
ORIGINAL PAPER

Comparison of gas phase intrinsic properties of cytosine and thymine
nucleobases with their O-alkyl adducts: different hydrogen bonding
preferences for thymine versus O-alkyl thymine

Zahra Aliakbar Tehrani & Alireza Fattahi

Received: 15 January 2012 /Accepted: 3 March 2013 /Published online: 7 April 2013
# Springer-Verlag Berlin Heidelberg 2013

Abstract In recent years, there has been increasing interest
in damaged DNA and RNA nucleobases. These damaged
nucleobases can cause DNA mutation, resulting in various
diseases such as cancer. Alkylating agents are mutagenic
and carcinogenic in a variety of prokaryotic and eukaryotic
organisms. The present study employs density functional
theory (DFT/B3LYP) with the 6-311++G(d,p) basis set to
investigate the effect of chemical damage in O-alkyl pyrim-
idines such as O4-methylthymine, O2-methylcytosine and
O2-methylthymine. We compared the intrinsic properties,
such as proton affinities, gas phase acidities, equilibrium
tautomerization and nucleobase pair’s hydrogen bonding
properties, of these molecules with those in the normal
nucleobases thymine and cytosine. The results are of interest
for chemical reasons and also possibly for biological purposes
since biological media can be quite non-polar. Furthermore, we
found that N1-H of O4-methylthymine is less acidic than N1-H
of thymine, suggesting that alkyl DNA glycosylase enzyme
cannot discriminate this damaged nucleobase from a normal
thymine nucleobase. This result indicates that the conjugated
base anion of O4-methylthymine would be a worse leaving
group and O4-methylthymine is repaired in genome by de-
methylation rather than enzyme-catalyzed excision at N1.
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Introduction

DNA is the molecule chosen by nature to store the informa-
tion required to build organisms. These organisms in turn
serve to replicate that information. The chemical structure of
DNA was proposed in the seminal article of Watson and
Crick in 1953 [1] and consists of two double helices of
nucleotides linked by stabilizing hydrogen bonds formed
between adenine-thymine (A:T) and guanine-cytosine (G:
C) base pairs (Fig. 1). The hydrogen bond formation of a
Watson-Crick type base pair is fundamental to molecular
recognition in the duplex formation of nucleic acids. It is
also essential for the transmission of genetic information [2].
Because of their biological activity, most substituted (or
modified) nucleic bases have been frequently studied exper-
imentally [3].

It was initially thought that DNA must be incredibly
stable to maintain the integrity of the information, but it
has been shown that DNA is in fact a dynamic molecule that
is constantly damaged. In recent years, there has been in-
creasing interest in DNA damage. Such damage may cause
DNA mutation, resulting in various diseases such as cancer
[4–8]. Many experimental and theoretical efforts have been
directed at investigating the possible consequences of DNA
cleavage, the mechanisms of DNA damage and the corre-
sponding structural changes of base pairs, but still there are
processes that are not well understood.

Damage can be caused by exogenous sources such as man-
made mutagenic substances and naturally occurring agents
including sunlight and dietary mutagens, and endogenous
sources such as reactive oxygen species (ROS) formed during
cellular metabolism. Moreover, DNA molecules are made up
of many nucleophilic centers at which DNA damage can occur.
The chemical species that react with these electron-rich atoms
are typically electrophilic and form adducts where the
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electrophile is linked by one or more covalent bonds to the
base, deoxyribose sugar or phosphate of the DNA. DNA
damaging agents either act directly on target sites on DNA or
are metabolically activated by enzymatic means.

DNA damage can result in nucleobase loss, nucleobase
dimerization, alkylation, deamination, and oxidation as well
as single- or double-strand breakage, leading to permanent
changes in the information encoded by the DNA. Alterations
in base sequence can also arise as a result of replication and
recombination. Without maintenance, the information
encoded by DNA would be altered so dramatically that the
organism could not thrive. Nature has therefore devised a
solution to this problem: DNA repair. A number of DNA
repair systems have evolved, including direct damage rever-
sal, nucleotide excision repair (NER), mismatch repair, base
excision repair, and recombinational repair.

DNA alkylating agents are mutagenic, carcinogenic, or both
in a variety of prokaryotic and eukaryotic organisms. Although
the precise molecular mechanisms underlying mutagenesis by
these agents are unknown, there is strong evidence suggesting
that base-substitution mutations arise via the formation of
alkyl-DNA adducts that direct the misincorporation of nucle-
otides during DNA replication [9]. These agents invade
DNA by covalently binding to nucleophilic sites on the nucle-
ophilic molecule leading to DNA-alkyl adducts. These agents
modify almost all of the heteroatoms in DNA that could be
potentially alkylated in the double helix. The preferred sites of
alkylation in duplex DNA depend strongly on the nature of the
alkylating agent. For example, in the case of diethylsulfate,
the preferred sites of reaction follow the order: N7 of
guanine>> P-O > N3 of adenine>> N1 of adenine ∼ N7 of
adenine ∼N3 of guanine∼N3 of cytosine >>O6 of guanine [9,
10]. The preferences observed at these sites have been ratio-
nalized commonly in terms of hard-soft reactivity principles
[11]. Hard alkylating agents (defined by small size, positive
charge, and low polarizability) such as diazonium ions display
increased reactivity with hard oxygen nucleophiles in DNA [9,
10, 12–14]. On the other hand, soft (large, uncharged, and
polarizable) alkylating agents like dialkylsulfates favor reac-
tions at the softer nitrogen centers in DNA.

Alkylating agents such as N-methyl-N ′-nitro-N-
nitrosoguanidine and N-methyl-N-nitrosourea (MNU) form
reaction products at DNA oxygen and nitrogen atoms [15].
O-Alkylation is less common but more damaging; for

example, O2 alkylation of deoxycytidine, deoxyuridine and
thymidine increased the rate of N-glycoside hydrolysis 104

fold [16]. Among oxygen adducts formed by these agents
are O6-methylguanine and O4-methylthymine, which are
widely believed to be the major sites of alkylation mutagen-
esis. For both DNA adducts, the mutational mechanism is
thought to involve passive mispairing with incorrect nucle-
otides during replication [17]. MNU and related methylating
agents produce G:C to A:T transitions almost exclusively
[18, 19], and this change is also the dominant mutation
induced by synthetic O6-methylguanine in DNA in vitro
and in vivo [20–22].

O4-methylthymine arising from alkylation of thymine is
highly mutagenic. Its mutagenicity arises from a A:T base pair
to G:C base pair transition that occurs as a result of different
hydrogen bonding preferences for normal thymine versus
damaged O4-methylthymine [20, 21, 23–26]. In DNA repli-
cation, thymine nucleobase pairs preferentially with adenine.
However, once thymine is alkylated to form O4-
methylthymine, the preferred hydrogen bonding pattern is to
guanine rather than to adenine. The result is that a DNA
sequence that originally contained an A:T base pair will
become an O4-methylthymine-guanine base pair. When the
strand containing guanine replicates, the end result will be an
G:C base pair; this is A:T to G:C transition (Fig. 1). Because
the exact sequence of DNA is necessary for proper life func-
tion (coding for proteins, signaling), the mutation to O4-
methylthymine is known to be highly carcinogenic [19, 26].

Many theoretical studies have been carried out on the
interaction energies of base pairs between natural nucleic acid
bases, but few systematic studies on damaged base pairs have
been reported. Theoretical methods provide a powerful tool to
aid in the interpretation of experimental data and to describe
the effects of chemical modifications, including their effect on
the local electronic structure properties of individual damaged
DNA nucleobases, base pairs, and their more global effect on
the helical base stack. These factors will influence their bio-
logically relevant chemical reactivity.

In the present work,1 we provide a comprehensive theo-
retical examination of the gas phase thermochemical

1 Presented at the Spring 2010 meeting of the ACS Division of Phys-
ical Chemistry, Multiscale Nanomaterials, Polymer & Bimolecular
Dynamics
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properties of naturally occurring pyrimidine nucleobase cyto-
sine and thymine as well as damaged nucleobases such as O4-
methylthymine, O2-methylcytosine and O2-methylthymine
(Fig. 2) by employing density functional theory (DFT)
(B3LYP) with the 6-311++G(d,p) basis set. The goal of this
study was to provide insight into the electronic properties,
hydrogen bonding pattern, proton affinity, gas phase acidity
and equilibrium tautomerization of these molecules. We dis-
cuss the interesting biological implications of these results.

Computational methods

Initial searches for minima on the potential energy surface of
tautomers of O-alkylated nucleobases and/or their
deprotonated/protonated forms at the relative energy range
of 10.0 kcalmol−1 were carried out using the MMFF force
field in Spartan software [27]. The most stable conformers
were optimized by the DFT method using Becke3 (B3) ex-
change [28] and Lee, Yang, and Parr (LYP) correlation [29]
potentials, in connection with the 6–311++G (d,p) basis set.
Energy minimizations followed by harmonic vibrational cal-
culations were performed at this level of theory. The absence
of imaginary frequencies proved that energy-minimized struc-
tures correspond well to the local minima of the energy
landscape (local minima were verified by establishing that
the matrix of energy second derivatives has only positive
eigenvalues). Bulk solvation effects on the stability order of
tautomers were included in the series of single-point energy
calculations on the optimized structures obtained from gas
phase, through the integral equation formalism of the polar-
ized model (IEF-PCM) [30]. The dielectric constant ε=78.4
was employed to model aqueous solution.

Natural bond orbital (NBO) analysis [31, 32] was
performed at DFT-B3LYP/6-311++G (d,p) level. This pro-
cedure examines all possible interaction between filled
(donor) Lewis-type NBOs and empty (acceptor) non-Lewis
NBOs and estimating their energetic importance by the
second-order perturbation interaction energy. For each do-
nor NBO (i) and acceptor NBO (j), the stabilization energy
E(2) associated with delocalization i/j is estimated as

Eð2Þ ¼ ΔEij ¼ qi
F i; jð Þ2
"j � "i

where, qi is the donor orbital occupancy, εi; εj are diagonal
elements (orbital energies) and F(i,j) is the off-diagonal
NBO Fock matrix element.

Furthermore, electron densities ρ(r) and Laplacian of
electron densities ∇2ρ(r) of various hydrogen bonds in
non-classical and/or classical base pairs at bond critical
points (BCPs) were calculated at DFT-B3LYP/6-311++G
(d,p) level using Bader’s theory of atoms in molecule

(AIM) [33, 34]. AIM is very useful tool for analyzing
hydrogen bonds, with a large electronic density at hydrogen
BCP and positive value of ∇2ρ(r) indicating a strong hydro-
gen bond [35, 36]. The topological analysis was performed
using the AIM2000 program [37].

Results and discussion

Tautomerization of selected O-alkylated pyrimidine
nucleobases

O-alkylated pyrimidine nucleobases

Tautomerism is a well-known phenomenon occurring in nucleic
acid bases [38–57] in which a proton transfers from the hetero-
cyclic ring nitrogen to an exocyclic oxo- or imino- group,
leading to the formation of either an −OH or an −NH2 function-
ality. The structure of the nucleobase is such that several tauto-
mers are often possible and O-alkylated pyrimidine nucleobases
are no exception. Structures of all possible tautomers of O4-
methylthymine, O2-methylcytosine and O2-methylthymine are
shown in Fig. 3. Furthermore, B3LYP/6-311++G (d,p) relative
energies (ΔE, kcal mol−1), relative free energies (ΔG, kcal
mol−1), relative stability in aqueous solution (ΔE aq, kcal
mol−1) and dipole moments (μ in Debye) of selected O-
alkylated pyrimidine nucleobases are collected in Table 1.

O4-methylthymine

O4-methylthymine has three possible tautomeric forms
(structures 1a, 2a and 3a in Fig. 3). The computation re-
vealed energy disparity of 0.0 to 17.5 kcalmol−1 for this
molecule. At B3LYP/6-311++G (d,p) level, we found that
tautomer 1a (where the proton resides on N1 atom) is the
most stable tautomer of O4-methylthymine. The next most
stable 2a tautomer (proton resides on O2 atom) is 2.7 kcal
mol−1 less stable than 1a. Results of calculations revealed
that the 3a tautomer, where the proton resides on the N3
atom, is 11.8 kcalmol−1 less stable than 1a. The energy
difference between tautomers 1b and 3a is large enough to
consider that, in gas phase populations, the 3a tautomer is
negligible. To explore the relative stability order of cytosine
and thymine nuceloabses as well as their O-alkylated ad-
ducts, we used the IEF-PCM model. As can seen from
Table 2, the relative stability order of O4-methylthymine
tautomers in aqueous solution is consistent with the stability
order of this molecule in gas phase.

O2-methylcytosine

The structures of three most stable tautomers of O2-
methylcytosine are shown in Fig. 3. As shown in Table 1,
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the energy gap between tautomers of this molecule is higher
than those of O2-methylthymine and O4-methylthymine mol-
ecules. Based on DFT calculations, structure 1b was found to
be the most stable tautomer of O2-methylcytosine. The 2b
tautomer (protons reside onN3 and N4 atoms) is the next most
stable tautomer, lying 18.5 kcalmol−1 higher in energy than
1b. 2b is followed by the 3b structure (protons residing on N1
and N4 atoms), which is 0.6 kcalmol−1 less stable than 2b.
The energy difference between the 1b and 2b/3b tautomer is
large enough to consider that, at least in the gas phase,
populations of these tautomeric forms are negligible. As seen
from Table 2, at B3LYP/6-311++G (d,p) level of theory in
aqueous solution the most stable tautomer of O2-
methylcytosine molecule is 1b tautomer followed by 2b tau-
tomer (lying 15.1 kcalmol−1 higher in energy than 1b) and 3b
tautomer (lying 16.8 kcalmol−1 higher in energy than 1b).

O2-methylthymine

As shown in Fig. 3, O2-methylthymine has three possi-
ble tautomeric forms as shown in Fig. 3. Results of
calculation reveal that the canonical 1c tautomer (where
proton resides on N3 atom) is the most stable tautomer
of O2-methylthymine. Two other tautomers, 2c and 3c
(where protons reside on O4 and N1 atoms, respective-
ly), are 9.8 and 17.5 kcalmol−1 less stable than the 1c
tautomer (see Table 1 for more details). The energy
difference between the 1c and 3c tautomers is large
enough to consider that, in the gas phase, populations
of 3c tautomer are negligible. As seen from Table 2, at
B3LYP/6-311++G (d,p) level of theory in aqueous so-
lution, the most stable tautomer of O2-methylthymine
molecule is 1c followed by 2c and 3c. This stability
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order is consistent with stability order of this molecule
in gas phase.

Cytosine nucleobase

There have been numerous computational studies on the tau-
tomeric equilibrium of the nucleobase cytosine. On the basis of
these theoretical studies, the lowest energy conformers of this
nucleobase in gas phase have been identified unambiguously.
The optimized structures of the six most stable cytosine tauto-
mers [54, 56, 58–60] determined from theoretical calculations
performed at the B3LYP method in conjunction with the 6-
311++G (d,p) basis set are depicted in Fig. 4.

The total energies, relative energies, relative free energies
and dipole moment values of tautomers obtained at
B3LYP/6-311++G (d,p) level are given in Table 2. The
keto-amino form (C1) is the “canonical” structure of cyto-
sine found in DNA and RNA. Indeed, X-ray diffraction
(XRD) [61, 62] and neutron diffraction [63] studies find
that this is the only tautomeric form of cytosine nucleobase.
In contrast, resonance enhanced multiphoton ionization
(REMPI) experiments [45] find that both keto-amino (C1)
and enol-amino (C2) tautomers coexist in the gas phase.
Mixtures of C1 and C3 as well as the keto-imino (C5)

tautomers have also been observed in infra-red (IR) matrix
isolation studies [64]. Similarly, molecular beam microwave
(MW) spectroscopy studies indicate that C1, C2 and C5
tautomers coexist in the gas phase [65]. It should be noted
that three of the six low-energy tautomers of isolated cyto-
sine, i.e., C2, C3, and C4, are not accessible in DNA and
RNA because the ribose would not migrate.

In agreement with most previous studies, our results reveal
that the C1 tautomer is the most stable tautomer in gas phase
in solid cytosine. The C2 tautomer was calculated to be less
stable than C1 by 1.2 kcalmol−1. The C2 tautomer is the next
most stable gas phase tautomer, lying 2.1 kcalmol−1 higher in
energy than the C1 tautomer. The C6 tautomer is found to be
the next most stable cytosine tautomer, lying 6.9 kcalmol−1

higher in energy than the C1 tautomer. Tautomers C4 and C5
are found to be least stable tautomers, lying 14.2 and 22.4 kcal
mol−1 higher in energy than the C1 tautomer. The energy
difference between C1 and C4/C5 and C6 tautomers is large
enough to consider that populations of these tautomers are
negligible in the gas phase.

In summary, cytosine tautomers have the following sta-
bility sequence predicted at B3LYP/6-311++G(d,p) level of
theory: C1 > C2 > C3 > C4 > C5 > C6. Moreover, as seen
from Table 2, comparison of the relative stability order of

Table 1 Density functional
theory (DFT)-B3LYP/6-311++G
(d,p) calculated thermodynamic
parameters for tautomers of
selected O-alkylated pyrimidine
nucleobases

System Tautomer μ (Debye) ΔE298 (kcal mol−1) ΔG298 (kcal mol−1) ΔE aq(kcal mol−1)

O4-methylthymine 1a 3.63 0.0 0.0 0.0

2a 4.08 2.7 2.9 6.7

3a 9.19 11.8 11.2 9.5

O2-methylcytosine 1b 4.33 0.0 0.0 0.0

2b 1.76 18.5 18.5 15.1

3b 5.44 19.1 18.8 16.8

O2-methylthymine 1c 5.12 0.0 0.0 0.0

2c 3.69 9.8 9.9 8.4

3c 7.35 17.5 17.0 9.0

Table 2 B3LYP/6-311++G
relative energies (ΔE, kcal
mol−1), relative free energies
(ΔG, kcalmol−1) relative
stability in aqueous solution
(ΔE aq, kcalmol−1), and dipole
moments (μ in Debye) at 298 k
for different cytosine and
thymine tautomers

Tautomer species ΔE298 ΔG298 μ (Debye) ΔE aq(kcal mol−1)

C1 0.0 0.0 6.75 0.0

C2 1.2 1.4 3.47 4.0

C3 1.9 2.3 4.94 5.1

C4 6.9 7.0 8.25 6.9

C5 14.2 14.6 1.84 19.5

C6 22.4 22.5 5.65 22.6

T1 0.0 0.0 8.34 0.0

T2 3.6 3.9 6.23 6.5

T3 11.7 12.2 4.58 15.0

T4 15.2 15.7 3.57 16.2

T5 18.4 18.6 2.91 17.5

T6 19.7 19.9 1.77 18.3
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uracil tautomers in aqueous solution with results calculated
in the gas phase indicates that the solvent has different
effects on the stability of these tautomers. The existence of
solvent increases the stability of the C4 tautomer and de-
creases the stability of the C3 tautomer. However, the C1
tautomer is the most stable in solvent as well as gas phase
(cf. Table 2) followed by C2,C4, C3, C5 and C6, respec-
tively. The latter are located at 4.0, 5.1, 6.9, 19.5, and 22.
6 kcalmol−1 above the C1 tautomer, respectively.

Thymine nucleobase

According to previous reports [46, 66, 67], thymine
nucleobase has six expected tautomers (shown in Fig. 5).
DFT-B3LYP/6-311++G (d,p) relative energies (ΔE, kcal
mol−1), relative free energies (ΔG, kcal mol−1) and dipole
moments (μ in Debye) for these tautomers are given in
Table 2; the canonical T1 tautomer of thymine (protons re-
sides onN1 and N3 atoms) is the most stable tautomer [24, 68,
69]. It is calculated to be about 3.6 kcalmol−1 more stable than
the next nearest tautomer (i.e., T2 tautomer in which protons
reside on O2 and N3 atoms). The next most stable tautomers
are T3 (protons reside on N1 and O2 atoms) and T4 (protons
reside on O2 and O4 atoms), which are 11.7 and 15.2 kcal
mol−1 less stable than the canonical tautomer T1. The
remaining tautomers are all quite high in energy. On the basis
of aqueous solution and gas phase calculations tautomer T1 is
found to be the most stable tautomeric form of the thymine
nucleobase (cf. Table 2). T1 is followed by T2, T3, T4, T5
and T6 tautomers, in that order.

The energy difference between T1 and T3, T4, T5 and
T6 tautomers is large enough to consider that populations of
these tautomers are negligible in the gas phase.

Comparison of normal nucleobase properties
with those of O-alkylated analogues

Damaged DNA nucleobases differ in structure and proper-
ties from normal nucleobases and, therefore, interfere with
gene replication and expression, leading to cell death, aging,
and carcinogenesis. Furthermore, hydrogen bonding modu-
lates recognition of DNA and RNA nucleobases. The inter-
action energy between two complementary nucleobases that
are held together by NH⋯O and NH⋯N hydrogen bonds
depends on the intrinsic basicity of the acceptor atoms as
well as on the acidity of the NH donor groups. Elucidating
the intrinsic reactivity of these molecules can improve un-
derstanding of key biosynthetic mechanisms for which those
nucleobases are substrates.

The first step toward understanding how normal
nucleobases differ from damaged ones is to characterize the
naturally occurring normal compounds. Herein, we undertook
a comprehensive examination of the gas phase thermochemi-
cal properties of the naturally occurring nucleobases cytosine
and thymine, as well as their O-alkylated analogues (i.e., O4-
methylthymine, O2-methylcytosine and O2-methylthymine).
We measured acidities of multiple sites as well as proton
affinities of these molecules. ΔHacidity were calculated as the
enthalpy changes of the following process:

HB ! Hþ þ B�

ΔH298 ¼ ΔE298 þΔ PVð Þ ¼ ΔE298 þΔngRT
ΔH298 ¼ E B�ð Þ298 � E HBð Þ298 þ 5 2=ð ÞRT

where E298 represents calculated energy including thermal
vibrational corrections and HB and B− represents selected
acidic sites and their conjugated bases in O-alkylated adducts.
The (5/2) RT term includes translation energy of proton andΔ
(PV) term. The computational acidity value (black values,
ΔHacidity in kcal mol−1) and proton affinities (red values, PA
in kcal mol−1) for multiple sites of most stable tautomers of
cytosine, thymine, O4-methylthymine, O2-methylcytosine
and O2-methylthymine are shown in Fig. 6.

Cytosine nucleobase

The canonical form of cytosine nucleobase has three poten-
tially acidic amino groups: N1-H, N4-Ha and N4-Hb protons
(see Fig. 4 for atom numbering). For this keto tautomer, the
most acidic site was reported to beN1, followed byN4-Hb and
N4-Ha, with gas phase acidities of 345.1, 347.9 and 353.8 kcal
mol−1, respectively (see Fig. 6 for more details). Gas phase
acidity of N4-Ha is about 5 kcalmol−1 higher than that of N4-
Hb due to the repulsion between the electron lone pairs cen-
tered at N3 and at N4. It is worth mentioning that gas phase
acidity values for N1-H and N4-Hb sites are in excellent
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agreement with experimental values of 342±3 and 352±
4 kcalmol−1 measured using the bracketing method [69].
Moreover, the acidity value of the most acidic site of cytosine
measured in this study is in agreement with that previously
measured by Chen and Chen (340±2 kcalmol−1) using a
variety of methods such as derivation from DMSO pKa

values, electron impact, and negative chemical ionization
mass spectrometry [70, 71]. On the other hand, the canonical
C1 tautomer of cytosine nucleobase has two sites that are
close in basicity: O2 atom (PA=219.2 kcalmol−1) and N3
atom (PA=226.0 kcalmol−1) (see Fig. 6 for more details).
These values are in agreement with previously measured
values [72, 73].

Thymine nucleobase

The acidity of the canonical tautomer of thymine
nucleobase at the most acidic site, N1, is calculated to
be ΔHacidi ty = 336.2 kcalmol−1, which is also in
agreement with a previously measured value of 333.0±
2 kcalmol−1 using different methods [74, 75]. The N3-H
site is less acidic with ΔHacidity=342.5 kcalmol−1 (see
Fig. 6 for more details). Proton affinity measurements
yield a value of PA=119.2 kcalmol−1 and PA=201.
3 kcalmol−1 for the O2 and O4 basic sites, respectively,
which agrees with previous measurements (PA=210.
5 kcalmol−1) [76–80].
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O4-methylthymine

The most stable tautomer of O4-methylthymine, 1a, is pre-
dicted to have gas phase acidity value of 343.6 kcalmol−1,
for deprotonation of the N1 site because the N3 site is
blocked by an imino bond (see Fig. 6). NBO analysis shows
that, in anions generated from deprotonation of this mole-
cule, a strong hyperconjugation interaction exists between
lone pairs in anionic centers and the antibonding orbitals of
their neighboring atoms. Generally, the more (less) acidic
positions are those that generate the most (least) stable
anionic species. Values of E(2) for orbital interactions of
N1 anionic center of the 1a tautomer generated during
deprotonation are: LPN1 → BD*C2-N3 (11.3 kcalmol−1),
LPN1 → BD*C2-O2 (5.8 kcalmol−1), LPN1 → BD*C5-C6 (7.
3 kcalmol−1) and LPN1 → BD*C6-H6 (2.8 kcalmol−1),
respectively.

O2-methylcytosine

The gas phase acidities for protons of the most stable tauto-
meric forms of O2-methylcytosine, 1b, calculated at
B3LYP/6-311++G (d,p) level of theory are shown in
Fig. 6. The most acidic site of this tautomer is N4-Hb with
a ΔH acidity value of 351.8 kcalmol−1. The N4-Ha is less
acidic at 355.0 kcalmol−1. As shown by NBO analysis, the
negative charge at N4-Hb deprotonated form of 1b tautomer
is stabilized by LPN4 → BD*N3-C4 (13.0 kcalmol−1), LPN4 →
BD*C2-N3 (0.5 kcalmol−1) and LPN4 → BD*C4-C5 (0.5 kcal
mol−1). In N4-Ha, the deprotonated structure of this molecule
LPN4→BD*N3-C4 (1.8 kcalmol−1) and LPN4 → BD*C4-C5
(11.4 kcalmol−1) interactions play an important role in stabi-
lization of negative charge on the N4 atom. Furthermore, the
results of calculations revealed that the 1b tautomer of O2-
methylcytosine has two positions that could accept a proton:
the most basic site N1 with proton affinity of 234.8 kcalmol−1

and the N3 site (the next most basic position with a PA value
of 213.7 kcalmol−1).

O2-methylthymine

In the 1c tautomer of O2-methylthymine the most acidic
site is the N3-H proton, with a ΔH acidity value of 340.
1 kcalmol−1 (see Fig. 6). For this anion, the value of
second perturbation energies of the LP → BD* types of
interactions are: LPN3 → BD*C2-O2 (2.5 kcalmol−1),
LPN3 → BD*C2-N3 (10.2 kcalmol−1), LPN3 → BD*C5-C6
(9.7 kcalmol−1) and LPN3 → BD*C6-H6 (3.6 kcalmol−1),
respectively. Moreover, the results of calculation re-
vealed that the most basic site of this molecule is N1 atom,
with a proton affinity value of 215.2 kcalmol−1. The O4
is the next basic position with a proton affinity value of
211.7 kcalmol−1.

Hydrogen bonding interaction and base pair properties

As mentioned in the Introduction, the O-alkylated adducts
of cytosine and thymine nucleobases that arise from expo-
sure to certain chemicals are highly mutagenic. Their muta-
genicity arises from base pair transition that occurs as a
result of the different hydrogen bonding preferences of
normal nucleobase versus damaged ones. On the other hand,
because proton affinities and acidities are related to hydro-
gen bonding acceptor and donor ability, we can use these
values to try to understand the hydrogen bonding properties
of O-alkylated adducts. The optimized structures of A-T
(adenine-thymine), O4-methylthymine-A and O4-
methylthymine-G base pairs as well as their respective hy-
drogen bond lengths are shown in Fig. 7.

Furthermore, the stability of base pairs is a result of many
contributions [74] including hydrogen bonds (H-bonds)—
the main binding factor in base pairs. The equilibrium
distance between the proton donor and the proton acceptor
atom in base pairs is generally controlled by ΔE, with a
stronger hydrogen bond associated with a shorter length. On
the other hand, Guerra et al. [75] investigated the fact that
the nature of the H-bond in DNA and RNA base pairs is
controlled by charge transfer and resonance assistance.
BP86/TZ2P analysis of adenine-thymine (A-T) and
guanine-cytosine (G-C) disproved that H-bonding in DNA
base pairs is a predominantly electrostatic phenomenon.
Instead, it has a substantial charge-transfer character caused
by donor acceptor orbital interactions between O and N lone
pairs and σ* N-H acceptor orbitals. On the other hand,
according to the relationship between hydrogen bond energy
and the potential energy density at the BCP, the hydrogen
bond energies EH…X can be calculated using the following
equation [81–83]:

EH...X ¼ 1 2 V rð Þ VðrÞ= ¼ 1 4r2ρðrÞ� � 2G rð Þ

Optimized geometry parameters, electron density ρ(r) in
(a.u), Laplacian of electron density∇2ρ(r) in (a.u), H-bond
energy E H…X (in kcal mol−1), selected NBO charge, and the
H-bond stabilization energy E(2) (in kcal mol−1) calculated
at B3LYP/6-311++G (d,p) level for every H-bond in A-T,
O4-methylthymine-A and O4-methylthymine-G base pairs
are given in Table 3. As seen in Fig. 7, the A-T base pair
has two H-bonds: from N6-H in adenine to O4 atom in O4-
methylthymine (1.924 Å), and from N3-H in thymine to N1
atom of adenine (1.841 Å). The N6-H⋯O4 H-bond has a
E(2) energy value of 11.7 kcalmol−1, an electron density ρ(r)
of 0.021 and Laplacian of electron density ∇2ρ(r) of 0.120.
The N3-H⋯N1 H-bond in this base pair has a E(2) energy
value of 24.5 kcalmol−1, an electron density ρ(r) of 0.027
and Laplacian of electron density ∇2ρ(r) of 0.170. These
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short and strong H-bonds contribute to the stability of the A-
T base pair.

The O4-methylthymine-A base pair also has two H-
bonds: from N6-H in adenine to O4 atom in thymine (1.
883 Å), and from C2-H in adenine to O2 atom in thymine
(2.890 Å). From Fig. 7, it can be seen that the H-bond
pattern in O4-methylthymine-A base pair differs from that
of the normal A-T base pair. The most distinct changes are
the O4⋯H-N6 H-bond in the O4-methylthymine-A base
pair, which decreased by 0.041, and the N1⋯H-N3 H-
bond in the A-T base pair which disappeared in the O4-
methylthymine-A base pair during alkylation of the O4
atom. As seen from Table 3, the O4⋯H-N1 H-bond in the
O4- methylthymine-A base pair has an E(2) energy value of
8.5 kcalmol−1, an electron density ρ(r) of 0.0017 and
Laplacian of electron density ∇2ρ(r) of 0.047. The O2⋯H-
C2 H-bond in this base pair has an E(2) energy value of 1.
4 kcalmol−1, an electron density ρ(r) of 0.004 and Laplacian
of electron density ∇2ρ(r) of 0.015.

The O4-methylthymine-G base pair is marked by two H-
bonds as shown in Fig. 7: one between the N1-H atom of
guanine and the N3 atom of O4-methylthymine with a
distance of 1.887 Å, and the other between the N2-H atom
of guanine to the O2 atom of O4-methylthymine with a
distance of 1.721 Å. As shown in Table 3, the N3⋯H-N1
H-bond in this base pair has an E(2) energy value of 19.
6 kcalmol−1, an electron density ρ(r) of 0.016 and Laplacian
of electron density ∇2ρ(r) of 0.079. The O2⋯H-N2 H-bond
has an E(2) energy value of 18.9 kcalmol−1, an electron
density ρ(r) of 0.018 and Laplacian of electron density
∇2ρ(r) of 0.101 (see Table 3).

As expected for close-shell interactions, all Laplacians of
electron densities are positive, which indicate a depletion of
electron density from the inter-atomic surface towards the
interacting nuclei. Values of ρ(r) and ∇2ρ(r) for H-bond
interactions in the A-T base pair are notably higher than
those of base pairs of O-alkylated adducts (see Table 3). As
a rule, increasing values of ρ(r) and ∇2ρ(r) at H-BCPs

O4T-G O4T-A

A-T

Fig. 7 Optimized structures of
A-T (adenine-thymine),
O4-methylthymine-A and
O4-methylthymine-G base pairs
obtained at B3LYP/6-311++G
(d,p) level of theory. Bond
lengths are in Ångstroms

Table 3 Optimized geometry parameters, electron density ρ(r) in
(a.u), Laplacian of electron density∇2ρ(r) in (a.u), H-bond energy E
H…X (in kcalmol−1), selected natural bond orbital (NBO) charge, and

the H-bond stabilization energy E(2) (in kcalmol−1) calculated at
B3LYP/6-311++G (d,p) level for A-T, O4-methylthymine-G and O4-
methylthymine-A

Base pair Hydrogen bond ρ(r) ∇2ρ(r) E H…X d (Å) NBO charge E(2)

A-T O4…H-N6 0.021 0.120 7.5 1.924 −0.653, 0.435, −0.763 11.7

N1…H-N3 0.027 0.170 11.9 1.841 −0.618, 0.460, −0.663 24.5

O4-methylthymine -G O2…H-N2 0.018 0.101 6.1 1.721 −0.654, 0.401, −0.786 18.9

N1…H-N3 0.016 0.079 4.6 1.887 −0.655, 0.453, −0.616 19.4

O4-methylthymine -A O4…H-N1 0.017 0.047 9.0 1.883 −0.551, 0.412, −0.784 8.5

O2…H-C2 0.004 0.015 0.8 2.890 −0.624, 0.191, −0.293 1.4

J Mol Model (2013) 19:2993–3005 3001



results in increasing H-bond strength. Comparison of hy-
drogen bonds energies (E H⋯X) with ρ(r) values of H-bonds
in the A-T base pair with those of O-alkylated base pairs
confirms this prediction.

On the other hand, as seen from Fig. 6, alkylation of
thymine nucleobase at the O4 atom increases the basic-
ity of the O2 atom considerably from 199.2 kcalmol−1

to 225.5 kcalmol−1. Therefore, any H-bond to this site
would be fairly strong, and the ability of this site to
accept protons from hydrogen donor sites in base pairs
increases. For example, as seen from Table 3, the
O4⋯H-N6 H-bond in the A-T base pair has an H-
bond (E H⋯X) value of 7.5 kcalmol−1, while in the
O4-methylthymine-A base pair, E H⋯X increases to 8.
9 kcalmol−1. On the other hand, alkylation of the thy-
mine nucleobase at the O4 site increases the ΔHacidity

of the N1-H site considerably from 336.2 kcalmol−1 to
343.6 kcalmol−1 (i.e., its deprotonation reaction be-
comes more endothermic). Therefore, any hydrogen
bond to this site would be fairly weak and thus the
ability of this proton to act as a hydrogen bond donor
decreases. Furthermore, the N3 atom in the thymine
nucleobase changes from an acidic site to a basic site
in O4-methylthymine as result of alkylation, leading to
the hydrogen bond pattern shown in Fig. 7. The
N1⋯H-N3 hydrogen bond in the A-T base pair has an
E H⋯X of 11.9 kcalmol−1. However, EH⋯X for the same
hydrogen bond in the O4-methylthymine-A base pair is
3.2 kcalmol−1 (Table 3). In general, hydrogen bond
energies in the A-T base pair are stronger than those
in the O4-methylthymine-A base pair (see EH⋯X values
in Table 3). On the other hand, hydrogen bonds ener-
gies in the O4-methylthymine-G base pair are stronger
than those of the O4-methylthymine-A base pair. These
results confirm the A-T to G-C transition that occurs as
a result of different hydrogen bonding preference for
normal thymine versus damaged O4-methylthymine.

Biological applications

An interesting aspect of cytosine and thymine nucelobases
is how their O-alkylated damaged nucleobases are repaired
in DNA. DNA is inevitably damaged and, as mentioned in
the Introduction, nature has devised various ways to repair
damaged nucleobases. The main (preferred) category of
repair is the base excision repair (BER) pathway, which uses
the glycosylase family of enzymes. The initial step in BER
is the removal of a nucleobase rather than a nucleotide. The
enzymes involved in BER pathways are DNA glycosylases,
which recognize damaged bases and excise them by hydro-
lyzing the N-glycosidic bond between the nucleobase and
the sugar moiety [84, 85], leading to apurinic or
apyrimidinic sites.

As shown in Fig. 8, alkyl DNA glycosylase uses an anionic
cleavage mechanism for DNA repair. This mechanism is also
proposed for a related enzyme, thymine DNA glycosylase
(TDG), which cleaves mutated pyrimidine nucleobases from
DNA. This mechanism, and the relative amounts of purine
and pyrimidine nucleosides and glycosidic bond hydrolysis
are highly dependent on the relative acidities of various func-
tional groups on the leaving group nucleobases. This depen-
dence reflects the profound activating effect of nucleobase
protonation, which makes the leaving group nucleobase more
electron deficient, thereby accommodating the increased elec-
tron density that develops during glycosidic bond cleavage. In
terms of this mechanism, one can imagine cleavage with a
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“deprotonated damaged nucleobase” as the leaving group
(Fig. 8), or protonation of the damaged nucleobase first to
facilitate cleavage.

In terms of this mechanism, as we demonstrated recently
[86], the ease of excision should be related to the leaving
group property of the deprotonated damaged nucleobase
versus that of the normal nucleobase (Fig. 8). The alkyl
DNA glycosylase enzyme discriminates the damaged
deprotonated nucleobase from the normal nucleobase be-
cause the former is a better leaving group. Does the enzyme
find the O4-methylthymine nucleobase a better leaving
group than thymine nucleobase? The ΔHacidity of N1-H of
O4-methylthymine (1a tautomer) is 343.6 kcalmol−1, which
is 7.4 kcalmol−1 less acidic than thymine nucleobase (T1
tautomer with ΔHacidity=336.2 kcalmol−1; Fig. 6). These
results suggest that the thymine DNA glycosylase enzyme
not cleave the N-glycosylic bond of O4-methylthymine.
Because O4-methylthymine has a much higher value of
ΔHacidity than thymine, it is not prone to anionic cleavage.
Consequently, Nature has presumably devised an alternative
method to repair of the O4-methylthymine adduct. For ex-
ample, demethylation via methylthymine methyltransferase
(MTMT-SH; Fig. 9) could occur.

Conclusions

In the present paper, we performed a detailed DFT study in
conjunction with 6-311++G (d,p) atomic basis set to probe
the intrinsic properties, such as acidity, proton affinity, equi-
librium tautomerization, and base pairing properties, of
some O-alkylated DNA adducts (i.e., O4-methylthymine,
O2-methylcytosine and O2-methylthymine). In particular,
we investigated how these O-alkylated damaged
nucleobases differ from normal cytosine and thymine
nucleobases. Base pair hydrogen bond energies in adenine
and thymine normal nucleobase and their O-alkylated ad-
ducts were investigated by means of NBO and AIM. The
results showed that O-alkylated adducts have a different
hydrogen bonding pattern from normal nucleobases in the
DNA strand. On the other hand, O-alkylated adducts have
fewer tendencies to form hydrogen bonds in DNA strands
because the hydrogen bond donor/acceptor ability of these
molecules depends on their proton affinity and acidity prop-
erties. Furthermore, results of calculation have shown that
the properties of normal versus O-alkylated damaged
nucleobases lends insight into the mechanism whereby dam-
aged nucleobases are cleaved. Comparison of the acidic
properties of these DNA O-alkylated adducts to those of
normal cytosine and thymine nucleobases supports the the-
ory that the alkyl DNA glycosylase enzyme does not cleave
O-alkylated damaged nucleobases as anions, and that these
molecules would be a worse leaving group than normal

nucleobases and be repaired in the genome by demethyla-
tion rather than by enzyme-catalyzed excision.
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