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Abstract The gas phase basicities (GPB) of 16 hydroxyl-
radical-derived analogues of model pyrimidine nucleosides
were analysed at B3LYP/aug-cc-pVDZ and G3MP2B3 levels
of theory. All possible tautomeric equilibriums of neutral and
protonated forms of pyrimidine analogues were taken into
account. The oxidation of pyrimidines usually reduces the
GPB values with respect to canonical values. The only
exception was observed in the case of 5,6-dihydroxycytidine,
which is more basic than model cytidine if both macro- and
micro-scopic measures of basicities are used for comparison.
In addition, 6-hydroxycytidine is characterised more by the
basic character of the O, atom compared to the more basic
centre of cytidine, despite the fact that the GPB values of
both these compounds are almost identical. Although the
B3LYP/aug-cc-pVDZ approach seems to be an accurate and
robust method for GPB estimation, the microscopic proton-
ation properties are much more sensitive to this method since
the difference in energy between some tautomers is often less
than 1 kcal/mol with method-dependent succession. In such
cases, G3AMP2B3 is recommended.
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Introduction

Protolytic equilibriums play an important role in the
chemistry and biochemistry of heterocyclic compounds.

P. Cysewski (<) + K. Koztowska - B. Szefler
Department of Physical Chemistry, Collegium Medicum,
Nicolaus Copernicus University,

Kurpinskiego 5,

85-950 Bydgoszcz, Poland

e-mail: piotr.cysewski@cm.umk.pl

There are many important biochemical species of this type,
including the bases of nucleic acids and their numerous
analogues, amino acids, drugs and many others [1-3].
Susceptibility to protonation or deprotonation affects such
phenomena as pairing via hydrogen bonds, aromatic
stacking, or interactions with metal ions. Thus, basicity or
acidity may have a significant impact on a plethora of
biochemical reactions, e.g. interactions with receptors and
enzymes, base recognition and repair, transcription and
translation. One of the spectacular consequences of nucle-
obase protonation is potential mutagenic mispairing of
complementary bases [1, 2]. For example, cytosine proton-
ated at the O,-oxygen is thought to be responsible for the
stabilisation of a adenine—cytosine mispair that was
observed in single crystals of oligonucleotide duplexes [3].

A special class of heterocyclic compounds has been
identified in and isolated from DNA cellular hydrolysates
[4, 5]. These products of nucleobase degradation may be
imposed by exogenous factors such as, for example, the
ionising activity of ultraviolet radiation, chemical carcino-
gens, or reactive oxygen forms. They may also be formed
during normal, nonpathogenic cellular processes, e.g. by
the activities of superoxide-generating enzymes. There are
direct correlations between levels of modified DNA bases
and carcinogenesis, cancer and many non-cancerous dis-
eases [6] since the presence of oxidised base lesions in
DNA affects replication and transcription processes [7].
Thus, a knowledge of the chemical properties of these
species is of particular importance. Although hydroxyl-
radical-derived analogues were analysed in our previous
investigations [8—14], open questions still remain. The main
purpose of this study was to estimate the gas phase
basicities (GPB) along with microscopic protolytic proper-
ties of such pyrimidine derivatives as 5-hydroxycytidine
(CA), cytidine glycol (CB), 5,6-dihydroxycytidine (CC),
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6-hydroxy-5,6-dihydrocytidine (CD), 5-hydroxy-5,6-dihy-
drocytidine (CE), 5-hydroxy-methyluridine (TA), thymidine
glycol (TB), 5-hydroxy-5,6-dihydrothymidine (TC),
5,6-dihydrothymidine (TD), 6-hydroxy-5,6-dihydrothymi-
dine (TE), 5-formyluridine (TF), isodialuric acid (UA),
5,6-dihydroxyuridine (UB), 5-hydroxyuridine (UC), 5-hy-
droxy-5,6-dihydrouridine (UD) and uridine glycol (UE).
Since populations of neutral and protonated forms of
heterocyclic compounds may involve a number of potential
tautomers, the selection of an accurate and cost effective
method is not a trivial task. Thus, the second goal of this study
was to analyse the accuracy of selected quantum chemistry
methods applied to description of a training set of compounds
for which experimental data are available [15]. The GPB is a
macroscopic property related directly to Gibbs free energy of
protonation reaction. However, in the case of heterocyclic
compounds, many potential tautomers of both neutral and
protonated forms may be involved in the equilibrium. The
following scheme defines the microscopic quantity:

GPB; = —AG; (1)
AG:
dy+ 129 g )

where A; denotes i-th tautomer of base 4 and Bj+ represents
the j-th tautomer of its protonated form. The Gibbs free
energy and equilibrium constant of the protonation reaction
are related to each other by the elementary formulas:

AG,‘] = GB]. — GAi — GH+ =1.36 pK,j (3)
B By by
A VR 720 R VTR 170 R “)
where
_ A R R 7))
=31l B =3 |5 ] =
_1B]
G )

Since accurate experimental data [15] for gas phase
protonation of all five nucleic acid bases are available, it
is possible to verify the quality of theoretical predictions. It
is necessary to estimate only the Gibbs free energies of all
potential reactants along with their populations (a;, b;)
derived from Boltzmann probabilities. The Gibbs free
energy of proton formation in the gas phase at 1 atm and
25°C is equal to —6.28 kcal/mol, and may be calculated via
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the Sackur-Tetrode equation [16]. The final definition of
GPB may then be presented as follows [17]:

b.
AG =136 - pK = AGy + 1.36 - 1og(a—f_> — —GPB (6)

In order to estimate the AG value, all potential tautomers
were taken into account for both neutral and protonated
forms of all species under investigation.

Methods

The application of Eq. 6 requires full geometry optimisation
followed by hessian calculations for all possible tautomers
of all 16 pyrimidine derivatives mentioned above. Howev-
er, selection of a method is not straightforward since
different levels of theory sometimes lead to contradictory
predictions. Thus, in the first step, the methods must be
verified against experimental data. However, GBP mea-
surement results are available only for canonical nucleo-
bases, and these compounds were used as a training set for
selection of the computation level. All calculations were
performed using the Gaussin03 package [18]. Although the
relative energies of neutral and protonated nucleic acid
bases were the subject of numerous studies, and experi-
mental values were consistently reproduced by ab initio
calculations, some additional notes are provided at this
initial stage. Currently, advanced ab initio post-Hartree-
Fock (HF) methods have been applied successfully to the
identification of populations of neutral and protonated
forms of DNA bases [19]. Correlation corrections up to
MP4 were taken into account and the resulting values of
proton affinities were within 2% of the experimental data.
However, such demanding computations cannot be per-
formed for the extended set of free-radical-derived ana-
logues of nucleic acid bases. Thus, an alternative level has
to be chosen. All five DNA bases were then subjected to
full gradient geometry optimisation using HF, B3LYP,
MP2, G3MP2 and G3MP2B3 methods. Also, the role of
the basis set expansions was also studied for a series of split
valence (sv) and correlation-consistent (cc) basis sets.

The analysis of GPB error is presented in Figs. 1 and 2.
The experimental GPB values [15] were considered as the
reference data. In Fig. 1, the averaged differences between
experimental and predicted values of GPB were plotted as a
function of the number of basis functions for standard sv
and cc basis sets. The correspondence to common acro-
nyms is also given. The data provided unequivocally
dismiss the HF level since the predicted GPB values are
significantly outside the experimental uncertainty, which is
about 2.0 kcal/mol. In contrast, the application of a density
functional method such as B3LYP is quite reasonable,
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Fig. 1 The averaged error of gas phase basicities (GPB) of five
nucleic acid bases estimated by the Hartree-Fock (HF) and B3LYP
methods as a function of basis sets expansion. The numbers of

especially if extended basis sets were used. Unfortunately, a
non-monotonous correlation between the accuracy of GPB
and the number of basis functions used was observed,
irrespective of the type of basis set. Of the basis sets studied
here, aug-cc-pVTZ (aTZ) was the most accurate. This is a
quite extended set, requiring more than 700 basis functions
for purines. The same averaged error was obtained for the
6-311++G(3df,3pd) sv basis set, which in the case of
guanine calls for 519 primitive functions. Fortunately, for
the modest basis set, aug-cc-pVDZ (aDZ), the predicted
values of GPB are within 1.0 kcal/mol with respect to the
experimental data. Thus, this particular level was selected
as providing a reasonable balance between the cost of
computation and GPB accuracy.
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Fig. 2 The error of GPB of canonical purines and pyrimidines estimated
by HF, B3LYP, and MP2 methods with an aDZ basis set and two
composite methods: G3MP2 and G3MP2B3. The experimental values of
GPB are equal to 218.1, 222.0, 221.7, 203.2 and 201.2 kcal/mol for
adenine, guanine, cytosine, thymine and uracil, respectively [15]

CY TH

sv ADE GUA T Y URA
6-31G(d) 160 175 130 147 128
6-31G(d.p) 175 190 145 165 140
6-311G(d,p) 210 228 174 198 168
6-311+G(d,p) 250 272 206 234 200
6-311++G(d,p) 255 277 211 240 204
6-311++G(3df,3pd) 480 519 402 459 384

ce ape cua ¥ T ura
cc-pVDZ 165 179 137 156 132
aug-cc-pVDZ 275 298 229 261 220
cc-pVTZ 370 400 310 354 296
aug-cc-pVTZ 575 621 483 552 460
cc-pVQZ 700 755 590 675 560

cc - correlation consistent basis set
sv - split valence basis set

primitive basis functions are also provided together with their
common acronyms. ADE Adenine, GUA guanine, CYT cytosine,
THY thymine, URA uracil

Three additional methods were also checked (Fig. 2). The
MP2/aDZ level of theory used along with two model
chemistry methods provided a broader perspective on the
error of GPB predictions. It is not surprising that the MP2
method is insufficient to characterise the protolytic properties
due to the inherent errors in its calculations of normal
vibration modes [20]. Compensation of this error by using
different scaling parameters for different levels of theory was
proposed more than decade ago by Scott and Radom [20].
Thermodynamic functions estimated without any scaling
parameters, as in the MP2 method, are even more poorly
predicted than those coming from just the HF/aDZ level.
Model chemistry methods parameterised for a broad range of
compounds are also very accurate in the case of calculations
of protolytic properties of heterocyclic compounds.

The values of macroscopic quantities, such as proton
affinities [19] or GBP [21], are known to depend mainly on
the properties of the most probable tautomer. The inclusion
in the analysis of the other, less stable, tautomers usually
does not alter the basicity of DNA bases. However, the aim
of this paper was not only to characterise the thermody-
namic quantities but also to provide insight into the detailed
structure of the neutral and protonated forms of the
compounds analysed. Thus, additional inspection seems to
be essential. Fortunately, there are valuable and precise
experiments providing important details. Micro-basicity, as a
measure of the susceptibility to protonation of individual
proton-acceptor centres, was analysed here based on B3LYP/
aDZ and G3MP2B3 methods; the resulting Boltzmann
probabilities for all five canonical nucleic acid bases are
presented in Figs. 3 and 4.

The acid—base equilibriums characterising purine bases
have been the subject of numerous experimental and
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Fig. 3 The structures of neutral and protonated forms of canonical
purines in the gas phase. Numbers in bold correspond to the
Boltzmann populations estimated by the G3MP2B3 method, while
those in italics indicate the results of B3LYP/aDZ calculations.
Symbols of tautomeric forms describe the centres with attached
protons followed by purine symbol. s and a represent the syn and anti
conformations of side groups with respect to the N atom, respectively

Fig. 4 The structures of neutral
and protonated forms of canon-
ical pyrimidines. Notation as in
Fig. 3
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theoretical studies in the gas and condensed phases [21—
28]. Several instrumental measurements, e.g. ultraviolet
photoelectron spectroscopy [22], microwave spectroscopy
[23] and R2PI and IR-UV double resonance spectra [24],
have proved that the neutral adenine molecule is mainly in
amino tautomeric form with hydrogen attached to the Ng
atom [H(Ny)-adenine]; H(N-)-adenine was found to be less
stable. On the other hand, under different reaction con-
ditions adenine may be protonated in the gas phase at one
of the basic nitrogen atoms, with varying composition of
the tautomers in the mixture [25]. A recent study [26]
demonstrated that protonation at the nitrogen in position N
of the neutral H(Ng)-adenine tautomer yields the most
stable protonated adenine. The tautomers formed by
protonation of H(N,)- and H(Ng)-adenine at the N3 position
are slightly higher in energy. A previously reported
theoretical analysis [26—28] of adenine tautomerism led to
the same conclusions. The results of our calculations
(Fig. 3) also confirm that, irrespective of the method
applied, of the 12 possible unique tautomeric forms of
adenine, the most abundant is the amino isomer with proton
attached to the No atom (ADE-9). In contrast, the
protonation of adenine is not so consistently described by
both applied methods, since B3LYP/aDZ calculations
suggest that the most stable protonated adenine tautomer
corresponds to a form with the proton attached to the Nj
and N, atoms (ADE-37), while G3MP2B3 computations
suggest protonation of N; and Ny centres (ADE-19). Since
the energy difference between these two tautomers is very
low (<0.4 kcal/mol), the order of adenine protonated forms
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does not affect the value of GPB. The predictions of
G3MP2B3 methods agree with observed populations in the
gas phase.

The guanine molecule has complex tautomeric proper-
ties, and may exist in several low-energy tautomeric forms
[29, 30]. There is consensus that guanine has four low-
energetic tautomers in the gas phase [19, 31-35]. However,
under laser-desorption conditions, less favourable tauto-
meric species can be also populated to a minor extent. The
most stable tautomer of guanine corresponds to an amino-
keto tautomer with a hydrogen atom attached to the N; and
N5 centres. The protonation of guanine is thought to take
place at the N, atom followed by the O4 atom. Protonation
at the Nj site is highly unfavourable compared to the H
(Ng)- and H(N,)-species [33—-38]. The micro-basicities of
guanine are presented in Fig. 3. Both applied methods
describe consistently the same succession of tautomers of
neutral and protonated forms. The keto-amino tautomer of
guanine with a proton attached to the N, atom is the most
stable (GUA-17). This is in good accord with previously
reported calculations and experimental observations [16-26].
The protonation of guanine leads to the structure GUA-179,
which results from proton attachment to the Ng centre of the
GUA-17 tautomer. Both applied methods predict that more
than 80% of this isomer is present in the population of
protonated guanine.

Cytosine has been the subject of several experimental
[39—43] and theoretical [19, 44-47] studies in the gas
phase. Despite such interest, the experimental composition
of tautomers in the gas phase is not precisely known. Both
enol-amino and keto-amino forms have been identified in
matrix isolation infrared and MW spectroscopy experi-
ments [41, 42]. A higher concentration of the canonical
form was suggested. This conclusion was additionally
confirmed by thermo-chemical analysis [43]. Although
there are no experimental data on cytosine protonation in
the gas phase, computational studies [19, 44] strongly
support the notion that the N3 atom is the most basic in
cytosine. The second stable tautomer of protonated cytosine
is the one with a proton attached to the O, atom, with
orientation of the resulting hydroxyl group towards the N;
centre. The same conclusions may be drawn from Fig. 4,
where the results of both methods applied here are
presented. Although there are differences in the percentage
of tautomer populations estimated based on B3LYP/aDZ
and G3MP2B3 levels, the succession of tautomers is
consistently described. Despite such differences, the values
of GPB of cytosine are very similar and differences are
within experimental uncertainty.

Thymine and uracil have similar chemical structures, and
as a result their acid—base properties are also analogous.
NMR [48-50], UV [51-54], IR, Raman [55, 56] and
microwave spectroscopic [57] studies have provided evi-

dence that these neutral pyrimidines exist in the gas phase
predominantly in the 2,4-diketo form. This conclusion is
consistent with previous reports [19, 44-47] and with the
B3LYP/aDZ or G3MP2B3 results presented in Fig. 4.
Experimental information on the composition of protonated
thymine or uracil in the gas phase is not available to date.
However, several computational studies have been pub-
lished, all of which consistently suggest that the protonation
of thymine and uracil takes place at oxygen atoms rather
than at nitrogen centres of the heterocyclic rings [19, 28,
58-60]. Unfortunately, there is a lack of consensus about
the sequence of potential tautomeric forms. Podolyan et al.
[19] suggested that the most stable form corresponds to an
isomer with a proton attached to the O4 atom. However, the
results presented in Fig. 4 suggest that the forms protonated
at both oxygen atoms, THY-12a4s and URA-12a4s, are the
most stable among all possible protonated species. These
tautomers result from the migration of a hydrogen atom
from the N3 centre toward the O, atom of Oy4-protonated
thymine or uracil. Both applied methods lead to the same
conclusion. This is the only discrepancy between previous-
ly reported basicities of nucleic acid bases. It is worth
mentioning that the 2,4-dihydroxy tautomer has been
suggested as the most stable protonated form of protonated
uracil [60]. This supports the reliability of our calculations.

In the conclusion of this initial stage, it is worth
mentioning that the B3LYP/aDZ approach seems to provide
a rational balance between cost and accuracy. Although this
method is precise enough to estimate GPB of native DNA
bases, the microscopic protonation features are much
more sensitive to the method applied since the difference
in energies between some tautomers is often less than
1 kcal/mol, with method-dependent succession. The correct
sequence of neutral and cationic forms may, however, be
obtained by using one of the model chemistry approaches,
e.g. G3AMP2B3. In cases where the B3LYP/aug-cc-pvdz and
G3MP2B3 methods lead to contradictory predictions of the
order of neutral or protonated tautomers, the latter is
suggested to be used in the interpretation of microscopic
protonation properties. Such disagreements between suc-
cession of tautomeric forms predicted by these two methods
were noted for purines but were not observed for
pyrimidines. If only macroscopic properties are required,
then the B3LYP/aug-cc-pvdz level is sufficient since it
provides GPB values with 1.0 kcal/mol accuracy with
respect to experimental data.

The GPB of 16 pyrimidine analogs known as by-products
of oxidative stress were then estimated based on B3LYP/aug-
cc-pvdz and G3MP2B3 methods. Model nucleosides, which,
instead of the whole 2'-deoxy-ribose ring, comprised only
a methylmethoxy group (-CH,-O-CH3;) mimicking the
N-glycosidic bond, were taken into account. Such a model
was previously documented as reliable [11, 12] ,as it
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provides all important features of nucleosides but with a
significant reduction in size of the studied systems. Further-
more, the impact of many sugar-related conformations is
omitted. Puckering of the five-membered ring, side group
rotation, and syn-anti N-glycosidic bond conformations are
irrelevant for micro- and macro-basicities of the systems
analysed. The results of thermodynamic calculations were
critically checked against the imaginary frequencies, ensur-
ing that the geometries obtained correspond to global
minima in potential hyperspace. Tight criteria were imposed
for gradient minimisation. In addition, the ultra fine option
was used for definition of the grid mesh in density functional
theory (DFT) computations.

Results and discussion
GPB of model cytosine analogs

At least five known cytidine analogues imposed by reactive
oxygen forms are known. The following products have been
identified in chromatin hydrolysates [ 1-4]: 5-hydroxycytidine
(CA), cytidine glycol (CB), 5,6-dihydroxycytidine (CC),
6-hydroxy-5,6-dihydrocytidine (CD) and 5-hydroxy-5,6-
dihydrocytidine (CE) (structures presented in Fig. 5). All
these analogues posses complex tautomeric equilibriums in
both their neutral [10] and protonated forms. The first of the
model cytidine derivatives studied here, 5-hydroxycytidine,
can exist in its neutral form as a mixture of keto-imino and
keto-amino tautomers. Both applied methods, B3LYP/aDZ
and G3MP2B3, lead to the same predictions, but the latter
slightly favours the most probable isomer (CA2-1a). This
agrees with the common expectation [10] that the non-polar
environment promotes the less polar species. The dipole
moment of the most abundant keto-imino tautomer (CA2-1a)
is much smaller than that of the keto-amino isomer (CAl).
The corresponding values are equal to 1.76D and 6.32D,
respectively. Interestingly, the protonation of 5-hydroxycyti-
dine leads only to amino forms, and the predominant isomer
of cationic 5-hydroxycytidine, CA1-O2b, adopts the enol-
amino structure. Again, a slight increase in the percentage of
the population of the most probable isomer is observed if the
composite method is used.

From the values of GPB presented in Table 1, it can be
concluded that modification of 5-hydroxycytidine has an
insignificant impact on the macroscopic measure of basicity.
However, the microscopic propetrties, describing basicities of
particular proton—acceptor centres, are altered compared to
model cytidine. The canonical cytidine model takes its basic
character from the N3 and O, centres, and both these sites
posses almost identical basicities. In 5-hydroxycytidine the
same atoms are involved in the protonation process, and the
N4 centre of the imino tautomers may also be susceptible to
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proton attachment. The most basic character exhibits an O,
centre, and both nitrogen atoms are slightly less basic (see
Table 1). Thus, although the GPB of C and CA are almost
the same, the micro-basicities are affected by oxidation of
cytidine at the Cs-centre, and there is an observed increase in
the basicity of the O, atom for CA compared to canonical
cytidine.

The next analogue studied in this paper is cytidine
glycol (CB). CB may have quite an intricate structure
since it posses two chirality centres. Among all possible
stereo isomers and tautomers, CB2(5ax,6ax) was identi-
fied as the most probable form of neutral CB. This imino-
keto tautomer has both chirality centres set to axial
conformation. Although both of the applied methods point
to this neutral form as the most probable form, the model
chemistry method suggests a much higher percentage of
this isomer in the total population. The products of CB
protonation can also adopt numerous tautomers and
diastereoisomers but two predominate in the entire
population (Fig. 5). The form denoted as CB3(5ax,6ax)
was found to be the most probable product of protonation,
and may be treated either as a protonated keto-imino
tautomer at the N4 centre or as a product of proton
attachment to the Nj3 nitrogen atom of the amino-keto
form. CB is less basic than canonical cytidine by about
5 kcal/mol. The micro-basicities provided in Table 1
suggest that the N5 atom is the most basic one in the case
of CB, but that it is still less basic than the O, centre of
cytidine. Thus, both macro- and micro-basicities of CB are
lower than those of cytidine.

The third analogue of cytidine studied is its 5,6-dihydroxy
derivative (CC). Although the keto-amino tautomer CC1(bd)
was identified as the most stable among all potential isomers,
the keto-imino tautomer CC3(1,ac) may also occur in the
population of neutral forms. Thus, there are three potential
basicity centres and, as shown in Table 1, the N5 atom is
responsible for the most basic character of this derivative.
Interestingly, CC is more basic compared to cytidine both
from the macroscopic and microscopic point of view, and
even the least basic atom (N,) is as basic as the O, centre of
cytidine.

The fourth product of cytidine oxidation analysed here,
6-hydroxy-5,6-dihydrocytidine (CD), has similar tautomeric
properties as the above-described cytidine derivatives.
Again, keto-amino and keto-imino tautomers occur in the
population of neutral species, and the latter predominates
over all other structures. The axial conformation of the Cgq
atom is energetically favourable over the equatorial one. This
conclusion is consistently drawn based on both applied
computational procedures. Although the macroscopic basic-
ity of CD is about 3 kcal/mol smaller compared to that of
cytidine, the most basic sites of CD and C are equally
susceptible to proton attachment.
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CE2(eq)-N3 (82.5%, 89.1%)  CE2(eq)-O2a (14.1%, 8.6%)

CEl(l,eq) (93.7%,

95.2%) CE2(1,eq) (0.0%, 0.0%)

CEI1(1,ax) (1.9%, 1.5%)
CE1(2.¢q) (3.5%, 2.8%)
CE1(2,ax) (0.8%, 0.6%)

CE2(1,ax) (0.0%, 0.0%)
CE2(2.¢q) (0.0%, 0.0%)
CE2(2,ax) (0.0%, 0.0%)

CE2(eq)-02b (1.0%, 0.4%)
CE(2,ax)-02a(2.3%, 1.9%)

The final cytidine analogue studied here, 5-hydroxy-5,
6-dihydrocytidine (CE), has very simple tautomeric fea-
tures. The only expected tautomer of the neutral form exists
as a keto-imino isomer. Since the N5 centre of this tautomer
is capped by a hydrogen atom, this site cannot exhibit its
basic nature directly, and only two centres are available for
protonation, namely the O, and N, centres. There is a

strong difference between the basicities of these two atoms
and although the former has a much higher affinity for
protonation, the resulting cationic form CE2(eq) is energet-
ically disfavoured. Thus, the overall basic character of CE
comes from the basicity of the N, centre. This derivative is
thought to be the least basic among all the cytidines studied
here, including canonical cytidine.
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Table 1 Micro- and macro- gas phase basicities (GPB) (in kcal/mol)
of canonical and hydroxyl-radical-modified model pyrimidines. C4
5-Hydroxycytidine; CB cytidine glycol; CC 5,6-dihydroxycytidine;
CD 6-hydroxy-5,6-dihydrocytidine; CE 5-hydroxy-5,6-dihydrocyti-
dine; C cytidine; 74 5-hydroxy-methyluridine; 7B thymidine glycol;
TC 5-hydroxy-5,6-dihydrothymidine; 7D 5,6-dihydrothymidine; TE
6-hydroxy-5,6-dihydrothymidine; 7F 5-formyluridine; 7' thymidine;
UA isodialuric acid; UB 5,6-dihydroxyuridine; UC 5-hydroxyuridine;
UD 5-hydroxy-5,6-dihydrouridine; UE uridine glycol; U uracil

Macroscopic basicities ~ Microscopic basicities

CA 2248 (225.0)
CB 2209 (220.2)
CC 2274 (226.6)
CD 2220 (221.2)
CE 2200 (219.0)
C 2246 (224.9)
TA 2045 (205.1)
TB  201.4 (201.8)
TC  204.5 (205.0)
TD  204.7 (205.1)
TE  201.7 (201.7)
TF  206.3 (206.8)
T 2066 (207.2)
UA 1943 (194.1)
UB 2024 (202.5)
UC  200.7 (201.1)
UD  201.8 (202.9)
UE  199.9 (200.5)
U 2047 (205.1)

0,(227.2) > Ny(221.9) = N3(222.1)
N3(223.3) > 0,(221.3) > N4(220.2)
N3(228.1) > 0,(226.0) > N,4(224.4)
N3(224.7) > 0(223.7) > Ny(220.9)
0,(223.2) > N4(219.0)
0,(224.6) = N3(224.2)
04(203.6) > 0,(198.9)
0,(201.7) > 04(194.0)
0,(205.0) > 04(193.1)
0,(204.3) > 04(197.2)
0,(201.8) > 04(196.1)
04(206.6) = 05(206.0) > 04(187.0)
0,(207.2) > 04(205.0)
0,(195.5) > 04(189.6)
04(202.4) > 0,(200.6)
04(200.7) = 0,(200.0)
0,(201.4) > 0,(195.8)
05(200.5) > 04(192.4)
05(205.1) > 04(203.8)

GPB of model thymidine analogues

Six different products of thymine degradation by reactive
oxygen forms have been identified [1-4]: 5-hydroxy-methyl-
uridine (TA), thymidine glycol (TB), 5-hydroxy-5,6-dihydro-
thymidine (TC), 5,6-dihydrothymidine (TD), 6-hydroxy-5,
6-dihydrothymidine (TE) and 5-formyluridine (TF) (structures
presented in Fig. 6). The tautomeric properties of all these
compounds are much simpler than their cytidine analogues,
since all derivatives adopt a 2,4-diketo form [10]. Although
some of these compounds can exist as a mixture of different
isomers, their structures result from either chirality conforma-
tions or side group rotation rather than from tautomeric
equilibriums. The basic character of canonical thymidine is
about 19 kcal/mol weaker than that of cytidine. Consequently,
all thymidine analogues studied here are extremely weak
bases, and in all cases oxidation reduces the basic nature of
the resulting compounds even further. For example, the only
stable tautomer of S5-hydroxy-methyluridine (TA) adopts a
diketo form, and can be protonated only at O, and O, centres
(Fig. 6). Protonation of TA can lead either to 2-keto-4-enol or
2.,4-dienol cations, with the population of the latter being most
abundant. Thymidine itself has the same proton acceptor
centres and the O, site is about 2 kcal/mol more basic than the
0O, atom. However, in 5-hydroxy-methyluridine the order of

@ Springer

the micro-basicities is reversed. Nevertheless, both macro- and
micro-basicities are lower for TA compared to canonical
thymidine.

The neutral form of the second derivative, thymidine
glycol (TB), can exist as a mixture of different 2,4-diketo
tautomers with different conformations of two chirality
centres. Among all four possible structures, the one
characterised by 5-equatorial and 6-axial conformation,
TB(5eq,6ax), was identified as the most favourable by both
applied methods. The succession of O, and O, basicities is
the same as for non-modified model thymidine. Similar
conclusions may be drawn for next three derivatives,
namely 5-hydroxy-5,6-dihydrothymidine (TC), 5,6-dihy-
drothymidine (TD) and 6-hydroxy-5,6-dihydrothymidine
(TE). In all these cases, the 5-equatorial conformations are
energetically more stable than the 5-axial conformations for
neutral forms. The only exception is 6-hydroxy-5,6-dihy-
drothymidine, for which TE(5eq,6eq) and TE(5ax,6eq) are
almost equally probable. However, the equatorial confor-
mation of the Cg site is profoundly favoured over the axial
one. Irrespective of the distereoisomer, protonation leads to
2-enol-4-keto forms of TC, TD and TE. In the case of TC,
protonation at the Nj site leads to promotion of equatorial
conformation of the Cs atom. This is the only case among
all the derivatives studied for which protonation is
accomplished with changes in centre chirality.

The last thymidine analogue has interesting protonation
abilities. In the neutral form, free rotation of the formyl
group bound to the Cs carbon atom is possible. However,
after protonation, the site group is fixed in syn orientation
with respect to the O4 atom. This allows for hydrogen
attachment in two ways: on either O4 or Os basic centres. In
whichever case, a very strong and short intra-molecular
hydrogen bond is formed (see Fig. 6). The basic character
of the Oy site is slightly stronger than that of the O5 centre
and much stronger compared to the O, oxygen atom. The
basicity of 5-formyluridine is almost the same as canonical
thymidine if macroscopic GPB is taken into account.

GPB of model uridine analogues

The final set of hydroxyl radical analogues comprised the
following uridine derivatives: isodialuric acid (UA), 5,
6-dihydroxyuridine (UB), 5-hydroxyuridine (UC), 5-hy-
droxy-5,6-dihydrouridine (UD) and uridine glycol (UE). As
presented in Fig. 7, all neutral forms have simple tautomeric
properties. The only stable tautomer adopts a 2,4-diketo
form. As one may expect, there are great formal similarities
between thymidine and uridine since the same centres define
the basic nature of these compounds. However, model
uridine is even less basic than thymidine, in terms of both
macro- and microscopic quantities. All five uridine deriva-
tives analysed are less basic than non-modified uridine. The



J Mol Model (2009) 15:711-722

719

_ H
(R =-CH,-O-CH3) H
\(\‘ o
o} a O b
H CH,OH H\ CH,OH CHZOH
N3 | N3 ‘ N ‘
H
/J‘\ N /}\
o T1 H o] r|\11 H o T‘ H
R R R

TB(5eq,6ax) (98.2%, 97.8%) TB(5eq,6ax)-02 (92.1%, 92.2%)
TB(5ax,6ax) (1.7%, 2.0%)  TB(5ax,6ax)-02 (7.3%, 7.2%)
TB(5eq,6eq) (0.1%, 0.2%)  TB(5eq,6ax)-02 (0.6%, 0.6%)

o

o}
ax
. CHs Heo CHs
)N; "'"”/H N3 ',,,,,///
eq H
CH CH
ks 2
o T
R H R

TD(5eq) (85.0%, 75.8%)
TD(5ax) (15.0%, 24.2%)

TD(5eq)-02 (87.3%, 80.3%)
TD(5ax)-02 (12.7%, 19.7%)

TA-Oda (0.1%, 0.0%)
TA-04b (3.6%, 7.4%)

TA-0204 (96.3%, 92.6%)

(0]
H X gCH3  H_ g
Sy % \N3 7
3 ”/’OH
)\ X )\
CH, s
T
R H

TC(5ax)-02 (1.6%, 1.2%)
TC(5eq)-02 (98.4%, 98.8%)

TC(5ax) (94%, 97.5%)
TC(5eq) (6%, 2.5%)

TE(5eq,6eq) (54.7%, 54.1%)
TE(5ax,6eq) (45.0%, 45.8%)
TE(5eq,62x) (0.3%, 0.1%)
TE(5ax,6ax) (0.0%, 0.0%)

TE(5eq,6eq)-02 (65.5%, 66.3%)
TE(5ax,6eq)-02 (26.5%, 31.2%)
TE(5eq,6ax)-02 (7.6%, 2.2%)
TE(5ax,6ax)-02 (0.4%, 0.4%)

H._1.608 1.629 _H
N =
H o o) e Yo
H 7! e LW Mk
H ~ N N
\N3 ‘ b\o \N3 ‘ H N3 ’ H
O)\T1 H O/J’\Tj H O)\Tw H
R R R
TE(b) (99.9%, 99.9%) TF(a)-04 (51.5%, 73.4%) TF(a)-05 (48.5%, 26.6%)

TF(a) (0.1%, 0.1%)

Fig. 6 The structures of neutral and protonated forms of hydroxyl
radical modified model thymidine: 74 5-hydroxy-methyluridine;
TB thymidine glycol; TC 5-hydroxy-5,6-dihydrothymidine; 7D

smallest values of GPB were predicted for isodialuric acid at
both B3LYP/aDZ and G3MP2B3 levels. The protonation of
this derivative leads to a mixture of 2-enol-4-keto, 2-keto-4-
enol and 2,4-dienol isomers. The former, UA(ax), is the most
abundant form of isodialuric acid, and has axial conforma-
tion of the Cy4 atom. The total percentage of all enol forms
does not exceed 1.6% as predicted by the G3MP2B3
method. The O, centre of UA is the least basic of all
primary protonated sites of all the compounds studied here.

The next two uridine derivatives, 5,6-dihydroxyuridine
(UB) and 5-hydroxy uridine (UC), are characterised by
reversed basicities of O4 and O, centres as compared to
canonical uridine. However, the difference between the

5,6-dihydro-thymidine; TE 6-hydroxy-5,6-dihydrothymidine; TF
S-formyluridine. Notation as in Fig. 3

basicities of these two sites is modest, especially for UC.
The most stable protonated form of 5,6-dihydroxyuridine
corresponds to 2-keto-4-enol isomer (UB-O4b), while for
5-hydroxy uridine, two isomers, 2-keto-4-enol (UC-O4)
and 2,4-dienol (UC-0204) occur with comparable percent-
age in the total population.

The last two derivatives studied were S5-hydroxy-5,
6-dihydrouridine (UD) and uridine glycol (UE). These
two compounds are characterised by very similar tautomer-
ic and prototropic properties. Although UD is deficient in
one Cgq chirality centre, neutral forms both of UD and UE
adopt 2,4-diketo tautomeric form. Their protonated species
exist predominantly as 2-enol-4-keto cations. UE is slightly
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Fig. 7 The structures of neutral
and protonated forms of
hydroxyl radical modified
model uridine: UA isodialuric H o

acid; UB 5,6-dihydroxyuridine; g

UC 5-hydroxyuridine; UD )\ “f‘c\'\\H
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in Fig. 3 R
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less basic than UD with respect both to GPB values and
microscopic measure of basicity. Interestingly, protonation
of the UD derivative imposes an alteration of Cs chirality
analogous to that of the TC derivative.

Conclusions

The data presented above suggest unequivocally that both
methods applied here, B3LYP/aDZ and G3MP2B3, are
accurate enough for reliable prediction of macro- and
micro-scopic GPB of pyridines and their reactive-oxygen-
derived analogues. The consistent characteristics of the
prototropic features of heterocyclic compounds requires
taking into account many possible tautomers in both neutral
and cationic forms. The similar characteristics of the purine
analogues provided a warning [21] that these two methods
may sometimes lead to contradictory descriptions of the
succession of particular tautomers. Correlation with avail-
able experimental data suggests that the predictions of
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G3-like methods are more reliable than those of B3LYP/
aDZ. Fortunately, in the case of pyrimidines, both applied
levels of theory were always in agreement and provided the
same order of neutral and protonated forms for all the
hydroxyl radical analogues studied here. However, slight
differences in percentages of populations were noted in
some cases. Fortunately, this did not lead to changes in
macroscopic basicities since such values are related mainly
to the properties of the dominant tautomer [19]. Thus, the
much less expensive level B3LYP/aDZ is recommended for
characterisation of equilibriums involving heterocyclic com-
pounds similar to those studied in this project. However, for
the quantitative description of micro-basicities, model chem-
istries methods are recommended.

Among the three classes of derivatives studied in this
paper, only cytidine and its derivatives have complex and
intricate tautomeric properties. On the contrary, the thymi-
dine and uridine derivatives are present mostly as one
tautomer in their neutral forms. Usually, the tautomers
found to be the most stable neutral species are characterised
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by the lowest dipole moment values. The macroscopic
measure of basicity, GPB, usually comes from dominant
tautomers (i.e. energetically most favourable) and need not
be associated with the most basic centres characterising
micro-basicities. According to the results presented, cyti-
dine and all its analogues are much stronger bases than
thymine and uridine and their derivatives. The oxidation of
pyrimidines usually leads to a decrease in basic character, with
only two exceptions: 5,6-dihydroxycytidine is more basic then
model cytidine if both macro- and micro-scopic measures of
basicities are used for comparison. Besides, 5-hydroxycyti-
dine is characterised more by the basic character of the O,
atom than by the basic centre of cytidine; however, the
macroscopic basicities GPB are almost the same for CA and
C. Formyluridine is almost as basic as model thymidine.
Other hydroxyl-radical-modified pyrimidines are less basic
then their canonical equivalents.
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