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Canonical, enol and imino tautomers of cytosine were studied theoretically in the gas phase, in a microhydrated
environment (1 and 2 waters) and in bulk water. The structures of isolated, mono- and dihydrated tautomers
were determined at the RI-MP2 level with the TZVPP basis set. The relative energies of isolated tautomers were
calculated up to the CCSD(T) level using the cc-pVTZ basis set and at the MP2 level using the aug-cc-pVQZ
basis set. For the MP2 and CCSD(T) predictions, complete basis set estimates were obtained using various
extrapolation techniques. One of the enol forms is the global minimum at all theoretical levels in the gas phase
while the canonical form represents the first local minimum. Already two water molecules reverse the relative
stability of these two tautomers making the canonical form the global minimum. The effect of bulk solvent on
the relative stability of cytosine tautomers was examined from self-consistent reaction field, Monte Carlo and
molecular dynamics free energy calculations. Bulk solvent calculations unambiguously favored the canonical
tautomer over the enol forms, in agreement with the trends found for the mono- and dihydrated cluster model.
However, the bulk solvent results for relative energy changes differ from those of the cluster model. While the
enol structure is predicted to be the least stable species in the bulk solvent, the microhydration model predicts it
to be the first local minimum with a rather small energy difference (�1 kcal mol�1) with respect to the global
minimum.

I Introduction

The maintenance of the genetic code relies on the specific
hydrogen-bonding recognition between nucleic acid (NA)
bases.1 According to the Watson–Crick model,2 the adenine–
thymine (AT) and guanine–cytosine (GC) base pairs are stabi-
lized by two and three hydrogen bonds. Specific patterns of
hydrogen-bonding donor/acceptor groups are provided by
the AT and GC base pairs in both major and minor grooves
of DNA duplexes. This structural feature is important since
it enables one to read a DNA sequence without opening the
base pairs, and is responsible for the specificity of recognition
and binding of other molecules to the DNA.3,4 The complex
network of hydrogen-bonding interactions that modulates
the structure and function of DNA is based on the predomi-
nance of the canonical tautomeric forms of NA bases. The
eventual importance of the prototropic tautomerism was,
nonetheless, recognized already by Watson and Crick.2 Several
models of spontaneous mutation in DNA involve the role of

minor tautomeric forms of the bases.5,6 Minor tautomeric
forms can also be involved in the stabilization of certain anom-
alous DNA structures.7 Recent studies have also shown the
potential role of metal cation-nucleobases binding in the stabi-
lization of rare imino tautomers, an effect that may be related
to mutagenic effects caused by certain metals.8,9

High-level computational methods play a crucial role in
determining the relative stability of tautomers in the gas phase
where, for a number of nucleobases, several tautomers are
known to co-exist. It is considerably more difficult to apply
both theoretical and experimental methods to the study of
nucleobase tautomerism when the bases are not isolated. In
most cases, only the most stable tautomers of each base are
detectable in the polar environment experiments, except for
the, irrelevant to DNA, N7–N9 tautomerism of purine
bases.3,10 There have been numerous computational studies
on the tautomeric equilibrium of bases, particularly of cyto-
sine.11–22 Based on these studies, the lowest energy tautomers
of cytosine in the gas phase have been unambiguously identi-
fied (see Fig. 1). In addition to the canonical form 1, two enol
(2a, 2b) and two imino (3a, 3b) forms have been found to lie in
a relatively narrow energy range. Nevertheless, since the

y Dedicated to the memory of our friend and distinguished scientist
Professor Peter Kollman.
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minima are close in energy, the relative stability of these tauto-
mers is very sensitive to the level of theory. Thus, relative to
the canonical form 1, the energy difference of C2a and C3b
are predicted to be �1.5 and +1.8 (MP2/6-31++G(d,p)),16

+0.4 and +1.9 (B3LYP/6-31++G(d,p)),16 �1.1 and +0.9
(MP2/6-311++G(d,p) supplemented by corrections up to
the fourth order of the perturbational treatment with the 6–
31G(d) basis),20 and �1.5 and +0.3 (CCSD(T)/cc-pVTZ-
(-f))15 kcal mol�1.
Since 1994 we have systematically studied theoretically11a all

five canonical NA bases and more than 100 H-bonded and
stacked NA base pairs using a consistent computational level
of theory. The geometries of H-bonded pairs were optimized
at the HF and sometimes MP2 levels with medium sized basis
sets of atomic orbitals, while the stabilization energies of
all NA base pairs were determined mainly at the MP2/6-
31G(d;0.25) level. (Standard d-functions on non-hydrogen
atoms were replaced by more diffuse ones with exponents
0.25). The MP2/6-31G(d;0.25) method has been extensively
used to evaluate the base stacking. Isolated nucleobases were
investigated up to the MP2/6-311G(2df,p) level, mainly with
respect to the amino-group pyramidalization effects. Although
these computations were entirely sufficient to provide a correct
qualitative picture of nucleobase interactions, it is evident that
further tuning of the computational procedures is needed to
obtain quantitatively correct data.
The need to obtain more accurate estimates of the geometri-

cal and energetic properties of isolated nucleobases and of
their hydrogen-bonded and stacking interactions leads us to
seek better computational techniques. Here we report the
results of the investigation of the tautomerism of cytosine, a
part of the study, which will be continued for other nucleo-
bases and their molecular complexes. Gas phase calculations
of the relative stability of the different tautomers of cytosine
involve RI-MP223–27 geometry optimizations and single-point
calculations at the MP2 and CCSD(T) levels of theory using
a variety of very flexible basis sets, including the evaluations
considering f-polarization functions. The systematic calcula-
tions allow us to use extrapolation techniques to determine
the best estimates of the relative stability of the tautomers in
the gas phase. However, it is necessary to supplement the gas
phase evaluations by reliable estimates of solvent effects. Thus,
the influence of solvation has been explored by using two dif-
ferent approaches. First, a molecular dynamics/quenching
technique combined with subsequent ab initio calculations
has been used to analyze the most stable complexes of cytosine
tautomers with one and two water molecules. Second, ab initio
self-consistent reaction field calculations and classical free
energy calculations coupled to molecular dynamics and Monte
Carlo techniques have been used to determine the differential

free energy of hydration of the tautomers at room temperature
and pressure. From these studies, a detailed picture of the tau-
tomeric preference of cytosine in the gas phase, in a water clus-
ter and in aqueous solution is obtained.

II Methods

II.1 General strategy

The gas-phase geometry of the cytosine tautomers was deter-
mined using the resolution of identity (RI) method combined
with the MP2 procedure (RI-MP2)23–27 implemented in
TURBOMOLE.28 The RI-MP2 method provides an accurate
description of H-bonded and stacked DNA base pairs.23

Because the method is computationally very effective (approxi-
mately by one order of magnitude if compared with the exact
MP2 method) it is possible to use it with extended AO basis
sets. This allows one to perform calculations that were up to
now impractical. For the purpose of comparison, geometry
optimization of the canonical tautomer of cytosine was also
performed using the exact MP2 method. The double-polarized
valence triple-z (TZVPP) basis set [5s3p2d1f/3s2p1d] and the
default auxiliary basis set were systematically used.29,30

The relative energies of the tautomers were subsequently deter-
mined at the RI-MP2 and CCSD(T) levels with systematic
expansion of Dunning’s correlation consistent31 basis sets in
order to extrapolate the energy difference to the basis set
limit.32–34 Calculations were carried out using the Gaussian-
9835 and Molpro36 programs. All RI-MP2 calculations were
done with the TURBOMOLE code and CCSD(T) with Mol-
pro, the remaining calculations were performed with the Gaus-
sian-98 code. A molecular dynamics/quenching technique with
Cornell et al. AMBER empirical potential37 was used to explore
the potential energy surface of complexes of the tautomers of
cytosine with one and two water molecules. The energetically
most stable structures were reinvestigated at the RI-MP2 level
to determine the relative energies and stabilization energies of
cytosine� � �water and cytosine� � �(water)2 clusters. Finally, the
effect of hydration on the relative stability of cytosine tauto-
mers was examined from self-consistent reaction field (SCRF),
as well as free energy calculations coupled to molecular
dynamics (MD) and Monte Carlo (MC) methods.38–40

II.2 Extrapolation technique

In order to correct the computed energies for the deficiencies
due to incompleteness of the basis set expansion and electron
correlation coverage, two different extrapolation techniques
were used. In the first case, one extrapolates the HF, MP2
and CCSD(T) energies, and in the second - CCSD(T) energies
on the basis of accurate MP2 energies and the extrapolated
(MP2�CCSD(T)) energy difference. With the results deter-
mined from at least three of the cc-pVNZ and aug-cc-pVNZ
basis sets, it is possible to obtain high quality estimates of com-
plete basis set limit energies.32–34 However, since the cc-pVTZ
basis set often approaches the edge of computational feasibility
for moderately-sized systems, Truhlar32 developed an extra-
polation technique requiring only cc-pVDZ and cc-pVTZ
energies. In accordance with this technique, HF and correla-
tion energies are extrapolated separately, assuming a power
dependence of energy on N (eqn. (1)).

EX ¼ E1 þ AN�a ð1Þ

where N is 2 for cc-pVDZ, 3 for cc-pVTZ and E1 , A and a are
fitting parameters.
Provided the power coefficients are constants of the electro-

nic structure method (i.e. different for the HF, MP2 or
CCSD(T) methods, but independent of the molecular system),
the resulting expression for the infinite basis set limit energy

Fig. 1 The five most stable cytosine tautomers. Standard numbering
and adopted nomenclature are presented.
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estimate is given by

E1 ¼ 3a

3a � 2a
EHF
3 � 2a

3a � 2a
EHF
2

þ 3b

3b � 2b
Ecorr
3 � 3b

3b � 2b
Ecorr
2 ; ð2Þ

where a and b denote power coefficients for the HF method
and the correlated method, respectively, E2 denotes the energy
for the cc-pVDZ basis and E3 the energy for the cc-pVTZ
basis.
The same treatment can be applied to the aug-cc-pVNZ

basis sets. Coefficients a and b were fitted by Truhlar32 yielding
a ¼ 3.4, bMP2 ¼ 2.2, bCCSD ¼ bCCSD(T) ¼ 2.4, and subse-
quently refined for a larger number of molecules to a ¼ 3.39,
bMP2 ¼ 2.2, bCCSD ¼ 1.94, bCCSD(T) ¼ 2.02. This latter para-
metrization has been used here. Since there is a certain ambi-
guity in the choice of the a and b coefficients, we checked
these coefficients on the triazine molecule, which resembles
cytosine and allows us to perform CCSD(T) calculations with
the cc-pVQZ basis set. Note also that this extrapolation tech-
nique is to a certain extent flexible, allowing its application to
rather extended non-covalent complexes.41

The other extrapolation technique is based on the combina-
tion of accurate MP2 energies and the extrapolated
(MP2�CCSD(T)) energy difference (eqn. (3)). Recently this
approach was used to calculate the benzene dimer interaction
energy.42 On the condition of the validity of eqn. (1), the cor-
rection for inclusion of higher electron correlation contribu-
tions can be determined from eqn. (4), where DCCSD(T)jinf is
DCCSD(T) evaluated with the infinite basis set. Since the last
two terms are of similar absolute value, they approximately
cancel each other, even for small basis sets and, presumably,
DCCSD(T) converges to the exact value faster than the energy
itself. The basis set dependence of the DCCSD(T) within the
cc-pVNZ and aug-cc-pVNZ basis set series has been investi-
gated here for both the triazine and the cytosine tautomers.

DCCSDðTÞ ¼ EMP2 � ECCSDðTÞ ð3Þ

DCCSDðTÞ ¼ DCCSDðTÞ jinf þAN�bMP2 � BN�bCCSDðTÞ ð4Þ

II.3 Molecular dynamics/quenching technique

Due to the complexity of the potential energy surface (PES) of
molecular complexes involving nucleic acid bases,43–45 we have
used the molecular dynamics simulations combined with the
quenching (Q) technique46 to investigate clusters of cytosine
tautomers with one and two water molecules (see ref. 45 for
details). MD/Q simulations were carried out in the NVE
microcanonical ensemble (N, V, and E mean number of parti-
cles, volume and total energy) within a quaternion formalism
using the AMBER empirical potential,37 which gives results
in agreement with the ab initio data for NA base pairs. Simula-
tions in the NVE ensemble give the properties of a cluster that
does not interact with its surroundings. The respective code47

uses a fifth-order predictor–corrector algorithm with a 0.5 inte-
gration step. MD simulations were performed at a constant
total energy of �107.4 kcal mol�1 (corresponding average tem-
perature is 298 K) which is high enough to allow crossing over
relatively high energy barriers and thus to sample the whole
PES. Every 1 ps the MD run was interrupted, the kinetic
energy was removed and the structure of the cluster was fully
optimized using the conjugate gradient method, finally storing
both the geometry and the energy of the optimized structure.
Then, the MD run takes off from the point it was interrupted.
A total simulation time of 250 ns was completed.
The library of canonical cytosine in the AMBER force field

was modified to parametrize the non-canonical tautomers
from quantum mechanical calculations. Geometrical coordi-
nates most strongly affected by tautomerization (bond lengths,

valence and the dihedral angles of the hydroxy group of 2a,b
and the imino group of 3a,b) were parametrized more thor-
oughly.48 For new dihedrals careful parametrization using a
differential fitting procedure according to Hopfinger and Pearl-
stein49 was implemented. The atomic charges of the tautomers
2a, 2b, 3a and 3b were generated with a two-stage electrostatic
potential fitting procedure (RESP)50 at the HF/6-31G** level.
For the dihedrals of the hydroxy group a set of thirteen opti-
mized constrained geometries was calculated at the HF/
6-31G* level. Then we calculated the molecular mechanical
torsion curves for the same values of dihedrals, as used in
the quantum chemical calculations, with zero dihedral force
constants. The desired differential curve was obtained as a dif-
ference between these two curves. The differential curve was
fitted with the least squares method implemented in Mathema-
tica (Wolfram Research, Inc.) to the series of cosines in the
form

P
{Kn(1+ cos(nw�j))}, n ¼ 1,2,3,4 and 6. As the cos(w)

and cos(2w) appeared to be the main contributors to the given
potential, only these two terms were used in the final fit.
The MD/Q procedure usually provided 4 to 8 structures

within the suggested energy limit (�5 kcal mol�1), which were
then optimized at the HF/6-31G** level. The nature of the sta-
tionary point was verified on the basis of harmonic vibrational
analysis at the same level of theory and the zero-point energy
(ZPE) was computed. The harmonic approximation was sup-
posed to be accurate enough, since Clary et al.14 showed that
anharmonic contributions to the ZPE for canonical cytosine
with water complexes are less than 1 kJ mol�1. Full geometry
optimization of several of the most stable cytosine complexes
with one and two water molecules was also performed at the
RI-MP2 level with the TZVPP basis set employing the Turbo-
mole 5.3 program suite.28 The interaction energies were cor-
rected for the basis set superposition effects using the Boys
and Bernardi procedure.51

II.4 Statistical thermodynamic treatment of equilibrium
geometries

Thermodynamic functions were determined from partition
functions computed from the HF/6-31G(d,p) characteristics
(geometry, vibrational frequencies). The rigid rotor–harmonic
oscillator–ideal gas approximation was adopted.

II.5 Hydration

In order to determine the free energy of tautomerization in
water, the relative free energies of hydration were computed
by using both self-consistent reaction field and free energy
calculations.38–40

SCRF calculations were performed using the recently re-
parametrized52 ab initio HF/6-31G(d) optimized version of
the MST53–55 continuum model (also known as the polarizable
continuum model56,57). Calculations were carried out using the
gas phase geometries optimized at the RI-MP2 level, since
small geometrical changes are expected to occur upon solva-
tion of rigid molecules like those considered here.58 MST cal-
culations were performed using a locally modified version of
Monstergauss.59

Monte Carlo-free energy perturbation (MC-FEP) simula-
tions were performed to estimate the relative free energy of
hydration associated with the mutation between the tautomers
of cytosine. The solute was placed in a cubic box of nearly
9000 Å3 containing approximately 270 TIP3P60 water mole-
cules. Simulations were performed in the isothermal–isobaric
(NPT, 1 atm, 298 K) ensemble. Periodic boundary conditions
were used in conjunction with preferential sampling in simula-
tions. A residue-based non-bonded cut-off of 9 Å was used to
evaluate intermolecular interactions. The mutation was carried
out in 41 doublewidth sampling windows. In each window
2� 106 configurations were used for equilibration and

4194 Phys. Chem. Chem. Phys., 2002, 4, 4192–4203
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3� 106 configurations for averaging. The geometrical para-
meters of the mutated solutes were taken from the gas phase
optimized geometry and were kept fixed during the simula-
tions, which allows us to compare directly MST and
MC-FEP relative free energies of hydration. Restrained elec-
trostatic potential-derived atomic (RESP) charges computed
at the RHF/6-31G(d) level were used with standard OPLS61

Lennard-Jones parameters for the solute. The rotations and
translations of the solute were adjusted to obtain around
40% acceptance. MC simulations were carried out with the
BOSS4.2 program.62

Molecular dynamics-thermodynamic integration (MD-TI)
simulations were also performed to estimate the relative hydra-
tion free energies between the tautomers of cytosine. The
solute was placed in a cubic box containing approximately
420 TIP3P water molecules. Simulations were performed in
the isothermal-isobaric (NPT, 1 atm, 298 K) ensemble using
periodic boundary conditions, a non-bonded cut-off of 9 Å,
SHAKE, and an integration time step of 1 fs. The mutation
was carried out in 41 windows, each consisting of 10 ps of
equilibration and 10 ps of averaging, leading to a total MD
simulation of 820 ps for each mutation. HF/6-31G(d) RESP
atomic charges were used in conjunction with van der Waals
parameters taken from the AMBER force field.

III Results and discussion

III.1 Gas-phase tautomers

Based on the results of preceding studies of cytosine tauto-
mers,15,16,20 we have examined the relative stability in the gas
phase of the canonical form (1), two enol forms (2a, 2b) and
two imino forms (3a, 3b) (see Fig. 1). The geometries, rota-
tional constants and dipole moments of all the tautomers are
shown in Table 1, while their relative energies are summarized
in Table 2.

Accuracy of the RI-MP2 method. The RI-MP2 and MP2
geometries of canonical cytosine were determined with the
same basis set (TZVPP) to evaluate the precision of the RI-
MP2 method in describing the geometrical characteristics.
Both geometries were practically identical: the largest discre-
pancies in bond length, valence and dihedral angles amounted
to 0.0002 Å, 0.01� and 0.02�, respectively.

Comparison of theoretical geometries obtained at various
levels of theory for the canonical tautomer of cytosine is feasi-
ble owing to the existence of experimental rotational con-
stants.63 The HF/6-31G(d,p) geometry exhibits a rather large
difference in the rotational constants (A, B and C parameters
deviate from the experimental values by +2.9%, +3.3%,
+3.1%, respectively). Such a difference in the rotational con-
stants largely decreases for the MP2/cc-pVDZ15 geometry
(deviations from experimental values are �0.7%, �0.1%, and
�0.4%). Addition of f-functions on non-hydrogen atoms and
d-functions on hydrogens (present RI-MP2/TZVPP calcula-
tions) leads to a further improvement (deviations from experi-
mental values are �0.6%, �0.1%, and �0.3%). These results
indicate the importance of the inclusion of electron correlation
effects and the use of flexible basis sets. We believe that obtain-
ing even closer agreement between theoretical and experimen-
tal rotational constants would require passing from
equilibrium geometry to vibrationally averaged geometry.
The energies of interconversion between planar and non-pla-
nar structures, evaluated at the RI-MP2/TZVPP level, amount
to 0.15, 0.31 and 0.37 kcal for 1, 2a and 2b, respectively.

Basis set extrapolation. Energies corresponding to the basis
set saturation limit (complete basis set–CBS) were estimated
using Truhlar’s extrapolation technique (see Methods section).
Since the original procedure was based on calculations of ato-
mization energies for small molecules, we were concerned
about its suitability for the present systems. The extrapolation
coefficients were, therefore, also derived from calculations per-
formed with the cc-pVDZ, cc-pVTZ and cc-pVQZ basis for
triazine as a reduced model system of cytosine. The depen-
dence of the MP2 and CCSD(T) correlation energies on the
cc-pVNZ (N ¼ 2,3,4) basis sets for triazine is shown in Fig. 2,
and the following coefficients were obtained: a ¼ 2.77,
bMP2 ¼ 1.92, bCCSD(T) ¼ 2.23. The MP2 calculations for cyto-
sine were performed with up to the cc-pVQZ basis set, yielding
the following coefficients: a ¼ 2.84, bMP2 ¼ 1.91. There is a
reasonable agreement between these values and those reported
by Truhlar, suggesting that the extrapolation technique is quite
robust and insensitive to the molecular system considered.

Relative energies of cytosine tautomers. Table 2 reports the
relative gas phase energies for the cytosine tautomers. The
enol form 2a is the global energy minimum for all methods

Table 1 Geometries of cytosine tautomers. Optimization performed at the RIMP2/TZVPP level of theory

Tautomera

Atoma

md1 2 3 4 5 6 7 8 9 10 11 12 13

1 Ab 3.8941 xc 0.0000 1.2340 2.3245 2.3365 1.1229 �1.0667 3.5132 �0.9133 0.9949 3.2489 4.3520 3.4701 6.30

B 2.0269 y 0.0000 0.0000 0.0109 0.0123 0.0053 �0.0053 0.0650 �0.0027 0.0071 0.0282 �0.2044 �0.0985

C 1.3337 z 1.4130 2.0163 1.2853 �0.1470 �0.7510 2.0005 1.9468 �0.4259 �1.8237 �0.7198 1.4678 2.9384

2a 3.9696 0.0000 1.0419 2.2425 2.3853 1.2202 �1.2013 3.3221 �1.8456 1.2494 3.3541 4.2093 3.1289 3.25

2.0118 0.0000 0.0000 0.0082 0.0083 0.0017 �0.0056 0.0654 �0.0016 �0.0011 0.0172 �0.2392 �0.1616

1.3361 1.3300 2.1542 1.5737 0.1775 �0.5584 1.9370 2.4106 1.2172 �1.6405 �0.2979 2.0533 3.3715

2b 3.9060 0.0000 1.0468 2.2531 2.3922 1.2237 �1.2149 3.3318 �1.0474 1.2569 3.3606 4.2170 3.1419 4.50

2.0298 0.0000 0.0000 0.0085 0.0079 0.0011 �0.0061 0.0687 �0.0024 �0.0027 0.0163 �0.2386 �0.1786

1.3367 1.3248 2.1517 1.5799 0.1862 �0.5482 1.9045 2.4203 2.8552 �1.6304 �0.2900 2.0584 3.3768

3a 3.8900 0.0000 1.2667 2.4991 2.3706 1.1514 �1.0177 3.6478 �0.9098 1.0075 3.2691 3.5541 1.2688 2.36

2.0107 0.0000 0.0000 0.0009 �0.0000 �0.0004 �0.0000 0.0024 �0.0002 �0.0010 �0.0002 0.0030 0.0001

1.3255 1.3793 1.9274 1.2563 �0.1878 �0.7561 2.0462 1.8278 �0.4283 �1.8258 �0.7807 2.8428 2.9368

3b 3.8705 0.0000 1.2608 2.4884 2.3677 1.1467 �1.0248 3.5492 �0.9104 1.0044 3.2572 4.3673 1.3013 4.63

2.0278 0.0000 0.0000 0.0005 0.0001 �0.0002 �0.0000 0.0013 �0.0001 �0.0005 �0.0001 0.0015 0.0002

1.3306 1.3862 1.9294 1.2616 �0.1851 �0.7542 2.0413 1.9842 �0.4270 �1.8246 �0.7934 1.3818 2.9388

a For atom numbering and tautomer classification refer to Fig. 1. Atom 1 is placed at the origin. b Rotational constants are given in GHz. c Coordinates are

in Å. d Total dipole moment in Debye at RIMP2/TZVPP-auxTZVPP.
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including electron correlation, and the other enol tautomer
(2b) represents the first local minimum. The energy difference
between the enol forms is almost uniform at various levels of
theory, and amounts to 0.6–0.7 kcal mol�1. The canonical
form 1 is at most level energetically less stable by 1.2–2.6 kcal
mol�1. Both imino forms, especially 3a, are even less stable. A
schematic representation of the dependence of the relative
energy of the five isomers on the level of calculation is shown
in Fig. 3. Within one computational method, consistent
improvement of basis set affects only moderately the relative
stability though it is to be noted that the cc-pVDZ basis set
shows rather poor performance. However, transition from
MP2 to CCSD(T) levels changes the relative energies of the
tautomers, especially for the 3a and 3b species. Thus, while
the imino tautomer 3b is energetically well separated from
the canonical structure 1 at the MP2 level, both structures
are within 2 kcal mol�1 at the CCSD(T) level. To summarize,
care should be paid to the choice of method and only methods
including a large portion of correlation energy can be used for
accurate prediction of tautomerization equilibria (cf. Table 2).

Passing to the extrapolated MP2 energies (i.e. energies eval-
uated with the infinite AO basis set), we find only small differ-
ences with respect to the RIMP2/TZVPP energies. The same is
true for the CCSD(T) extrapolated energies: here the differ-
ences with respect to the CCSD(T)/aug-cc-pVDZ level are
not large. It follows from the evidence presented that already
the non-extrapolated energies are close to saturation. Fig. 4
depicts the dependence of DCCSD(T) as a function of N for
the cc-pVNZ basis set for the triazine model system. The
non-monotonic course of this dependence follows also from

Table 2 Relative energies (in kcal mol�1) of selected tautomers of cytosine in the gas phase. Geometries were obtained at the RIMP2/TZVPP level

of theory. Our final gas-phase estimate (without ZPE) is shown on the last line

Method

Tautomera

1 2a 2b 3a 3b

RIMP2/TZVPP 1.90 0.00 0.72 4.91 3.21

HF/6-31G(d,p) ZPEb �0.27 0.00 �0.01 0.50 0.62

HF/6-31G(d,p) Gc �0.81 0.00 0.02 0.42 0.55

MP2/cc-pVDZ 2.57 0.00 0.67 4.62 2.96

MP2/cc-pVTZ 2.09 0.00 0.70 4.84 3.20

MP2/cc-pVQZ 1.65 0.00 0.72 4.74 3.01

MP2/aug-cc-pVDZ 1.60 0.00 0.69 4.70 2.96

MP2/aug-cc-pVTZ 1.58 0.00 0.71 4.76 2.99

MP2/aug-cc-pVQZ 1.46 0.00 – – 2.94

CCSD(T)/cc-pVDZ 2.16 0.00 0.64 3.24 1.69

CCSD(T)/cc-pVTZ 1.61 0.00 0.67 3.44 1.87

CCSD(T)/cc-pVQZd 1.23 0.00 0.69 3.36 1.73

CCSD(T)/aug-cc-pVDZ 1.22 0.00 0.66 3.34 1.70

Ecorr(MP2/inf)e 1.39 0.00 0.00 1.34 1.61

Ecorr(CCSD(T)/inf)f 0.77 0.00 �0.03 �0.20 0.11

Ecorr(CCSD(T)/inf)g 0.80 0.00 �0.03 �0.13 0.19

Ehf(HF/inf)e 0.68 0.00 0.71 3.88 2.00

Ehf(HF/inf)g 0.80 0.00 0.71 3.94 2.07

Etot(MP2/inf)e 2.06 0.00 0.71 5.22 3.61

Etot(CCSD(T)/inf)f 1.44 0.00 0.69 3.68 2.11

a For atom numbering and tautomer classification refer to Fig. 1. b Zero-point energy corrections determined at the HF/6-31G(d,p) level. c Zero-

point energy, thermal and entropy corrections determined at the HF/6-31G(d,p) level. d Based on extrapolating DCCSD(T) .
e Extrapolation with

coefficients fitted from extrapolating cytosine energies; corr, hf and tot mean correlation energy component, HF component and total relative

energy. f CCSD(T) energy extrapolated employing exponents derived by extrapolating energies of triazine as a model system for cytosine. g Ba-

sis-set limit energies extrapolation with Truhlar coefficients.

Fig. 2 MP2 and CCSD(T) correlation energy dependence within c-
pVNZ series for triazine. Dashed line: CCSD(T), solid line: MP2.

Fig. 3 Dependence of relative energy on method/basis set for cyto-
sine tautomers. 1,20 MP4/6-311++G(d,p); 2, RIMP2/TZVPP; 3,
MP2/cc-pVDZ; 4,15 MP2/cc-pVTZ(-f); 5, MP2/cc-pVTZ; 6, MP2/
cc-pVQZ; 7, MP2/aug-cc-pVDZ; 8, MP2/aug-cc-pVTZ; 9, MP2/
aug-cc-pVQZ; 10, MP2/inf; 11, CCSD(T)/cc-pVDZ; 12,15

CCSD(T)/cc-pVTZ(-f); 13, CCSD(T)/cc-pVTZ; 14, CCSD(T)/
cc-pVQZ; 15, CCSD(T)/aug-cc-pVDZ; 16, MP2/inf+DCCSD(T)/
cc-pVDZ; 17, CCSD(T)/inf. (For single-point evaluation in 1, 4 and
12, respectively, MP2/6-31G(d), MP2/cc-pVTZ(-f) and MP2/cc-
pVTZ(-f) geometry was used.)
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the form of eqn. (4). Though the error over the whole range of
N remains reasonable, even for the smallest cc-pVDZ basis,
this approach does not yield a better estimate with a larger
basis set. Instead, it suggests a crude estimate of higher order
correlation contribution, which for 2a amounts to
DCCSD(T)|3 ¼ 54.21, DCCSD(T)|2 ¼ 50.80 and DCCSD(T)|aug2 ¼
52.86 kcal mol�1 for cc-pVNZ (N ¼ 3,2) and aug-cc-pVNZ
(N ¼ 2), respectively. The corresponding values for other tau-
tomers could be obtained from the entries in Table 2. The
extrapolated MP2 relative energy for tautomer 1 is 2.06, i.e.
slightly larger than the MP2/aug-cc-pVQZ value. It must
again be recalled that the extrapolated MP2 relative energy
is given as the sum of the extrapolated HF and the extrapo-
lated MP2 correlation energy contributions. While the HF
relative energy has monotonic dependence on the basis set, this
is not true for the MP2 correlation energy contribution. In
general, there is no reason to expect monotonic behavior for
relative energy that is obtained from extrapolated data. The
same arguments are valid also for the extrapolated CCSD(T)
relative energies.
The most accurate and reliable energy data (CCSD(T)/inf)

are presented in the last line of Table 2. In order to compare
these values with experimental data it is necessary to include
the ZPE energy (see the second line in Table 2). Evidently
the ZPE corrections are small and do not bring changes in
the relative stability of the cytosine tautomers. The final rela-
tive enthalpies (in kcal mol�1) at 0 K are: 1 1.17, 2a 0.00, 2b
0.68, 3a 4.18, 3b 2.73. If experiments are performed at non-
zero temperatures, it is further necessary to include thermal
corrections to the enthalpy and entropy terms (3rd line in
Table 2, T ¼ 298.15 K). These corrections also do not change
the relative stability of the cytosine tautomers. The final rela-
tive free energies (T ¼ 298.15 K, in kcal mol�1) are thus: 1
0.63, 2a 0.00, 2b 0.71, 3a 4.10, 3b 2.66. Energetically, exclusion
of the f-functions (previous reference data by Kobayashi,15

included for comparison in Fig. 3 under item 4) leads to a
slight underestimation of the energy difference for high-energy
tautomers.
Comparison of theoretical values with experimental data is

difficult because there is no fully conclusive evidence yet. Thus,
the canonical and enol forms have been detected by matrix iso-
lation techniques, the former being destabilized by around 0.4
kcal mol�1,64 which agrees with our theoretical estimate.
Further, microwave experiments63 have identified the presence
of imino species. Though the experimental data are not very
precise, the imino form should be destabilized by at least 1.4
kcal mol�1.

Nonplanarity of the cytosine amino group. It is well estab-
lished that amino groups of isolated nucleic acid bases are non-
planar due to a partial sp3 pyramidalization of their amino
group nitrogen atoms.11a,65 The pyramidalization effects are
neglected by presently available molecular mechanical force

fields, but they are essential to stabilize a number of nonclassi-
cal molecular interactions seen in high-resolution DNA crystal
structures.66 Table 3 summarizes the RIMP2/TZVPP data for
tautomers 1, 2a and 2b (3a and 3b species are planar), which
we consider as new reference values. The amino group of
the cytosine canonical form 1 is substantially non-planar.
Non-equivalence of the two amino hydrogen dihedral angles
(pyramidal-rotated geometry, see ref. 65b), which is caused
by electrostatic repulsion between one of the amino group
hydrogen atoms and the proximal H5 (C5) ring hydrogen
atom65 is worthy of notice. Note that the partial rotation of
the amino group further weakens the double-bond contribu-
tion to the C4–N4 bond and pyramidal-rotated arrangements
of nucleobase amino groups are often predicted to stabilize
noncanonical contacts in nucleic acids.66 The RIMP2/TZVPP
data are in very good agreement with our preceding MP2/6-
311G(2df,p) results.65c Formation of tautomers 2a and 2b
slightly increases the nonplanarity since the shift of one ring
hydrogen atom to an exocyclic position bolsters the formation
of the amino nitrogen lone electron pair.

III.2 Microhydrated tautomers

Relative stability and binding patterns. In order to character-
ize the environmental effects on tautomerism, we have carried
out extended classical MD/Q simulations of mono- and dihy-
drated cytosine tautomers. MD/Q simulations usually yielded
4 to 6 stable structures with one water molecule and 10 to 25
structures with two water molecules. The most stable struc-
tures were then re-investigated using QM methods. Fig. 5
shows three energetically most stable conformations of mono-
hydrated structures arranged so that the relative energy of each
tautomer, based on RI-MP2/TZVPP energies with HF/6-
31G(d,p) ZPE correction, decreases from left to right. The
relative energies and dipole moments of the depicted structures
are presented in the Table 4. Fig. 5 shows that water-binding
patterns are rather similar for the different tautomers. In the
global minimum, oxygen and nitrogen ring atoms participate
in double hydrogen bonding with water, while in the first local
minimum (with the only exception of 3a) water is bound
through the amino and imino group nitrogens. Inspection of
the results in Table 4 indicates that the qualitative ordering
of relative energies is generally maintained at all levels of cal-
culation. Nevertheless, inclusion of electron correlation modu-
lates the magnitude of the energy differences, as noted in the
case of structure 2 of the imino tautomers.
The four most stable structures of dihydrated cytosine are

shown in Fig. 6 and their relative energies and dipole moments
are summarized in Table 4. It is evident that the water dimer
motif is energetically very stable since it is systematically
included in all global minima. It is worth mentioning that
the binding site of the water dimer coincides with the binding
site of single water in the most stable structure of all five tau-
tomers. For the canonical tautomer 1, the order of relative sta-
bility of dihydrated structures fully agrees with that found in
ref. 13. The importance of electron correlation effects is clearly
shown in the change in the relative energy of the structures for
tautomer 2a.

Fig. 4 DCCSD(T) behavior as a function of basis set quality within the
cc-pVNZ series.

Table 3 Nonplanarity of the cytosine tautomer samino group

(IUPAC atomic numbering). SXN4H is the sum of the three amino

group valence angles. Inversion barriers amount to 0.15, 0.31 and

0.37 kcal for 1, 2a and 2b, respectively

Tautomer C5C4N4H N3C4N4H C2N3C4N4 SXN4H

1 �20.6 12.2 177.4 352.6

2a �23.0 16.4 177.3 349.2

2b �23.1 17.7 177.1 348.2
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Bearing in mind the widespread use of the AMBER force
field in contemporary large-scale MD simulations of nucleic
acids, it is of particular interest to compare the empirical
potential data with the RIMP2/ZPE values. For monohy-
drated complexes eight out of ten calculated relative energies
agree within 1 kcal mol�1 while in the two remaining cases
the difference is within 1–2 kcal mol�1. In the case of the dihy-
drated complexes, three calculated relative energies show a dif-
ference between TIP3P/AMBER and QM data within 1 kcal
mol�1 and six structures within the range 1–2 kcal mol�1.
Two 3b structures show energy deviations higher than 2 kcal
mol�1. Taking into consideration the approximations inherent
to the force field treatment we found these differences admissi-
ble, though not negligible. The HF/ZPE data show a some-
what better agreement with the reference RIMP2/ZPE points.
Table 5 contains the final values of the relative energies of

the isolated tautomers as well as of the mono- and dihydrated
complexes. At the RI-MP2 level (with the inclusion of ZPE)
the canonical form 1 is 1.63 kcal mol�1 less stable in the gas
phase than 2a. It is evident that already the presence of one
water molecule changes the relative energy difference between
single tautomers, since it reduces the difference between 1
and 2a to 0.14 kcal mol�1, while that for 2a and 2b is increased

to 1.97 kcal mol�1. Addition of two water molecules changes
the relative stability of tautomers 1 and 2a, the former species
being now about 1 kcal mol�1 more stable for the dihydrated
complex. The relative stability of the second enol tautomer
decreased upon microhydration and became the second local
minimum. Both imino tautomers are less stable and their rela-
tive energy is changed only slightly upon addition of water
molecules.

Interaction energies. RI-MP2/TZVPP interaction energies
for all global minima and for several selected structures with
binding patterns of particular interest are shown in Table 5.
The interaction energies are generally within 9–12 and 18–22
kcal mol�1 for mono- and dihydrated tautomers. These are
strong interactions, comparable to the stabilization energies
of base pairs and substantially stronger than the water dimer.
Deformation energy ranges typically between 0.5 and 1.5 kcal
mol�1 for mono- and dihydrated tautomers, respectively (dihy-
drated structures 2a2 and 2b1 appear to be the most deformed
(around 2.4 kcal mol�1) in the series). It is also instructive to
evaluate the many-body contributions to the interactions,
showing the cooperativity of the water binding. For trimers,
the three-body component of the interaction energy is not

Fig. 5 The 15 most stable structures of cytosine tautomers with one water molecule optimized at the RIMP2/TZVPP level of theory. Stability is
decreasing from left to right.
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uniform and varies from �4.9 kcal mol�1 for 1–(H2O) 2 , which
contains a hydrogen-bonded water dimer, to �0.1 kcal mol�1

for 2a–(H2O) 2 , where the two water molecules are not con-
nected through a H-bond. Generally, the three-body term con-
tributes up to 20% to the total interaction energy, which is
comparable to the binding energy of a water dimer. Thus,
the relative ordering of closely-lying minima, determined only
on the basis of pairwise-additive empirical potential calcula-
tions, might not be well reproduced.

III.3 Hydrated tautomers

The differences in the free energy of hydration for cytosine tau-
tomers are given in Table 6, which also reports the free energy
of tautomerization in aqueous solution, as determined by add-
ing the best estimate of the gas-phase free energy difference to
the relative hydration free energy. There is very close agree-

ment between the relative free energies of hydration deter-
mined from the MST, MC-FEP and MD-TI results, which
gives confidence in the computed values. The canonical tauto-
mer 1 is predicted to be better hydrated than the enol forms by
around 7.0 (2a) and 5.7 (2b) kcal mol�1, and than the imino
tautomers by 3.8 (3a) and 3.9 (3b) kcal mol�1 (averaged values
fromMST, MC-FEP and MD-TI estimates). Based on the best
estimates of the free energy differences in the gas phase (see
above), the tautomer 1 is predicted to be the most stable form
in dilute aqueous solution, the free energy of tautomerization
relative to any other form being larger than 5.8 kcal mol�1.
Both enol and imino forms are predicted to be similarly desta-
bilized in water. This is in accord with the fact that, compared
to the tautomer 1, the solvent-induced destabilization of the
imino forms is smaller than that of the enol tautomers, which
compensates for the greater stability of the latter species in the
gas phase (see above). The predicted free energy difference of

Table 4 Relative energies (in kcal mol�1) for tautomers of cytosine with one and two water molecules evaluated at different levels of theorya

Structure MD/Qb HFc HFZPE
d RIMP2e RIMP2ZPE

f mg

1–H2O

1 0.00 0.00 0.00 0.00 0.00 5.29

2 0.47 0.85 1.06 0.78 0.99 5.85

3 4.21 5.48 4.59 6.39 5.51 9.24

2a–H2O

1 0.00 0.00 0.00 0.00 0.00 4.20

2 �0.31 0.07 0.14 0.58 0.65 2.50

3 3.46 3.83 2.74 5.24 4.15 6.45

2b–H2O

1 0.00 0.00 0.00 0.00 0.00 5.30

2 1.37 1.72 1.22 1.32 0.82 3.45

3 1.55 2.01 0.95 2.92 1.85 7.15

3a–H2O

1 0.00 0.00 0.00 0.00 0.00 2.02

2 0.80 1.27 1.32 0.64 0.69 3.11

3 2.14 2.41 2.22 2.39 2.21 2.10

3b–H2O

1 0.00 0.00 0.00 0.00 0.00 3.52

2 2.06 1.28 1.33 0.42 0.48 5.36

3 2.76 2.34 2.15 2.29 2.10 4.96

1–(H2O)2
1 0.00 0.00 0.00 0.00 0.00 4.72

2 2.24 1.63 1.47 0.36 0.20 4.83

3 0.19 0.92 1.10 0.85 1.02 5.57

4 1.23 1.23 1.11 1.81 1.69 5.18

2a–(H2O)2
1 0.00 0.00 0.00 0.00 0.00 3.79

2 �0.95 �1.43 �1.25 �0.03 0.15 3.91

3 �1.17 �1.47 �1.16 0.28 0.59 1.98

4 �0.29 0.09 �0.27 — — —

2b–(H2O)2
1 0.00 0.00 0.00 0.00 0.00 4.92

2 1.63 2.06 1.06 3.97 2.98 4.86

3 3.09 3.54 2.36 4.40 3.22 7.94

4 4.11 5.06 3.71 6.02 4.67 6.15

3a–(H2O)2
1 0.00 0.00 0.00 0.00 0.00 1.82

2 0.82 0.65 0.63 0.81 0.79 3.35

3 3.62 3.31 3.27 1.72 1.68 3.61

4 4.13 3.50 3.12 3.19 2.80 3.31

3b–(H2O)2
1 0.00 0.00 0.00 0.00 0.00 3.06

2 3.48 1.61 1.61 0.68 0.67 4.52

3 5.39 2.76 2.76 1.35 1.35 4.79

4 4.82 3.57 3.31 3.25 2.99 4.33

a Order of relative stability was referred to the most energetically preferable hydrated structure within complexes of one tautomer. b Modified

Cornell et al. force field. c HF/6-31G(d,p). d HF/6-31G(d,p) corrected with ZPE evaluated at HF/6-31G(d,p). e RIMP2/TZVPP. f RIMP2/

TZVPP corrected with ZPE evaluated at HF/6-31G(d,p). g Total dipole moment in Debye at RIMP2/TZVPP.
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the imino species relative to tautomer 1 in water (+5.9 kcal
mol�1) is in agreement with the range of values determined
experimentally (from 5.5 to 6.9 kcal mol�1).67

III.4 Final assessment of the relative energies of cytosine
tautomers in the gas phase, in a microhydrated environment and
in water

MST, MC-FEP and MD-TI calculations unambiguously
favored the canonical tautomer 1 over the enol form 2a, in full
agreement with the trends mentioned above for the mono- and
dihydrated cluster models. The bulk solvent results differ, how-
ever, from the cluster model data in relative energy changes.
While the former model predicts the enol structure 2a to be

largely destabilized (+6.4 kcal mol�1), the latter model pre-
dicts it to be the first local minimum with a rather small energy
difference (�1 kcal mol�1) with respect to the global minimum.
In the case of DNA base pairs we have shown68 that microsol-
vation changes dramatically the structure of the pair and,
further, the effect of a few waters (2–4) is comparable to that
of a much larger set (64 waters). Both effects were explained
by the very specific (and strong) interaction of the first few
waters with the molecules of a pair. In the case of the isolated
tautomer it is difficult to decide whether interaction of the first
waters is also so decisive. We believe that the current results
support the existence of three different environments: gas
phase, small cluster and bulk solvent. It should be noted,
nevertheless, that the microsolvation results would suggest

Fig. 6 The 20 most stable structures of cytosine tautomers with two water molecules optimized at the RIMP2/TZVPP level of theory. Stability is
decreasing from left to right.
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some co-existence of tautomeric forms 1 and 2, which is not
supported by the prevailing view that only canonical forms
of the main nucleobases are present in the polar solvent.3 It
is also instructive to compare the net hydration contributions
to the relative tautomeric equilibria caused by the microhydra-
tion (Table 5) and continuous solvent approximation (Table
6). A single water molecule (RI-MP2+ZPE level) changes
the tautomeric equilibrium with respect to the canonical form
1 by +1.49, +2.54, +1.33 and +1.12 kcal mol�1 for 2a, 2b, 3a,
and 3b, respectively, which represents 20–42 % of the bulk sol-
vent values (Table 6). Two explicit water molecules change the
tautomeric equilibrium with respect to the canonical form 1 by
+2.59, +3.34, +1.63 and +1.04 kcal mol�1 for 2a, 2b, 3a, and
3b, respectively, that is, 24–56% of the predicted bulk solvent
effects. Thus, the microsolvated data are in-between the gas
phase and bulk solvent predictions.

III.5 Biological relevance

In conclusion, let us briefly comment on the biological rele-
vance of the cytosine tautomers. Obviously, the enol tautomers
cannot be formed in nucleic acids, as they involve deprotona-
tion of the N1 position of cytosine, where the sugar moiety is
attached in nucleic acids. In contrast, the imino tautomers can
be embedded into nucleic acids. Since their hydrogen bonding
patterns differ from the canonical form 1 they could be asso-
ciated with the formation of distinct noncanonical base pairs.
The present results, in line with preceding studies, show that

the imino tautomers are substantially destabilized compared
to the canonical form in the polar solvent. This means that
under normal conditions such tautomers are not present.
Obviously, high rates of their formation would likely cause
high mutation rates, thus the genetic material should be pro-
tected from their formation. It is nevertheless important to
note that the imino tautomers are destabilized by environmen-
tal effects while the intrinsic energy terms would lead to a
rather significant probability of imino tautomer formation.
Nevertheless, the destabilization of cytosine rare tautomers

is not sufficient to exclude their involvement under certain cir-
cumstances and in certain environments, allowing expression
of the intrinsic gas-phase trends. For example, the formation
of rare tautomers can be boosted by favorable molecular inter-
actions improving their free energy compared to the canonical
amino form. In fact, such involvement of imino tautomers has
already been suggested for several unusual nucleic acid struc-
tures: the pyrimidine–purine–pyrimidine triplex,7a,e the four-
stranded intercalated i-DNA7b,c and the parallel stranded
DNA duplex.7d,f Although the available experimental data as
well as the computed results so far do not suggest that the tau-
tomers are the dominant species in these molecules, their tran-
sient formation cannot be ruled out. The imino tautomer
would certainly be involved in the case of a double-proton
transfer mechanism of point mutations69 and this process is
likely to be substantially sensitive to the energy difference
separating the cytosine tautomers. The formation of species
formally identical to the imino tautomers is caused by metala-
tion of the cytosine amino group,8,9 although we have argued
that the electronic structure of these metal-assisted imino tau-
tomers is more similar to N3-protonated cytosine.9 After the
amino-metalation, the metal-assisted imino tautomer is the
dominating species, which leads to mispairing of cytosine.
Although no atomic resolution structure of amino-metalated
oligonucleotide is available, the metal-assisted tautomers have
been extensively studied for smaller systems. It should also be
pointed out that the probability of formation of cytosine tau-
tomers can be substantially enhanced by reducing the cytosine
exposure to the solvent, which would shift the tautomeric equi-
librium towards the above micro-hydration equilibria or even
the gas-phase values. This may occur for example in biomole-
cular complexes of nucleic acids with proteins. Note that in the
case of canonical Watson–Crick base pairing, the interaction

Table 5 Relative and interaction energies (in kcal mol�1) of cytosine tautomers in the gas phase and mono- and dihydrated environment (global

minima for each tautomer–water complex are presented)

Structure

Relative energiesa b Interaction energiesc d

HF HFZPE RIMP2 RIMP2ZPE RIMP2e RIMP2TOT

1 1.71 1.43 1.90 1.63 — —

2a 0.00 0.00 0.00 0.00 — —

2b 0.74 0.73 0.72 0.71 — —

3a 4.03 4.53 4.91 5.41 — —

3b 2.31 2.94 3.21 3.83 — —

1–H2O �0.38 �0.48 0.24 0.14 �12.21 �11.62

2a–H2O 0.00 0.00 0.00 0.00 �10.59 �9.87

2b–H2O 1.88 1.99 1.86 1.97 �9.44 �8.74

3a–H2O 3.33 3.84 4.75 5.25 �10.58 �10.20

3b–H2O 1.31 1.96 2.81 3.46 �10.83 �10.43

1–(H2O)2 �2.47 �2.62 �1.12 �0.96 �23.42 (�4.91) �21.71

2a–(H2O)2 0.00 0.00 0.00 0.00 �20.14 (�0.14) �18.66

2b–(H2O)2 1.25 1.56 1.05 1.67 �20.01 (�2.72) �17.87

3a–(H2O)2 1.58 2.09 3.63 4.45 �21.54 (�4.12) �20.18

3b–(H2O)2 �0.21 0.38 1.69 2.28 �21.80 (�4.35) �20.36

a Order of relative stability of each tautomer is given with respect to tautomer 2a. b For description of abbreviations used for methods cf. notes to

Table 4. c Interaction energies were evaluated with augTZVPP basis set. d Total complexation energy RIMP2TOT is defined as the sum of the

interaction energy RIMP2 and the deformation energies of the monomers.11 e For trimers 3-body term components of the interaction energy

are given (in parentheses).

Table 6 MST, MC–FEP and MD–TI free energies of hydration (in

kcal mol�1) and free energy differences (DGsol
a ) in aqueous solution

for cytosine tautomers

Structure MST MC-FEP MD-TI Average DGsol

1 0.0 0.0 0.0 0.0 0.0

2a +7.1 +7.5 +6.5 +7.0 +6.4

2b +6.5 +5.5 +5.0 +5.7 +5.8

3a +4.1 +3.5 +3.7 +3.8 +7.3

3b +4.6 +4.0 +3.2 +3.9 +5.9

a DGsol is obtained by combining the gas-phase relative free energies

and the average hydration free energy difference.
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with guanine base is another factor stabilizing the cytosine
amino form, more important than the solvent screening. Once
the cytosine is, for example, flipped out of the double helix into
some rather hydrophobic environment, or involved in nonca-
nonical contacts and base pairs, its imino-tautomerisation
could be considerably easier.
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9 J. Šponer, J. E. Šponer, L. Gorb, J. Leszczynski and B. Lippert,
J. Phys. Chem. A, 1999, 103, 11 406.

10 P. Beak, Acc. Chem. Res., 1997, 10.
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