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Abstract The mechanism of deamination of 5,6-dihydro-
5-methylcytosine has been investigated theoretically and
compared to those of other cytosine derivatives. The main
goal is to understand the effect of C5-methylation and
C5-C6 saturation upon the deamination rate. It is found
that C5-C6 saturation tends to increase the local electro-
philicity of the cytosine derivative on carbon C4. It is also
concluded that C5-methylation displays an opposite effect
on saturated versus unsaturated systems: on unsaturated
systems, C5-methylation tends to increase the local elec-
trophilicity on C4, while it reduces the local electrophi-
licity on C4 for saturated ones.
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1 Introduction

Damage to DNA is a major deleterious process in cells that can
lead to lethality or modification of the genetic information. The
latter process is of particular importance because it may rep-
resent through mutation the initial step toward malignant tumor
formation. DNA damage arises as a result of exposure to a
variety of exogenous agents such as ionizing and UV radia-
tions, chemicals and alkylating agents. In addition, endogenous
processes like mitochondrial respiration and inflammation lead
to the release of genotoxic compounds including oxygen and
nitrogen reactive species. This withstanding, water remains the
most efficient endogenous damaging compound; spontaneous
hydrolytic reactions of the N-glycosidic bonds are at the origin
of the formation of abasic sites upon depurination and of the
conversion of cytosine (Cyt) into uracil. In the latter reaction,
water substitutes the exocyclic amino group of cytosine, giving
rise to a tautomer of uracil. The biological relevance of
deamination in genome stability is indirectly demonstrated by
the very high uracil DNA N-glycosylase activity in cells.
5-Methylcytosine (SmCyt) also undergoes deamination.
This minor base represents up to 5% of cytosine bases in
human cells and plays a major role in gene regulation and
defense against viruses [1, 2]. It is produced enzymatically
from cytosine at CpG sites by DNA methyltransferases,
with S-adenosyl-methionine as the methyl donor. 5-Methyl-
cytosine is more sensitive than cytosine toward deamination.
The rate constants for deamination in double-stranded
DNA have been reported to be 5.8 x 10713 57! (S5SmCyt)
and 2.6 x 107"% s~! (Cyt) at 37 °C and physiological pH,
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respectively [3]. The deamination product of SmCyt is
thymine, which is excised from DNA by a specific repair
glycosylase when thymine is paired with guanine [4].
However, mutational events at 5-methylated cytosines
remain among the most frequent ones [5].

Saturation of the C5—C6 double bond of cytosine is another
chemical modification that drastically affects the deamination
rate. Values in the range of 107° s™' were reported for 5,6-
dihydrocytosine under various experimental conditions [6, 7].
Accelerated deamination is also observed in 5,6-saturated
cytosine derivatives including oxidation products [8-10],
photohydrates [11, 12], and cyclobutane pyrimidic dimeric
photoproducts [13—17]. Interestingly, methylation at position
5 in such compounds decreases the deamination rate [18-21]
in contrast to what is observed for the 5,6-unsaturated parent
cytosine molecule [4].

In recent works, we have applied quantum chemistry tools
to better describe the elementary steps involved in the
deamination of cytosine [22, 23], 5-methylcytosine [24] and
5,6-dihydrocytosine (SdhCyt) [25]. The main conclusion of
these studies is that more than one water molecule is needed to
fully explain the observed rate constants. In each case, the
assisted nucleophilic addition of one water molecule to C4
(see Fig. 1) of the cytosine derivative with the assistance of a
second water molecule is the rate-determining step. It appears
that the imino tautomer of cytosine can be viewed as the active
form of the nucleobase for this reaction. For cytosine and
5-methylcytosine, the imino tautomer is formed in a concerted
way during the nucleophilic addition, whereas for 5,6-dihy-
drocytosine it has to be generated prior to the addition step. We
herein extend these studies to 5,6-dihydro-5-methylcytosine
(SmdhCyt) with the purpose of exploring the mechanistic
reasons for the opposite effect of methylation on deamination
of cytosine and its 5,6-saturated derivative. The numbering of
the atoms within all compounds is given in Fig. 1.
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5,6-Dihydrocystosine  5,6-Dihydro-5-methylcytosine

Fig. 1 Atom numbering of cytosine and cytosine derivatives
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2 Computational details
2.1 Quantum chemical calculations

In order to enable a straightforward comparison with data
previously reported for hydrolytic deamination of cytosine,
5-methylcytosine, and 5,6-dihydrocytosine, the same
quantum methodology was adopted as in those studies
[22-25]. All calculations were thus performed using the
Gaussian 03 package [26] at the B3LYP/6-311G(d,p) level
of theory [27-31]. As a first step, molecular systems of
interest were fully optimized in vacuum. The stationary
points were then characterized as minima or transition
states by computing the vibrational frequencies within the
harmonic approximation at the same level of theory, and
thermal data were extracted to obtain thermodynamic
functions of reaction and corresponding activation param-
eters at 298.15 K and 1 atm. The B3LYP functional is
known to predict with moderate accuracy the barrier
heights of H-transfers. Previous work [22-25] has however
shown that, although B3LYP underestimates barrier
heights in comparison with single-point MP2 calculations
using the same basis set, the general energy trends are not
affected.

Single-point energy calculations were subsequently per-
formed on the optimized geometries, including the integral
equation formalism polarized continuum model (IEF-PCM,
hereafter referred to as PCM [32-34]), with dielectric constant
& = 78.39 to simulate the bulk effects of an aqueous envi-
ronment, and to enable straightforward comparison with
earlier work. The cavity was built using the united atom to-
pologic model applied to the atomic radii of the UFF force
field, with an average area of 0.2 AZfor the tesserae generated
on each sphere. The default cavity was modified by adding
individual spheres to all hydrogen atoms linked to nitrogen
and oxygen atoms, using the keyword SPHEREONH.

Reaction paths in vacuum were characterized at the
same level of theory through intrinsic reaction coordinate
(IRC) calculations from the gas-phase-optimized transition
structures to ensure that they connected the appropriate
reactants and products.

2.2 Reactivity indices

In order to rationalize the difference in reactivity between
the investigated systems, a range of global and local
reactivity indices as derived from conceptual DFT [35-40]
were computed for the imine tautomers of cytosine,
5-methylcytosine, and their 5,6-dihydrogenated counter-
parts. Calculations were performed on the optimized
structures in vacuum and in bulk solvent. The different
indices evaluated are as follows (full details and mathe-
matical expressions can found in for instance Ref. [25]).
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2.2.1 Global reactivity indices

These parameters, which give information on the reactivity
of the molecular system as a whole, include the chemical
potential [41] p, giving a measure of the escaping tendency
of the electrons; the absolute hardness [42, 43] y, which
may be viewed as the resistance toward charge transfer;
and the global electrophilicity index [44, 45] w, which can
be considered as a measure of the electrophilicity of the
molecular system. From a computational perspective, these
are evaluated from frontier orbital energies (HOMO,
LUMO) together with expressions based on finite differ-
ences approximations and Koopmans’ theorem [46, 47].

2.2.2 Local reactivity indices

In order to address differences in reactivity within a par-
ticular system, we instead need to explore local features.
The first is the net atomic charges, in particular of carbon
C4 at which the deamination reaction takes place and
which gives a measure of the reactivity under electrostatic
control. Three other local indices evaluated provide infor-
mation about reactivity under electron-transfer control.
These include the local electrophilicity index [48] w™(r)
which is the product of the global electrophilicity index w
and the Fukui function [49-51] fT(r); the excess electro-
philicity [52] Aw(r) defined as the product of the dual
descriptor [53-56] Af(r) and the global electrophilicity

index o and finally another local reactivity index s (r) =

A]; <;) derived from the dual descriptor within the grand

canonical ensemble [57] (GCDD). The latter descriptor is
size extensive and thus more suitable to compare molecules
with different number of electrons. In its reduced form used
in this paper, it can be calculated as the product of the dual
descriptor and the inverse of the square of the global
hardness. The more positive the GCDD is the more willing
the site is to undergo nucleophilic attack, whereas a large
negative number indicates a strong tendency to undergo
electrophilic attack. The partial charges were evaluated
using the ChelpG method [58], and the dual descriptors are
based on comparisons of the electronic populations on
carbon C4 upon adding or subtracting an electron to or
from the normal system. For full details, we refer to
Ref. [25].

3 Results and discussion
3.1 Geometries of the starting materials

5,6-Dihydro-5-methylcytosine possesses an asymmetric
carbon, namely the carbon bearing the methyl group. As a

consequence, two enantiomers can exist. It is obvious that
the results observed are the same for both enantiomers.

We furthermore note that saturation of the C5=C6 bond
produces a puckering of the ring system, and thus two
orientations of the C5 methyl group, axial and equatorial,
are possible, which will influence the energetics and
interactions of the incoming water/OH addition at C4. Both
cases are considered herein.

Cytosine and cytosine derivatives can furthermore exist
under two tautomeric forms. The classical amino form that
possess an exocyclic amino group and an imino form
characterized by a double bond between the carbon C4 and
the exocyclic nitrogen. Quite interestingly, for the 5,6-di-
hydrogenated forms, the axial conformer is the most stable
one for the amino form, while it is the equatorial for the
imino tautomer. All conformers do, however, lie very close
in energy; the range is about 1.5 kJ/mol.

3.2 Reaction pathways—geometries and energies
3.2.1 Description of the mechanism studied

The reaction mechanism for spontaneous deamination of
5,6-dihydro-5-methylcytosine in protic medium is outlined
schematically in Fig. 2. Following hydrogenation across
the C5=C6 double bond (not shown), the reaction starts
with a water-assisted tautomerization of the common
amine form (SmdhR) to the corresponding imine
(SmdhIR1). This generates a reactive C4=N4 double bond
(atomic numbering given in Fig. 2), across which water is
added to yield SmdhIR2. The exocyclic amine group is
protonated from the medium (SmdhIR3), followed by NH3
release from C4 and abstraction of the OH proton from the
just added C4-OH group to give the SmdhP product
(uracil tautomer) and an ammonium cation. Of the two
water molecules included in the cluster calculations, one is
involved in the proton shuttle mechanisms thus stabilizing
hydrogen bonding, whereas the other actively adds across
the C4-N4 bond as OH and H. The above labels for the
different stationary structures will be used throughout, with
the addition eq or ax for the conformers with C5 methyl
group in equatorial or axial orientation, respectively.

3.2.2 Formation of the active form of the nucleobase

In Fig. 3a, the main structures for the stationary points
along the initial tautomerization reaction for the equatorial
conformer are shown, and in Fig. 3b the corresponding
structures for the axial form are displayed. In the reactant
complex SmdhReq, “water 7” is positioned with hydrogen
bonding between O7 and H4a (2.096 A) and between H7a
and N3 (1.815 A) to readily facilitate the proton shift from
N4 to N3. The two protons transfer concertedly, with the
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Fig. 2 Reaction pathways
involved in the spontaneous
deamination of 5-methyl-5,6-
dihydrocytosine in protic
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Table 1 Relative energies in vacuum, free energies in vacuum, and
relative free energies in aqueous solvent for the stationary points of
the deamination pathway of 5-methyl-5,6-dihydrocytosine

System AE, . AG, AG,q

a) Equatorial position
5mdhR + H* 0.0 0.0 0.0
5mdhTS1 + H 44.0 48.5 50.1
5mdhIR1 + H* —11.2 —10.8 -9.2
5mdhIR1 constrained + H™ —11.1 -9.8 -7.9
5mdhTS2 + H 105.3 115.5 118.5
5mdhIR2 + H" 15.9 24.6 16.7
S5mdhIR3 —928.9 —918.6 —18.4
SmdhTS3 —916.3 —907.4 12.9
SmdhP —1,035.8 —1,039.8 —150.5

b) Axial position
5mdhR + H* 0.0 0.0 0.0
5mdhTS1 + HY 48.2 50.4 57.7
5mdhIR1 + H" -21.9 —-224 —17.0
5mdhIR1 constrained + H —6.2 —4.4 —15
5mdhTS2 + H* 115.8 124.3 127.0
5mdhIR2 + H 25.8 314 26.0
SmdhIR3 —925.1 —-922.3 —36.8
SmdhTS3 —914.8 —909.1 32
SmdhP —1,056.1 —1,058.3 —152.8

All values in kJ/mo

H4a transfer representing an early TS and the H7a transfer
a late one. The reaction free energy is 50.1 kJ/mol in
aqueous solution, and the resulting SmdhIR1eq lies 9.2
kJ/mol below the reactant (Table 1a). For the axial form,
the overall geometric features of the tautomerization
reaction are highly similar to those of the equatorial con-
former, except that the two water molecules are slightly
(~0.02 IOA) further out. Energetically, the reaction free
energy is higher by 7.6 kJ/mol than for the equatorial
system, and the SmdhIR1ax tautomer is 17 kJ/mol more
stable than the reactant (Table 1b).

During the reaction, the C4—N4 bond shortens from 1.35
to 1.28 A, and the N3-C4 bond lengthens from 1.30 to
1.38 A. We also note that due to the hydrogenation of the
C5-C6 bond, the conjugation of the ring system is broken
and the molecule becomes highly non-planar. It is worth
noticing that for 5,6-dihydro-5-methylcytosine the imino
form is more stable than the amino form. The same trend is
observed for the 5,6-dihydrocytosine [25]. One can
hypothesize that it is a general tendency that when the C5—
C6 bond is saturated, the imino tautomer is more stable
than the amino tautomer. The overstabilization of the imino
tautomer versus the amino tautomer is likely due to the
presence of a urea moiety in the imino form. Urea frag-
ments are very stable entities since the lone pair of each

nitrogen interacts with the vicinal 7* (C=0) bond. A NBO
[59] analysis confirms this hypothesis with a quite strong
stabilizing energy between nitrogen N3 and the carbonyl
n* (C=0); about 48 kJ/mol.

The effects of free energy corrections relative to elec-
tronic energies in vacuum, as well as the effect of inclusion
of the solvent, can also be seen from the data reported in
Table 1. Introducing thermal corrections in the equatorial
system increases the barrier by 4.5 kJ/mol, and adding the
solvent effects raises this by another 1.6 kJ/mol. For the
axial conformer, the corresponding increases are 2.2 and
7.3 kJ/mol, respectively. Similarly, the relative energy of
the products becomes slightly more positive, following the
same trends as for the barriers, with the exception of the
thermal free energy correction to SmhdIR1ax, which
lowers the energy by 0.5 kJ/mol.

3.2.3 Preparation for the nucleophilic addition of water

In order for the subsequent water addition to occur, the
attacking oxygen (O8) must approach C4 in a perpendic-
ular trajectory with respect to the molecular plane. In the
current systems, the SmCyt ring is already distorted due to
the hydrogenation at C5 and C6, whereas in the case of
non-hydrogenated cytosine and 5-methylcytosine, the ring
system remains planar and the two water molecules align
with stable hydrogen bonds in that same plane. To over-
come the unphysical situation of an in-plane water required
to attack carbon C4 perpendicularly to the plane, the con-
cept of reaction forces was employed herein as well as in
our previous studies on deamination reactions.

The reaction force, introduced by Toro-Labbé [60], is
defined as the negative derivative of the energy with
respect to the intrinsic reaction coordinate. It represents the
force acting on the system to bring the reactants into the
products. The reaction force vanishes at stationary points,
and it has been shown (see, e.g., Ref. [25]) that the reaction
force becomes very close to zero in a region between
reactant and TS. The coordinates at this point are then used
in a constrained geometry optimization of a more physi-
cally realistic reactant complex. In the current context, the
structural differences between the tautomerization product
SmdhIR1eq and the reactive complex (Fig. 4) turned out
to be relatively small due to the non-planarity of the
cytosine derivative. This is also reflected in the close-to-
zero electronic energy difference in vacuum between the
two, and just over 1 kJ/mol difference in free energy in
aqueous solution (Table 1a). The main difference involves
a shortening of the C4—08 distance from 3.300 to 3.181 A.
The situation is quite different for the axial system. Due to
the repulsion between the axially oriented methyl group
and the incoming water, the energy of the constrained
system is raised by 16—18 kJ/mol. The energetics of the

@ Springer



Page 6 of 11

Theor Chem Acc (2012) 131:1187

Fig. 4 Optimized constrained H8a 08
geometries of the SmdhIR1

Distances in A o7

1.974..3
reactant complexes, in vacuum. 1 _‘&9)7 " 3.300

5mdhiR1leq

subsequent points on the reaction energy surfaces (Fig. 5a
(eq), b (ax)) are shifted to be relative to the energy of the
corresponding reactive complexes.

3.2.4 Nucleophilic addition of water to C4

Water addition has been shown in all our previous deam-
ination reaction studies to be the rate-determining step.
This is the case also in the current system, where the TS
SmdhTS2eq lies 126.4 kJ/mol above the SmdhIRleq
reactant complex (Fig. 6). A free energy barrier of 128.5
kJ/mol is observed for the corresponding SndhTS2ax
system (Fig. 6). The geometries of both the TS’s and the
resulting adducts (SmdhTS2, SmdhIR2; Fig. 6) are very
similar to those of the corresponding 5,6-dihydrocytosine
(dhTS2, dhIR2; Fig. 6)—the differences in bond distances
throughout being within 0.01 A between the corresponding
stationary points for the equatorial conformer, and slightly
larger differences (0.02-0.03 A) for the distances to the two
waters in the axial system. The TS forms a 6-membered ring
(C4-N4-H4a—0O7-H8a-08) and thus involves the back-
transfer of H4a that was originally transferred to O7 of
water in the tautomerization reaction, concomitantly with
the transfer of H8a to O7, as O8 binds to C4. The resulting
adduct forms three hydrogen bonds to the O7 water mole-
cule (O7-H7a, H8a—08, and O7-H4a), all in the range
2.0-2.3 A. In the case of the equatorial conformer, the
inclusion of thermal corrections raises the barriers by
7-10 kJ/mol, whereas solvent effects are less pronounced,
by 2-3 kJ/mol. For the axial system, inclusion of thermal
effects raises the energy of the products by 6-9 kJ/mol,
whereas inclusion of solvent effects provides product sta-
bilization by a similar amount.

3.2.5 Protonation of the amino group and deamination

Water addition is followed by protonation of the N4 amine by
the medium, which stabilizes the complex by 33-35 kJ/mol
compared to the energy of SmdhIR2 + H* [61]. Deamina-
tion of the protonated SmdhIR3 leads to simultaneous
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deprotonation by the leaving ammonia, of the just added O8
(Fig. 7). The barrier to deamination is 31 kJ/mol for the
equatorial conformer, and the final product SmdhPeq is
located 132 kJ/mol below the protonated reactant
SmdhIR3eq. In the case of the axial conformer, the barrier is
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considerably higher, 40 kJ/mol, and the reaction less exer-
gonic (AAG,q = 116.0 kJ/mol). The difference between the
two conformers is largely due to the higher relative energy of
the SmdhIR3ax complex over the corresponding equatorial
one. The transition states for deamination are again very
similar to the 5,6-dihydrocytosine counterpart, see Fig. 7.

3.3 Energetics

The computed energetics of the rate-determining steps
for Cyt, SmCyt, dhCyt, and SmdhCyt, following similar
pathways as outlined herein, are 138, 134, 110, and 128
kJ/mol, respectively. As seen from the energetics above,
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Fig. 8 Evolution of the deamination rate ratio

saturation of the double bond in cytosine gives a signifi-
cantly increased rate of deamination, whereas for the
SmCyt counterparts the effects are smaller but still sig-
nificant. The trend agrees with that duly experimentally
noted [16-19] and, interestingly, the effect of the methyl-
ation is opposite in cytosine and 5,6-dihydrocytosine.

From the data below and using the Eyring’s law, one can
estimate a deamination rate ratio between 5,6-dihydro-
Smethylcytosine and cytosine. Using Eyring’s Law, the
reaction rate ratio can be assessed using the following
relation:

ky (AGT - AG§>
ki RT

As the deamination rate ratio between 5,6-dihydrocytosine
and cytosine is about ki—d;“ ~ 10° (AAG = 138-110 = 28

kJ/mol) and the one between 5-methylcytosine and cytosine is

about ]%‘y‘ ~5 (AAG = 138-134 = 4 kJ/mol), one can

assess that the deamination rate ratio between 5,6-dihydro-

5-methylcytosine and cytosine would be about @ ~ 50
eyt

(AAG = 138-128 = 10 kJ/mol); cf. Fig. 8. Experimental
value obtained at 25 °C for the deamination rate of cytosine is
2.1 107'°s7". The estimated value for 5,6-dihydro-5-
methylcytosine, based on the current analysis, is therefore
1.2 107% s7'. Unfortunately, to our best knowledge, no
accurate experimental determination of such value has been
carried out so far.

3.4 Reactivity indices
3.4.1 Global reactivity indexes

In Table 2a and b, we report the frontier orbital energies
(HOMO and LUMO) for Cyt, SmCyt, dhCyt, and the axial
and equatorial forms of SmdhCyt. Since for each of these
cytosine derivatives the imine tautomer has been shown to
be the actual active form of the nucleobases for the rate-
determining step, be it formed prior to the rate-determining
step as in the dhCyt and SmdhCyt cases, or in a concerted
way with it as in the Cyt and SmCyt cases, we therefore
focus our analyses on these. From the orbital energies, we
have also computed global reactivity indices such as the
chemical potential p, the absolute hardness #, and the
global electrophilicity index . In nucleophilic reactions
under frontier orbital control, the reactivity of the electro-
phile is, according to frontier molecular orbital theory
(FMOT), driven by its LUMO, whereas that of the nucle-
ophile is by its HOMO. The closer the LUMO of the
electrophile and the HOMO of the nucleophile lie in
energy, the easier the reaction will be. In the following

Table 2 Kohn-Sham frontier orbital energies (¢.uymo and egomo), chemical potentials (u), absolute hardnesses (1), and global electrophilicity

indices (w), in vacuum (a) and in aqueous solvent (b)

Molecular system ELUMO EHOMO u n w
a) Vacuum
Cytosine imine tautomer —1.09 —6.50 —3.80 5.41 1.33
5,6-Dihydrocytosine imine tautomer —0.16 —7.02 —-3.59 6.86 0.94
5-Methylcytosine imine tautomer —0.98 —6.36 —-3.67 5.38 1.25
5-Methyl-5,6-dihydrocytosine imine tautomer(equatorial) -0.19 —7.00 -3.59 6.82 0.95
5-Methylcytosine-5,6-dihydrocytosine imine tautomer(axial) —-0.20 —7.00 —3.60 6.81 0.95
b) Aqueous solvent
Cytosine imine tautomer —0.87 —6.37 —-3.62 5.50 1.19
5,6-Dihydrocytosine imine tautomer —0.22 —7.10 —3.66 6.88 0.97
5-Methylcytosine imine tautomer —0.74 —6.16 —-3.45 5.42 1.10
5-Methyl-5,6-dihydrocytosine imine tautomer(equatorial) —0.11 —6.96 —-3.53 6.85 0.91
5-Methylcytosine-5,6-dihydrocytosine imine tautomer(axial) —0.22 —-7.03 —-3.63 6.80 0.97

All values are in eV

@ Springer



Theor Chem Acc (2012) 131:1187

Page 9 of 11

discussion, the effects of methylation and saturation of
cytosine on the frontier orbital energies are discussed and
analyzed.

3.4.1.1 Frontier orbital energies Methylation of cytosine
has a mild effect on the frontier orbital energies. The
energies of both frontier orbitals increase by 0.12-0.14 eV.
For 5,6-dihydrocytosine, methylation has a weaker effect
on the frontier orbital energies than for cytosine. Just like
for cytosine, the frontier orbital energies increase, but only
by 0.02 eV. The conformation does not significantly
influence the frontier energies. The equatorial and axial
conformers display identical values within a range of
0.02 eV. The same trends are found when solvation is
added. Two comments can be drawn from these observa-
tions. First, the effect of methylation is much higher when
the methyl group is directly connected to an atom of a
double bond than when the bond is saturated. Second, the
general tendency is that methylation increases the frontier
orbital energies. As a consequence, following the FMOT,
methylation renders both systems saturated and unsaturated
less electrophilic. The deamination rates should therefore
be higher for cytosine or 5,6-dihydrocytosine compared to
their methylated counterparts. This is in agreement with
experimental results for 5,6-dihydro-5-methylcytosine versus
5,6-dihydrocytosine but does not apply for 5-methylcytosine
versus cytosine.

Saturation of the C5-C6 bond, on the other hand, has a
dramatic effect on the LUMO energies which are raised
(destabilized) by up to 0.9 eV relative to their unsaturated
counterparts. The HOMO levels, on the other hand,
become somewhat stabilized through saturation. As a
result, unsaturated forms appear softer than their saturated
counterparts. Solvation has a similar effect for the saturated
systems and the unsaturated ones, in that it leaves the
HOMO-LUMO gap essentially intact. According to
FMOT, the deamination rate of the saturated system should
be lower than for their unsaturated counterpart, which is in
total contradiction with experiments. The same contradic-
tion arises from the global conceptual DFT descriptors.

3.4.1.2 Conceptual DFT indices Turning to the global
conceptual DFT indices of chemical potential, absolute
hardness, and electrophilicity, we note that although the
saturated compounds overall display less negative values
for the chemical potentials in vacuum, the data when
including bulk solvation become more similar. The satu-
rated compounds have significantly larger hardness than
the unsaturated ones. This is a mathematical consequence
of the larger HOMO-LUMO gaps seen for these systems
relative to the unsaturated ones and can be rationalized by
that the system lacks one m-bond, which implies a reduc-
tion in the polarizability of the system. The larger the

absolute hardness is, the bigger the resistance to charge
transfer should be, which is also reflected in the smaller
electrophilicity indices, since the chemical potentials are
very similar. C5-methylation appears to have a relatively
modest effect on these. As noted above, the two con-
formers behave identically in gas phase, whereas in aque-
ous solution, differences between the two conformers can
be noted [62]. Comparing again with the saturated 5,6-
dihydrocytosine system, the equatorial conformer of 5,6-
dihydro-5-methylcytosine imine deviates more in terms of
chemical potential, whereas for the absolute hardness the
axial form deviates more from the values seen for dhCyt.
The global electrophilicities, however, are affected to a
much less degree.

Since the next reaction step is water addition across the C4—
N4 bond, it is of interest to compare the data with the corre-
sponding values for H,O. At the same level of theory, the
chemical potential, absolute hardness, and global electrophi-
licity index in aqueous solution are —3.58, 9.44, and 0.68 eV,
respectively [25]. We note that the data for the 5,6-saturated
derivatives of the imine tautomers are considerably closer to
these values than ones for the unsaturated systems are.

From the global reactivity indices, we conclude that
methylation at C5 has essentially the same effect on the
saturated and unsaturated cytosine derivatives. The expla-
nation as to why C5-methylation of the saturated forms of
cytosine reduces the deamination rate while that of the
unsaturated forms raises it, thus has to be found from other
considerations.

3.4.2 Local reactivity indexes

In Table 3, we focus on the local reactivity indices at C4
for the same systems, in vacuum and in aqueous solution,
the rationale being that addition of water oxygen to C4 is
the rate-determining step in all these deamination reac-
tions. First of all, we note that the electrostatic charges on
C4 are higher, by 0.07-0.16 e, in aqueous solution than in
vacuum. The same applies to the different local reactivity
indices derived from conceptual DFT, in all cases.

3.4.2.1 Partial charges C5-C6 saturation of both Cyt
and SmCyt leads to a reduced local charge on C4. This
indicates that electrostatic effects cannot be at the root of
the observed phenomenon. On the other hand, saturation of
the C5-C6 increases the values of local DFT-based reac-
tivity indices, such as the grand canonical dual descriptor.
This indicates that C4 becomes more electrophilic in the
saturated derivatives. This rationalizes the much reduced
barrier for this reaction in dhCyt and SmdhCyt over Cyt
and SmCyt, respectively, and in turn explains the much
increased reaction rate as seen experimentally for the sat-
urated derivatives of cytosine.
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Table 3 Electrostatic charges

on carbon C4 ges, local Molecular system qca wly Awcy %

electrophilicity (wd, in eV),

excess electrophilicity (Awcy, in a) Vacuum

eV), and grand canonical dual Cytosine imine tautomer 0.73 0.11 0.13 0.33

descriptor (Aﬁ“, in 1072 eV7?) 5,6-Dihydrocytosine imine tautomer 0.65 0.26 0.30 0.67

condensed to carbon C4, in 5-Methylcytosine imine tautomer 0.63 0.10 0.15 0.40

:gf‘:]elg:l(gi)) and in aqueous 5-Methyl-5,6-dihydrocytosine imine tautomer (equatorial) 0.56 0.20 0.24 0.55
5-Methyl-5,6-dihydrocytosine imine tautomer (axial) 0.57 0.21 0.25 0.58

b) Aqueous solvent

Cytosine imine tautomer 0.81 0.21 0.18 0.49
5,6-Dihydrocytosine imine tautomer 0.73 0.49 0.49 1.05
5-Methylcytosine imine tautomer 0.70 0.22 0.22 0.68
5-Methyl-5,6-dihydrocytosine imine tautomer (equatorial) 0.63 0.42 0.43 1.01
5-Methyl-5,6-dihydrocytosine imine tautomer (axial) 0.65 0.44 0.45 1.00

3.4.2.2 Fukui functions-based indices For the 5-methyl-
ated nucleobases, the local reactivity indices increase upon
saturation of the C5-C6 bond. The trends are again more
pronounced in bulk solvent. Interestingly, C5-methylation
of cytosine induces an increase in Awc4 and (Afc4)/(172)
values, both in vacuum and in aqueous solvent, while
methylation of 5,6-dihydrocytosine results in a decrease in
Awcy and (Afcs)/(7%) values. For the unsaturated system,
the increase in (Afcs)/(n?) results from a lowering of the
conjugation between C5=C6 double bond and C4=N3
double bond. Indeed, the substitution of C5 by a methyl
group induces a polarization of the C5=C6 electron cloud
toward C6. Thus, in the case of a reaction under charge
transfer control, C5-methlyation is expected to have
opposite effect on the local reactivity of carbon C4 of
saturated and unsaturated forms of cytosine. This is in
agreement with the fact that experimentally methylation at
position 5 in 5,6-saturated cytosine derivatives decreases
the deamination rate in contrast to what is observed with
the 5,6-unsaturated cytosine derivatives. However, the
range of the deamination rate decrease cannot totally be
explained by a relatively small decrease in the reactivity
index values. It is therefore likely that besides these elec-
tronic effects, the steric hindrance of the methyl group
affects the approach of the water molecules. The methyl
group probably acts as a shield for at least one side of the
ring system, especially when it is in axial position. As both
axial and equatorial positions lie very close in energy, the
odds that the methyl group is in an axial orientation during
the process are considerable.

4 Conclusions
We have in the current study investigated the deamination

of 5,6-dihydro-5-methylcytosine. The investigation has
been carried out in close comparison with deamination of

@ Springer

cytosine, S5-methylcytosine, and 5,6-dihydrocytosine. It
appears that the deamination mechanism is very similar to
that of cytosine and cytosine derivatives. Just like for
cytosine and cytosine derivatives, the imine tautomer is the
reactive form for the deamination process. But in contrast
to cytosine and 5-methylcytosine, the imine tautomer is
produced before the deamination and constitutes the more
stable form for the saturated systems. Experimentally, the
deamination rates is lower for 5,6-dihydro-5-methylcyto-
sine than for 5,6-dihydrocytosine. This fact has been
rationalized herein through quantum chemical calculations
and conceptual DFT-based descriptors. It appears that
besides the electronic effects of the methyl group on the
carbon C4 of cytosine, steric hindrance caused by the
methyl group, especially when it is in axial position,
shields the approach of the reacting water molecules.
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