kcal mol™ and the energy
barrier of the double proton transfer amounts of 13.79 kcal mol™ with forward rate constant 4.83 x
102 51, The rise of the temperature to 493 K and to 568 K increases the reaction rate by four orders

of magnitude.
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Figure 10. SCS-MP2//MP2/6-31 + G(d,p) calculated relative energy, AGzgs, and energy barrier, AGJ,, (kcal

mol?) for the tautomeric conversion in deoxycytosine dimer in the gas phase. Intermolecular hydrogen bonds
between the amino group and N3 atom in the pyrimidine ring are indicated by dashed line

Tautomerism of deoxycytidine in water
Based on data from NMR spectra, deoxycytidine has an imino form, dCydB, in DMSO-ds

solution and probably in D.O. However, according to another study, the deoxycytidine exists in
aqueous solution as the amino-oxo tautomer, dCydA.

The CPCM/SCS-MP2/6-31+G(d,p) calculations of the three-hydrated complex of the
deoxycytidine tautomers show that in aqueous solution of dCyd the quantity of tautomer dCydA
dominates. Sc-dCydA and anti-dCydA are found to be 95.07% and 4.87%, respectively. The
energy barrier of the rotation around the glycosidic bond is known to be low, about 8 kcal mol™ in
water solution of inosine. That is why the syn-clinal and anti-conformers of dCydA should coexist
in aqueous solution. The population percentage of the sc-dCydB1 and anti-dCydB1 is 0.05% and
9.6x10™%, resp. syn-clinal and anti- conformers of dCydB2 amounts of 2.5x10%, and 1.2x10-
505, respectively. The anti-conformers are always higher in energy. However, the sc- and anti-
conformers of tautomers dCydA, dCydB1 should coexist in agueous solutions.

Two parallel water-assisted proton transfer reactions of deoxycytidine are possible: sc-dCydA
— sc-dCydB1 and anti-dCydA — anti-dCydB1 (Fig. 11). The first reaction has activation barrier
of 17.67 kcal mol™ and the second one: 14.28 kcal mol™. Their forward rate constants are 0.69 s
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and 2.11x10? s, and they are enough to generate the syn- and anti-conformers of the tautomer
dCydB1. The time necessary to reach the equilibrium concentration between the tautomeric forms
sc-dCydA and sc-dCydB1 is 5.75x10% s, and 6.45x10°° s for tautomers anti-dCydA and anti-
dCydB1. Similar to the water-assisted reaction in cytidine, the water-assisted proton transfer
dCydA — dCydB1 is also released through concerted mechanism. The conformation of the sugar
ring in deoxycytidine also does not change during the tautomerization reaction.
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Figure 11. Tautomeric conversions of deoxycytidine in water solution at CPCM/SCS-MP2/6-31+G(d,p) level.
The relative energies, AGaes, and the energy barriers, AG¥,9s, are in kcal mol?, and the rate constants for the

forward (kr) and the reverse (k;) reaction are in s.

The calculated CPCM/MP2/6-31+G(d,p) frequencies of the IR spectra of the sc- and anti-
conformers of dCydA and dCydB1, in aqueous solution at a temperature of 298.15 K, were
compared with the available experimental data. The bands are similar to those of cytidine for the

pyrimidine and furanose rings.

11.2. Tautomerism of guanine in gas phase and in aqueous solution

Tautomerism of guanine in the gas phase
The prototropic conversions of guanine lead to 15 possible tautomers and their rotamers. By ab

initio methods, the various tautomeric forms in the guanine molecule were investigated (Fig. 12):
four oxo-amino — G1, G2, G3, G4; six hydroxy-amino (G7 - G10) and their rotamers and five
imino-oxo (G11-G15-3). A geometry optimization was performed and the vibrational frequencies
of the studied molecules were found at the MP2 and SCS-MP2 level with a 6-31+G(d,p) basis.

From the calculations, it is noticed that 6 guanine tautomers can be found in the gas phase (3
amino-oxo (G1, G2 and G4), one imino-oxo G6 and 2 amino-hydroxy G7 and G8), which are very
close by energy. These tautomeric forms are consistent with those found by Fourier transform laser
ablation from the literature. From the presented results, it can be said that the tautomers G1, G2,
G4, G7 and its rotamer G7-1 and G8 are in the range 1-2 kcal mol™.

As with cytosine, for guanine most authors primarily discuss differences in total energies.
Differences in Gibbs free energies at 298 K are given in only a few papers. From the calculations
performed, after calculating AGagg, it is clear that, when taking into account the thermal corrections,
the canonical tautomer G1 is the most stable, although they are almost isoenergetic with G2 (Table
5). In the results obtained form the literature, the advantage is again given to the non-canonical G2,
as the influence of the basis (the addition of a second diffuse function) is more pronounced. This
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is also observed when calculating the populations of guanine in the gas phase. At 298 K, G1
predominates with 58.4% followed by G2 with 30.77%, G7 with 8.54% and G7-1 with 2.21%.
After determining their percentage content, it becomes clear that the G3 tautomer should not be
formed in the gas phase.

Tsble 5. Calculated relative Gibbs energies at 298 K and percent content of some gas-phase guanine tautomers
at the MP2/6-31+G(d,p) and SCS-MP2/6-31+G(d,p) level compared with relative Gibbs energies obtained from
the literature

Tautomer AGags (kcal mol?) pop. %

MP2 MP2* MP2" MP2* SCS-MP2 Our data MP2*
Gl 0.00 0.42 0.43 05 0.00 58.45 22.4
G2 0.03 0.00 0.00 0.00 0.38 30.77 45.8
G3 18.51 17.95 4.06x1012
G4 6.21 6.27 5.91 6.41 1.17x10°3 0.00
G5 15.21 14.26 2.06x10°
G5-1 16.85 15.82
G6 7.91 6.36 7.38 2.27x10* 0.00
G6-1 7.82 6.41 7.27 2.4x10 0.00
G7 0.33 0.46 0.56 0.96 1.14 8.54 21.0
G7-1 1.04 0.86 0.87 121 1.94 2.21 10.7
G8 3.55 3.28 3.29 4.68 0.022 0.2
G8-1 11.76 12.85 2.22x10°8
G9 14.67 15.64
G9-1 13.01 14.15
G10 29.76 30.19
G10-1 20.27 21.03
G11 23.69 23.21 6.69x10716
G111 25.64 25.22 3.86x1017
G11-2 30.19 29.67
G11-3 32.78 32.30
G12 18.94 18.79 4.23x1013
G12-1 28.57 28.29 4.28x10%
G12-2 24.04 23.85
G12-3 34.63 34.35
G13 38.49 37.50
G13-1 31.48 30.64
G13-2 31.37 30.61 1.56x10%0
G13-3 24.77 24.10 1.82x10-16

* |iterature data
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Figure 12. Tautomers and rotamers of guanine

The effect of water on guanine tautomerism

There is not much data in the literature on the stability of guanine in solution, and experiments
are lacking. In water, when it is represented only as a medium, with its dielectric properties, the
order of stability changes compared to that in the gas phase. Again, G1 tautomer is the most stable,
followed by G2, but then it is followed by G4, G7, G8, G3 and G5. It is observed that the
differences from the most stable tautomer increase, which changes when the more complicated
hydration model is considered (Table 6).

In the model system, 7 water molecules are located around the guanine at the sites where proton
transfer occurs. The positions of the water molecules are determined so that hydrogen bonds can
be formed at the tautomer sites. This builds the first hydrate shell around the guanine (Fig. 13).
Comparing global and specific solvation (guanine + 7H20) of guanine (Table 6), a significant
changes in stability of tautomers G3 and G4 were observed. This result shows how tautomers can

be specifically influenced by the solvent field (dielectric constant) and by the explicit inclusion of
the solvent molecules (hydrogen bonds).
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Table 6. Relative stabilities, AGzgs, (kcal mol?) of selected guanine tautomers and their rotamers (Fig. 12) in
water and seven-hydrated clusters (Fig. 13) at MP2/6-31+G(d,p) and CPCM/SCS-MP2/6-31+G(d,p) levels, and
percent content of tautomers in gas phase and hydrated clusters in solvent (water) medium.

Tautomer CPCM water guaine + 7H,0 (cluster) Cluster + PCM Cluster + PCM
MP2 (SCS-MP2) MP2 (SCS-MP2) MP2 (SCS-MP2)  SCS-MP2 pop. %

Gl 0.00 (0.00) 0.00 (0.00) 0.62 (0.24) 38.97
G2 1.22 (1.43) 0.09 (0.54) 0.00 (0.00) 58.44
G3 10.64 (10.53) 20.83 (20.08) 6.28 (6.06) 2.11x10°3
G4 6.16 (6.35) 0.83 (1.56) 1.82 (1.95) 2.17
G8 8.5 (9.48) 8.55 (9.60) 6.33 (6.93) 4.86x10*
G7 6.05 (6.78) 6.62 (7.38) 4.23 (4.52) 2.84x10?
G7-1 7.12 (7.88) 5.03 (6.22) 2.47 (2.99) 0.38
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Figure 13. Optimized structures of seven-hydrated clusters of the most stable guanine tautomers at MP2/6-
31+G(d,p) level

11.3. Tautomerism of guanosine in gas phase and agueous solution

The possible tautomeric forms and their rotamers for guanosine are shown in Fig. 14.

The compound can exist in six tautomeric forms: 2 amino-oxo (A and E), 1 amino-hydroxy (B),
2 imino-hydroxy (C and D) and 1 imino-oxo (F). The amino-oxo tautomers, 1H-2-amino-6-0xo
(A) and 3H-2-amino-6-0xo (E) do not have rotameric forms. The rotamers of the all rest tautomers
differentiate between E/Z (imino groups) or between sE/sZ (hydroxy groups). Two rotamers are
possible for the amino-hydroxy tautomer: 2-amino-6-(sZ)- hydroxy (B1l) and 2-amino-6-(SE)-
hydroxy (B2) as well as for the imino-oxo form: 1,3H-2-(Z)imino-6-oxo (F1) and 1,3H-2-
(E)imino-6-oxo (F2). The imino-hydroxy tautomers can exist in four rotameric forms as follows:
1H-2-(Z)imino-6-(sE)-hydroxy (C1), 1H-2-(Z)imino-6-(sZ)-hydroxy (C2), 1H-2-(E)imino-6-(SE)-
hydroxy (C3) and 1H-2-(Z)imino-6-(SE)-hydroxy (C4) for tautomer C, and 3H-2-(Z)imino-6-(SE)-
hydroxy (D1), 3H-2-(Z)imino-6-(sZ)-hydroxy (D2), 3H-2-(E)imino-6-(SE)-hydroxy (D3) and 3H-
2-(Z)imino-6-(sE)-hydroxy (D4) for tautomer D.
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Figure 14. Possible tautomeric and rotameric forms of guanosine and numbering in the guanine fragment.

Gas-phase tautomerism of guanosine

All guanosine structures were optimized at the MP2/6-31+G(d,p) level. The relative energies of
the oxo-amino tautomers of syn and anti Gs-A and the various hydroxy tautomers B-F of Gs in the
gas phase are presented in Table. 7. It is noticeable that anti- conformers are more unstable than
syn. This is expected since, in the isolated state, a hydrogen bond is formed between 5'OH and N6,
which stabilizes the molecule (Fig. 15).

The calculated energies in the gas phase show that the tautomers Gs-A and Gs-B1 are almost
isoenergetic. The percentage content of these tautomers and their conformers, according to their
relative stabilities, at the MP2 and (SCS-MP2) levels, were respectively 46.19% and (74.90)% for
syn-Gs-A, 33.51% and (15.32)% for syn-Gs-B1, 17.64% and (6.93)% for syn-Gs-B2 (Table 7).
The anti conformers Gs-A, Gs-B1, and Gs-B2 each constitute ~1% of the tautomeric mixture.

, N
I . e
syn-Gs-A anti-Gs-A

Figure 15. Optimized structures of syn- and anti- conformers of the Gs-A tautomer in the gas-phase at
MP2/6-31+G(d,p) level.
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Ta6auua 7. Relative stabilities, AG2gg (kcal mol™) and populations (%) for guanosine tautomers and rotamers in
the gas phase and solution calculated at MP2/6-31+G(d,p) and SCS-MP2 level in parentheses.

Tautomer gas pop. %
syn-Gs-A 0.00 (0.00) 46.19 (74.90)
syn-Gs-B1 0.19 (0.94) 33.51 (15.32)
syn-Gs-B2 0.57 (1.41) 17.64 (6.93)

syn-Gs -F1 17.81 (16.64)
syn-Gs -F2 16.29 (15.03)
syn-Gs -E 17.67 (16.88)
syn-Gs-D3 28.10 (27.45)
syn-Gs-D1 26.80 (26.10)
syn-Gs-D2 33.33 (35.05)
syn-Gs-C4 30.04 (31.94)
syn-Gs-C3 37.63 (28.74)
syn-Gs-C2 23.92 (28.04)
syn-Gs-C1 29.77 (22.00)

anti-Gs-A 2.45 (2.24) 0.74 (1.71)
anti-Gs-B1 2.19 (2.76) 1.15 (0.71)
anti-Gs-B2 2.44 (3.08) 0.75 (0.41)
anti-Gs-F1  19.92 (18.02)
anti-Gs-F2  21.06 (19.09)
anti-Gs -E 22.05 (20.87)
anti-Gs-D3  27.90 (26.85)
anti-Gs-D1 ~ 29.22 (28.24)
anti-Gs-D2  34.17 (32.99)
anti-Gs-C4  30.99 (30.11)
anti-Gs-C3  37.72 (36.62)
anti-Gs-C2  25.00 (24.19)
anti-Gs-C1  30.61 (29.64)

Tautomerism of guanosine in aqueous solution

Although in the free state the syn form of guanosine is more stable, it is not typical of
DNA/RNA, so the first lowest energy tautomeric and rotameric forms of anti- guanosine were used
as initial for Monte Carlo (MC) simulations to determine which centers of the molecule can form
hydrogen bonds with molecules from the solvent. In order to generate the structure of each of them
with their surroundings in aqueous solution, a series of MK simulations were carried out. The first
hydrate shell is formed a cluster of the solute molecule (guanosine) and four water molecules.

To make a comparison between the hydrated clusters of the syn and anti forms, we have to
consider that in the syn conformation the water molecules located opposite the N3 atom and the
amino group will be displaced from the ribose (Fig. 16). Therefore, based on the MK simulations,
comparisons between hydrated clusters of syn and anti conformers are more appropriately to be
performed with clusters containing two water molecules located between N1-H and the carbonyl
group.

From the results obtained, it was found that the energy difference between the tautomers Gs-A,
Gs-B1 and Gs-B2 significantly increased compared to those in the gas phase, similar to cytidine.
The most stable is the syn-Gs-A tautomer and the energy difference between it and syn-Gs-B1 is
calculated to be 6.28 (7.02) kcal mol™. The percentage content of the tautomeric and rotameric
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forms of guanosine changes and that of syn-Gs-A increases to 99.99%, while that of syn-Gs-B1

decreases to 0.0025%.

Considering only the long-range or only the short-range interactions leads to an increase in the
relative stability between the tautomers. When the interaction with the environment is represented
by the more complex hydration model, the differences with respect to the most stable tautomer
decrease and the conformers of tautomers Gs-A and Gs-B1 are in larger amounts.
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Figure 16. Tautomeric conversions of dihydrated guanosine clusters in aqueous media calculated at the
CPCM/MP2/6-31+G(d,p) and CPCM/SCS-MP2/6-31+G(d,p) level (in parentheses). Relative stabilities AGagg,
and energy barriers, AGaos”, are in kcal mol, rate constants of forward (k) and reverse reactions (k) are in s™.

The energy barriers of the solvent-assisted syn-Gs-A — syn-Gs-B1 and anti-Gs-A — anti-Gs-
B1 tautomeric processes were calculated (Fig. 16). As with cytidine, two parallel water-assisted
proton transfer reactions are possible. The proton transfer reaction of syn-Gs-A has an activation
barrier of 10.81 kcal mol, while that of anti-Gs-A is 2 kcal mol™? higher. Their rate constants are
high enough to generate syn and anti conformers of the Gs-B1 tautomer. The time required to reach
the equilibrium concentration between the tautomeric forms syn-Gs-A — syn-GsB1 is 2.21x1073
s, for the tautomers anti-Gs-A —anti-GsB1 is 4.44x10™*. The conformation of the furanose ring in
guanosine also does not change during tautomerization.

Clusters containing four water molecules around the tautomeric forms anti-Gs-A (Fig. 17) and
anti-Gs-B1 were used to simulate interactions in aqueous media. With this quantum-chemical
model, the short-range interactions are investigated. The transition structure for the water-assisted
proton transfer reaction anti-Gs-A — anti-Gs-B1 was found and the energy barrier was calculated
to be 18.26 kcal mol? at the MP2/6-31+G(d,p) level and 22.24 kcal mol™? at the SCS-MP2/6-
31+G(d,p) level (Fig. 18). The difference between anti-Gs-A and anti-Gs-B1 is 5.27 (6.03) kcal
mol™.

Using the more complicated solvent model (cluster in water) it was found that the energy
difference between the anti-Gs-A and anti-Gs-B1 tautomers slightly increased to 5.60 (6.54) kcal
mol™, but the tautomeric conversion was characterized by a lower energy barrier AGj,, 11.74 and

(14.98) kcal mol™. The calculated rate constant for the reaction, k = 15.37 s** has a significantly

high value, suggesting that the anti-Gs-B1 tautomeric form may be formed.
Since the stationary points were located, the reaction pathway was established by following the

IRC in the forward and reverse directions from TS (Fig. 9). These calculations ensure that the
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proper reaction pathway, connecting the reactant and product on each side of the TS, has been
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Figure 18. IRC profile of the water-assisted proton transfer reaction of guanosine anti-Gs-A — anti-

GS-B1 calculated at MP2/6-31+G(d,p) (priofile A) and C-PCM/ MP2/6-31+G(d,p) (profile B) levels. Insert
Distances between two selected atoms along the IRC profile of the four-hydrated guanosie as calculated at MP2
and C-PMC/MP?2 levels. Total energies are in a.u., distances are in A and IRC in amu¥2 bohr.

The reaction starts as both of the water molecules situated around the N4 and O10 centers (Fig
18) draw near to guanosine molecule. The N4...034 distance decreases from the equilibrium value
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2.875 A to 2.498 A. At the same time the equilibrium value of the O10-+038 distance (2.778 A)
decreases to 2.434 A. The proton H11, involved in the N4-H11-+034 hydrogen bond, exhibits a
slight move from 1.022 A (equilibrium distance in N4-H11 (bond) to 1.076 A, while protons H36
(involved in the O34-H36--038 hydrogen bond) and H37 (involved in the O38-H37--010 hydrogen
bond) move from equilibrium distance of 0.983 A in the O-H bonds to 1.035 A and 1.019 A,
respectively. At this point on the reaction coordinate the protons H11, H36 and H37 suddenly start
the transfer to the respective acceptor oxygen atoms 034, 038 and O10. The TS (Fig. 17) is formed
when the distances N4-H11, O34-H36 and O38-H37 become 1.307 A, 1.256 A and 1.137 A,
respectively, the carbonyl bond C3=010 is elongated from 1.242 A to 1.278 A and C3-N4 bond in
the six-membered ring is shortened from 1.415 A to 1.381 A. After that the N4-+034 and 010038
distances again start to return to their equilibrium values. The protons H11, H36 and H37 continue
to transfer to the atoms O34, O38 and O10, respectively and O34-H11, 038-H36 and O10-H37
bonds are formed. The process is cooperative and from the mechanistic point of view this means
that the proton transfers happen in a single step without any intermediates.

The reaction profile is different when we consider the second, more sophisticated computational
model — optimization of the cluster Gs+4H20 using the conductor-like polarizable continuum
model, i.e. C-PCM/MP2/6-31+G(d,p) (curve B, Fig. 18). The N4--034 and 010038 distances
decrease slowly from the equilibrium distance of 2.817 A and 2.793 A to 2.568 A and 2.524 A,
resp., while 034038 distance exhibit more pronounced variations from 2.739 A to 2.452 A (Fig.
18). At this point on the reaction coordinate the proton H11 rapidly starts to move from nitrogen
atom N4 to the oxygen atom O34, and O34-H36 bond slowly begins to elongate. When 034--038
distance becomes 2.399 A, proton H36 start a rapid transfer to oxygen atom O38 and 038-H37
bond begins a slow elongation. The TS is formed when the distances N4-H11, O34-H36 and O38-
H37 become 1.479 A, 1.218 A and 1.054 A, respectively; the carbonyl bond C3=010 is elongated
to 1.281 A and the single C3-N4 bond is shortened to 1.375 A. After that the N4...034 and
034...038 distances begin to elongate slowly to their equilibrium values while 0O38-010 continues
to shorten. The O34-H11 distance which is 1.074 A is slowly shortened to formation of O-H bond.
Proton H36 continues to transfer rapidly to O38 and O38-H37 bond begins to elongate strongly.
When 038-010 distance becomes 2.473 A the proton H37 starts to transfer more slowly and
distance 038-010 achieves its equilibrium value while bond 010-H37 is formed. The calculated
profiles of the proton transfer along the IRC of the tautomerization (Fig. 18) evidence that this
tautomerization reaction occurs through the asynchronous concerted mechanism. The time
necessary to reach 99.9% of the equilibrium concentration between the tautomeric forms 1H-2-
amino-6-oxo Gs-A and 2-amino-6-(sZ)-hydroxy Gs-B1 was calculated to be tgg ¢ % = 3.53x107° s.

11.4. Medium effect on bioactive molecules
11.4.1 Acyclovir

The structure of nucleosides is the basis for some drug molecues. This is also the case with the
antiviral agent acyclovir (ACV). Its structure is based on guanosine, with ribose replaced by an
acyclic chain (Fig. 19). Therefore, the fundamental question of tautomerism and conformation of
nucleobases, nucleosides and nucleotides and the influence of the environment also concerns their
derivative drugs.

According to theoretical calculations for ACV, the most stable structure corresponds to the
amino-oxo tautomer ACV-A, second is the tautomer ACV-B1, and third is the rotamer ACV-B2.
The remaining tautomers should not be present in the gas phase. The results are similar to those of
guanosine and show that in the gas phase the ACV-A form is the most stable, followed by ACV-
B1. Considering the isolated molecules, the energy difference between tautomer A and B1 is very
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small (0.36 kcal mol™), similar to the case for the two most stable guanosine tautomers. According
to the calculated populations, the amount of amino-oxo tautomer ACV-A is 55.83%, ACV-B1
(30.41%) and ACV-B2 (13.76%).

According to crystallographic data and conformational analysis in solid state only one
tautomeric form of acyclovir, ACV-A is observed. Three types of structures appear for acyclovir
in relation to the side chain that is attached to N14. While in the first two molecules the bonds are
in the preferred gauche conformation in the third one the bonds in the side chain are all in the trans
conformation, giving rise to an almost planar, zig-zag arrangement (Fig. 19). Our results for
geometric parameters of tautomeric form ACV-A calculated at MP2/6-31+G(d,p) level are closer
to the zig-zag molecule conformation. All bond lengths in the guanine residues of the ACV-A
tautomer in the gas phase correspond to published values obtained after crystallographic analysis.

a) b)

Figure 19. Structure of the tautomeric form of acyclovir obtained after optimization at the MP2 level (a) and X-
ray diffraction (b).

Taking into account the effect of water only as a dielectric medium (C-PCM model) at the MP2
level, the energy difference between the oxo-hydroxy forms increases substantially. The energy
difference between ACV-A and ACV-B1 increases 15 times and becomes 5.43 kcal mol™?. The
amount of the amino-oxo tautomer is greater compared to the two amino-hydroxy forms, and the
ratio between them is ACV-A : ACV-B1: ACV-B2=99.98 : 0.01 : 9.8x103%.

Similar to guanosine, the choice of acyclovir hydration model was aided by Monte Carlo
simulations, again choosing a cluster containing one solvate molecule and four water molecules
depicted in Fig. 20.

Analogous to guanosine, the solvent effect on the tautomeric conversion of acyclovir was
considered. Two water molecules are located between the N-H and C=0 groups, and the other two
between the amino group and the nitrogen atom involved in the six-membered ring. Under the
action of the solvent, both presented as a medium and explicitly, the side chain of ACV undergoes
significant changes. It begins to resemble a furanose ring. In the most complex solvation model,
stabilization of the resulting conformation is observed through hydrogen bonds with one of the
water molecules.

The energy barrier of the gas-phase proton transfer reaction of the water cluster ACV-A+4H20
— ACV-B1+4H20 was calculated to be 14.65 kcal mol™? (Fig. 20) at the MP2/6-31+G(d ,p) and
C-PCM/MP2/6-31+G(d,p). The 1H-2-amino-6-oxo tautomer, ACV-A, was found to be the most
stable, followed by the 2-amino-6-(sZ)-hydroxy tautomer, ACV-B1l. The energy difference
between the two tautomers is 5.31 kcal mol™, a value practically identical to that calculated for the
isolated acyclovir molecule in a continuous aqueous environment at the C-PCM/MP2/6-31+G(d,p)
level.

By the more sophisticated solvation model, in which the influence of the surrounding water is
taken into account, it was found that the energy difference between ACV-A and ACV-Bl1
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tautomers increases to 7.02 kcal mol™, but the energy barrier (AG, ) decreases to 11.16 kcal mol®

! (Fig. 20). The calculated rate constant of the reaction, k =4.09x10 s, is large enough to result in
a substantial concentration of ACV-B1 tautomer. The calculated time required to reach 99.9% of
the equilibrium concentration of the tautomeric forms ACV-A and ACV-B1 is 199.9% = 1.2x10°®
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Figure 20. Relative energies (AG2gs ) between the tetrahydrated complexes and water-assisted proton transfer
reaction barriers (in kcal mol*) for acyclovir calculated at MP2/6-31+G(d,p) and (SCS-MP2/6 -31+G(d,p)) levels
(in orange) and C-PCM/MP2/6-31+G(d,p), and (C-PCM/SCS-MP2/6-31+G(d,p) ) (in blue).

The energy profile of the water-assisted proton transfer for the four-hydrated cluster of acyclovir
was performed. Like guanosine, the reaction wuc released through asynchronous concerted
mechanism.

11.4.2. 2-carboxamido-1,3-indanedione

To elucidate the binding expedient between 2-carboxamido-1,3-indanedione (CAID) and
DNA/RNA nucleotides, experimental studies of the fluorescence characteristics of the DNA/RNA-
CAID system under different conditions were performed. From the fluorescence spectra of DNA
in the presence of the intercalator ethidium bromide (EthBr) and CAID at different CAID
concentrations, temperature and exposure time, it was found that CAID does not intercalate but
interacts in another way with DNA/RNA. Studies have shown that the interactions of CAID with
nucleic acids are weak, and CAID binds to both DNA and RNA molecules, unlike the intercalating
agents, which cannot be applied to RNA.

Fig. 21 presents the results of a 24-hour experiment in which the fluorescence spectrum of
double-stranded DNA bound to CAID (Aex = 330 nm) is recorded. The fluorescence spectra of
dsDNA/CAID (hex = 330 nm) were recorded initially and after 24 h of the experiment at room
temperature. The solution was heated gradually from 25 to 90°C for 1.5 h and was cooled for 4 h.
The spectra are presented in Fig. 21. Two maxima at 440 and 518 nm were observed. At the starting
point of the experiment, the two peaks seem approximately the same (Fig. 21a-c). The intensity of
the maxima increases with incubation time and that one at 440 nm becomes more intense in the
end of measurement. The intensity of the maxima changes in different manner during the
experiments. The fluorescent intensities ratio, Fsis/Fas0, increases during the heating while at
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cooling it decreases on the same pattern up to 55°C (Fig. 21b). In the interval 55-25°C, the intensity
of the maximum at 518 nm does not change substantially unlike the one at 440 nm (Fig. 21a). After
the sample was cooled to room temperature, it was left for up to 24 h and then a fluorescence
spectrum was recorded. As a result, the maximum at 440 nm gets more intensive than the one at
518 nm (Fig. 3c). It should be noted that there is no shifting in both of the fluorescent maxima, and
the peak at 518 nm is more defined. This fluorescent behavior is probably due to the existence of
the two CAID tautomers in ground state and their fluorescence after excitation at 330 nm
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Figure 21. Fluorescence spectra of DNA/CAID after heating and cooling (a), dependence of the fluorescent
intensities ratio, F518/F440, to the temperature (b) as well as fluorescence spectra of DNA/CAID at 0 h and
after 24 h of the measurements (c).

30



To clarify the affinity of CAID conjugation to nucleic acids, quantum-chemical calculations at
B3LYP/6-31+G(d,p) level were performed. There are two possible sites of association of CAID to
nucleotide by hydrogen bonding to the nucleobases (XMP-CAID) or to the phosphate group
(CAID-XMP). The structures of some of the CAID A/B complexes are shown in Fig. 22. The total
and relative energies of all complexes are presented in the Table. 8. According to calculations, the
more stable tautomer of CAID is A, the difference from B being 1.48 kcal mol™.

Comparing each pair of complexes, it can be seen that with the lower total energy (E:) are those
involving tautomer B. The smallest difference is between AMP-CAIDB and AMP-CAIDA (0.58
kcal mol™), which means , that the type of binding tautomer is not essential for this nucleotide. The
differences between the UMP-CAIDA/B and CMP-CAIDA/B complexes are also close (1.24 and
1.63 kcal mol™?). For the complexes bound to the nitrogen base, it is noticed that the difference in
the total energies of GMP-CAIDA/B (5.78 kcal mol™?) is the most significant. Complexes of
CAIDB bound to the phosphate group of nucleotides are more stable than those of CAIDA. The
differences are between 3.42-3.99 kcal mol™. The biggest difference in energies is between the
complexes of the two tautomers of CAID and guanosine monophosphate (4.57 kcal mol™). The
closest in energy is the pair CAIDA-CMP/CAIDB-CMP (3.42 kcal mol™?), and the biggest
difference is again between CAIDA-GMP/CAIDB-GMP (4.57 kcal mol™).

In the deoxynucleotide complexes, the energy differences of those bound to the phosphate
moiety are in a close range, between 2.92 kcal mol for JAMP and 3.99 kcal mol™ for dTMP. In
the case of the complexes bound to the nitrogen base, the differences are again up to 1 kcal mol™,
and the closest are again the complexes having adenine moiety (0.46 kcal mol™).

When taking into account the contribution of enthalpy and entropy corrections to the total
energy of the complexes (AGzeg) of CAID to the nitrogen base and to the phosphate group, the
energy differences decrease (Table 8). When CAID is bound to the base of the nucleotides AMP
and dAMP, CMP and dCMP, the CAIDA complex becomes more stable, and CMP and dAMP
pairs are almost isoenergetic. Among the remaining three complexes, the one with CAIDB remains
more stable, the difference being the smallest for CMP-CAIDA/B and practically the two
complexes are isoenergetic.

From the data in Table. 8, for AGags, it can be seen that for all pairs of complexes, obtained when
CAID binds to the base, it is not essential which of the two tautomers participates in the complexes
with the nucleotides, except for those of GMP (the difference between Gzgs of the two complexes
is 3.76 kcal mol™). With the deoxyribonucleotides, the results are similar, again with a reversal of
the most stable complex for deoxyadenosine monophosphates to deoxycytidine monophosphate.

When considering the differences in Gibbs energies between the complexes of the two tautomers
of CAID, bound through the phosphate group of the nucleotides, it is observed that they decrease
by about 1 kcal mol? for CAIDA/B-AMP, CAIDA/B-UMP and CAIDA/B-dTMP, while for
CAIDA-CMP this reduction is more significant. As a result, the two complexes become very close
in energy (AG29s = 0.62 kcal mol™). The only exception is observed for the complexes of GMP
with both CAID tautomers when the binding is to the phosphate — the energy difference increases
by 1 kcal mol™. For dTMP-CAIDA/B the difference is larger, 2.31 kcal mol ™.

31



}V%H\P\ ( \\‘s\ %" } \4\‘-\;"\%\;

CAIDA-GMP CAIDB-GMP

. ;“ < X—Q

) | A [t 1 »
¢ >y

¥ e ¢ ¢ ‘::( *—E ¢

dGMP-CAIDA dGMP-CAIDB

. § a 4
z\__*\s %

CAIDA-dGMP CAIDB-dGMP

Figure 22. Complexes of the two tautomers, CAIDA and CAIDB, of 2-carbamido-1,3-indanedione with
guanosine monophosphate (GMP) and deoxyguanosine monophosphate (dGMP), optimized at B3LYP/6-
31+G(d,p) level
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Table 8. Total energies, E;, Gibbs energies, Gaes (a.u.), and relative energies, AE; and AGags (kcal mol?), of complexes of the two CAID tautomers with

different nucleotides calculated at the B3LYP/6-31+G level (d,p).

Complex type E; AEy Goos AGaos Complex type E: AEy Goos AGogg
To the phosphate moiety To the phosphate moiety

CAIDA-GMP  -2271.31541 457  -2270.94360 5.52 CAIDA-dGMP -2197.162934  3.12  -2196.79999 2.47
CAIDB-GMP  -2271.32269 0.00 -2270.95239 0.00 CAIDB-dGMP -2197.167904 0.00 -2196.80393 0.00
CAIDA-AMP  -2197.14926 3.60 -2196.78825 2.46 CAIDA-dAMP -2121.923415 2,92 -2121.56393 1.77
CAIDB-AMP  -2197.15500 0.00 -2196.79218 0.00 CAIDB-dAMP -2121.928066  0.00 -2121.56674 0.00
CAIDA-UMP  -2143.64891 3.78  -2143.30751 2.49 CAIDA-dTMP -2108.736462  3.99  -2108.37746 3.16
CAIDB-UMP  -2143.65494 0.00 -2143.31147 0.00 CAIDB-dTMP -2108.742814  0.00 -2108.38249 0.00
CAIDA-CMP  -2124.76282 342  -2124.41584 0.62 CAIDA-dCMP -2049.53242 3.39  -2049.18602 2.31
CAIDB-CMP  -2124.76828 0.00 -2124.41684 0.00 CAIDB-dCMP -2049.537815  0.00  -2049.1897 0.00
To the nitrogen base To the nitrogen base

GMP-CAIDA -2271.31578 5.78  -2270.94984 3.76 dGMP-CAIDA -2197.160461  1.75 -2196.79768 1.20
GMP-CAIDB  -2271.32500 0.00 -2270.95583 0.00 dGMP-CAIDB -2197.163253  0.00 -2196.7996 0.00
AMP-CAIDA -2196.11037 0.58  -2195.74473 0.00 dAMP-CAIDA -2121.9188 0.46 -2121.55779 0.00
AMP-CAIDB -2196.11130 0.00 -2195.74428 0.28 dAMP-CAIDB -2121.919538 0.00 -2121.55773 0.04
UMP-CAIDA -2144.63696 124  -2143.30520 0.26 dTMP —CAIDA -2108.730355 1.54 -2108.37089 0.67
UMP-CAIDB -2144.63894 0.00 -2143.30562 0.00 dTMP —-CAIDB -2108.732811 0.00 -2108.37196 0.00
CMP-CAIDA -2124.75930 1.63  -2124.41050 0.04 dCMP-CAIDA -2049.529443  1.40  -2049.18566 0.00
CMP-CAIDB -2124.761896 0.00 -2124.410561 0.00 dCMP-CAIDB -2049.53168 0.00 -2049.1846 0.67
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In order to evaluate the possibility of intermolecular hydrogen bonds formation between CAID
and nucleotides, the energies of interaction (Eint) were calculated. Considering the results from
Table 9 it can be seen that the most stable is the complex between tautomer B and the phosphate
group of dGMP (CAIDB-dGMP) (17.91 kcal mol?) followed by CAIDB-UMP: 17.67 kcal mol™*
and the difference between them being 0.24 kcal mol™, making them practically equally stable. For
CAIDB-CMP AEsup is 17.51 kcal mol™ and the difference compared to the most stable complex
is not significant (0.40 kcal mol™). Therefore, the complexes of CAIDB with the pyrimidine
nucleotides attached to the phosphate group have higher stability energies compared to those of the
purines. The complexes of CAIDB with AMP and GMP are characterized by lower AEstan (DY
about 2 kcal mol™?) than those of the complexes considered so far, 15.65 and 15.65 kcal mol™,
respectively. The interaction energies of complexes with tautomer A bound to the phosphate are
about 5 kcal mol™ lower than those obtained after binding to tautomer B, and the lowest is that of
CAIDA-GMP (9.59 kcal mol™), which makes complexes with tautomer A energetically less
favorable than those with tautomer B.

Table 9. Interaction energies Ein: and Hint (kcal mol?) of the two tautomers of CAID with nucleotides, calculated
at B3LYP/6-31+G(d,p) level.

complex Eint Hint complex Eint Hint
To the phosphate To the phosphate

CAIDA-GMP 9.59 9.22 CAIDA-dGMP  13.33 12.51
CAIDB-GMP 15.65 15.65 CAIDB-dGMP 17.91 16.64
CAIDA-AMP 10.42 9.92 CAIDA-dAMP  12.06 11.45
CAIDB-AMP 15.48 14.55 CAIDB-dAMP  16.43 15.29
CAIDA-UMP 12.4 11.44 CAIDA-dTMP  10.46 10.28
CAIDB-UMP 17.67 15.96 CAIDB-dTMP 15.91 15.23
CAIDA-CMP 12.62 11.95 CAIDA-dCMP  12.62 11.71
CAIDB-CMP 17.51 16.12 CAIDB-dCMP  17.47 16.04
To the nitrogenous base To the nitrogenous base
GMP-CAIDA 9.82 12.38 dGMP-CAIDA 11.78 11.40
GMP-CAIDB 17.10 18.73 dGMP-CAIDB  14.99 14.13
AMP-CAIDA 8.81 7.74 dAMP-CAIDA 9.16 8.14
AMP-CAIDB 10.88 9.25 dAMP-CAIDB 11.08 9.68
UMP-CAIDA 9.58 8.9 dTMP -CAIDA 6.63 6.42
UMP-CAIDB 12.25 11.13 dTMP -CAIDB 9.63 9.15
CMP-CAIDA 10.41 9.51 dCMP-CAIDA 10.76 10.17
CMP-CAIDB 13.5 11.88 dCMP-CAIDB 13.62 12.38

Among the complexes between the nitrogenous base and CAID, the most stable is the one
between guanosine monophosphate and CAIDB (GMP-CAIDB), 17.10 kcal mol™. It is followed
by dGMP-CAIDB (14.99 kcal mol™). Table 9 shows that binding of CAID to the corresponding
nucleotides via the phosphate group is favored over binding to the nucleobase by about 2-5 kcal
mol. Exception are the pairs of GMP and dGMP, with the complexes bound to the base being
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more stable than those bound to the phosphate. The complexes of AMP and dTMP with CAIDA
to the base are characterized by the lowest interaction energies.

In all cases in which CAID is bound to nucleotides, the complexes with tautomer B are more
stable, and the smallest difference is between the CMP complexes, where it is 4.89 kcal mol™ for
CAID-CMP and 3.09 kcal mol for CMP-CAID. The biggest difference in the interaction energies
between the GMP complexes is 6.06 kcal mol™* when the binding is to the phosphate group and
7.28 kcal mol™ when the binding is to the nitrogenous base.

Eint = Ecaip + Exmp — Ecomplex
Hint = Hcaip + Hxwvp — Hcomplex

Binding to the phosphate group leads to the formation of more stable complexes, compared to
those to the base (Table 9). An exception is observed only in the complexes of GMP with CAID
— the interaction energy of the GMP-CAID complex is higher than that of the CAID-GMP
complex. The complex formed upon binding to the nitrogenous base of the nucleotide becomes
preferred.

As a summary, the 2-carbamido-1,3-indanedione could form stable complexes with nucleotides,
and tautomer B is the preferred structure. Generally, the strongest complexes with CAIDB form
the GMP and dGMP nucleotides, and the hydrogen bonds are situated preferably in the phosphate
group region. The TMP dimers have the lowest interaction energy, and therefore, form the weakest
complexes with CAID.
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1. Conclusions

1. All possible tautomers and their conformers of the nucleic bases cytosine and guanine were
theoretically investigated in gas phase and in microhydrated environment. Theoretical
predictions for the coexistence of five cytosine structures in the gas phase (0xo-amino, trans-
and cis-enol-amino, trans- and cis-imino-oxo forms) completely coincide with recent
experimental results. According to the calculations, six guanine tautomers can be found in
the gas phase — three amino-oxo, one imino-oxo and two amino-hydroxy, which are very
close in energy and also correspond to the recent experimental results.

2. The experimentally proven co-existence of two amino-oxo and one imino-oxo tautomer of
cytosine in aqueous solution is explained. The presence of coordinated water molecules
acting as a catalyst makes tautomerization processes much easier. Similar results were
obtained for the tri-hydrated tautomeric forms of cytidine and 2-deoxycytidine. In aqueous
cytidine solution, the syn- and syn-clinal conformers of the amino-oxo tautomer must coexist
with small amounts of the syn- and syn-clinal conformers of the imino-oxo tautomer. An
equilibrium between the syn- and anti-conformers of the amino-oxo and imino-oxo
tautomers of 2-deoxycytidine was found to exist.

3. Guanine can exist in several tautomeric forms both in the gas phase and in aqueous solution.
In water, its nucleoside, guanosine, must exist as a mixture of the syn- and anti-conformers
of the 1H-2-amino-6-oxo tautomer along with small amounts of syn- and anti-conformers of
the 2-amino-6-(sZ)-hydroxy and 2-amino-6-(sE)-hydroxy tautomer.

4. The parallel endothermic tautomerization reactions in the syn- and syn-clinal conformers of
the nucleosides cytidine, deoxycytidine, and guanosine occur through a concerted
mechanism. The conformation of the furanose ring does not change during tautomerization.
Calculated barriers for proton transfer reactions with water indicate that tautomeric
conversions are kinetically possible processes. It is possible to detect these rare tautomeric
forms by sophisticated spectroscopic methods.

5. Studies examining water-assisted proton transfer in acyclovir, a guanosine analog, have been
conducted for the first time. The oxo-amino tautomer of acyclovir has been shown to be the
most stable form in aqueous media.

6. It was found that 2-carbamido-1,3-indanedione does not act as an intercalating agent. It
shows affinity for binding to the nucleotides (monomer units) of DNA and RNA. Binding is
likely to occur through hydrogen bonding, with preference being to the phosphate moiety of
the nucleotide. This, as well as the fact that it is not cytotoxic, makes it suitable for a
fluorescent DNA/RNA biomarker.
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1V. Contributions

The influence of the medium on the nucleobases cytosine and guanine and their nucleosides, as
well as on molecules with biomedical applications, was studied. Detailed mechanisms of proton
transfer in nucleobases and nucleosides are proposed, using calculations at high theoretical levels.
In some of the cases, a mechanism for the formation of experimentally found rare tautomeric forms
Is proposed for the first time. The influence of the medium on biologically active molecules has
been thoroughly studied. The conducted experiments and calculations on the binding expedient of
2-carboxamido-1,3-indanedione to the nucleotides of DNA and RNA are pioneering and are a
serious reason to consider that the application of the compound as a new type of fluorescent
biomarker is possible.
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