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The prototropic tautomerism of 2-, 4-selenouracil and 2,4-diselenouracil has been studied using density
functional theory (DFT) methods, at the B3LYP/6-311 + G(3df,2p)//B3LYP/6-31G(d,p) level. The
relative stability order of selenouracil tautomers does not resemble that of uracil tautomers, but it is
similar to that of thiouracils, even though the energy gaps between the different tautomers of
selenouracils are smaller than for thiouracils. The tautomerism activation barriers are high enough as
to conclude that only the oxo-selenone or the diselenone structures should be found in the gas phase.
The specific interaction with one water molecule reduces these barriers by a half, but still the
oxo-selenone form is always the most stable tautomer. The addition of a second water molecule has a
relatively small effect, as well as bulk effects, evaluated by means of a continuum-polarized model. For
isolated 2- and 4-selenouracils, the more favorable tautomerization process corresponds to a hydrogen
transfer towards the selenium atom, the activation barriers for transfer towards the oxygen atom being
much higher. This situation changes when specific and bulk effects are included, and the latter process
becomes the more favorable one. For 2,4-diselenouracil the more favorable tautomerization, in the gas

phase, corresponds to the H shift from N1 to the Se atom at C2, while solvation effects favor the

transfer from N3 to the Se atom at C4.

Introduction

A great deal of attention has been devoted over the last decade
to investigate the properties and reactivity of uracil and uracil
derivatives™ because uracil is one of the five nucleobases and
therefore an important component of nucleic acids, among other
reasons. Also, the thio-derivatives of uracil have attracted a
similar interest**® because 2-thiouracil and 4-thiouracil have been
identified as minor components of t-RNA, and they can be used
as anticancer and antithyroid drugs.” Surprisingly, selenouracils
have received much less attention, in spite of the fact that
selenium is also present in anaerobic enzymes in the form of
selenocysteine,”?* and in the t-RNA of some species as 5-
methylaminomethyl-2-selenouracil. Furthermore, this compound
seems to be involved in condon-anticondon interactions.”® Also
importantly, some selenouracil derivatives, such as the 6-propyl-
2-selenouracil, were found to be more potent inhibitors of Type I
iodothyronine deiodinase, associated with Grave’s disease,* than
their thio-analogues. The high potency of selenouracils seems to
be related to their capacity to form stable enzyme-selenouracil
diselenide.?® It has been also found that the replacement of sulfur
by selenium in 6-n-propyl-2-thiouracil increases the antiperoxidase
activity of this compound.*

One of the more important characteristics of uracil and its thio-
and seleno-derivatives is that they may exist in many tautomeric
forms, which seem to be crucial in order to explain the mutation
occurring during DNA duplication.”?¢ Not surprisingly then,
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the tautomerism in uracil and in thio-uracils is nowadays a well
characterized phenomenon.'*'¢'%" However, the same cannot
be said with respect to the tautomerism in selenouracils. As
a matter of fact, and to the best of our knowledge, only the
relative stabilities of the different tautomers of 2,4-diselenouracil
have been reported in the literature,® while there is a complete
lack of both experimental and theoretical studies on the relative
stability of the different tautomers of 2- and 4-selenouracil, and
in no cases have the prototropic tautomerization barriers been
reported. The aim of this paper is to provide reasonably accurate
estimates of these relative stabilities as well as of the activation
barriers connecting the different tautomers, through the use of
density functional theory calculations. The substitution of oxygen
or sulfur by a bulkier and more polarizable selenium atom may
significantly alter the structural patterns of nucleic acids as well
as their relative stabilities.”>** Such geometrical and energetic
changes might play a role in nucleic acid conformation and in the
hydrogen-bonding potentiality of the seleno derivatives. Hence,
a good knowledge of the structure and relative stability of the
different tautomers of the three selenouracils might constitute a
first step in the understanding of reasons behind the differential
role of uracil, thiouracil and selenouracil in biological processes.
It is also a well established fact that a reduced number of water
molecules catalyze this kind of tautomeric processes,***' due to
the ability of water to behave both as proton donor and proton
acceptor. Hence, our second goal will be to investigate the effect
of hydration in this prototropic tautomerism. For this purpose
we have also investigated the specific effect of one and two
solvating water molecules, and the effect of the bulk on both the
relative stability of the more stable tautomers and on the barriers
connecting them.
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Computational details

The different tautomers (I-VI) of selenouracils are shown in
Scheme 1. In what follows we will designate as X and Y the
heteroatoms bonded to C4 and C2, respectively. It should be noted
that most of these tautomers have several conformers, two for
tautomers II, III, IV and V, and four for tautomers VI. Hence,
in principle for each derivative there are 13 different structures.
The geometries of the 39 different conformers of 2-, 4- and 2,4-
selenouracil have been optimized by using the hybrid density
functional B3LYP method, which combines the three-parameter
nonlocal hybrid exchange potential used by Becke* with the
nonlocal correlation functional of Lee et al.** This approach has
been shown to yield reliable geometries for a wide variety of
systems,** and in particular for the study of tautomerization
processes in compounds similar to those studied here.!**-' All
the calculations were performed using the 6-31G(d,p) basis set
for all atoms in the system. The harmonic vibrational frequencies
of the different stationary points of the potential energy surface
(PES) have been calculated at the same level of theory used for the
geometry optimization in order to identify the local minima and
the transition states (TS), as well as to estimate the corresponding
zero-point energy (ZPE) corrections.

X=0 ; Y=Se : 2-Selenouracil
X=Se ; Y=0 : 4-Selenouracil
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In order to obtain more reliable energies for the local minima as
well as for the transition states, final energies have been evaluated
by the use of the same functional combined with the 6-311 +
G(3df,2p) basis set.

The binding characteristics were analyzed by means of the atoms
in molecules (AIM) theory of Bader.*® For this purpose we have
located the relevant bond critical points (bcp) in order to obtain
the corresponding molecular graphs. To perform the AIM analysis
we have used the AIMPAC series of programs.®® Also the natural
bond orbital (NBO) approach,® has been employed to obtain
atomic charges and to analyze possible second-order perturbation
orbital interactions.

Hydration effects have been analyzed for the three most stable
tautomers of each derivative and for the transition states con-

necting them, using a mixed model as follows. Specific hydration
effects were taken into account by considering hydrated complexes
with one and two molecules of water. The effect of the bulk was
then accounted for by introducing these hydrated complexes in a
solvent cavity, through the use of a continuum-polarized model,
as implemented in the Gaussian-03 series of programs.®® The effect
of the second solvating water molecule was only investigated for
2-selenouracil and 4-selenouracil.

Results and discussion
Tautomer stability

The energy profiles associated with the tautomerization processes
of 2-, 4- and 2,4-selenouracils are given in Fig. 1(a—c). The relative
energies of all tautomers, after including the ZPE corrections, are
given in Table 1. Tables S1 and S2 in the electronic supplementary
information (ESIt) contain the total energies of the different
stationary points and their optimized geometries, respectively.

The first conspicuous fact is that, as it has been found previously
for uracil and its thio-derivatives, for selenouracils the oxo-
selenone form I is always the global minimum of the potential-
energy surface. Moreover, the energy gap between this form and
the remaining tautomers is large enough as to conclude that
form I will be the only one found in the gas phase for the three
derivatives under investigation. Also importantly, the calculated
dipole moments of forms I are quite large (4.72, 4.97 and 4.88
D, for 2-, 4- and 2,4-selenouracils, respectively) and they decrease
significantly on going to the second or third more stable tautomers
(IVb: 2.97, 4.32, and 3.97 D, respectively, and VIc: 1.28, 1.86 and
1.77 D, respectively). Hence, the interaction of forms I with polar
solvents will be significantly large. We shall show in forthcoming
sections, that indeed this form is also the dominant one in aqueous
solution.

Similar to what has been found for uracil and thiouracils, the
enol-selenol structures (VIa—c) are systematically among the more
stable tautomers, which has been explained by the tendency of
the pyrimidine ring to adopt the aromatic structure.'”” However, as
shown in Fig. 1(a—c), for the three selenouracils the tautomer IVb is
equally as stable or slightly more stable than tautomers VIa or VIec.

It is also worth noting that tautomer IVb is always more stable
than tautomer Va. In other words, the hydrogen shift from N1
towards the heteroatom Y yields a tautomer which is 8-10 kcal

Table 1 Relative energies (AE, kcal mol™') of 2-, 4- and 2,4-selenouracils

AE/kcal mol™'
Tautomer  2-Selenouracil ~ 4-Selenouracil ~ 2,4-Diselenouracil
I 0.0 0.0 0.0
Ila 11.7 11.4 11.3
IIb 17.9 12.0 11.9
Ila 22.9 16.0 16.1
IIIb 20.8 16.2 16.3
IVa 9.5 17.2 8.4
IVb 9.3 10.4 8.0
Va 17.5 19.1 17.6
Vb 18.1 28.1 18.2
Via 9.6 12.3 10.4
VIb 14.0 12.1 8.1
Vie 9.5 11.8 7.9
Vid 13.9 12.4 8.1

This journal is © The Royal Society of Chemistry 2007
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Fig. 1 Energy profile for the different tautomerization processes of a) 2-selenouracil, b) 4 selenouracil, and c) 2,4-diselenouracil. Relative energies in

kcal mol~! include ZPE corrections.

mol~' more stable than the tautomer produced when the hydrogen
atom is shifted from N3. The lower stability of tautomer Va may be
understood taking into account that the stabilizing non-bonded
interaction between the positively charged hydrogen atom (natural

net charge +0.46) attached to N3 and the negatively charged
heteroatom X (natural net charge —0.61) that takes place in I
and in IVb is replaced in form Va by the repulsive interactions
between the N3 nitrogen lone-pair and the lone pairs of X. On the
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other hand, a second-order NBO analysis clearly shows that while
form Va exhibits a typical quinonoid structure, with two double
bonds localized at C2N3 and C5C6, in form IVb, besides the two
double bonds localized at N1C2 and C2C3, there is also a certain
delocalization affecting the N1C2 and the C3C4 bonds, which,
accordingly, have a partial double bond character. Consistently,
these two bonds are 0.008 and 0.024 A shorter in IVb than in Va.

For similar reasons, the activation barrier connecting the global
minimum with IVb is from 5 to 7 kcal mol™' lower than that
connecting I and Va.

Tautomer Ila is also always lower in energy than tautomer Illa,
because while in the former there is a stabilizing non-bonded
interaction between the hydrogen atom of the X-H group and
N3, in the latter there is a repulsive one between the hydrogen
atom of the X-H group and the hydrogen atom attached to N3.
Similar reasons are behind the larger stability of tautomer IVb
with respect to tautomer I'Va, particularly for 4-selenouracil.

There are however, some subtle dissimilarities among the three
derivatives. For instance, for 2-selenouracil and 2,4-selenouracil
form Vlcis very close in energy to form I'Vb, and form Ila lies more
than 2 kcal mol™" higher, whereas for 4-selenouracil these three
forms are very close in energy, form Ila being slightly more stable
than form VlIe. In general, one should expect a stabilization of the
system on going from Ila towards VIe, due to the aromatization
of the system. However, in 4-selenouracil this involves going from
a keto to an enol function and therefore, in this case, form Vle
becomes slightly less stable than form Ila

However, the larger dissimilarities are associated with the
tautomerization barriers. Although, as mentioned above, form
IVb is always the second most stable tautomer, it is not always
the more favorable one from a kinetic point of view. As illustrated
in Fig. 1(a), for 2-selenouracil the formation of IVb from the
global minimum requires a much lower activation barrier than
the formation of Ila, while for 4-selenouracil it is the other way
around (see Fig. 1(b,c)). This can be easily explained if one takes
into account that the evolution from I to Ila in the latter case
changes a C=Se group into a C-SeH group, while in 2-selenouracil
the same process changes a C=0 group into a C-OH group. For
2.4-diselenouracil, both barriers are much closer, since in both
cases a C=Se group is changed into a C—SeH group, although
the formation of tautomer IVb is slightly more favorable than
the formation of tautomer Ila. The same arguments explain why
the IIa-VIc and the VIa-Illa tautomerization barriers are much
larger for 4-selenouracil than for 2- and 2,4-selenouracils. Hence,
we may conclude that for 2, and 4-selenouracil the more favorable
tautomerization process, with origin in the global minimum I,
corresponds to a hydrogen shift towards the Se atom from N1
in 2-selenouracil and from N3 in 4-selenouracil. Accordingly,
although IVbis in both cases the second more stable tautomer, in 4-
selenouracil form Ila is kinetically favored. For 2,4-diselenouracil,
IVb is thermodynamically and kinetically favored with respect
to Ila.

We have considered it of interest to compare the relative
stabilities of the different selenouracil tautomers with those of
their thiouracil counterparts at the same level of theory.”* This
comparison is carried out in Fig. 2(a—c).

It is apparent that there is a reasonably good linear correlation
between both sets of values for 2- and 4-substituted derivatives
(Fig. 2(a,b)), whereas the scatter is a little bit larger for the 2,4-
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Fig. 2 Linear correlation between the relative stabilities of selenouracils
and thiouracils: a) 2-selenouracil vs. 2-thiouracil; b) 4 selenouracil vs.
4-thiouracil; and c) 2,4-diselenouracil vs. 2,4-dithiouracil.

disubstituted compounds (Fig. 2¢). It is also worth noting that the
slope of the correlation is always around 0.86, which implies that,
although relative stabilities follow similar trends for both families,
the energy gaps between the different tautomers of selenouracils
are smaller than for thiouracils. The same is observed as far as the
tautomerization energy barriers are concerned.

Since, as it has already been reported in the literature, the relative
stability order of thiouracil tautomers does not resemble that
of uracil tautomers,''”*®* we can conclude, in view of the good
correlations found above between selenouracils and thiouracils,
that the same behavior will be found when comparing uracils and
selenouracils. Also, in general, the energy gap between the thione-
oxo (or the dithione) forms and the closest hydroxy-mercapto (or
dimercapto) tautomers is also much smaller in thiouracils than in
uracils,'”>'® and even lower as far as selenouracils are concerned.

Structure and bonding

The optimized geometry of the most stable tautomer for each
compound is presented in Fig. S1, ESI+.

This journal is © The Royal Society of Chemistry 2007
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Although a detailed discussion of the geometries of these
species is not the aim of this paper, some structural features
deserve to be commented on. The six-membered rings are rather
similar, although both the N1-C2 and the C2-N3 bonds are
longer in 4-selenouracil than in 2- and 2,4-selenouracil. In the
former compound C2 has an enhanced electronegativity because
it is bonded to an oxygen atom, and accordingly it withdraws
electron density from the bonds in which it participates. This is
actually reflected in the charge densities at the N1-C2 and N3—
C2 bond critical points, which are smaller for 4-selenouracil than
for the other two derivatives, as illustrated by the corresponding
molecular graphs (see Fig. 3). The N1-H bond is systematically
slightly shorter than N3-H bond. Consistently the charge density
at the corresponding bond critical point is slightly larger in the
former than in the latter (see Fig. 3). Also interestingly, as we
shall see in forthcoming sections, this difference is also reflected
in the molecular force field and the N1-H stretch has a slightly
greater frequency than the N3-H stretch. Another interesting
structural feature is the fact that the C=Y bond (Y = O, Se)
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Fig.3 Molecular graphs of the most stable tautomer of 2-selenouracil, 4
selenouracil, and 2,4-diselenouracil. Red dots denote bond critical points,
and yellow dots ring critical points. Electron densities are given in a.u.

is systematically longer than the C=X (X = O, Se) bond, which
can be explained in terms of the bond-activation reinforcement
(BAR) rule.*® In the first case the heteroatom is attached to C2,
whose electronegativity is enhanced with respect to that of C4, by
being bonded to two nitrogen atoms. Consequently, C2 polarizes
the electron density around Y more strongly that C4 polarizes
that around X, and therefore the charge density at the C2=Y
bep is always slightly greater than that at the C4=X bcp, and
the bond slightly shorter. Also coherently, as we shall see later,
the C2=Se stretching frequency in 2-selenouracil is slightly larger
than the C4=Se stretching frequency in 4-selenouracil. Similarly,
the C2=0 stretching frequency in 4-selenouracil is also slightly
larger than the C4=0 stretching frequency in 2-selenouracil.

Hydration effects

The energy profile corresponding to the prototopic tautomerisms
connecting I with IIa, IVb and Va, for the corresponding mono-
hydrated species are presented in Fig. 4(a) for 2-selenouracil. For
each tautomerization pathway, relative energies are calculated with
respect to the corresponding monohydrated clusters, I1, 12 and 13,
respectively. The relative energies of the mono- and dehydrated
clusters are given in Table S3, ESIf. In all cases cluster I1 is the
more stable. Fig. 4(a) clearly shows that the most dramatic effect
in the prototopic tautomerism of monohydrated 2-selenouracil is
associated with the size of the activation barriers, which become
almost half or even less than half of those obtained for the isolated
compound. It is also worth noting that the inclusion of a molecule
of water closes the gap between Va and IVb, because N3 in the
former is a better hydrogen-bond acceptor than N1 in the latter,
yielding a stronger hydrogen bond (HB) with the molecule of
water. Also the hydrated form of Ila becomes slightly stabilized
with respect to the global minimum, because the ~-OH group is a
better hydrogen-bond donor than the NH group. When the effect
of the bulk is added, by enclosing this monohydrated species
in a solvent cavity, the changes observed in the energy profile
are small (see Fig. 4(b)). The energy gap between Va and IVb
decreases further, because the former hydrate has a larger dipole
moment than the latter (6.2 vs. 2.7 D). Conversely, the effects
on the activation barriers are rather small, because the three
monohydrated transition states have rather similar (ca. 4.6 D)
dipole moments.

When a second water molecule is added to the complex, as
shown in Fig. 4(c), the energetic profile for the prototropic
tautomerism does not change much, but what is more important is
that the values of the activation barriers do not change in relative
terms, so that the barriers to yield forms IVb and Va are still about
4 kcal mol™" higher than that to yield form Ila.

It is also worth noting that the relative stability of Ila monohy-
drate increases by 2 kcal mol™" when the second molecule of water
is added. Bulk effects are in this case quite significant, in particular
concerning the barrier to yield tautomer Ila, which decreases from
13 to 9 kcal mol™! (see Fig. 4(d)), while those involved in the
tautomerization processes leading to IVb and Va increase slightly.
As a consequence, the gap between these barriers increases from
about 4 to 10 kcal mol~', and form Ila, which was the less favorable
from a kinetic point of view for isolated 2-selenouracil, becomes
the more favorable one both thermodynamically and kinetically
when specific and bulk solvation effects are taken into account.
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species; d) solvated dihydrated species. Relative energies in kcal mol™" include ZPE corrections.

The situation is rather similar as far as 4-selenouracil and 2,4-
diselenouracil are concerned (see Fig. S2 and S3, ESIf). The
specific solvation effects in the monohydrated complexes slightly
reduces the gap between forms Va and I'Vb, but have a huge effect
on the activation barriers that decrease by a factor greater than 2.
However, this effect is quantitatively larger for the transition states
connecting form I with forms I'Vb and Va, than for the transition
states connecting I with Ila. The most obvious consequence is that
while for the isolated compound form Ila was clearly favored from
a kinetic point of view, for the monohydrated species all barriers
become rather similar, being that connecting I and I'Vb the lowest
one. Once more, bulk effects on these monohydrated complexes
are rather small, except, as for the case of 2-selenouracil, for the
energy gap between forms Va and I'Vb, which almost disappear in
the case of 2,4-diselenouracil. No significant changes are observed
when adding a second water molecule to specifically solvate the
system. Hence, for 4-selenouracil the more favorable tautomer,
both thermodynamically and kinetically, is IVb.

Finally, it is worth mentioning that the profiles of the potential-
energy surfaces so far discussed, do not change significantly when
they are obtained in terms of free energies, because there are
no significant entropic changes on going from one minimum to
another, or on going from the minima to the transition state
connecting them.

Vibrational frequencies

Very often infrared spectra are used to identify pyrimidinic
residues in nucleic acids strands,”® so we have considered it of
interest to report and assign the calculated harmonic vibrational

frequencies of the more stable tautomers of selenouracils, that may
guide future experimental work. The values have been summarized
in Table S4, ESIt, together with a short discussion.

As expected, the interaction with water molecules involves a
significant red-shifting of the N-H bonds of selenouracil acting
as hydrogen-bond donors with respect to the solvating water
molecule, while the effect on the C=0 or the C=Se stretching
frequencies of the groups acting as hydrogen-bond acceptors is
rather small. For monohydrated clusters, the red-shifting of the
N-H groups are, on average, about 350 cm™', while the C=0 and
the C=Se stretching displacements are red-shifted by 27 cm~' and
blue-shifted 15 cm™', respectively. Interestingly, the red-shifting of
the NH groups increases significantly (about 200 cm™') on going
from the monohydrated to the dehydrated complexes, because
the hydrogen bond between this group and the solvating water
molecule becomes reinforced, due to a better orientation of the
latter with respect to the former. The inclusion of bulk effects
implies a further reduction of the N-H stretching frequency of the

order of 50 cm™', on average.

Conclusions

From the theoretical survey of the prototropic tautomerism of
2-, 4- and 2.4-selenouracils we can conclude that for the three
compounds the oxo-selenone form is the more stable tautomer.
The relative stability order of selenouracil tautomers does not
resemble that of uracil tautomers, but it is similar to that of
thiouracils, even though the energy gaps between the different
tautomers of selenouracils are smaller than for thiouracils. The
tautomerism activation barriers are high enough as to conclude

This journal is © The Royal Society of Chemistry 2007
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that only the oxo-selenone or the diselenone structures should be
found in the gas phase. This situation does not change in aqueous
solution, because, although the tautomerization barriers decrease
dramatically when solvent effects are accounted for, they are still
high enough in energy as to conclude that only oxo-selenone or
diselenone structures will be found in solution.

For isolated 2- and 4-selenouracils, the more favorable tau-
tomerization process corresponds to a hydrogen transfer towards
the selenium atom, the activation barriers for transfer towards the
oxygen atom being much higher. However, when specific and bulk
solvation effects are taken into account, the transfer towards the
oxygen atom to produce the corresponding enol becomes clearly
favored, for both derivatives. For isolated 2.4-diselenouracil the
more favorable tautomerization corresponds to the H shift from
N1 to the selenium atom at C2, while solvation effects slightly
favor the transfer from N3 to the Se atom at C4.

Although the oxo-selenone forms are the more stable structures,
both in the gas phase and in solution, for 2-selenouracil and 2,4-
diselenouracil the relative stabilities of the other stable tautomers
change when specific and bulk solvation effects are taken into
account. In both cases the second most stable tautomer in the gas
phase is structure IVb, whereas Ila is the second most stable in
aqueous solution.
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