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Abstract Two pathways involving proton catalyzed hydr-
olytic deamination of cytosine (to uracil) are investigated at
the PCM-corrected B3LYP/6-311G(d,p) level of theory, in
the presence of an additional catalyzing water molecule. It
is concluded that the pathway involving initial protonation
at nitrogen in position 3 of the ring, followed by water addi-
tion at C4 and proton transfer to the amino group, is a likely
route to hydrolytic deamination. The rate determining step
is the addition of water to the cytosine, with a calculated
free energy barrier in aqueous solution of AG7=140kJ/mol.
The current mechanism provides a lower barrier to deamina-
tion than previous work based on OH™ catalyzed reactions,
and lies closer to the experimental barrier derived from rate
constants (E, = 117 £ 4kJ/mol).

Keywords Cytosine - Hydrolytic deamination - B3LYP -
Mutation - DNA

Dedicated to Professor Nino Russo on the occasion of his 60th birthday.

Electronic supplementary material The online version of this
article (doi:10.1007/s00214-008-0418-7) contains supplementary
material, which is available to authorized users.

V. Labet - A. Grand - C. Morell - J. Cadet
Laboratoire “Lésions des Acides Nucléiques”,
DRFMC/SCIB, UMR-E 3 (CEA/UJF),
CEA-Grenoble, 17 avenue des Martyrs,
38054 Grenoble Cedex 9, France

L. A. Eriksson (<)

Department of Natural Sciences and Orebro Life Science Center,
Orebro University, 701 82 Orebro, Sweden

e-mail: leif.eriksson @nat.oru.se

1 Introduction

The ordering of the main nucleobases in DNA, the pyri-
midines cytosine and thymine (uracil in RNA) and the purines
adenine and guanine, defines the genetic code of all liv-
ing organisms. However, modified nucleobases in DNA and
RNA are also well known to occur, either naturally in which
case they often serve to provide a specific function or ‘signal’,
or formed through unwanted reactions with various muta-
genic agents [1]. In the case of the pyrimidine bases, cytosine
is the one most susceptible to modification. Deamination of
the N8 amine group (cf. Fig. 1) leads after hydrolysis to the
formation of uracil, whereas the same reaction in the modi-
fied base 5-methylcytosine (SmC) leads to thymine. In each
case, the deaminated base alters its hydrogen bonding pattern,
such that it pairs better with adenine rather than guanine in
the DNA stack, and hence upon transcription and replication
gives rise to altered genetic material and coding for different
amino acids relative to the parent sequence [2].

In addition to chemical modifications of the normal
(“canonical”) forms of the bases, various tautomeric forms
of the nucleobases also exist. The different tautomers nor-
mally lie very close in energy. There are numerous theoretical
[3-15] and experimental [16,17] studies exploring the
relative stabilities and hydrogen bonding patterns of the
tautomeric forms of cytosine, as well as mechanisms for
the conversion between them. The relative stabilities of the
different tautomers differ in gas phase compared to when
including explicit water molecules as hydrogen bonding
agents; most studies have hitherto focused on the ‘normal’
vs the ‘enolic’ form (with one of the N8 protons transferred
to O7). Several studies of the interactions of the different
tautomers with metal cations also exist [15,18-29].

Spontaneous hydrolytic deamination (induced by initial
attack of either HT, OH™, or by H,O itself) is a rare event
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Fig. 1 Schematic models and atomic numbering of cytosine, N3
protonated form and imine tautomer of importance for the deamina-
tion pathways studied

under normal physiological conditions, and depends on both
pH and temperature [30-33]. The presence of various react-
ing agents such as NO, bisulfite, and similar, increases the rate
of deamination considerably [34,35]. Both acid- and base-
catalyzed pathways to deamination have been proposed some
40years ago [31,36] albeit the exact mechanism is still far
from clear. Using genetic assay, Frederico et al. [37] deter-
mined the rate constants for deamination in single and double
stranded DNA under physiological conditions. The value for
the activation energy obtained, £, = 117 £ 4kJ/mol, agrees
well with an earlier value of E, = 121kJ/mol obtained over
a temperature range of 25 deg [38]. Methylation of cytosine
at C5 has been shown to increase the rate of deamination
by a factor of 3-4 compared with normal cytosine [39],
which has led to the notion of 5SmC being ‘hot spots’ for
mutations.

In a recent computational study, Almatarneh et al. [40]
explored the hydrolytic deamination of cytosine in the gas-
phase catalyzed by either a hydroxyl anion or a water mole-
cule, by means of HE, MP2, B3LYP and G3MP?2 levels of
theory. A total of four different pathways were explored,
and it was concluded that, even at the high level of the-
ory G3MP2, all pathways gave too high activation parame-
ters (lowest barriers of activation around AE,; = 148kJ/
mol; AH# = 146kJ/mol; AG* = 156kJ/mol), compared
with the experimental value of £, = 117 & 4kJ/mol [38].
The lowest barriers were obtained assuming an initial attack
and binding by OH™ to C4, this also constituting the rate
determining step. Interestingly, calculations at the B3LYP/
6-31G(d,p) level gave 25-30kJ/mol higher transition
barriers than G3MP2. Although being some 30—40kJ/mol
too high, the barriers obtained by Almatarneh et al. are non-
etheless considerably lower than those reported by Sponer
et al. [22] in their study of OH™ induced deamination
including bulk solvation effects. Metal- or metal enzyme
mediated deamination has also been explored theoretically
[22] and experimentally [41]. In their theoretical study,
Sponer et al. showed that the presence of Pt!l plays a
catalyzing role for the deamination reaction, decreasing
the activation free energy of the rate-determining step from
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AG#* = 186kJ/mol in the case of nonmetalated cytosine
to AG* = 99kJ/mol in the case of a platinated cytosine
[22].

In order to shed further light on possible mechanistic path-
ways of this important reaction, the deamination of cytosine
based on acid (H™) catalysis is in the current study explored
theoretically, including both explicit water molecules and a
polarized continuum model (PCM) for bulk solvation effects.
Two different pathways are investigated, either assuming
cytosine to be protonated at the N3 position, or assuming
protonation to occur subsequent to water addition to neutral
cytosine. The resulting barriers are considerably lower than
those earlier reported for hydrolytic deamination, providing
strong support for the current mechanisms as being chemi-
cally viable.

2 Methodology

All systems were geometry optimized using the hybrid
Hartree—Fock—density functional theory functional B3LYP
[42,43] in conjunction with the 6-311G(d,p) basis set
[44—46]. Since all the systems studied in the current work are
either neutral or positively charged, diffuse functions were
judged as being of less importance compared to the increased
computational time, and thus not included. As a first step,
optimizations were carried out in gas phase, followed by opti-
mizations including a polarized continuum model in the inte-
gral equation formalism (IEF-PCM; hereafter named PCM)
[47-49], with dielectric constant € =78.39 to simulate the
bulk effect of a polar environment. For PCM optimizations,
the cavity was built using the United Atom Topologic
Model applied on the atomic radii of the UFF force field,
with 974 tesserae per sphere. In the cases where molec-
ular systems had unbound hydrogens, the default cavity
was modified by adding extra individual spheres on these
atoms to the cavity built by default, using the keyword
SPHEREONH.

Each stationary point was then characterized at the same
level of theory of the one used for its optimization (B3LYP/6-
311G(d,p) for stationary points optimized in gas phase and
IEF-PCM/B3LYP/6-311G(d,p) for stationary points optimi-
zed using the PCM model) by computing the vibrational
frequencies within the harmonic approximation. Thermody-
namic data were extracted in order to obtain the Gibbs free
energies of reaction and the corresponding activation ener-
gies at 298 K.

Intrinsic reaction coordinate (IRC) calculations were per-
formed from each gas phase optimized transition structure at
the same level of theory, to ensure that these connected to the
appropriate reactants and products.

All calculations were performed using the Gaussian03
program [50].
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3 Results and discussion

In the current study, two alternative routes to hydrolytic
cytosine — uracil deamination are investigated. The first
pathway assumes the cytosine moiety to be protonated at
the N3 position (pathway A), and the second assumes the
protonation to occur after water addition (pathway B). Cyto-
sine, its N3 protonated form and the imine tautomer, as well
as the atomic numbering used, are displayed in Fig. 1.

The nucleobases can exist in several different tautomeric
forms that in general lie rather close in energy. For cytosine,
the amino—oxo form (with N8 doubly protonated, and O7
and N3 un-protonated) is the most abundant one, but amino-
hydroxo (protons on N8 and O7) and imine (protons on N8
and N3) forms also exist. Conversion between the different
tautomeric forms generally occur through mediated proton
transfer reactions; simultaneous double proton transfer (e.g.
between guanine and cytosine) have been proposed, albeit
these conversions are generally energetically unfavorable.
For example, the free energy difference between the canon-
ical and imine forms obtained at the B3LYP/6-311G(d,p)
level is only 7.6kJ/mol, whereas the activation barrier for
direct proton transfer from N8 to N3 is close to 165 kJ/mol.
Hence, a protonated (cationic) intermediate will most defi-
nitely enhance the interconversion.

3.1 Deamination resulting from N3 protonated form

The mechanism of the first deamination pathway (A) inves-
tigated is outlined schematically in Fig. 2. The reaction starts
with the assumption that cytosine has become protonated at
the N3 position (e.g., as an intermediate during the conver-
sion between the amine—oxo and the imine tautomers). The
computed proton affinity at the N3 position is at the current
level of theory —1187.4 kJ/mol in aqueous PCM solvent,
with a corresponding free energy of protonation in aque-
ous solution of —1150.0 kJ/mol. If we subtract the estimated
free energy of a solvated proton, —1124.2 kJ/mol [51], we
can conclude that even in aqueous solution, the normal cyto-
sine appears to have a slightly exothermic proton affinity
(ca —26kJ/mol), and that it is not unlikely that the species
can become protonated spontaneously. Once formed, addi-
tion of a water molecule across C4/N8 (step 1) produces an
intermediate, 11, that readily looses ammonia through tran-
sition state 2. Ammonia in turn will abstract the remaining
proton from the OH group (TS3) to produce uracil, water and
an ammonium cation.

The initial step involves the formation of a strongly hydro-
gen bonded complex (R1) with two water molecules. The
optimized structure is displayed in Fig. 3. In Table 1 we list
the relative zero-point energies of reaction in vacuo, and the
corresponding free energies in vacuo and in solvent. In R1,
the hydrogen bond distance between the N3 proton and oxy-
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Fig. 2 Schematic outline of pathways A and B explored in the current
work

gen of the first water molecule is 1.82 A, and the hydrogen
bond between the two waters 1.98 A. The oxygen of the first
water lies 3.63 A from C4 to which it will eventually bind. In
the transition structure (TS1), water binds to C4 and simul-
taneously transfers one proton to the second water. This, in
turn, functions as a proton shuttle, transferring one of its other
protons to the N8 amine group. The motion associated with
the imaginary frequency of the reaction coordinate is very
distinct, and lies at 405; cm~!. The TS is late in the C4-O
binding and early in the N8—H binding, whereas the main
part of the vibrational motion corresponding to the reaction
coordinate lies in the shuttle of a proton between the two
water oxygens Fig. 4.

Figure 5 shows the IRC energy profile corresponding to
this step. It can be seen that it corresponds to a concerted
mechanism involving six atoms, N8, C4, and two oxygen
atoms and two hydrogen atoms of the water molecules. In
the first intermediate formed, the remaining water molecule
hydrogen bonds strongly to the NH3 group (O-H distance
1.77 A), and weakly to the N3 proton (O-H distance 2.22 10%).

Once formed, ammonia (N8) can leave by a simple TS,
TS2, in which the C-N bond is elongated to 1.92 A, with an
imaginary frequency of 262i cm~! for the reaction coordi-
nate. The hydrogen bonds to the water molecule are retained,
although elongated by 0.3-0.5 A. The dissociated ammonia
molecule remains hydrogen bonded to the added hydroxyl
group, and resides on the opposite side of the ring compared
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Fig. 3 PCM optimized
stationary structures along
pathway A

Table 1 Relative energies for deamination pathway A

System AEvacuo AG%gguo AGgg 8
R1 0.0 0.0 0.0
TS1 201.3 213.9 140.3
11 130.1 137.9 74.5
TS2 136.7 143.9 91.8
12 82.7 70.0 41.2
P1 54 2.2 —42.5

(A Eyacuo : relative zero-point energy in vacuo; AG%gguO: relative free

energy in vacuo at 298K; AG&;’S: relative free energy taking into
account the PCM corrections at 298 K. All data in kJ/mol)

to the second water molecule. For the subsequent step,
although a proton transfer from the C4 hydroxyl group to
ammonia giving the final uracil—HZO—NHj complex seems
possible and thermodynamically favorable (P1 is more stable
than 12 by 67.8 kJ/mol in vacuo and by 83.7kJ/mol in water
solvent), no transition state was found linking correctly the
two minima.

Energetically, the free energy of activation of adding a
water molecule across C4/N8 (TS1) in solventis 140.3 kJ/mol
starting from the initially formed complex (R1); see Table 1.
The addition reaction is endergonic by 74.5kJ/mol, and is
followed by a barrier of 17.3 kJ/mol for the loss of ammonia
(TS2). The intermediate complex thus formed lies 41.2kJ/
mol above the initial starting complex, whereas the deami-
nation reaction step itself is exergonic by close to 33 kJ/mol.
The final proton transfer to form uracil, water and an ammo-
nium ion, is associated with a free energy of reaction of only
—83.7kJ/mol, and results in a complex that is 42.5kJ/mol
more stable than the initial complex.
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Atom Atom Normal coordinates
label symbol X Y z

0.00 0.00 0.00
0.00 0.00 0.00
0.01 0.01 0.00
-0.06 0.00 0.12
0.00 -0.01 -0.02
0.00 -0.01 -0.01
0.01 0.00 0.00
-0.05 0.03 0.03
0.10 0.00 -0.03
-0.02 -0.01 -0.06
0.00 0.00 -0.01
0.01 0.03 0.11
0.01 -0.01 0.01
0.00 0.00 -0.01
-0.02 0.02 0.02
-0.01 0.01 0.05
0.21 -0.37 -0.05
-0.65 0.45 -0.05
-0.04 -0.08 -0.12
0.27 -0.16 -0.01
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Fig. 4 Vibrational mode corresponding to the imaginary frequency of
TS1 in water

Comparing the free energies in vacuo, the energetics differ
slightly, albeit a similar energy contour is given. The first bar-

rier is much more lower in solvent (AGZZ = 140.3kJ/mol)

than the one in vacuo (AG@CUO = 213.9kJ/mol), corre-
sponding to a big stabilization of TS1 in water solvent. On the
contrary, the deamination itself is easier in vacuo (AG?,ZCHO =
6.0kJ/mol) than in solvent (AGZZ = 17.3kJ/mol) because
I1 is more stabilized in water than TS2.

The rate determining step is the initial addition reaction,
and the value in solvent is somewhat higher than the experi-
mentally reported activation energy of £, = 117 & 4kJ/mol
[37]. This value remains, however, 15kJ/mol lower than the
lowest free energy barrier reported by Almatarneh et al. [40]
for hydroxyl ion induced deamination at the G3MP2 level
of theory. Comparing with the free energies obtained at the
B3LYP/6-31G(d) level in their study, the rate determining
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step of the current pathway is 40kJ/mol lower in energy, and ~ Table 2 Relative energies for deamination pathway B
hence poses an energetically much more viable pathway. System N AG2S, AGZS
.. . R2 +H* 0.0 0.0 0.0
3.2 Water addition to neutral cytosine
TS4+HT 153.1 162.1 156.3
+
Rather than pathway A, starting with protonated form of B+H 90.7 4.1 98:5
. . . . . 11 —876.5 —846.4 60.9
cytosine to which water is added, one can also imagine a
mechanism in which a water molecule first adds to neutral 152 —869.9 —8404 82
cytosine (R2 — TS4 — 13), followed by protonation of the 2 —923.9 —914.3 275
P1 —1001.2 —982.1 —56.1

amino nitrogen (to give I1), after which the same route as
pathway A will be followed from I1 onwards. Spontaneous
deamination from neutral cytosine, in which the reaction
sequence is initiated by the addition of a water molecule at
C4 has also been explored by Almatarneh et al. [40] Two dif-
ferent reaction mechanisms were investigated in that study,
in both cases considering neutral water catalyzed deamina-
tion (i.e. no hydroxyl anion involved). At all levels of the-
ory, neither of these had a rate determining step less than
210kJ/mol, and were thus concluded as being less likely.
Instead, the most probable pathway explored therein involved
initial attack by OH™ at C4, with a gas phase activation free
energy (AG7) of 155.7kJ/mol (G3MP2 level) and gas phase
activation energy (A Eyc) of 148.0kJ/mol. The correspond-
ing values at the B3LYP/6-31G(d,p) level were 180.3 kJ/mol
and 177.3kJ/mol, respectively. No environmental effects
were, however, considered in that study.

In the current study, the initial complex R2 resembles R1
of pathway A, except that one of the water molecules is now a

298

(A Eyyeuo : relative zero-point energy in vacuo; AGyQ,,: relative free

energy in vacuo at 298K; AGZgS: relative free energy taking into
account the PCM corrections at 298 K. All data in kJ/mol)

hydrogen bond donor to the N3 nitrogen (which is protonated
in pathway A). Addition of the first water molecule to C4
occurs by simultaneous proton transfer to the second water,
that in turn acts as a shuttle and protonates N3. The Oyater1—C
distance of TS4 is 2.24A, and the Oyateri—H—Owater2
distances 1.37 and 1.11 A, respectively. The imaginary fre-
quency is very similar to that of water addition in pathway A,
408i cm™!. The barrier height (free energy) is at the current
level of theory 156.3kJ/mol in solvent and 162.1kJ/mol in
vacuo (see Table 2), i.e., much more lower than for the path-
way in which protonation of N3 is undertaken before addi-
tion of water in vacuo, but slightly higher if the bulk solvent
effect is taken into account. The reaction is endergonic by
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Fig. 6 PCM optimized
structures of the initial steps of
pathway B

relative free energy (kJ/mol)

-100

arbitrary reaction coordinate

Fig. 7 Energetics of pathways A and B in the proton assisted
hydrolytic deamination of cytosine. Solid line shows the evolution of
the PCM corrected free energy in pathway A, and dashed line the
PCMcorrected free energy specific to pathway B, at 298 K

98.5kJ/mol in solvent and 94.1kJ/mol in vacuo. The PCM
optimized structures are depicted in Fig. 6.

The next step, according to this pathway, is to protonate
the amino group, resulting in the same intermediate (I1) as
after the first step of pathway A; all the subsequent steps will
be the same as pathway A. The free energy of N8 protonation
of the neutral water-added complex I3 in aqueous solution
is exergonic by — 1156 kJ/mol, which after subtraction of the
energy of the solvated proton (—1,124.5kJ/mol [51]) results
in an overall exergonic protonation of —37.6kJ/mol.

Figure 7 presents a comparison of the energetics of path-
ways A and B in solvent.

4 Conclusions

In this work, we have studied the reaction of the deamination
of cytosine (to uracil) assuming a proton catalyzed hydrolytic
mechanism, in the presence of an additional catalyzing water
molecule. Two pathways are described, one resulting from
the N3 protonated form and a second resulting from a water
addition to the neutral cytosine. Both are four-step mecha-
nisms and involve the same type of reactions but in a differ-
ent order. The difference lies in the two initial steps leading
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to the same intermediate species (I1), with the subsequent
processes being the same.

In the first pathway (A), there is first protonation at N3
of cytosine followed by a concerted water molecule addition
at C4 with simultaneous proton transfer to the amino group
leading to the intermediate species I1. The second route (B)
involves an initial concerted addition of a water molecule
to C4 and a simultaneous proton transfer to N3 followed by
protonation of the amino group at N8, leading to the same
intermediate as in pathway A. The two final steps, which are
common to both pathways, include first elimination of the N8
ammonia group leading to a protonated uracil, followed by
proton transfer from this last species to the ammonia giving
an ammonium cation and neutral uracil.

In both pathways, the addition of water at C4 assisted
by a second water molecule is the rate determining step.
The addition to the protonated cytosine appears to be ener-
getically favored over the addition to neutral cytosine, with
calculated free energy barriers in aqueous solution of 140.3
and 156.3kJ/mol, repsectively. This point indicates that the
accelerated rate of deamination in acidic medium is related
to the increased concentration of protonated cytosine. The
activation free energy is slightly higher than the experimen-
tal value, yet closer than the theoretical values previously
reported in the literature. This supports the concept that an
additional catalytic water molecule plays an important role
in the hydrolitic deamination of cytosine.
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