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Abstract: Numerous damages to cellular DNA are imposed by oxidative stress. Formation of stable products resulting from oxidation
of nucleobases is one of many observed consequences. The oxidized species constitute a class of heterocyclic compounds with great
diversities of physicochemical properties. Modified nucleosides significantly differ from their canonical protoplasts by tautomeric
equilibriums, protolytic properties in the gas phase and water solution, they have altered oxidative susceptibility and N-glycosidic
bond stabilities. However, what is most important, they have overwhelmingly altered pairing properties, which are directly responsible
for observed cytotoxic properties of these lesions. Besides, since many analogues are structurally different with respect to canonical
bases their presence in DNA must impose many energetic, structural and dynamic modifications. These aspect are reviewed as fruits of
project no 39 supported by computational grant in Poznan Supercomputing and Networking Center (PSNC, Poland).
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I. INTRODUCTION

During normal metabolism of aerobic organisms [1-3]
reactive oxygen species (ROS) are natural by products of
non-pathological cell activities. They are formed as neces-
sary intermediates in a variety of normal biochemical
reactions. The intrinsic source of non-pathological amount
of radical species comes from respiration in mitochondria
and reduction of oxygen along the electron transport chain.
Also a variety of enzymes are considered as endogenous
source of ROS as, for example, used in host defense against
invading pathogens [4]. Intercellular signaling also involve
an elevated level of oxygen radicals [5]. On the other hand,
apart form endogenous origin, there are diverse exogenous
sources of oxygen species [1]. Although life evolved in
aerobic conditions along with precise mechanisms protect-
ing from the cytotoxic nature of ROS, the exposure to
environmental stress such as UV, ionizing radiation,
cytokines, chemotherapeutic drugs, chemical carcinogens,
environmental toxic agents of pollution or just heat (hyper-
thermia) can result in significant damage to cell structure
and its components [1-3]. Because ROS have important

physiological functions the antioxidant defense systems
cannot provide complete protection from harmful effects of
ROS. Superoxide radical (O,”), hydrogen peroxide (H,0,)
and hydroxyl radical (OH) along with other non-oxygen
radicals [1, 2] impose a significant challenge to cellular
integrity for potential damages to DNA, lipids, proteins and
other macromolecules [1-3]. The reactivity of hydroxyl
radical toward all nucleobases gives rise to an extensive
range of products leading to nucleobases modifications,
single- and double-strand breaks, cross-linking and forma-
tion of apurinic/apyrimidinic lesions [6, 7]. It has been
demonstrated [8-10] that many of these DNA modifications
are toxic and/or mutagenic [1-3]. Modern instrumental
development in chemical analysis enables measurement of
ppb (part per billion) concentrations. This is very important
since yields of oxygen-derived radicals and their non-
radical precursors are very low in vivo. Formation of
a large number of free radical-induced derivatives of DNA
bases was demonstrated in many irradiation and chemical
experiments both in vivo and in vitro conditions of DNA
and DNA-protein complexes (chromatin) [1-3, 8-10]. The
use of gas chromatography-mass spectrometry with se-
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lected-ion-monitoring technique (GCMS/SIM) proved
steady state levels of such derivatives as 2-hydroxyadeno-
sine (AA), 8-oxoadenosine (AB), fapy adenosine (AC),
8-oxoguanosine (GA), xanthosine (GB), fapy guanosine
(GC), 5-hydroxycytidine (CA), cytidine glycol (CB), 5,6-di-
hydroxycytidine (CC), 6-hydroxy-5,6-dihydrocytidine (CD),
5-hydroxy-5,6-dihydrocytidine (CE), 5-hydroxy-methyluri-
dine (TA), thymidine glycol (TB), 5-hydroxy-5,6-dihydro-
thymidine (TC), 5,6-dihydrothymidine (TD), 6-hydroxy-
5,6-dihydrothymidine (TE), formyluridine (TF), isodialuric
acid (UA), 5,6-dihydroxyuridine (UB), 5-hydroxyuridine
(UC), 5-hydroxy-5,6-dihydrouridine (UD) and uridine
glycol (UE). Although the formation of oxidative DNA
lesions such as, for example, 8-oxogunine does not always
involve oxygen-derived free-radical species [11], the accu-
mulated evidences suggest strong correlation between the
level of nucleobases derivatives and disease states [12-15]
as it was demonstrated by some examples collected in
Table 1. Nowadays, oxidative damage to DNA building
blocks are used as marker for prediction of cancer develop-

ments [10, 16]. This has a formal consequence in establish-
ing The European Standards Committee on Oxidative DNA
Damage (ESCODD) for controlling and standardize meas-
urements of background levels of oxidative damage to
DNA in human cells [16].

The biochemical consequences of oxidative damage to
nucleobases can be related to structural and dynamic
changes of polynucleotide chain after modification. In
normal conditions the level of oxidation is 1-200 per 10°
intact nucleosides. Even such small concentration are
noxious since they can accumulate with age or diseases
progress in both nuclear and mitochondrial DNA. This is
supposed to lead to a series of pathological consequences
[16]. Apart from energetic alterations imposed by oxidised
bases with respect to intra- and inter-strand stacking
interactions, there are also changes observed in hydrogen
bonding patterns. The main consequence of nucleobase
oxidation is the alteration of their donor-acceptor properties
directly affecting coding abilities. For example, if guanine
molecule undergoes oxidation the 8-oxoguanine can be

Table 1. Examples of cancer and non-cancer diseases, for which elevated levels of hydroxyl radical nucleobases were reported [12-15].
For notation of oxidative products see text in the introduction

Cancer diseases

Elevated level in chromatin hydrolysates

Acute lymphoblastic leukaemia (ALL)
Invasive ductal carcinoma

Squamous cell carcinoma (SCC)
Fibrillary astrocytoma (FA, brain)

Lung cancer (LC)

Mucinous carcinoma (MC, stomach)
Ovarian cancer (OC)

Cockayne syndrome, prostatic carcinoma

Bladder cancer

Bowen’s disease, Cervical cancer, Colorectal cancer (CRC), Gastric adenocarcinoma,

Gynaecological cancers, Hepatocellular carcinoma (HCC)

AA, AB, CA
AB, GA, GC

AA, AB, AC

AA, AB, AC UB, GA, GC

AA, AB, AC, CA, UB, GA, GB, GC
AA, AB, GA, GC, TA, UB

AA, AB, TA, CA, UB, GA, GB

AB

AB, GA, GC, UB, CA

GA

Non-cancer disease

Elevated level in chromatin hydrolysates

Huntington’s disease (HD)
Dementia with Lewy bodies (DLB)
HIV infection

Diabetes mellitus type 11

Systemic lupus erythematosus (SLE)

Amyotrophic lateral sclerosis (ALS), Alzheimer’s disease (AD), Parkinson’s disease
(PD), Multiplex sclerosis (SM), Friedreich ataxia (FRDA), Haemochromatosis,

AA, AB, AC, GA, GC

GA, GB, GC, CA, UC, TA

GA, UC

UC, TA, CA, GA, AA, AB, AC, GA
GA, TA

Chronic hepatitis, HCV, Cystic fibrosis (CF), Muscular dystrophy, Atopic dermatitis, | GA

H. pylori infection, Chronic atrophic gastritis, Non-insulin-dependent (NIDDM),
Diabetes mellitus types I and I, Down’s syndrome (DS), Fanconi’s anemia
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formed. There is convincing evidence coming from both in
vivo and in vitro experiments [17, 18] that GA can form
pairs not only with canonical cytosine but also with
adenine. Such mispairing can introduce error during the
first replication round by incorporation of adenine opposite
to 8-oxoguanine. Thus, during the second replication round
the insertion of canonical thymine might take place and
instead of original G-C pair the T-A transversion can occur.
A similar mechanism also takes place if an oxidized
nucleotide is present in the free nucleotide pool. In such
a case the incorporation of non-canonical nucleotide can
take place DNA forming non-standard pair from the scratch
[3,10,17]. In cases when pyrimidine replaces purine or
purine is incorporated instead of pyrimidine, such process
is usually termed transversion. In situations of purine —
purine or pyrimidine — pyrimidine replacement transition
occurs. The accumulated knowledge of observed transi-
tions and transversion grows rapidly, and reviewing this
aspect, although fascinating and important, is beyond the
scope of this paper. Rather, interests are focused on a che-
mical origin of the observed biological consequences of
DNA oxidative damage. This intriguing aspect brought up
increasing attention of many researchers in the decade [19-
69]. The first to use ab initio methods for characteristics of
some selected tautomers of 8-oxoguanine were Aida and
Nishimura [20]. Miaskiewicz et al [24, 25] studied thymine
glycol and 5,6-dihydrothymine conformations by means of
ab initio and molecular dynamics simulations. First
principle calculations were also applied for pK estimation
of 8-oxoguanine and 5-substituted uracils [26-28]. The
tautomerism of 2-hydroxyadenine known as isoguanine
attracted attention since Rich and co-workers [29]
demonstrated that this nucleobase was able to form a very
stable complex with isocytosine [30-32]. Unique tauto-
meric properties of isoguanine were studied in the gas
phase, in different pure solvents and inside B-DNA
environment [33]. Also conformational aspects of modified
nucleosides were the subject of a detailed analysis [19, 34-
42]. Cysewski at al. [43-69] studied different aspects of
modified DNA bases including structural properties
coming from tautomeric equilibriums, protonation/depro-
tonation abilities in polar and non-polar conditions,
aromaticities, oxidative susceptibilities, N-glycosidic bond
stabilities stacking interactions and also pairs formation via
hydrogen bonding. Since these data were the subject of
more than decade activities, they are dissipated between
different sources. Besides, they were obtained on different
levels according to available computer resources. Nowa-
days, standards offered by PSNC and also by other
computational centres allow for application of up-to-date
quantum chemistry levels. Also software packages now

offer much more flexible and reliable theoretical tools than
several years ago. Thus, a collection of data, bringing to the
same level of theory and verification against available
experimental data seem to be valuable and stand for the
main purpose of this paper. Thus, a comprehensive
discussion of the molecular alterations imposed by oxi-
dative damage to nucleobases is presented in the forth-
coming sections.

II. METHOD OF CALCULATIONS

Different levels of theory were applied for studying the
molecular properties of heterocyclic compounds. They
include semi-empirical, Hartree-Fock, different DFT
implementations and even advanced levels including
electron correlations. However, not all approaches are
equally accurate [74-76]. Hence, all results reported here
characterizing the tautomeric and protolytic properties of
hydroxyl radical modified nucleobases were -carefully
studied on two levels. The structures of all possible
tautomers were obtained based on B3LYP/aug-cc-pvDZ
(aDZ) [70] gradient optimization followed by the Hessian
estimation leading to thermodynamic data. Besides, G3
model chemistry method was applied, but only the most
stable tautomers due to expenses of this approach. The
relative percentage of tautomeric forms were estimated
according to Boltzmann population based on Gibbs free
energies in the gas phase and water solution. The influence
of the solvation was estimated by the Polarizable
Continuum Model (PCM) [71] with explicit hydrogen
atoms and Bondi [72] parameterization. Since most
estimated quantities were not experimentally measured for
modified bases, each set of data was compared to available
experimental data for canonical nucleobases. Due to
significant structural similarities one can expect that
applied methodology if reliable for trial heterocyclic
compounds (DNA bases) will also be valid for tested ones
(oxidized nucleobases analogues). If nucleosides were
considered the simplified model was implemented, which
instead of the whole 2’-deoxy-ribose ring, comprised only
the methylmethoxy group (-CH,-O-CH3;) mimicking the
N-glycosidic bond. Such model was documented as reliable
[60-65] for it provides all important features of nucleosides
with significant reduction of the size of the studied
systems. The results of thermodynamic calculations were
critically checked against imaginary frequencies ensuring
that the obtained geometries correspond to global minima.
Tight criterions were imposed for gradient minimization.
Besides, the ultra fine option was used for a definition of
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grid mesh in DFT computations. All quantum chemistry
calculations were performed with GAUSSIANO3 software
package [73].

III. RESULTS AND DISCUSSION

Before characterizing the most important physic-
chemical properties of hydroxyl radical modified nucleo-
bases or nucleosides, it is necessary to describe their
structure controlled mainly by tautomeric equilibriums. In
principle, a description of such equilibriums seems to be
straightforward but the simplest methods are usually
unsuitable [74-76]. Quantitative predictions of tautomers
succession, relative stabilities energies or equilibrium
constants require inclusion of higher electron correlation
contributions and extended basis sets. It is rational to
expect that canceling errors, typical for many chemical
problem solved by quantum chemistry computations,
allows for application of much less demanding levels.
However, a quantitative analysis is necessary against
available experimental data [77]. Thus, extensive calcu-
lations were performed for canonical nucleobases. For
these compounds there are available experimental data
corresponding to both gas phase and water solutions.
Although relative energies of neutral and protonated
nucleic acid bases were the subject of numerous studies
and experimental values were consistently reproduced by
ab initio calculations [78], some additional notes are
provided at this initial stage. Currently, the advanced ab
initio post-HF methods were successfully applied for
identification of populations of neutral and protonated
forms of DNA bases [78]. The 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 challenging computations cannot be
performed for the extended set of free radical derived
analogues of nucleic acid bases. Fortunately, alternative
and much less demanding level can be chosen [64]. As it
was presented in our previous reports, both tautomeric
equilibriums and protolytic properties are sensitive to both
level of computations and the length of basis set
expansions. The Hartree-Fock level was univocally dis-
missed since predictions based on this approach are
significantly outside the experimental uncertainties [64,
65]. The application of such density functional method as
B3LYP is quite reasonable, especially if extended basis
sets were used. Unfortunately, non-monotonous correlation
is observed between accuracy of GPB and the number of
basis functions used. This is true for both split valence and
correlation consistent basis sets [65]. It has been found that

rational compromise between accuracy and computational
costs is achieved if modest basis set aDZ is used along with
the B3LYP method. In such a case the predicted values of
gas phase basicities (GPB) were within 1.0 kcal/mol with
respect to the experimental data. It is known that the values
of macroscopic quantities as proton affinities [78] or gas
phase basicities [64] depend mainly on the properties of the
most probable tautomer. The inclusion in the analysis of the
additional less stable tautomers usually does not alter the
basicity of heterocyclic compounds. However, the
characteristics of micro-basicities/acidities understood as the
measure of the susceptibilities to protonation/deprotonation
of individual proton-acceptor centers requires much higher
precision since difference in the energies between some
tautomers are often within 1 kcal/mol. Such accuracy can be
achieved using a more advanced level of computations. It
has been found [64] that the model chemistry approach,
G3MP2B3, is sufficient for prediction of experimentally
observed succession of tautomers for both neutral and
protonated species of nucleic acid bases. In cases where
the B3LYP/aDZ and G3MP2B3 methods lead to contra-
dictory predictions, the latter is suggested to be used in
the interpretation of microscopic protonation properties.
However, for the macroscopic GPB the accuracy of
B3LYP/aDZ has been proven to be quite satisfactory. Thus,
the results presented below are related to these two levels of
calculations. An additional methodological problem arises if
presence of solvent is considered. Despite enormous efforts
in the formulation of the universal way of pK prediction
from the first principles, at the current state of computational
chemistry there is no univocal protocol offering accurate
results independent of the nature of analysed class of
compounds. Thus, before characterising the protolytic
properties of hydroxyl radical analogues of nucleosides the
verification of the methods was indispensable. Among many
tested approaches the combination of the gas phase
calculations described in the previous sections with PCM
solvation model at the same level of theory (B3LYP/aDz)
and Bondi radii [72] was found to be superior. Resulting pK
values estimated for canonical nucleobases show linear
relationship if plotted against experiential data. It has been
found that such linear correlation holds both for pK values
estimated with full geometry relaxation of solute in water
conditions and also for solvation Gibbs free energies
estimated using gas-phase geometries and only single point
calculations in the presence of implicit water molecules.
Interestingly, in both equations describing linear regression
the slope is close to value 0.7. And this value was arbitrarily
used by Goddard III et al. [26-28] for scaling of raw pK data
describing protolytic properties of guanine, 8-guanine and
xanthine.
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Tautomeric properties of modified nucleosides

The typical feature of many heterocyclic compounds is
potential existence as mixtures of many potential tauto-
meric isomers. This is also the case for nucleosides and
their free radical analogues [43-60]. They can undergo
reversible processes of migration of one or more double
bonds and hydrogen atom(s) in so-called prototropic
tautomerism [79, 80]. This mechanism leads to enol-keto
and amino-imino isomers. There is also possible hydrogen
migration between nitrogen centres constituting ring
skeletons. Moreover, rotation of side groups attached to
rings via single bond should also be taken into account and
exceeds the number of potential structures.

Three products of hydroxyl radical degradation of
adenosine were identified [1-3], namely 2-hydroxyade-

nosine (AA), 8-oxoadenosine (AB) and fapy adenosine
(AC). The analogue of adenosine that is oxidized at C,
position is also known in the literature as isoguanosine
[33]. This compound is very sensitive to the polarity of the
environment since isomers that are dominant in the gas
phase are not necessarily the most probable ones in water
solution. As it was presented in Fig. 1 AA adopts pre-
dominantly amino-enol form (AA1) in non-polar environ-
ment, while in the polar solution the keto-amino tautomer
(AA?2) is favoured [47, 48]. The former isomer as less polar
and dominates in the vapour state while the latter due to its
higher polarity predominates if water field is present. The
enol-amino tautomer of AA has rotatable hydroxyl group
attached to C, centre and there are two preferential
conformation coplanar with the purine ring skeleton. The

T|1/ CG§C|35/ N7 )I \: )I
H\O/CZ\ /C“\Ng/ ;\ )\

\

R

R R

AA1 (61.8%,67.3%, 0.0%) AA2 (0.0%,0.1%, 100.0%) AB (100.0%,100.0%, 100.0%)
H\ /H le) H\O
N /O H\ N/ =
N \ \C N
)l\ | )\ ‘ ’ )\ ’
H
= H — X N H
H N Nd T N \ \T
I|? H R H R
AC (100.0%,100.0%,100.0%) GA1 (33.8%,74.9%, 100.0%) GA2 (66.2%,25.1%, 0.0%)
o) O H
N H
)\ | \>—H /K | 1761 ,0
_H
o N N\ H,N N T
| X |

GB1 (99.7%, 99.9%, 100.0%)

GC1 (58.9%,97.5%, 100.0%)

Fig. 1. Tautomeric properties of hydroxyl radical modified model adenosine. Only most probable isomers are included. Symbol R

denotes methylmetoxy group mimicking the 2’-deoxiribose sugar backbone. Percentages presented in normal face and italics correspond

to the gas phase Boltzmann populations estimated by G3MP2B3 and B3LYP/aDZ methods, respectively. Bold style denotes populations

resulting from solvation Gibbs free energies that were estimated based on gas-phase geometry using PCM//B3LYP/aDZ method with
Bondi parameterisation
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summed percentage of resulting conformers reach in total
100%. The difference between these rotamers is small and
equals about 0.4 kcal/mol. Next two adenosine analogues,
AB and AC, have very simple tautomeric properties. For
both of these derivatives only one form is expected in polar
and non-polar conditions, namely the amino-keto isomer of
8-oxo-adenosine (AB) and fapy-adenosine (AC) are
dominant tautomers irrespectively of the polarity of the
environment. It is worth mentioning that AC is not flat
since the value of C¢-Cs-N;-Cg dihedral angle is equal to
95.5° and 94.8° in vapour and water, respectively. In the
case of adenosine derivatives there are no contradictory
predictions of tautomers succession concluded based on
both B3LYP and G3MP2B3 methods.

Canonical guanosine can also undergo oxidation, which
leads to the following derivatives: 8-oxoguanosine (GA),
xanthosine (GB) and fapy guanisine (GC). The first of
these analogues is the most abundant derivative of
oxidative stress [1-3] and for this reason is used as
a marker for prediction of cancer developments [10, 16].
As it is demonstrated in Fig. 1 the 6,8-diketo form (GA1) is
dominant in water solution [54]. In non-polar conditions
the 6-enol-8-keto isomer (GA2) can also be present but
prediction of the relative populations in the gas phase of
these two isomers is opposite if the B3LYP and G3MP2B3
methods are considered. The former approach suggests that
6,8-diketo form is dominant, while the model chemistry
treatment points on 6-enol-8-keto isomer as principal one
in the gas phase. Since the environment polarity signi-
ficantly reduces the population of this tautomeric form in
water polar solution the diketo-form is predominant [19,
26, 34-36]. The 8-oxoguanine is an example of compound
which breaks the rule relating the population of tautomeric
form with its dipole moment. The GA1 tautomer is more
polar both in the gas phase and in water solution than GA2
isomer. Xanthosine (GB) exists predominantly as 2,6-di-
keto form irrespectively of the environment polarity [26,
62]. Fapy guanosine (AC) adopts predominantly the keto-
amino form (GCl) in both gas phase and water solution.
However, a small amount of the enol-amino form is to be
expected in the non-polar gas phase. Interestingly, both
tautomers are characterised by almost the same values of
dipole moment in the gas phase. In polar condition polarity
of GC1 becomes slightly higher. There is important struc-
tural difference between fapy adenosine and fapy
guanosine. The latter is much more flat and the value of
C4-C5-N7-Cg dihedral angle is much higher for GC if
compared to AC and is equal to 155.3° and 134.1° in gas
vapour and water, respectively. Thus, it is expected that the
presence of fapy guanine in double stranded DNA will

results in much smaller structural and energetic distortions
than imposed by fapy adenosine.

The interactions of hydroxyl radical with cytosine lead
to the following five derivatives, 5-hydroxycytidine (CA),
cytidine glycol (CB), 5,6-dihydroxycytidine (CC), 6-hydroxy-
5,6-dihydrocytidine (CD), 5-hydroxy-5,6-dihydrocytidine
(CE). Tautomeric equilibriums are quite complex as it was
presented in Fig. 2. For example, 5-hydroxycytidine (CA)
may exists in the vapour state as a mixture of keto-amino
(CA1) and keto-imino (CA2) tautomers. The most stable in
vapour state is the former isomer with hydroxyl group
coplanar with ring moiety. Both applied methods,
B3LYP/aDZ and G3MP2B3, lead to the same predictions,
but the latter slightly favours the most probable isomer
(CA2(1a)). On the contrary, the keto-amino form is pre-
dominant in the polar solution. Interestingly, the dipole
moment of the most abundant keto-imino tautomer is much
smaller than for keto-amino isomer. In the case of this
derivative spectacular influence of the solvent polarities on
tautomers succession is observed. As it was previously
documented [52], the inversion of the relative stability of
the studied tautomer is expected not only in water but also
in acetone and cyclohexane. The more polar solvent, the
more stable the amino—keto tautomer. The next analogue of
cytidine is the cytidine glycol (CB). The structure of this
derivative is significantly affected by oxidation, since the
double bond between Cs and Cs atoms no longer exists.
This results in significant non-planarity of this derivative.
A flat pyrimidine plane in the case of cytidine becomes
chair-like for cytidine glycol tautomers. Two existing chiral
centres on Cs and Cg atoms extend a structural diversity of
cytidine glycol. There are potential four diastereoisomers
for each tautomeric form. However, due to the ring in-
version, each of the stereoisomers can exist in two
equatorial-axial conformations [53]. In a uniform environ-
ments, the existing eight optical conformers form four pairs
of enantiomers. Thus, one has to consider only four unique
diastereoisomers of cytosine glycol tautomers. All distinct
conformers corresponding to SS(CsaxCgax), SR(CsaxCgeq),
RS(CseqCgax) and RR(CseqCgeq) were the subject of
a detailed analysis. It is noteworthy, however, that in an
asymmetric environment (deoxyribose moiety, DNA in-
terior, solvent molecules, metal ligands, etc.)
energetic degeneracy of these enantiomers can be de-
stroyed and energetic degeneracy may disappear. As it was
previously reported [62], not all stereoisomers are equally
probable. The results presented in Fig. 2 suggest that
equatorial conformation of Cs centre and axial confor-
mation of Cg atom are dominant irrespectively of the
tautomeric form and polarity of the environment. Among

ions,
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all possible stereo-isomers and tautomers CB1(5eq, 6ax)
form was found as the most probable one. Although both
applied methods point to this isomer as the most probable
one, the model chemistry suggests much higher percentage
of this isomer in the total population. However, the
exchange of the succession of keto-amino (CB2) and keto-

imino (CB1) tautomers is expected after immersion in the
polar medium. In water field the more polar isomer CB2 is
dominant, while in vapour state dominates the CBI
tautomer. The third studied analogue of cytidine is 5,6-di-
hydroxy derivative (CC). Although the keto-amino tauto-
mer, CC2(bd), has been identified as the most stable among

CAl CA2(1a) CB1(2,5eq,6ax) CB2(5¢eq,6ax)
(2.2%,16.5%,100.0%) (97.5%,83.4%,0.0%)  (88.8%,63.1%,0.1%)  (0.5%,4.026,99.9%)
H
H H (’>H
1
\N/ H a ny NT 2
N/

O/l\ N
FL

CCl(ac) ( 5.4%, 2.4%.94.1%)
CC1(bd) (63.0%,95.2%, 5.9%)

R
CC2(1,ac)

H H
N

N
1 N
7 .S §
H
| | g
C ul “H
) )\ \\\\\H "
o) N N o] N
| d

(30.7%, 2.4%, 0.0%)

(0] | ax OH
R
CD1(2,2x)
(99.7%,98.3%,0.0%)

N)\CHz
€q
.n\\\\\\\H
0 T ax OH
R R
CD2(ax) CE1(1,eq)

(0.2%,1.4%,99.9%)

(95.2%,93.7%,0.3%)

CE2(eq)
(0.0%,0.0%,99.0%)

Fig. 2. Tautomeric properties of hydroxyl radical modified model cytidine. Notation is the same as in Fig. 1
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all potential isomers, also keto-imino tautomer, CC4(1,ac),
can occur in the population of neutral forms. Two hydroxyl
groups attached to Cs and Cy4 atoms can rotate and two
energetic minima were located for either tautomeric form.
The oxidation of cytidine both in aerobic and anaerobic
conditions can also yield 6-hydroxy-5,6-dihydrocytidine
(CD). Attachment of the hydroxyl group to Cs atom results
in stereoisomers as it was demonstrated in Fig. 2. Thus,
each of the tautomers may be characterised by S or R
conformation of the Cg chiral atom. Due to the ring
inversion there are two axial-equatorial orientations of the
hydroxyl group. Assuming uniform environment there are
only two distinct enantiomers, namely S(Cgsax) and
R(Cg¢eq). In the gas phase the keto-imino tautomer (CD2)
precedes keto-amino one (CD1). In water solution the
succession of these tautomeric forms is reversed. The
environment does not change the chirality of C¢ centre
since axial conformation is energetically more favourable
than equatorial one. Imino tautomer of 6-hydroxy-5,6-
dihydrocytidine CD1(ax) is more polar than CD2(ax) both
in water and vapour. The last cytidine analogue studied
here, 5-hydroxy-5,6-dihydrocytidine (dCE), has very

0
H CH,OH
A 2
|
’ T
R R

TA (100.0%,100%, 100%)

(@]
N
N gy
€q
CH,
0 N 0
R

TD(5¢eq) (75.8%,85.0%,89.0%)

TB(5eq,6ax) (97.8%,98.2%,79.7%)

TE(5eq,6eq) (54.1%,54.7%,65.0%)

simple tautomeric features. This derivative has one chiral
centre, located on Cs atom. Among all potential conforma-
tions the equatorial configuration is most favoured independ-
ently of the polarity of the environment. In the gas phase the
keto-amino isomer denoted as CEIl(1, eq) is dominant.
Although keto-amino form, CE2(eq), is very improbable in
the vapour state it is dominant in water solution.

Thymidine and uridine analogues isolated in chromatin
hydrolysates have simple tautomeric properties. As it is
documented in Fig. 3 and 4, all derivatives exist exclu-
sively in 2,4-diketo forms [62] irrespectively of the
environmental polarity. Although, some of these com-
pounds may exist as a mixture of different isomers, but
their structures result from either chirality conformations or
side group rotation rather than from tautomeric
equilibriums. These potential isomers were described in
Fig. 3 and 4. One centre of chirality is present in the case of
5-hydroxy-5,6-dihydrothymidine (TC), 5,6-dihydrothymi-
dine (TD), isodialuric acid (UA) and 5-hydroxy-5,6-di-
hydrouridine (UD), while two assymetric carbon atoms are
present in thymidine glycol (TB), 6-hydroxy-5,6-dihydro-
thymidine (TE) and uridine glycol (UE).
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Fig. 3. Tautomeric properties of hydroxyl radical modified model thymidine. Notation is the same as in Fig. 1
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Fig. 4. Tautomeric properties of hydroxyl radical modified model uridine. Notation is the same as in Fig. 1

The above discussion emphasised that structural pro-
perties of free radical modified nucleobases are quite
complex and they cannot be directly derived from chemical
formula, especially that polarity of the environment can
profoundly affect tautomeric equilibriums. Thus, the com-
putational efforts clarified which structures to be
considered as dominant. Some isomers come from tauto-
meric equilibriums, some are related to other structural
features as a rotation of the side groups or chirality of
asymmetric centres. Since most of hydroxyl radical analo-
gues are poorly soluble in water the experimental data
characterising structure of analysed class of heterocyclic
compounds are not available. Thus, this is quantum
chemistry approach that offer deeper insight into structural
details of hydroxyl radical modified nucleobases. The
knowledge of structure is indispensable for assessment of
many physic-chemical properties as protonation/deprotona-
tion equilibriums including pK, values, oxidative suscep-
tibilities, N-glycosidic bond stabilities and, what is most
important, also H-bonded pairs formation, which directly
affects their coding abilities. All these aspects will be dis-
cussed in the forthcoming sections.

Gas phase basicities

The ability to participate in protolytic equilibriums is an
important factor characterizing the functionality of hetero-
cyclic compounds [81-83]. Basicity and acidity affects such
phenomena as self-association, base-pairing, interaction
with metal ions and amino acids both in vivo and in vitro.
For example, cytosine protonated at the O,-oxygen is
expected to be responsible for the stabilization of adenine-
cytosine mispair that was observed in single crystals of
oligonucleotide duplexes [82]. There are two interplaying
processes defining protolytic features. First of all, the tauto-
meric equilibriums determine type and amount of proton-
acceptor and proton-donor centres. Additionally, acidity of
the environment forces the ratio of neutral and ionic forms.
The gas phase basicity (GPB) is a macroscopic property
directly related to Gibbs free energy of protonation reaction.
However, in case of heterocyclic compounds many potential
tautomers of both neutral and protonated forms can be
involved in the equilibrium. Methodology described
elsewhere [64, 68] utilizes Boltzmann probabilities of
specific N-site-protonation. Thus, simple estimation of Gibbs
free energies of all possible neutral and protonated tautomers
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that can potentially be present in the gas phase is sufficient
for both macroscopic and microscopic prototropic features.
Protonation of model 2-OH-adenosine leads mainly
proton attachment to amino-keto tautomer at N3 centre (see
Fig. 1). Slightly less probable is the form corresponding to
isomer with proton added to N3 atom of AAla tautomer.
Hence, for 2-hydroxyadenosine the N; nitrogen atom has
the most basic character. Basicity of N; atom is much less
pronounced. This observation suggests that oxidation does
not alter the micro-basicities with respect of canonical
adenosine. Thus, despite the presence of hydroxyl group
attached to C, atom no changes in succession of basicities
of N; and Nj centers are observed. The same conclusion
may be drawn taking into account the results for 8-oxo-
adenosine and fapy-adenosine [62, 63] since protonation
takes place predominantly at N; position. The gas phase
basicities of adenosine analogues were presented in
Table 2. The value of GPB corresponding to model
adenosine estimated on the same level (B3LYP/aDZ) is
equal to 221.3 kcal/mol [64]. Comparison of data collected
in Table 2 lead to the conclusion that model fapy-adenosine
and 2-OH-adenosine are more basic compared to non-
modified model adenosine. To the contrary, the model 8-
oxoadenosine is less basic compared to non-oxidized
adenosine. Thus, noteworthy impact of the oxidation on the
basicities of modified adenosines is observed and in the
case of AC it is equal to +4.1 kcal/mol, for AA is about
+2.4 kcal/mol and for AB equals —2.0 kcal/mol. In either

case N3 atom is the most basic centre, the same as for non-
modified adenosine. The most probable protonated form
8-oxoguanosine is GA2 isomer with proton attached to N;
centre. This observation disagrees with findings of Jang et
al. [26] that N; deprotonated cationic form is to be most
probable. However, in their study modified nucleobase was
used rather than nucleoside deficient from Ny hydrogen
atom. The presence of oxygen atom in methylmethoxy
group stabilizes this tautomer by interaction of H; atom
with oxygen of -CH,OCH; exocyclic group. This mimics
potential base-sugar interaction in nucleosides, which as in
this case, can play a stabilizing role. The next tautomer of
protonated 8-oxoguanosine is the addition of proton to Nj
heteroatom of 6,8-diketo form. Thus, N3 centre can be
treated as the most basic one in the case of most stable
8-oxoguanosine tautomers. In case of model xanthosine
(GB) N5 centre stands for most basic one both for 2,6-
diketo and 2-enol-6-keto tautomers. However, there is
disagreement in abundances of most stable tautomers if
results coming from 3LYP and G3 methods are compared
since model chemistry approach predicts that the latter
isomer is most abundant while the conclusion drawn from
DFT calculations is opposite.

As it was previously mentioned, there are at least five
known cytidine analogues imposed by the reactive oxygen
forms. All these analogues posses complex tautomeric
equilibriums in protonated forms. Details characterising
macro- and microbasicites are collected in Table 2. Proto-

Table 2. The gas phase macro- and micro-basicities (GPB) (in kcal/mol) of canonical and hydroxyl radical modified model purine and
pyrimidine nucleosides. Numbers in bolt style come from G3MP2B3 computations

Macroscopic Microscopic Macroscopic Microscopic

basicities basicities basicities basicities
AA 223.7 (222.8) N3(235.4) > N;(232.2) dTA 204.5 (205.1) 04(203.6) > 0,(198.9)
AB 219.3 (218.3) N3(218.3) > N;(213.7) dTB 201.4 (201.8) 0,(201.7) > 04(194.0)
AC 225.4 (225.1) N3(225.1) > N(217.5) dTC 204.5 (205.0) 0,(205.0) > 04(193.1)
A 221.3 (221.3) N3(221.2) > N;(220.1) dTD 204.7 (205.1) 0,(204.3) > 04(197.2)
GA 214.9 (213.6) N3(213.8) > N;(210.7) dTE 201.7 (201.7) 0,(201.8) > 04(196.1)
GB 217.2 (218.0) N,(218.0) > N5(201.5) dTF 206.3 (206.8) 04(206.6) ~ 05(206.0)
GC 223.6 (224.2) N;(224.5) dT 206.6 (207.2) 0,(207.2) > 04(205.0)
G 226.4 (225.1) N,(225.1) > N5(220.2) dUA 194.3 (194.1) 0,(195.5) > 04(189.6)
CA 224.8 (225.0) 0,(227.2) > Ny(221.9) dUB 202.4 (202.5) 04(202.4) > 0,(200.6)
CB 220.9 (220.2) N3(223.3) > 05(221.3) duc 200.7 (201.1) 04(200.7) = 0,(200.0)
CC 227.4 (226.6) N3(228.1) > 0,(226.0) duD 201.8 (202.9) 0,(201.4) > 04(195.8)
CD 222.0 (221.2) N3(224.7) > 05(223.7) dUE 199.9 (200.5) 0,(200.5) > 04(192.4)
CE 220.0 (219.0) 0,(223.2) > Ny(219.0) du 204.7 (205.1) 0,(205.1) > 04(203.8)
C 224.6 (224.9) 0,(224.6) ~ N3(224.2)
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nation of 5-hydroxycytidine leads only to amino forms and
the predominant isomer of cationic S5-hydroxycytidine
adopts the enol-amino structure. The values of the gas
phase basicity presented in Table 2 allow concluding that
the modification of 5-hydroxycytidine has only minor
impact on the macroscopic measure of basicity. However,
the microscopic properties, describing basicities of particu-
lar proton-acceptor centre are altered if compared to model
cytidine. The canonical cytidine grants its basic character
from Nj and O, centres and both these sites posses almost
identical basicities. In the case of 5-hydroxycytidine the
same atoms are involved in the protonation process and
additionally, the N4 centre of imino tautomers may be
susceptible to proton attachment. The most basic character
exhibits O, centre and both nitrogen atoms are slightly less
basic (see Table 2). Thus, although the GPB of canonical
cytosine and CA are almost the same, the micro-basicities
are affected by oxidation of cytidine at Cs-centre and
increase is observed in basicity of O, atom for CA
compared to canonical cytidine. The products of CB
protonation can adopt numerous tautomers and diastereo-
isomers but two are predominant in the whole population.
The product of protonation of keto-imino tautomer at Ny
centre was found as the most probable. From the structural
point of view, it is identical to product of proton attachment
to N; nitrogen atom of amino-keto form. The cytidine
glycol is less basic than canonical cytidine by about
5 kcal/mol. The micro-basicities provided in Table 2 sug-
gest that N3 atom is the most basic one in the case of
cytidine glycol but still less basic then O, centre of
cytidine. Thus, both macro- and micro- basicities of CB are
lower than for cytidine. There are three potential basicity
centres of 5,6-dihydroxy derivative (CC) that can undergo
protonation. As it was presented in the Table 2, the Nj
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 views and even the least basic atom Ny is as basic as the
O, centre of cytidine. The fourth analyzed here product of
cytidine oxidation, 6-hydroxy-5,6-dihydrocytidine (CD), is
3kcal/mol weaker base compared cytidine by if the
macroscopic measure of basicity is considered. The most
basic sites of CD and C are equally susceptible to proton
attachment an microbasicities are similar. Finally the last
studied here cytidine analogue, 5-hydroxy-5,6-dihydro-
cytidine (CE), has very simple prototropic features. Due to
the fact that the N; centre of this tautomer is capped by
hydrogen atom this site cannot serve as proton acceptor and
only two centres are available for protonation, namely O,
and Ny There is strong difference between basicities of
these two atoms and although the former has much higher

affinity toward protonation the resulting cationic form
CE2(eq) is energetically disfavoured. Thus, the overall
basic character of CE is granted from basicity of N, centre.
This derivative is supposed to be the least basic among all
studied here cytidines, including canonical one.

The basic character of canonical thymidine is about
19 kcal/mol lower in comparison to cytidine. Conse-
quently, all studied here thymidine analogues are also very
weak bases and in all cases the oxidation even reduces the
basic nature of resulting compounds as is it documented in
Table 2. For example, the only stable tautomer of 5-hy-
droxy-methyluridine (TA) adopts the diketo-form and may
be protonated only at O, or O, centres. Protonation of TA
leads either to 2-keto-4-enol or 2,4-dienol cations with
most abundant population of the latter one in the gas phase.
The thymidine itself has also the same proton acceptor
centres but O, site is about 2 kcal/mol more basic than O,
atom. However, in the case of 5-hydroxy-methyluridine the
order of the micro-basicities is reversed. Nevertheless, both
macro- and micro-basicities are lower for TA compared to
canonical thymidine. The succession of O, and O, basi-
cities of protonated thymidine glycol (TB(5eq, 6ax)) is the
same as for non-modified model thymidine. Similar
conclusion may be drawn for next three derivatives, na-
mely 5-hydroxy-5,6-dihydrothymidine (TC), 5,6-dihydro-
thymidine (TD) and 6-hydroxy-5,6-dihydrothymidine (TE).
In the case of TC, the protonation at Nj site leads to
promotion of equatorial conformation of Cs atom. This is
the only case among all studied derivatives for which
protonation is accomplished with changes of the centre
chirality. The last thymidine analogue has interesting
protonation abilities. In the neutral form, there is possible
free rotation of the formyl group bound to Cs carbon atom.
However, after protonation, the site group is fixed in syn
orientation with respect of O4 atom. This allows for
hydrogen attachment in two ways either on O4 or Os basic
centres. In whichever case, there is formed very strong and
short intra-molecular hydrogen bond. The basic characters
of Oy site is slightly stronger than of Os centre and much
stronger compared to O, oxygen atom. Basicity of 5-for-
myluridine is almost the same as canonical thymidine if
macroscopic GPB is taken into account.

Gas phase acidities

All analyzed heterocyclic compounds can potentially
manifest its acidic character by dissociation of proton from
one of heteroatoms. Although purine and pyrimidine are all
termed nucleic acid bases obviously this is much more
correct in relation to adenine, guanine and cytosine, but
much less appropriate in context of thymidine and uracil.
The values of Gibbs free energies of deprotonation reaction
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are provided in Table 3. Among all non-modified nucleo-
sides the most acidic seems to be guanosine, and the least

Table 3. The values of gas phase macroscopic acidity expressed
as Gibbs free energy (in kcal/mol) of deprotonation (AG™™)
process of canonical model nucleosides and their free radical

analogues

AG*™ AG*" AG*" AG*"
A 346.7 | C 3394 | T 337.1 |U 336.5
AA 3301 |CA 3314 |TA 3303 |UA 3240
AB 326.1 |CB 329.7 | TB 328.6 |UB  330.8
AC 3338 |CC 332.0 | TC 3312 |UC 3299
G 3294 | CD 337.5 | TD 3392 |UD 3309
GA 3222 |CE 3336 | TE 337.1 |UE  328.2
GB 313.1 TF 326.2
GC 3237

acidic canonical adenosine. Tautomeric properties of
anionic forms are much simpler than for neutral or cationic
ones. Usually there is only one isomer that dominates in the
gas phase. In the case of AA the most stable anionic form
in the vapor state corresponds to deprotonation of amine
group, while 8-oxoadenosine and fapy adenosine grant
their acidic property from hydrogen atom bound to N
centre. According to data presented in Table 3 as well as
previous report [26] anionic 8-oxoguanosine exists in the
gas phase almost exclusively as N; deprotonated form
supplemented with small amount of isomer resulting from
deprotonation of exocyclic amine group. For model
xanthosine Nj centre is the most acidic. The most probable
dissociation centre of model fapy guanosine is N; atom. In
the case of all pyrimidine analogues acidity is granted from
amine group. Finally, due to the structure of thymidine and
uridine analogues all anionic forms are more likely to be
produced as a result of dissociation of proton from Nj
centre. This is consistently predicted by both G3 and
B3LYP methods in the gas phase. Usually deprotonation
does not affect stereochemical properties. In the case of
pyrimidine analogues possessing hydroxyl group at Cs
centre, the presence of imine group force rotation of OH
site toward N, nitrogen atom. Almost all of hydroxyl
radical modified nucleosides are more acidic in the gas
phase if compared to their canonical protoplasts. The only
exception is 5,6-dihydrothymine (TD), which is about
2.1 kecal/mol more acidic then thymidine and 6-hydroxy-
5,6-dihydrothymine (TE). This derivative is as acidic as
thymidine. The highest gain in acidic properties is accom-

plished by oxidation of adenosine. This is especially visible
for 8-oxoadenosine (AB), for which the Gibbs free energy
of deprotonation reaction in the gas phase is about
21.4 kcal/mol, however, than for model non-modified
adenosine. Taking into account the total value of the acidity
highest susceptibility to deprotonation occurs in case of
xanthosine. Thus, although micro-acidities of hydroxyl
radical analogues are equivalent to canonical nucleosides
the macro-acidity expressed by values of Gibbs free energy
of deprotonation process are significantly affected by
oxidation .

IV. PROTOLYTIC PROPERTIES
IN WATER SOLUTION

Solvent can profoundly affect the tautomeric properties
of heterocyclic compounds. This also includes tautomerism
of protonated forms. Although most of hydroxyl radical
modified nucleosides are poorly soluble in water, the exact
knowledge of the protonation state in this environment is
akey factor shaping their biological function. The pK,
values are directly related to the standard free energy of
deprotonation in solution [84-85] and this thermodynamic
quantity can be written as the sum of the gas phase and
solvation standard Gibbs free energies. Besides, the
estimation of the absolute pK, values requires the knowl-
edge of the free energy of proton solvation. The exact value
is unknown therefore it was determined theoretically [86].
In this paper, value —265.9 kcal/mol [86] is assumed as
standard Gibbs free energy of proton formation in water.
Besides, the majority of molecules may exist in different
conformations including rotatable bonds, chirality centres,
tautomeric isomers, etc. The determination of pK, values,
as any thermodynamic quantity, requires taking into
account all accessible minima since experimental values
represent a weighed average of various isomeric states [26,
27]. Single point calculations providing solvation Gibbs
free energies were applied for all hydroxyl radical
analogues of model nucleosides and linear regression
correction was imposed on resulting pK values. Table 4
collects all estimated values of pK for analysed class of
compounds. Significant alterations of acidic and basic
character imposed by oxidation of model nucleosides are
observed. For example, in water environment protonated
2-hydroxyadenosine exists as a mixture of keto-amino and
enol-amino tautomer. In either case the Nj; centre is the
most basic one. However, the basicity of adenosine comes
from N centre. The alteration of micro-basicity cause one
unit downshift of pK, values is observed if compared to
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model adenosine. Hence, 2-hydroxyadenosine is less basic
than canonical protoplast. Acidic properties of adenosine
are granted from hydrogen atoms of amino group. Under
basic conditions acidity of AA is manifested via dis-
sociation of hydrogen from N; atom of keto-amino form.
This in turn down shifts significantly the resulting pK,
value with respect of non-modified adenosine. Similarly to
canonical adenosine, the N, centre is the most basic one for
8-oxoadenosine. Interestingly, the most stable form of
neutral AB is keto-amino tautomer, but after protonation
the enol isomer is the most favoured in water. This,
however, only slightly alters the pK, value and one can
treated AB as basic as adenosine in water solution.
Presence of hydrogen atom at N; centre increases by six
units of pK, acidic properties of AB with respect of
standard adenosine since in water solution the whole
population of anionic form of 8-oxoadenosine consists of
N, deprotonated isomer. Under water conditions fapy
adenosine is protonated at N; centre. This leads to uplifting
of the pK, value by one unit if compared to canonical
adenosine. The acidic properties of AC coming from
deprotonation of N; atom are significantly higher in
comparison with model adenosine since the corresponding
pK, value increased by about 2.4 unit. Thus, among three
analysed here adenosine analogues AC is the most basic
one and AB has the highest acidity. The following
sequence of basicity in water solution can be concluded:
AC>AB=A>AA. It is worth mentioning that this is not the
same order as previously described for gas phase. On the
other hand the order of acidity adenosine analogues is the
following: AB>AA>AC>A.

In water solution acidity of guanosine originates from
deprotonation of exocyclic amino group and basicity is
granted from protonation of N; centre. Protonation of
model 8-oxoguanosine in water takes place mainly at Nj
centre. Affinity to proton is much lower in this case with
respect of standard guanosine and resulting pK, values is
negative. In fact, this is the only purine among all analysed
here with such low basicity. On the other hand, the most
acidic centre of GA in water is N; nitrogen atom. Interest-
ingly, despite exchange of micro-acidity this derivative is
characterised by almost the same acidity as canonical
guanosine. Model xanthosine similarly to non-modified
guanosine is supposed to be protonated at N, atom in acidic
solution and pK, value has been down shifted by two pK
units. Although the most stable anionic form of AB in
water is deprotonated at N; centre acidity of this derivative
is almost the same as for canonical guanosine. The last
purine analogue analysed here is fapy guanosine. In water
protonation takes place exclusively at N; centre and N;
atom undergoes deprotonation. Only alteration of basicity

is observed with respect of canonical guanosine. Thus, all
guanosine analogues are weaker bases in water compared
with standard guanosine and the following sequence
describes decreasing succession of pK, values: G > GC >-
GB >> GA. To the contrary, the acidic character of major-
ity of guanosine analogues are unchanged except for GB
which is the strongest acid among all analysed here
purines.

Table 4. The pK values corresponding to water solution of hydroxyl

radical modified model nucleosides. The estimated values of basicities

(pKy; B+H'=BH") and acidities (pK,; AH=A+H") correspond to values of
solvation Gibbs free energies estimated based on gas phase geometries

pKs pK, pKs PK,
AA 2.7 108 |TA 6.2 10.5
AB 4.1 93 |TB -7.1 9.2
AC 49 121 | TC -5.7 9.9
A 3.8 155 |TD -5.1 11.6
GA 0.6 9.5 |TE -6.0 10.7
GB 1.4 6.0 |TF 32 8.6
GC 1.8 96 |T 4.8 10.4
G 3.4 9.8 |UA -13 7.7
CA 1.9 148 | UB 4.1 9.6
CB 3.8 114 |UC -5.7 9.2
CcC 4.4 135 | UD 5.4 9.9
CcD 4.5 13.6 | UE -7.0 9.3
CE 43 120 |U 43 10.1
C 42 14.7

For all cytidine analogues in keto-amino tautomeric
from the N3 atom is the most probable centre of protonation
in water solution. Resulting pK’s values are collected in
Table 4. Although basic character of standard cytidine is
also granted from this site the value of pK, for CA is about
two units lower with respect of non-modified cytidine.
Thus, significant decrease of basicity is observed in this
case. It is worth mentioning that in the gas phase the
basicity of CA and C are roughly the same. The rest of
cytidine analogues are almost as basic as C in water and
corresponding pK, values are within 0.5 unit. Thus, the
order of basicity in water can be describes as follows:
CD=CC=CE =C=CB<<CA. Cytidine and its free
radical analogues are very weak acids and under extremely
basic conditions all can dissociate proton from amino group
of keto-amino tautomers. However, most cytidines are
stronger acids than non-modified cytosine. The only excep-
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tion is 5-hydroxycytydine, which acidity is almost identical
with canonical pyrimidine. The most acidic is cytidine
glycol with pK, lowered by more then three units with
respect of cytosine. Thus, the following sequence charac-
terises acidites of cytidine analogues, CB > CE CC> CD
>C = CA.

Basic character of thymidine, uridine and their free
radical analogues is strictly theoretical. As it was docu-
mented in Table 4, all are characterised by negative values
of pK,. This is quite understandable since only oxygen
atoms may undergo protonation. The proton affinity of
exocyclic groups is much lower compared to hydrogen-free
atoms constituting the heterocyclic ring. However, all these
pyrimidines posses very acidic N3 centre. Thus, all thymi-
dine and uridine analogues are much more acidic than the
rest of compounds studied here. The follwoing succesion of
acidities of thymidine analogues may be concluded:
TF>TB>TC>T=TA = TE > TD. In case of uridine de-
rivatives all hydroxyl radical analogues are more acidic
than uridine and the following sequence may be proposed:
UA>UC>UE>UB>UD=U.

Above presented data univocally demonstrated that the
oxidation of nucleosides leads not only to alteration of pK
values with respect of canonical species changing acidity
and basicity but also can imposes modification in the
micro-protolytic properties.

Oxidative susceptibility

The process of carcinogenesis is known as a multistage
phenomena [88-90]. In the first phase conversion of the
pre-carcinogens into electrophilic reagents takes place [91,
92]. Modification of the DNA imposed by such reacting
agents occurs as a result of electron donation from HOMO
located on DNA site to LUMO of carcinogen. It is then
LUMO energy which is the primary source of information
of the carcinogenic role of any agent and high energies of
HOMO identify the probable target for carcinogen attack.
It is well known that guanine has the lowest reduction
potential among the four nucleobases [1, 2] and conse-
quently it is preferentially oxidized to its radical cation and
further to stable oxidized forms as for example 8-oxo-
guanine. This also explains why guanine is the most
probable site for holes trapping [93-95]. Besides, series
guanine sequences stacked within one B-DNA strand have
even lower ionization potentials than single guanine [96].
Such sequences are more probable sites for oxidation. This
is of particular importance since several hot spot codons of
tumor suppressor genes as well as human ras-protoonco-
genes are rich in GG sequences [97]. Also GGG triads are
common in telomeric fragments of cellular DNA [98]. There

are experimental evidences that 8-oxoguanine can be even
better substrate for oxidation than any of the natural nucleo-
sides [99-101]. It is interesting to see if other hydroxyl radical
derived analogues can also play such a role. For this purpose
the values of ionization potential (IP) should be estimated for
each of purine and pyrimidine analogue. The simplest way of
IP estimation relies on the Koopmans theorem. It simply
assumes that [P =~ -HOMO. Additionally vertical IP can be
calculated as the energy or Gibbs free energy difference
between cationic and neutral forms without relaxation of the
geometry. Adiabatic IP includes the geometry relaxation after
ionization process. All three measure were successfully used
for description of susceptibility to chemical carcinogens of
hydroxyl radical modified model nucleosides [67].
Application of AMI-CI semiempirical quantum che-
mistry method to canonical nucleobases [65] seems to be
reasonable and inexpensive choice since it can duplicate
available experimental data [102] of ionization potentials of
canonical DNA bases. The application of this methodology
[65] to all stable tautomers of hydroxyl radical analogues
leads to values presented in Table 5. Most of analysed
species are characterised by higher values of IP than model
guanosine. However, there are several interesting exceptions.

Table 5. The values of adiabatic and vertical ionization potentials
(in eV) of four DNA bases and their hydroxyl radical analogs
estimated based on AM1-CI semiempirical quantum chemistry

method

[padiab [pYert [padiab [pYert
A 7.95 822 |T 8.47 8.85
AAl 7.85 816 |TA 8.70 9.11
AA2 7.57 7.82 | TB 9.02 9.77
AB 7.94 850 | TC 8.96 9.55
AC 7.87 8.53 TD 8.98 9.48
G 7.57 8.04 |TE 9.37 9.90
GAl 7.34 792 | TF 9.06 9.41
GA2 7.60 8.13 U 8.79 9.17
GB 8.17 8.51 UA 10.01 10.42
GC1 7.02 7.66 | UB 8.08 8.56
GC2 7.42 8.13 ucC 8.22 8.66
C 8.36 8.64 |UD 9.08 9.53
CA 7.80 8.28 | UE 9.41 9.84
CB 8.80 9.36
CC 7.75 8.30
CD 8.67 9.24
CE 8.46 8.98
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The following analogues are supposed to posses higher
susceptibility to chemical carcinogens than guanine: 6,8-di-
keto (GA1) tautomer of 8-oxoguanosine, 6-enol (GC1) and
6-keto (GC2) tautomers of fapy-guanosine and 2-keto
tautomer of 2-oxoadenosine (AA2) [65]. Thus, such centres
if present in DNA double helix are expected to be prone to
further oxidation and can form hot spots for carcinogen
attacks.

V. N-GLYCOSID BOND STABILITIES

The linkage that connects sugar-phosphate backbone
with nucleoside in the polynucleotide chains is termed
N-glycosidic bond. Breaking of this bond is one of
fundamental mechanisms by which modified nucleobases
are removed from cellular DNA chains. The presence of
apurine or apyrimidine sites is one of the common
intermediates in the repair of many damages to DNA.
Although in cellular condition the hydrolysis of N-glycosidic
bond involves activity of specific glycosylases [103, 104] it
is interesting to know the strength of N-glycosidic bond of
free radical derived analogues. This is also the first step in
understanding of the mechanism of non-enzymatic nucleo-
sides hydrolysis. It is assumed that nucleosides, nucleotides
and their analogues hydrolyze through fast initial protonation
followed by the hydrolysis rate-limiting process of the
N-glycosidic bond cleavage [105, 106]. The reaction me-
chanism is pH related since protonation is the first step of
N-glycosidic bond hydrolysis. In the second stage actual
dissociation of sugar moiety takes place and nucleobase is
released. Finally in the third step eventual re-tautomerisation
takes place and most stable form is adopted by nucleobase
[60, 61]. Thus, stability of the N-glycosidic bond can then be
characterised by values of Gibbs free energies of the second
step (AGn.gy). The general thermodynamic trend of
depurination or depyrimidation can be expressed as the
sum of the first two steps (AGge,). The population of
protonated and neutral tautomers must obviously be taken
into account. The values of Gibbs free energies cor-
responding to gas phase and water solution were taken
from calculations presented in the previous sections on
B3LYP/aDZ level and resulting values are collected in
Table 6. Since presented values are related to Gibbs free
energies characterising canonical nucleosides the negative
values typify weaker stabilities in comparison to on-
modified nucleosides. As it can be seen, the majority of
derivatives are characterised by weaker N-glycosidic bonds
in both the gas phase and water solution. Among adenosine
analogues only AB seems to be more susceptible to N-
glycosidic bond hydrolysis than canonical adenosine in the

gas phase. In water solution situation change significantly
and AA becomes more prone to Ny-C'| breaking. Both
effects are slightly less than 2 kcal/mol. The overall trend
of depurination is higher for all adenosine derivatives in
comparison to standard adenosine except for AA in the
water solution. This suggests that although depurination is
more energetically favoured for AA, the Gibbs free
energies of both protonation and N-glycosidic bond
hydrolysis are less preferred with respect of adenosine.
Thermodynamic measure of N-glycosidic bond strength
presented in Table 6 suggests that all guanosine analogues
are to be considered as more prone to hydrolysis compared to
standard guanosine. This effect remains also in water condi-
tion, although is significantly reduced by polar environment.

Table 6. Quantitative description of relative N-glycosidic bond
stabilities of hydroxyl radical modified DNA bases. Relative
values of Gibbs free energies of N-glycosidic bond dissociation
(AAGyg1yc) and the overall thermodynamic trend of hydrolysis
(AAGyp) are described with respect of canonical nucleosides

AAGy giye AAGqe,
[kcal/mol] [keal/mol]
gas water gas water

AA 2.74 -1.93 -0.15 1.05
AB -1.83 0.62 -0.10 —-0.45
AC 2.33 3.24 -2.09 -0.73
GA -9.73 —5.42 1.34 0.61
GB -16.84 —4.17 —7.55 -3.50
GC -4.99 —6.53 -2.26 -3.32
CA 0.37 0.74 -0.15 1.45
CB -2.93 -0.76 0.14 -0.09
CC -3.52 -2.56 -6.59 -3.09
CDh —-0.88 1.45 2.11 0.09
CE -3.93 0.33 0.50 1.10
TA -1.69 3.73 0.15 -0.15
TB -2.16 -2.20 2.87 0.46
TC -1.42 —-0.54 0.31 0.61
TD -1.02 1.11 0.56 1.17
TE -2.80 -1.73 1.88 0.26
TF —-0.40 4.07 0.15 -0.40
UA -9.80 -11.15 0.39 -1.90
UB -4.13 —2.66 -1.97 -1.62
ucC -4.22 —5.77 —-0.06 -0.08
UD -2.49 -3.51 0.26 1.27
UE —4.78 -5.31 -0.23 -0.30
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For majority of pyrimidine analogues AAGy.gy. are also
negative both in gas phase and water solutions. There are
only few exception, namely CA, CD, TA, TD, TF in water
and additionally CA in the gas phase. The general trend of
depyrimidisation is usually small except of CC for which is
the smallest among all analysed pyrimidine analogues.

Hence, for most of species the oxidation of purines and
pyrimidine model nucleosides increase liability of N-glyco-
sidic bond but there are few exceptions, which could not be
foreseen before actual Gibbs free energies calculations. The
most significant increase of N-glycosidic bond strength in
comparison to canonical nucleosides is observed for TF,
TA and AC.

VI. CODING ABILITIES OF HYDROXYL
RADICAL MODIFIED NUCLEOBASES

The abilities of intermolecular hydrogen bond forma-
tion is directly related to tautomeric form adopted by any
hydroxyl radical analogue. Migration of proton between
electronegative centres exchange positions of donor {+}
and acceptor {-} sites. In amino- and enol- groups protons
are supposed to play donor role. On the contrary, imino-
and keto- sides are considered as acceptors. Also nitrogen
atoms placed within pyrimidine or imidazole rings can also
be potentially involved in hydrogen bond formation. For
example N; atom of purines and N3 of pyrimidines play
important role in Watson-Crick boding. On the other hand,
Hoogsteen-type of hydrogen bonded complexes uses N;
atom of purines. Hydrogen bonding pattern of A-T pairs
can be symbolized as {+-} and {—t} for canonical adenine
and thymine, respectively. Analogically G-C pair involving
three hydrogen bonds can be described as {—++} and {+— —
} for native guanine and cytosine, respectively. In such
notation direction from major groove to minor one is used.
In this sense alteration of tautomeric form can potentially
lead to exchanging of hydrogen bonding pattern, which in
the first simplification determine coding abilities of
hydroxyl radical modified DNA bases. In Table 7 there are
collected coding patterns for most stable tautomeric forms
of all analysed derivatives. Such characteristics are only the
first qualitative step and should be extended by detailed
quantification of affinities of hydrogen bonded pairs
including B-DNA environment. This important aspect is
still unknown and deserve further attention although some
initial studies were already published [69].

The mispairing potential of modified adenine was
studied [54] for two most stable tautomers, namely AAl
and AA2. Although both species are characterized by

different bonding patterns, as it is indicated in Table 7, they
can form stable hydrogen bonded complexes with all four
standard DNA bases [54]. The most stable pairs involving
enol tautomer (AA1) are those with guanine and cytosine
[109]. Interestingly the stabilization energy of these pairs is
higher than for standard A-T pair in the gas phase. Also
pairs produced by keto tautomer (AA2) with guanine and
thymine are characterised by stronger interactions com-
pared to A-T pair. However, in the presence of the water
solvent, the relative stabilities of all studied pairs are
significantly reduced. Despite of this fact, pairs formed by
AA1 with guanine and AA2 with thymine are more stable
than hydrated adenine—thymine pair [109]. The mispairing
character of AB is much less pronounced than for 2-hydro-
xyadenine. Although in the gas phase AB is able to form
pairs with thymine, guanine and cytosine that are more
stable than A-T pair, but in polar environment only pairs
with thymine remain energetically more favourable than
standard A-T pair [109]. Nevertheless, miscoding with
guanine is possible although with much lesser extend than
for 2-hydroxyadenine. Fapy adenine is known as a lesion
that strongly blocks replication processes [1-3]. Our inves-
tigation [57] suggests that AC is able to form stable pairs
with all four standard nucleobases in the gas phase. All
these complexes except those involving adenine are
characterised by higher stabilisation energy than standard
A-T pair. In the polar environment the relative stabilisation
energies of all complexes of fapy adenine with all four
DNA bases are almost identical.

Coding potential of 8-oxoguanine [50] was described
both in the gas phase as well as in polar environment. The
6,8-diketo isomer of GA has two donor sites located on the
N; and N, atoms. Besides, one acceptor site is placed at Og
centre. Hence, the ability for H-bond formation is poten-
tially the same as for standard guanine {—++}. Con-
sequently, formation of complex stabilized by three
hydrogen bonds is possible in either case between G-C and
GA-C. On the contrary the 6-enol-8-keto tautomer of GA
has two donor sites located on the N, and O4 atoms and N,
centre stands for acceptor site. Thus, the coding abilities
denoted as {+—t} are different if compared with standard
guanine and can lead to mispairing. In apolar conditions,
the most stable pairs of 6,8-diketo tautomer (GAl)
comprise cytosine or guanine. For both complexes the
stabilisation energies exceed energy of formation of cano-
nical G-C pair. The 6-enol-8-keto tautomer (GA2) can also
be involved in a variety of dimers, but pairs with thymine
and adenine are more favoured than standard G-C ones.
Moreover, less favoured tautomers such as 6-enol-2-imino or
6,8-dienol-2-imino, are also potentially able to pair with
cytosine and guanine. Despite lower stability of these
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tautomers, the resulting pairs are characterised by higher
stabilisation energy than the standard G-C pair. Good pairing
of guanine analogue with cytosine is not surprising, due to
great geometric and electrostatic similarities between the
6,8-diketo form of 8-oxoguanine and standard guanine.
However, very stable complexes with guanine and
thymine, if they occur in the DNA interior, may be
responsible for the GC-CG transversion and GC-AT
transition. The strong hydrogen bonds may stabilise pairs
with canonical DNA bases, not only for the most stable
tautomer but also for other less probable ones. Since the
tautomeric form determines the coding ability of 8-oxo-
guanine, the shift in the tautomeric equilibrium may
exchange the mispairing character of this guanine
derivative. This might be the reason for the complete lack
of specific 8-oxoguanine pairing in some B-DNA se-
quences [108]. The pairing properties of fapy guanine [57]
are complex and strongly depend on the tautomeric form.
In the gas phase the amino-enol tautomer (GC2) is able to
form stable pars with thymine and cytosine, while the
amino-keto isomer (GC1) forms the most stable complexes
with cytosine and guanine. The presence of polar environ-
ment does not significantly alter the pairing abilities of
fapy guanine. However, its pairs with thymine are at least
as stable as Watson-Crick GC pair. Thus, one can expect
that mispairing abilities of fapy guanine can potentially
leads to GC—AT transitions.

The coding potential of most of pyrimidine analogues is
similar to non-modified pyrimidine. This can be clearly
visible after inspection of the hydrogen bonding patterns
presented in Table 7. Hence, stable pairs comprising
cytosine analogues are formed with guanine. Adenine is
involved in formation of stable complexes with thymine
and uracil derivatives. However, some species may also be
involved in formation of stable non-standard pairs with all
four canonical nucleobases [50, 52, 56]. For example both
keto-amino and keto-imino tautomers of 5-hydroxycytosine
[52] are able to form stable pairs with guanine, cytosine
and to a lesser extent with thymine. The first type of
interactions does not lead to miscoding abilities but
formation of all other complexes may be responsible for
observed miscoding properties. In polar conditions there is
still high potential for hydrogen bonding with guanine and
cytosine. The rest of analyzed here cytosine analogues is
able to form stable pairs both with guanine and cytosine. In
non-polar conditions the 5,6-dihydroxycytosine pairs with
cytosine in addition to a normal pairing with guanine. This
may be the reason of potential C—G transversions. The
polarity of the environment may have significant impact on
the pairs stabilization energies. However, for all cytosine
analogues complexes, the pairs formed with cytosine and
guanine are more stable then canonical G-C pair.

Thymine analogues can form stable pairs mostly with
adenine, what does not introduce any miscoding abilities

Table 7. The pairing capabilities of hydroxyl radical modified nucleobases. Only those pairs are included, which are characterized
by higher stabilization energies than standard pairs. The notation of coding patterns of canonical bases is the following:
At} Gl + 4}, Ctb =}, T{=+ ) and Uf- + -}

Pairs more stable than canonical A-T

Pairs more stable than canonical G-C

derivative pattern gas phase polar conditions | derivative pattern gas phase polar conditions
AAl -+ G>C G GAl (—++} G=C G=C>T
AA2 ++ G>T T GA2 +-+) - T

AB +-} G=C>T T GC1 (—++} C>G>T C>G=T
AC (-} G>C>T T GC2 -+ G>T>A T>A
TA (—+-} G>A G=A CA3 (+——} G>C>>T G>C
TB =t G>C>A - CB2 = G G>C=A=T
TC =+ G>C>A - cc2 == G>C C>G
TD =t |G>C>A=T G CD1 = G>C G>C
TE =+ G>>C=A G CE == G>>C G=C
TF =t G>A>C A

UA =+ G>>C=A G=A

UB =+ G>A>C A>G

ucC =+ G>A>C A

UD =t | G>c=A=T G

UE =+ G>>C>A G=A
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by these derivatives [50]. Apart from this, some ana-
logues can have potential miscoding character, which
strongly depends on the polarity of the environment. For
example in non-polar conditions the 5-hydroxy-
methyluracil is able to form pairs with guanine and
adenine that are strongly attracted than adenine and
thymine in its canonical complex. The thymine glycol can
pair with guanine, cytosine and adenine. The most stable
pairs of 5-formyldeoxyuracil are formed with guanine and
adenine. Such derivatives as 5,6-dihydrothymine and 6-
hydroxy-5,6-dihydrothymine apart from adenine can pair
with guanine and cytosine. Polar conditions significantly
affect the pairs stabilisation. Usually a reduction in the
pairs relative stability is observed and for most dimers
stabilisation energy becomes less than corresponding value
for the adenine-thymine pair. However, the mispairing
potential is still significant, especially for TA, TD and TE. In
all cases complexes are potentially formed with guanine.
Thus, modification of thymine both in aerobic and anaerobic
conditions [52, 56] can lead to products which are char-
acterised by significant ability to form intermolecular
hydrogen bonds with standard DNA bases. Uracil deri-
vatives can form stable pairs not only with adenine but also
with all other DNA bases [52, 56]. There is a problem with
interpretation of the relative stabilities of pairs formed by
these species since they can be considered as products of
deamination of cytosine analogues or as products of degra-
dation of thymine lacking methyl group. Here stabilisation of
complexes formed by uracil analogues are related to standard
A-T pair. As it is presented in Table 7, in non-polar
conditions all uracil derivatives can pair with guanine,
cytosine and adenine with varying succession. Under polar
conditions adenine and guanine are involved in complexes
that are more stable than A-T one. The only exception is
observed for 5-hydroxy-5,6-dihydrouracil, which can be
involved only in pairing with guanine.

It is also worth mentioning that rare tautomers, despite
their lower stabilities, can also potentially be involved in
pairing with standard nucleic acid bases since cor-
responding stabilization energies can exceed the amount
related to the most probable isomers. This fact makes the
problem of miscoding properties more complex and
deserves further interests especially inside B-DNA
environment and imposed structural restrictions on
mutual conformations of bases involved in pairing.

VII. CONCLUSIONS

The class of heterocyclic compounds comprising
hydroxyl radical modified nucleobases is characterized by

great heterogeneities of physicochemical properties. Most
of these analogues occur spontaneously at physiological
conditions in cellular DNA. Their presence is proved either
directly by instrumental measurements of chromatin DNA
hydrolysates or indirectly by elevation of enzymatic
defence systems. Besides, observed exchanging of genetic
code, affection of replication or transcription processes,
even blocking these processes confirm crucial role of
hydroxyl radical modified DNA bases in vital biochemical
activities of living cells. Modified nucleobases or nucleo-
sides can be significantly different in many physico-
chemical properties from their canonical protoplasts.
Among many differences the tautomeric equilibriums of
neutral, protonated and deprotonated forms are of primary
interest. Tautomeric equilibriums determine not only GPB
or pK values but also affects such features as oxidative
susceptibility and N-glycosidic bond stabilities. Tautome-
rism also profoundly affect coding abilities, which are
directly responsible for observed cytotoxic properties of
many lesions. Still further investigations are indispensable
for accurate descriptions of the molecular origin of ob-
served biological consequences of modified DNA bases.
For example there are completely not know structural,
energetic and dynamic consequences of presence of
hydroxyl radical modified DNA bases in double stranded
polynucleotide chains. These aspects will be addressed in
the forthcoming projects.
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