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The mechanism for the deamination reaction of 5-methylcytosine with H2O in protic medium was investigated
using DFT calculations at the B3LYP/6-311G(d,p) level of theory. Two pathways were found. Pathway 5mA
is a two-step mechanism where the N3-protonated 5-MeCyt undergoes a nucleophilic attack to carbon C4 by
a water dimer before the elimination of an ammonium cation. Pathway 5mB is a three-step mechanism where
neutral 5-MeCyt is directly attacked by a water dimer. The resulting intermediate is then protonated to allow
the elimination of an ammonium cation. Both pathways lead to the formation of thymine in interaction with
an ammonium cation and a water molecule. Pathway 5mA can explain the spontaneous deamination of 5-MeCyt
in protic medium at acidic pH, whereas pathway 5mB is more representative of the deamination in protic
medium at neutral pH. The nucleophilic addition of the water dimer is rate-determining in both pathways and
is associated with an activation free energy in aqueous solution of 137.4 kJ/mol for pathway 5mA and 134.1
kJ/mol for pathway 5mB. This latter value is in agreement with the experimental observation that 5-MeCyt
deaminates four- to fivefold faster than Cyt at neutral pH. Both electrostatic and electron-transfer contributions
appear to have significant importance. In vacuum, the former one dominates when the substrate is positively
charged and the latter one when it is neutral.

1. Introduction
Enzymatic methylation of cytosine (Cyt) residues giving rise

to 5-methylcytosine (5-MeCyt) occurs mostly at CpG sequences
of DNA, with a frequency of about 5% in human cells.1,2 This
constitutes a critical cellular event that plays a significant role
in gene regulation3 and defense against viral infection.4,5 In
addition, hypo- and hypermethylation reactions of DNA have
been suggested to be involved in the initiation and progression
steps of human cancers.6-8 Spontaneous deamination of 5-me-
thylcytosine in cellular DNA leads to the formation of thymine,
which in turn forms a highly mutagenic G:T mismatch with
the opposite guanine base.9,10 The Vsr DNA endonuclease and
several glycosylases, which have been identified in prokaryotic
and/or eukaryotic cells,11,12 are able to efficiently prevent the
formation of C f T transition by repairing G:T mismatch to
predominantly G:C base pairs.13

Detailed studies on hydrolytic deamination of 5-MeCyt and
Cyt, either as free nucleotides or when inserted into DNA
fragments, have been performed at neutral physiological pH’s.
The deamination mechanism of 5-MeCyt in neutral aqueous
solutions is likely to involve protonation at N3 in the initial
step, accompanied by an addition-elimination reaction leading
to the hydrolytic loss of the exocyclic 4-amino group as also
proposed for Cyt.14 It has been shown as a general trend that
the deamination rate of 5-MeCyt is about fivefold higher than
that of Cyt in both nucleoside 5′-monophosphates15 and single-
stranded DNA16-18 at 37 °C. The rate constant for spontaneous
hydrolytic deamination of 5-MeCyt in double-stranded DNA
at 37 °C and neutral pH was determined to be 5.8 × 10-13 s-1

using a sensitive genetic assay, twofold higher than that of

cytosine.19 It can be noted that these values are at least 3 orders
of magnitude lower than those estimated for 5-MeCyt and Cyt
in nucleotides and single-stranded DNA, showing a major
protecting effect of stacking and base-pairing on hydrolytic
deamination of 5-MeCyt and Cyt in double-stranded DNA.
These rates, albeit low, are able to explain the mutation
frequencies observed, as these are even lower due to the efficient
repair of G:T mismatch. It was recently proposed that enzymatic
deamination of 5-MeCyt mediated by DNA deaminases of Aid/
Apobec could take place in pluripotent tissues,20 and that these
appear to be more efficient than the hydrolytic reaction.20

Saturation of the 5,6-double bond as the result of photohy-
dration,21 •OH-mediated 5,6-dihydroxylation,22 or dimerization
including formation of cyclobutane pyrimidine dimers and
pyrimidine (6-4) pyrimidone photoproducts23,24 leads to a
significant enhancement of the deamination rate of the 5-MeCyt
residue. However 5,6-dihydroderivatives of 5-MeCyt were found
to display increased resistance toward hydrolytic deamination
as compared to related Cyt compounds,22,23 whereas an opposite
trend is observed for the normal unsaturated bases.

The present study is aimed at gaining insight into the
mechanism of hydrolytic deamination of 5-MeCyt using com-
putational modeling and at trying to rationalize the fact that
5-MeCyt is more sensitive than Cyt toward spontaneous
deamination. This constitutes a follow-up theoretical investiga-
tion of spontaneous deamination of Cyt25 that was achieved at
the PCM-corrected B3LYP/6-311G(d,p) level of theory, thereby
allowing a comparison between the two pyrimidine aminobases.
In the previous study,25 two pathways (pathway A and pathway
B) were proposed to explain the cytosine deamination in protic
medium (Figure 1). The same two pathways will be investigated
in the case of 5-MeCyt (pathway 5mA and 5mB) to allow the
comparison in terms of energetic barriers. After section 2 where
the different computational methods used in this theoretical study
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are specified, section 3 is devoted to the presentation and
discussion of the results obtained for the reaction mechanism
of 5-MeCyt deamination in protic medium. After a brief
description of the energetics of pathways 5mA and 5mB
(subsection 3.1) including a comparison with those of pathways
A and B, the geometries involved in all cases are assessed in
details (subsection 3.2). Subsection 3.3 focuses on a comparison
of the electronic structure of the two pyrimidine aminobases
and their N3-protonated forms in order to rationalize the results
described in the two previous subsections. For this purpose,
different properties such as partial charges on the nuclei, orbital
energies, and reactivity indices derived from conceptual DFT
are discussed. The theoretical background on these reactivity
indices and similar is introduced in subsection 2.2.

2. Methodology

All the calculations were performed using the Gaussian 03
package26 at the B3LYP/6-311G(d,p)27-31 level.

2.1. Computational Investigation of Reaction Pathways.
2.1.1. General Considerations. As a first step, the geometries
of molecular systems of interest were optimized in vacuum.
After full optimization, the different stationary points were
characterized as either minima or transition states by computing
the vibrational frequencies within the harmonic approximation
at the same level of theory. Thermal data were extracted in order
to obtain the different thermodynamic functions of reaction and
the corresponding activation parameters at 298.15 K and 1 atm.

Energy calculations were performed on the optimized geom-
etries including a polarized continuum model in the integral
equation formalism (IEF-PCM; hereafter named PCM)32-34 with
dielectric constant ε ) 78.39 in order to simulate the bulk effect
of an aqueous environment. If this value is clearly not
appropriate to simulate the quite apolar environment inside

duplex DNA, it is adapted to reproduce the one of nucleoside
5′-monophosphates in aqueous solvent, for which was experi-
mentally observed a difference of reactivity between cytosine
and 5-methylcytosine toward deamination.15 The cavity was built
using the united atom topologic model applied on the atomic
radii of the UFF force field, with an average area of 0.2 Å2 for
the tesserae generated on each sphere. The default cavity was
modified by adding individual spheres on all hydrogen atoms
linked to nitrogen and oxygen atoms, using the keyword
SPHEREONH.

Reactions paths in vacuum were characterized at the same
level of theory by performing intrinsic reaction coordinate (IRC)
calculations. This was done from each gas phase optimized
transition structure, to ensure that they are connected to the
appropriate reactants and products.

2.1.2. The ReactiWe Forms 5mR1 and 5mR2. For the
reactant complexes 5mR1 and 5mR2 which involve electrostatic
interactions between 5-MeCyt (or its N3-protonated form) and
two water molecules, unconstrained geometry optimizations
render hydrogen bond stabilized molecular complexes where
the oxygen atoms of the two water molecules and 5-MeCyt (or
its N3-protonated form) are coplanar, as shown in Figure 2.

Since both pathways 5mA and 5mB are initiated by a
nucleophilic addition of a water molecule on carbon C4, these
geometries for 5mR1 and 5mR2 are not realistic. Indeed, the
attacking water molecule has to come from a direction perpen-
dicular to the plane defined by the pyrimidine ring. Conse-
quently, the optimization of the reactant complexes was achieved
by imposing constraints in order to impose a correct relative
orientation of the three molecules forming the complexes. This
orientation was determined by studying the reaction force
profiles along the IRC of the first elementary step for the two
pathways, in the case of Cyt (Figure 3). The concept of reaction
force that was introduced a few years ago by Toro-Labbé35 is
defined as

F(�))- dE
d�

(1)

where � is the intrinsic reaction coordinate that represents the
force acting on the system to bring the reactant(s) into the pro-
duct(s). By definition, the reaction force vanishes at the three
stationary points characterizing an elementary step, i.e., the
reactant, the transition state, and the product. From Figures 3c
and 3d, it can be seen that the reaction force is almost equal to
zero in a region located before the transition states TS1 and
TS4 but after R1 and R2 (indicated by a dashed vertical line in
each graph). The relative orientations of the two water molecules
at these particular points were then chosen for the constrained
geometry optimization of the reactive complexes 5mR1 and
5mR2. To distinguish them from the ones displayed in Figure
2, the notation 5mR1′ and 5mR2′ is used. Geometries for the
constrained reactants are shown in Figure 4. It can be noted

Figure 1. Reaction pathways studied in this work for the spontaneous
deamination of Cyt (R ) H, top labels) and 5-MeCyt (R ) CH3, bottom
labels) in protic medium. Inset: atomic labeling used in the current
study.

Figure 2. Geometries of the reactant complexes of pathways 5mA
and 5mB, optimized in vacuum without constraints.
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that, as expected, the water molecule that will attack carbon
C4 is not in the plane defined by the pyrimidine ring but well
situated to add to C4 perpendicularly to the ring plane. In the
following, the energies of the different stationary points involved
in pathways 5mA and 5mB are calculated with respect to 5mR1′
and 5mR2′.

2.2. Evaluation of Reactivity Indices. Several reactivity
indices derived from conceptual DFT36-38 and allowing a
measure of electrophilicity of molecular systems39,40 were used
in this work to rationalize the difference of reactivity between
cytosine and 5-methylcytosine and their N3-protonated forms
toward their hydrolytic deamination. They were calculated from
geometries optimized on one hand in vacuum and on the other
hand in an aqueous solvent modelized as described in section
2.1. Some of the indices used in this work are global; others
are local. Moreover, some are more accurate to describe
electrostatic control (or charge control), whereas others are more
adapted to describe an electron-transfer control (or frontier-
orbital control).41-44

2.2.1. Definition and Computation of the Global ReactiWity
Indices Used in This Work. 2.2.1.a. Chemical Potential (µ).
Within the conceptual DFT, the chemical potential µ has been
defined as36,37,45

µ) (∂E
∂N)V( rb)

(2)

It measures the escaping tendency of the electronic cloud from
equilibrium.46 Consequently, a good electrophilic reactant must
have a low chemical potential µ.

2.2.1.b. Absolute Hardness (η). The absolute hardness η,
which can be viewed as the resistance of a molecular system to
a charge transfer,47-49 is defined as36,37,45

η) ( ∂
2E

∂N2)
V( rb)

(3)

The smaller the absolute hardness, the bigger the electrophilicity
of a molecular system.

2.2.1.c. Global Electrophilicity Index (ω). The global elec-
trophilicity index ω is defined as50,51

ω) µ2

2η
(4)

By analogy with the equation of power in classical electricity
(W ) V 2/R with W the power, V the potential difference, and R
the resistance), ω can be considered as the measure of the
electrophilic power of a molecular system. Assuming that the
chemical potential is often negative, a large electrophilic power
is consistent with a low (very negative) chemical potential and
a small absolute hardness, as already mentioned.

2.2.1.d. Computational EValuation. µ, η, and ω were calcu-
lated using approximate expressions deriving from the use of a
finite difference approximation and the Janak’s theorem52,53

µ ≈ 1
2

(εLUMO + εHOMO) (5)

η ≈ (εLUMO - εHOMO) (6)

ω ≈ 1
8

(εLUMO + εHOMO)2

(εLUMO - εHOMO)
(7)

where εHOMO and εLUMO are the energies of the highest
occupied (HOMO) and the lowest unoccupied (LUMO) mo-
lecular orbitals, respectively.

2.2.2. Definition and Computation of the Local ReactiWity
Indices Used in This Work. All the previous indices provide
information on the reactivity of a molecular system as a whole.
However, they are not relevant for assessing differences in
reactivity within the system. For this, local indices were used:
the net atomic charges to describe reactivity under electrostatic
control, and three other indices more accurate to describe
reactivity under electron-transfer control.

2.2.2.a. Net Atomic Charges. The net atomic charges obtained
from the electrostatic potential provide a good description of
the way in which the electron density distribution of a molecular
system interacts with other molecules.

2.2.2.b. Local Electrophilicity Index (ω+( rb)). The local
electrophilicity index ω+(rb), which is a local version of the
global electrophilicity index ω, is defined as54

ω+( rb))ωf +( rb) (8)

where f +(rb) is the Fukui function used when the system
undergoes a nucleophilic attack55,56

f +( rb)) [∂F( rb)
∂N ]V

+
(9)

with F the electronic density and N the number of electrons in
the molecular system.

f +(rb) measures the intramolecular reactivity at site rb toward
a nucleophilic reagent. The bigger f +(rb), the more reactive the
site will be with respect to other sites of the same molecule
toward a nucleophilic attack. Since ω measures the global
electrophilicity power, ω+(rb) takes into account both global
electrophilicity and local intramolecular reactivity.

2.2.2.c. Excess Electrophilicity (∆ω(rb)). The excess electro-
philicity ∆ω(rb) is defined as57

Figure 3. Potential energy (a and b) and reaction force (c and d)
profiles along the R1-TS1-I1 (a and c) and R2-TS4-I3 (b and d)
elementary steps in vacuum.

Figure 4. Optimized constrained geometries of the new reactant
complexes in vacuum for pathways 5mA and 5mB.
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∆ω( rb))ω∆f ( rb) (10)

where ∆f (rb) is the dual descriptor,58,59 a third-order response
function60 defined as

∆f ( rb)) (∂2F( rb)

∂N2 )
V

(11)

If ∆f (rb) > 0, the site is more electrophilic than nucleophilic,
and the reverse if ∆f (rb) < 0. ∆ω(rb), like ω+(rb), takes into
account both global electrophilicity and local intramolecular
reactivity and is consequently a good intermolecular descriptor.
Since ω is always positive, the more positive ∆ω(rb), the more
favored the site will be to undergo nucleophilic attack, whereas
the more negative it is, the more favored the site will be to
undergo electrophilic attack.

2.2.2.d. Another Local ReactiVity Inex DeriVed from the
EquiValent of the Dual Descriptor in the Grand Canonical
Ensemble. Another reactivity indicator based on the dual
descriptor ∆f (rb) was introduced in a recent article61 to allow
gaining information on the relative reactivity of molecules with
different sizes. This indicator is the equivalent of the ∆f (rb)
function in the grand canonical ensemble and can be expressed
as

s(2)( rb)) ∆f ( rb)

η2
- f( rb)

η3 { (∂η
∂N)V( rb)} (12)

This descriptor, contrary to ∆ω(rb) and ω+(rb), is size extensive.
Consequently, it scales correctly the philicity with respect to
system size and can be used as an appropriate tool to compare
the relative reactivity of Cyt and 5-MeCyt.

The more positive s(2)(rb), the more favored a nucleophilic
attack will be on that site. Assuming that the second term of
the right-hand side of eq 12 is negligible with respect to the
first one, the values of ∆f(rb)/η2 were used in our study to
compare the electrophilicity of Cyt and 5-MeCyt and the one
of their N3-protonated forms.

2.2.2.e. Computational EValuation. The partial charges on
the nuclei have been computed with the ChelpG62 method.
ω+(rb), ∆ω(rb), and ∆f (rb)/η2 were evaluated through their
condensed-to-atom version where the atom of interest is carbon
C4. To calculate these, the following formulas were used

ωC4
+ )ωf C4

+ (13)

∆ωC4 )ω∆fC4 (14)

f C4
+ ) pC4(N+ 1)- pC4(N) (15)

∆fC4 ) pC4(N+ 1)+ pC4(N- 1)- 2pC4(N) (16)

where pC4(N + 1), pC4(N - 1), and pC4(N) are, respectively, the
electronic population of carbon C4 when an electron is added
to the molecular system, when an electron is removed, and in
the normal system.

3. Results and Discussion

3.1. Energetics of Pathways 5mA and 5mB. Pathway 5mA
is initiated by the nucleophilic addition of a first water molecule
to carbon C4 of N3-protonated 5-MeCyt with the assistance of
a second water molecule. This leads to the formation of the
tetrahedral cationic intermediate 5mI1 via transition state
5mTS1. The C4-N4 bond is then broken via transition state
5mTS2, also including a simultaneous proton transfer from
the hydroxyl group at C4 to NH3, thus forming thymine
interacting with one water molecule and an ammonium cation.
Pathway 5mB can be described by a first nucleophilic addition

of a water molecule to carbon C4 of neutral 5-MeCyt with the
assistance of a second water molecule. This gives rise to the
neutral tetrahedral intermediate 5mI3 via 5mTS4. The exocyclic
amino group of 5mI3 is protonated through an intermolecular
proton transfer to form 5mI1 as in pathway 5mA. Pathway 5mB
is subsequently obtained in a similar way as pathway 5mA. In
Figure 5 we display the evolution of the free energy along the
two pathways, in aqueous solvent.

It is worth noting that no intermediate 5mI2 with H2O, NH3,
and CytOH (analogous to that found for cytosine) could be
optimized. All attempts gave 5mP1, i.e., with the C4OH proton
transferred to the leaving ammonia, including also optimization
of the last point of the IRC calculation from 5mTS2. This
suggests that 5mI2 does not exist and that 5mI1 proceeds
directly to 5mP1 via 5mTS2. If existing, 5mI2 would be a van
der Waals complex between a protonated form of thymine, an
ammonia molecule, and a water molecule. The instability in
vacuum of such complexes has already been noticed in our
theoretical study dealing with the deamination of the radical
cation of cytosine.63

From Figure 5 it can be concluded that deamination of
5-MeCyt follows the same pathways as cytosine in protic
medium. For both pathways the first step, the nucleophilic
addition to carbon C4, is the rate-determining step. The
activation free energies are comparable even if pathway 5mB
appears to be a little bit more efficient than pathway 5mA in
aqueous solution.

In Table 1 we report the relative energies in vacuum, the
free energies in vacuum, and the free energies in aqueous
solvent, calculated for the different stationary points of the two
pathways. The related values of Cyt and its N3-protonated form
are also provided in order to allow a comparison. Perhaps it is
worth noting that the activation free energies of pathways A
and B in aqueous solvent (∆G‡

aq,TS1 ) 136.0 kJ/mol and
∆G‡

aq,TS4 ) 138.5 kJ/mol) are quite close to the activation energy
determined experimentally for the spontaneous deamination of
cytidine 5′-monophosphate at 37 °C and pH ) 7.8 (Ea ) 121
kJ/mol).15

The main observations made in the case of Cyt are also valid
for 5-MeCyt. In the two pathways 5mA and 5mB, the nucleo-
philic addition to carbon C4 is the rate-determining step, both
in vacuum and in aqueous solution. In vacuum, the nucleophilic
addition to carbon C4 of 5-MeCyt is easier than to the N3-
protonated form (∆G‡

vacuum,5mTS4 ) 136.3 kJ/mol and
∆G‡

vacuum,5mTS1 ) 169.7 kJ/mol). This is also true in aqueous
solution (∆G‡

aq,5mTS1 ) 137.4 kJ/mol and ∆G‡
aq,5mTS4 ) 134.1

kJ/mol), whereas the trend was reversed in the case of Cyt and

Figure 5. Relative free energies along pathways 5mA and 5mB in
aqueous solvent. Values are expressed in kJ ·mol-1.
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its N3-protonated form (∆G‡
aq,TS1 ) 136.0 kJ/mol and ∆G‡

aq,TS4

) 138.5 kJ/mol).
It appears that according to pathway 5mA, deamination of

5-MeCyt is more difficult than that of Cyt in both vacuum
(∆G‡

vacuum,5mTS1 ) 169.7 kJ/mol and ∆G‡
vacuum,TS1 ) 163.8 kJ/

mol) and aqueous solvent (∆G‡
aq,5mTS1 ) 137.4 kJ/mol and

∆G‡
aq,TS1 ) 136.0 kJ/mol). The opposite is seen in pathways

5mB (∆G‡
vacuum,5mTS4 ) 136.3 kJ/mol and ∆G‡

vacuum,TS4 ) 142.9
kJ/mol; ∆G‡

aq,5mTS4 ) 134.1 kJ/mol and ∆G‡
aq,TS4 ) 138.5 kJ/

mol). As already mentioned in the Introduction, experimental
results15 have shown that the deamination rate of 5-MeCyt is
about fivefold higher than that of Cyt in related nucleoside 5′-
monophosphates at 37 °C and pH ) 7.8. In DNA, it is quite
difficult to know the pKA of Cyt and 5-MeCyt64 and conse-
quently to determine the predominant form of the nucleobases
between neutral and N3-protonated. Nevertheless, in nucleoside
5′-monophosphates, it is quite clear that the pKA of Cyt is about
4.2 whereas that of 5-MeCyt is around 4.6. Consequently, in
the case of nucleoside 5′-monophosphates, at pH ) 7.8, the
proportion of N3-protonated Cyt or 5-MeCyt will be small, and
hence pathways A and 5mA have a much smaller probability
to occur than pathways B and 5mB where a water molecule is
added to the neutral Cyt and 5-MeCyt. The activation free
energy associated with the 5-methylcytosine 5mR2′-5mTS4-
5mI3 step is in aqueous solvent about 4.4 kJ/mol smaller than
that associated with the cytosine R2′-TS4-I3 step. This
difference in the energetic barriers is in agreement with the
difference in the rate constants inferred from the equation given
by the activated complex theory65

k)
kBT

h
exp(-∆G‡

RT ) (17)

Solvation effects make pathways 5mA and A easier, whereas
it has essentially no effect on pathways 5mB and B. Conse-

quently, in aqueous solution, pathway A appears to be more
favorable than pathway B (∆G‡

aq,TS1 ) 136.0 kJ/mol and
∆G‡

aq,TS4 ) 138.5 kJ/mol) whereas pathway 5mB remains more
favorable than pathway 5mA (∆G‡

aq,5mTS1 ) 137.4 kJ/mol and
∆G‡

aq,5mTS4 ) 134.1 kJ/mol). It would be interesting to explore
experimentally whether deamination of 5-MeCyt is faster at
acidic pH than at neutral pH, as observed for Cyt. Indeed,
whereas our results are supportive of the existence of acidic
catalysis for the deamination of Cyt, they are predictive of a
lack of the latter process in the case of 5-MeCyt.

The influence of solvation on the energetic barriers can be
explained by the evolution of the dipole moments along the
different pathways (see Table 2). TS1 and 5mTS1 are more
polar than R1′ and 5mR1′, respectively. This can explain why
pathways A and 5mA are associated with lower barriers in
aqueous solvent than in vacuum. On the contrary, TS4 and
5mTS4 have dipole moments similar to those of R2′ and 5mR2′,
and thus solvation has essentially no effect on the energetic
barriers associated with the first step of pathways B and 5mB.

It may be noted that TS2 and 5mTS2 have smaller dipole
moments than I1 and 5mI1, respectively. Hence, the removal
of NH3 is more difficult in aqueous solvent than in vacuum, as
seen in Table 1.

For a better understanding of the effect of C5-methylation
on the energetic barriers, the geometries of the stationary points
involved in the two kinds of pathways have been studied in
more detail. Emphasis was placed on the geometries of the
transition states involved in the first, rate-determining, steps.

3.2. Geometries of the Stationary Points. 3.2.1. Compari-
son of the Transition States InWolWed in the Rate-Determining
Steps of Pathway A and Pathway 5mA. In the first step of
pathways 5mA and A, a single bond is created between carbon
C4 of the N3-protonated 5-methylcytosine and oxygen O8 of
water, a proton (H8a) is transferred between the two water
molecules, and a second one (H7a) is transferrd from O7 of the
second water molecule to N4 (Figure 6).

Figure 6 shows the optimized geometries of the transition
states and the products associated with this step, i.e.,TS1 and
I1 of pathway A, and 5mTS1 and 5mI1 of pathway 5mA,
respectively.

The two transition states have very similar geometries. A six-
membered ring is formed by carbon C4, oxygen O8, hydrogen
H8a, oxygen O7, hydrogen H7a, and nitrogen N4. Carbon C4
shows a pronounced tetrahedral character. The two proton
transfers are asynchronous, and H8a proton transfer from O8
to O7 has proceeded further than a H7a one from O7 to N4,
giving more of a “H3O+” character at O7.

When the substrate is C5-methylated, the distance between
carbon C4 and oxygen O8 is longer by 0.010 Å. Consequently,
the C4-O8 bond formation is a bit less advanced in the C5-
methylated transition state than in its nonmethylated counterpart.

TABLE 1: Relative Energies in Vacuum (∆Evac), Free
Energies in Vacuum (∆Gvac), and Free Energies in Aqueous
Solution (∆Gaq) for the Stationary Points of Pathways 5mA,
5mB, A, and B, at T ) 298.15 K and P ) 1 atma

pathway system ∆Evac ∆Gvac ∆Gaq

5mA 5mR1′ 0.0 0.0 0.0
(A) (R1′) (0.0) (0.0) (0.0)
5mA 5mTS1 150.6 169.7 137.4
(A) (TS1) (145.1) (163.8) (136.0)
5mA 5mI1 84.2 93.1 66.7
(A) (I1) (77.9) (87.9) (64.2)
5mA 5mTS2 89.2 96.8 81.5
(A) (TS2) (84.9) (93.9) (82.3)
5mA 5mI2 - - -
(A) (I2) (36.8) (20.0) (35.0)
5mA 5mP1 -39.7 -44.1 -67.3
(A) (P1) (-43.2) (-47.8) (-65.2)
5mB 5mR2′ + H+ 0.0 0.0 0.0
(B) (R2′ + H+) (0.0) (0.0) (0.0)
5mB 5mTS4 + H+ 115.3 136.3 134.1
(B) (TS4 + H+) (121.4) (142.9) (138.5)
5mB 5mI3 + H+ 62.4 75.7 79.2
(B) (I3+ H+) (62.1) (74.9) (79.3)
5mB 5mI1 -908.5 -867.0 46.4
(B) (I1) (-908.7) (-865.6) (44.0)
5mB 5mTS2 -903.4 -863.3 61.2
(B) (TS2) (-901.6) (-859.6) (62.1)
5mB 5mI2 - - -
(B) (I2) (-949.7) (-933.5) (14.8)
5mB 5mP1 -1032.4 -1004.3 -87.6
(B) (P1) (-1029.7) (-1001.3) (-85.4)

a All values are expressed in kJ/mol.

TABLE 2: Dipole Moments (µ, in D) of the Stationary
Points Involved in Pathways 5mA, 5mB, A, and B in
Vacuum

system µ system µ

5mR1′ 5.0 R1′ 5.2
5mTS1 7.1 TS1 7.4
5mI1 6.1 I1 6.4
5mTS2 5.8 TS2 6.0
5mI2 - I2 3.6
5mP1 10.8 P1 11.3
5mR2′ 5.1 R2′ 4.8
5mTS4 5.0 TS4 4.9
5mI3 3.9 I3 4.0
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On the contrary, the H8a proton is transferred further when C5
is methylated. The H7a proton transfer has progressed slightly
more when cytosine is C5-methylated (dH7a-O7 ) 1.015 Å in
TS1 and dH7a-O7 ) 1.021 Å in 5mTS1). Hence, it appears that
the C5-methylation delays the C4-O8 bond creation and
promotes the two proton transfers. A consequence is that the
nucleophilic agent becomes more resemblant of a hydroxyl
anion in the case of the 5-MeCyt. IRC calculations from TS1
and 5mTS1 show that the C4-O8 bond creation begins before
the two proton transfers. Consequently, the concerted mechanism
associated with this elementary step is more synchronous when
C5 is methylated. Intuitively, it can be assumed that the
corresponding energetic barrier is narrower but higher. The
values reported in Table 1 shows that, effectively, the free
energy barrier associated with 5mTS1 is indeed higher than
the one associated with TS1 (by 5.9 kJ/mol in vacuum and by
1.4 kJ/mol in aqueous solvent) and the associated imaginary
frequency of 5mTS1 is about 8 cm-1 higher than that of TS1
(ν5mTS1 ) 457.0 icm-1; νTS1 ) 449.4 icm-1). It is well
documented that the imaginary frequency is related to the barrier
width: the higher the frequency, the narrower the energetic
barrier. This is all consistent with the fact that the deamination
of the N3-protonated 5-MeCyt is more synchronous than that
of the N3-protonated Cyt.

3.2.2. Comparison of the Transition States InWolWed in the
Rate-Determining Steps of Pathway B and Pathway 5mB. As
in the case of pathways A and 5mA, the first step of pathways B
and 5mB also involves two proton transfers and the creation of
one C-O single bond. In this case, one proton (H7a) is transferred
from O7 to N3, a second proton (H8a) is transferred from O8 to
O7, and a single bond is created between carbon C4 of the cytosine
derivative and oxygen O8. In Figure 7 we present the optimized
geometries of the transition states and the products associated with
this elementary step, in the case of both Cyt and 5-MeCyt, i.e.,
TS4 and 5mTS4, and I3 and 5mI3.

The geometries of TS4 and 5mTS4 are very similar, as were
those of TS1 and 5mTS1. Both cases involve six-center
transition states (N3, H7a, O7, H8a, O8, and C4). The H7a
proton transfer from O7 to N3 appears much later than that for
H8a. The tetrahedral character of carbon C4 in TS4 and 5mTS4
is less pronounced than in TS1 and 5mTS1. Moreover, the
distances between carbon C4 and oxygen O8 are much longer

than those involved in TS1 and 5mTS1. The IRC calculation
from TS4 shows that when the substrate is neutral, the two
proton transfers begin before the C4-O8 bond creation, whereas
when the substrate is N3-protonated, it is the C4-O8 bond
creation which induces the two proton transfers. This is in
agreement with the fact that the N3-protonation increases the
aminobase electrophilic power. When the substrate is unproto-
nated, carbon C4 is not electrophilic enough to undergo a
nucleophilic attack; instead N3 needs to first become protonated.
On the contrary, when the substrate is already N3-protonated,
carbon C4 is sufficiently electrophilic to directly undergo
nucleophilic addition.

In 5mTS4 the distance between carbon C4 and oxygen O8
is longer than in TS4 (dC4-O8 ) 2.204 Å in TS4, dC4-O8 ) 2.239
Å in 5mTS4). Consequently, the C4-O8 single bond creation
is less advanced when the substrate is C5-methylated, in
comparison with Cyt. The H7a proton transfer from O7 to N3
is almost finished at the transition states since the distance
between H7a and N3 is 1.041 Å in TS4 and 1.039 Å in 5mTS4.
The H8a proton transfer from O8 to O7 is much more advanced
when C5 is methylated than when it is not; the distance between
H8a and O8 is 1.283 Å in TS4 and 1.410 Å in 5mTS4. As
already observed in the previous section, the C5-methylation
delays the C4-O8 bond creation and brings forward the proton
transfers. As previously noted, along the elementary step, the
reactions move toward the creation of a better nucleophilic agent
(closer to a “hydroxyl anion”) on carbon C4. However, in the
case of pathway 5mB, since the C4-O8 bond creation is the
last of the three events, C5-methylation makes the H8a proton
transfer and the C4-O8 bond creation less synchronous.
Contrary to what was suggested in the case of pathways A,
which appear to be more synchronous in the case of 5-MeCyt,
in pathways B the mechanism is made less synchronous, and
thus the C5-methylation must render a wider but lower energetic
barrier to cross. Values that are reported in Table 1 confirm
that the barrier is less high for 5-MeCyt (by 6.6 kJ/mol in
vacuum and 4.4 kJ/mol in aqueous solvent). The imaginary
frequency associated with 5mTS4 is 71.6 cm-1 smaller than
that associated with TS4 (ν5mTS4 ) 633.1 icm-1; νTS1 ) 704.7
icm-1), which is consistent with the barrier being wider.

3.2.3. Comparison of the Transition States InWolWed in the
NH3 Departure. After the nucleophilic addition of one water
molecule to C4 with the assistance of a second water molecule,
the C4-N4 bond has to be broken in order to allow deamination
of the substrates. As shown in Table 1, this elementary step

Figure 6. Optimized geometries of TS1, 5mTS1, I1, and 5mI1 in
vacuum.

Figure 7. Optimized geometries of TS4, 5mTS4, I3, and 5mI3 in
vacuum.
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involves a very low free energy barrier (∆G‡
vacuum,5mTS2 ) 3.7

kJ/mol and ∆G‡
vacuum,TS2 ) 6.0 kJ/mol; ∆G‡

aq,5mTS2 ) 14.8 kJ/
mol and ∆G‡

aq,TS2 ) 18.1 kJ/mol), and it can be assumed that
the bond breaking occurs more or less automatically. The fact
that the step is more difficult in aqueous solvent than in
vacuum is attributed to the dipole moments of TS2 and
5mTS2, which are smaller than those of I1 and 5mI1,
respectively (see Table 2).

In Figure 8 we show the transition sates associated with this
C4-N4 bond breakage and their products, i.e., TS2, 5mTS2,
I2, P1, and 5mP1. The C5-methylation tends to reduce the
distance between the two atoms at the transition state by about
0.05 Å, probably because of the steric repulsion between the
C5-methyl group and the NH3 substituent.

3.3. Comparison of the Electronic Properties of Cyt,
5-MeCyt, and Their N3-Protonated Forms. Since the rate-
determining step in the spontaneous deamination of Cyt and
5-MeCyt is the nucleophilic addition to carbon C4, it may be
assumed that the difference of reactivity between the two
pyrimidine bases is accounted for by a difference in their
electrophilic power.

3.3.1. Global ReactiWity Indices. In the frontier molecular
orbital theory, along a nucleophilic addition which is under
frontier-orbital control, the electrophilic reagent is known to
react with its lowest unoccupied molecular orbital (LUMO) and
the nucleophile with its highest occupied molecular orbital
(HOMO). The closer the two frontier orbitals, the easier the
reaction will be. Assuming that the LUMO of the electrophile
is higher than the HOMO of the nucleophile, the smaller the
gap between these, the easier the reaction will be. In Table 3
we report the LUMO and HOMO energies for all the cytosine
derivatives studied in this section, both in vacuum (section a)
and in aqueous solvent (section b).

C5-methylation induces a very small destabilization (0.1-0.4
eV) of the HOMO but has essentially no effect on the LUMO
energy. The LUMO energy hence does not appear to explain
the difference in hydrolysis rate between Cyt and 5-MeCyt.

N3-protonation leads to a stabilization of the two frontier
orbitals. This stabilization is very significant (about 5 eV) when
the molecules are in vacuum but is more moderate when they
are in aqueous solution (about 1 eV). In the N3-protonated forms
of Cyt and 5-MeCyt, since there is the same number of electrons
but more nuclei than in the nonprotonated forms, the repulsion
between the electrons is less important and the attraction
between electrons and nuclei more stabilizing. A consequence

should be that N3-protonated Cyt and N3-protonated 5-MeCyt
are more prone to undergo a nucleophilic attack than Cyt and
5-MeCyt, respectively. Yet, in vacuum, pathways 5mA and A
are more difficult than pathways 5mB and B, respectively (see
Table 1). Thus, the frontier molecular orbital theory approach
appears to fail.

In conceptual density functional theory, one reasons in terms
of chemical potential and absolute hardness instead of frontier
orbital energies. The modifications in the frontier orbital energies
mentioned above are correlated with modifications in the values
of chemical potential, absolute hardness, and global electrophi-
licity index, as inferred from the values reported in Table 3.

C5-methylation tends to increase the chemical potential by
about 0.2-0.3 eV in vacuum and 0.1 eV in aqueous solvent.
Simultaneously, the absolute hardness decreases somewhat.
These trends are a consequence of the HOMO destabilization
caused by the C5-methylation and result in a smaller value of
the global electrophilicity index for these compounds. Indeed,
although the two C5-methylated forms have a smaller absolute
hardness than their counterparts, and consequently a smaller
resistance to an electronic transfer, they show a higher chemical
potential and appear to be less susceptible to gain electrons.
This can be explained by the electron-donating character of the
methyl group, which makes the ring systems of 5-MeCyt and
N3-protonated 5-MeCyt more electron rich than Cyt and N3-
protonated Cyt.

N3-protonation lowers the chemical potential by about 5.5
eV in vacuum and 1.1 eV in aqueous solvent. This effect is
much more important than that induced by C5-methylation. In
addition, the absolute hardness decreases by about 0.2 eV.
Consequently, the N3-protonated forms will as expected have
a higher electrophilic power than their neutral counterparts.

It is worth noting that C5-methylation and N3-protonation
have opposite effects on the chemical potential and similar
effects on the absolute hardness. The consequence is that among
Cyt, 5-MeCyt, and their N3-protonated forms, 5-MeCyt is the
system whose chemical potential is the highest but the closest
to that of a water molecule, whereas N3-protonated Cyt is the
lowest but the furthest from water. Moreover, Cyt is the hardest
of the four and N3-protonated 5-MeCyt the softest. Chemical
potential differences drive electron transfer, but when two
systems with very different chemical potential interact, the
reaction proceeds under charge control. Thus, pathways 5mA
and A are more likely to be under charge control than pathways

Figure 8. Optimized geometries of TS2, 5mTS2, I2, P1, and 5mP1
in vacuum.

TABLE 3: Kohn-Sham Frontier Orbital Energies (ELUMO

and EHOMO), Chemical Potential (µ), Absolute Hardness (η),
and Global Electrophilicity Index (ω) of Cyt, 5-MeCyt,
N3-Protonated Cyt, N3-Protonated 5-MeCyt, and a Water
Molecule in Vacuum (a) and in Aqueous Solvent (b)a

molecular system εLUMO εHOMO µ η ω

a
Cyt -1.03 -6.39 -3.71 5.36 1.29
5-MeCyt -0.95 -6.17 -3.56 5.22 1.22
N3-protonated Cyt -6.64 -11.86 -9.25 5.22 8.19
N3-protonated 5-MeCyt -6.45 -11.42 -8.94 4.98 8.02
H2O 1.60 -8.02 -3.21 9.63 0.53

b
Cyt -0.95 -6.53 -3.74 5.58 1.26
5-MeCyt -0.93 -6.34 -3.63 5.41 1.22
N3-protonated Cyt -2.18 -7.53 -4.86 5.36 2.20
N3-protonated 5-MeCyt -2.18 -7.34 -4.76 5.17 2.19
H2O 1.14 -8.30 -3.58 9.44 0.68

a All values are expressed in eV.
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5mB and B, which are probably under electron-transfer control.
Moreover, electrons must be hard to transfer between two
systems with very different chemical potential levels. This could
explain why in vacuum pathways A and 5mA are more difficult
than pathways B and 5mB, respectively.

Solvation has no effect on the chemical potential of the neutral
molecules, but raises it by more than 4 eV for the cationic forms.
Moreover, for all systems, solvation tends to increase the
absolute hardness by about 0.2 eV. This leads to the result that
the electrophilic power of the neutral molecules is nearly the
same in vacuum as in aqueous solvent, whereas that of the
cationic molecules is considerably reduced in aqueous solvent.
This is consistent with the fact that electric charges are more
stabilized in aqueous solvent than in vacuum. Since the chemical
potential of N3-protonated Cyt and N3-protonated 5-MeCyt is
considerably increased in aqueous solution, it is closer to that
of a water molecule. Consequently, in aqueous solution, path-
ways A and 5mA may proceed no longer under charge control,
but under electron transfer control. This could explain the fact
that pathways A and 5mA are easier in aqueous solution than
in vacuum.

It is interesting to note that in the case of the deamination
reaction, the global electrophilicity index does not appear to be
a good indicator of reactivity. This is due to the fact that
depending on the substrate the reaction can proceed under charge
control or under electron-transfer control.

3.3.2. Local ReactiWity Indices. In Table 4 we report the
electrostatic partial charges on C4 in vacuum and in aqueous
solvent for cytosine, 5-methylcytosine, and their N3-protonated
forms, which should be good indicators to describe an electro-
static control.

Surprisingly, N3-protonation decreases the positive charge
held by carbon C4 by 0.06-0.07 e in vacuum and 0.17-0.19
e in aqueous solution. As for C5-methylation, it also induces a
decrease of the positive charge held by carbon C4, both when
the aminobases are N3-protonated (-(0.18-0.22) e) or not
(-(0.17-0.20) e). Consequently, according to a charge control
model, both C5-methylation and N3-protonation make nucleo-
philic attack more difficult.

In Table 4 we also report the values of the different reactivity
descriptors derived from the Fukui function described in
subsection 2.2.2.b.

The values of ωC4
+ , ∆ωC4, and ∆fC4/η2 all indicate that carbon

C4 of 5-MeCyt and N3-protonated 5-MeCyt are more electro-
philic than that of Cyt and N3-protonated Cyt. As for N3-
protonated Cyt and N3-protonated 5-MeCyt, their C4 carbon

appears to have a better electrophilic power than that of their
neutral counterparts. ∆fC4/η2 is probably among these three
indicators the one which is the most accurate in providing
information concerning an electron-transfer control. Under
frontier-orbital control, both C5-methylation and N3-protonation
make it easier to undergo nucleophilic attack. This is exactly
the reverse for a charge control.

Because of its chemical potential level in vacuum, the
deamination of N3-protonated Cyt is probably under charge
control. The C5-methylation, by decreasing the positive charge
held by C4, renders the deamination reaction more difficult.
That is in agreement with the fact that pathway 5mA is less
favored than pathway A (see Table 1). On the contrary, the
deamination of Cyt is probably under frontier-orbital control.
The C5-methylation, by increasing the value of ∆fC4/η2, makes
the nucleophilic attack to C4 easier, explaining why pathway
5mB is favored with respect to pathway B (see Table 1).

4. Conclusion

In this work, two pathways proposed in a recent article25 for
the spontaneous deamination of Cyt in protic medium have been
investigated in the case of 5-MeCyt. In pathway 5mA, the N3-
protonated form of 5-MeCyt undergoes nucleophilic addition
to carbon C4 by a water molecule with the assistance of a second
water. In pathway 5mB, the neutral 5-MeCyt is instead attacked.
The two pathways appear feasible for 5-MeCyt and have
comparable activation parameters. Since N3-protonated 5-MeCyt
molecules are predominant over neutral 5-MeCyt ones at acidic
pH, spontaneous deamination under these conditions may be
accounted for by pathway 5mA. In contrast since there are more
5-MeCyt molecules than the N3-protonated ones at neutral pH,
deamination is better rationalized in term of pathway 5mB.

This work shows that pathways 5mB and B are in agreement
with the experimental observation that at pH ) 7.4 5-MeCyt
deaminates four- to fivefold faster than Cyt. It may be also be
predicted from the comparison of pathways 5mA and A that at
acidic pH deamination of 5-MeCyt is slower than that of Cyt.
Moreover, pathway 5mB appears to be more operative than
pathway 5mA, which would mean that contrary to cytosine,
there would be no acid catalysis effect for spontaneous deami-
nation of 5-MeCyt. It would be interesting to challenge this
hypothesis experimentally.

From the evaluation of the electrostatic partial charges on
the nuclei, and other local descriptors such as ωC4

+ , ∆ωC4,
and ∆fC4/η2, it seems that the C5-methylation decreases the
positive charge on carbon C4 but increases its electrophilic
power. The relative rates of reaction of pathways A and 5mA
and B and 5mB seem to indicate that in the deamination
reaction both electrostatic and electron-transfer contributions
are important. In vacuum, the former dominates when the
cytosine derivative is N3-protonated and the latter one when
it is not. It seems to be due largely to the chemical potential
level. These results have to be taken with precaution. Indeed,
the functional B3LYP used in this study systematically
underestimates reaction barriers and tends to favor electron
delocalization over charge localization.66 As a consequence,
if a mechanism is charge-controlled, it is possible that it
appears orbital-controlled.

The comparison of the transitions states involved in the
rate-determining steps shows that the two proton transfers
involved in the nucleophilic addition steps are more advanced
and the C-O bond creation delayed when the substrates are
C5-methylated. The consequence is the formation of a

TABLE 4: Partial Charges on C4 (qC4), Local
Electrophilicity Index (ωC4

+ , eV), Excess Electrophilicity
(∆ωC4, eV), and Index Derived from the Grand Canonical
Dual Descriptor (∆fC4/η2, 10-2 · eV-2) Condensed to Carbon
C4 for Cyt, 5-MeCyt, N3-Protonated Cyt, and
N3-Protonated 5-MeCyt, in Vacuum (a) and in Aqueous
Solvent (b)

molecular system qC4 ωC4
+ ∆ωC4 ∆fC4/η2

a
Cyt 0.91 0.27 0.27 0.71
5-MeCyt 0.74 0.28 0.28 0.84
N3-protonated Cyt 0.85 2.57 2.64 1.18
N3-protonated 5-MeCyt 0.67 2.46 2.65 1.33

b
Cyt 1.07 0.34 0.32 0.81
5-MeCyt 0.87 0.39 0.34 0.95
N3-protonated Cyt 0.90 0.72 0.67 1.06
N3-protonated 5-MeCyt 0.68 0.77 0.71 1.22
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nucleophilic agent more resemblant of a hydroxyl anion. This
phenomenon has opposite consequences in pathways 5mA
and 5mB. In pathway 5mA, where the proton transfers start
after the C-O bond creation, the mechanism is more
synchronous and the energetic barrier becomes narrower and
higher. In pathway 5mB, where the proton transfers begin
before the C-O bond creation, the mechanism is more
asynchronous and the energetic barrier thus wider and lower.

From a biological point of view, one of the main striking
results of the present DFT computational study which is in
agreement with previous experimental data is the higher rate
of deamination displayed by the relatively minor 5-MeCyt
residues with respect to Cyt bases.16-19 This provides a relevant
molecular basis for the occurrence of mutagenic hot spots at
CpG islands in eukaryotic genes despite the existence of efficient
repair of G:T mismatches by dedicated and specific thymine
DNA N-glycosylases in the DNA of mammalian cells. The C
to T transitions thus generated in human genome have been
shown to represent about 20% of all base substitutions.67

Deficiency in the repair activity of MBD4, one of the two
proteins involved in the removal of G:T mismatches in mice,
has been shown to increase by threefold the number of
deaminated 5-MeCyt sites that was correlated with a higher
incidence of tumorigenesis.68 Photomodification,69 chlorination,
or radical oxidation70 of 5-MeCyt has been suggested to lead
to heritable changes in methylation patterns that may interfere
with normal epigenic control and favor human cancer promotion.
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