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Abstract The structure and relative stability of the
complexes between uracil dimers and Ca®", as well as the
proton transfer (PT) processes within these dimers, have
been investigated by the density functional theory methods.
Although in uracil dimers PT occurs as an almost syn-
chronous double PT processes that connect the diketo
dimer with a keto-enol dimer, the process within the most
stable (uracil)2C212+ complexes is much more complicated,
and the product of the reaction looks like the result of an
intramolecular PT from one of the NH groups of one
monomer to one of the carbonyl groups of the same
monomer. An analysis of the force profile along the reac-
tion coordinate shows that the intimate mechanism implies
three elementary steps, two intermolecular PTs, and an in-
plane displacement of one monomer with respect to the
other. The result of this so-called assisted intramolecular
proton transfer is the formation of a dimer in which only
one monomer is a keto-enol derivative, the other monomer
being apparently unchanged, although it suffers significant
structural rearrangements along the reaction coordinate.
Quite importantly, this dimer is significantly stabilized
upon Ca’t association; therefore, while the most stable
uracil dimers correspond systematically to associations
involving only the diketo forms, in (uracil),Ca®"
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complexes the most stable structures correspond to those in
which one of the monomers is a keto-enol uracil isomer.
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1 Introduction

Watson—Crick base pairs [1, 2] have received a great deal of
attention along many decades because they are the building
blocks of DNA and RNA [3, 4]. These pairs are held together
by a network of intermolecular hydrogen bonds which are
crucial in the transmission of the genetic information [5]. It
is believed that some of these mutagenic and mispairing
processes may have their origin in proton transfer (PT)
mechanisms [6] taking place from one monomer of the base
pair to the other, which produce new tautomeric forms and
therefore permanent alterations of the base pair and an
incorrect transmission of the genetic information. Therefore,
these PT processes have been the subject of both experi-
mental and theoretical analysis [7-22].

Among the aforementioned bases, uracil and its thio and
seleno derivatives have received particular attention
because they exhibit a large number of keto-enol tauto-
meric forms, [23-33] and because they are involved in
many biochemical process playing an important role in the
t-RNA helices stability. The tautomeric forms of uracil
could be generated through intramolecular PT within the
molecule, but these processes require very large activation
barriers are not likely to occur. On the other hand, it is well
established that the most stable conformation of uracil
corresponds to its diketo form. Much more favorable pro-
cesses leading from the diketo form of uracil to some keto-
enol tautomer are intermolecular PTs within the dimer,
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which required much lower barriers than the intramolecular
PTs within the monomers, because the mechanisms actu-
ally involves a double PT from one monomer to the other
[34]. It has also been shown that for the particular case of
uracil these double PT are practically synchronous pro-
cesses, whereas for the thiouracil derivatives they exhibit
some degree of asynchronicity [34]. The question we want
to analyze in this paper is, “are there any possible effects
that the interaction of the base pair with metal ions may
have in these double PT processes?” For this purpose, we
have chosen Ca>" because (1) the perturbation of the base
will be more significant when interacting with a doubly
charged species than with singly charged cations (2) Ca®"
is ubiquitous in physiological media, and (3) differently to
other doubly charged metal ions, such as Cu?* [35] or Pb*"
[36], Ca*t [37] does not lead to a spontaneous deproto-
nation of the base.

Several studies on the interaction of base pairs with
doubly charged metal ions and in particular with alkaline-
earth cations have been reported in the literature, [21, 38—
40] but much less attention was paid to the effects of this
association on the tautomerization processes which may
take place within the base pair [21, 32, 36].

2 Computational details

The geometries of the different uracil dimers and their
complexes with Ca®" were optimized by using the hybrid
B3LYP functional. This approach, which combines the
nonlocal correlation function of Lee et al. [41] with the
Becke’s three-parameter nonlocal hybrid exchange func-
tional [42], has been shown to provide very reliable
geometries and harmonic vibrational frequencies for a
great variety of systems. Furthermore, in previous theo-
retical assessments, it has been shown to be a very good
compromise between accuracy and computational effort
when dealing with Ca*" interactions [43]. This approach,
when used with flexible enough basis sets, also performs
quite well in describing both inter- and intramolecular
hydrogen bonds, which in our case are important actors in
the mechanisms to be investigated. It must be mentioned,
however, that in a recent assessment using adenine-thy-
mine and guanine-cytosine base pairs as model system it
was found that B3LYP method slightly overestimated
hydrogen bond distances when compared with MP2 ones
[44]. Geometry optimizations and harmonic vibrational
frequencies were evaluated using a DZ-polarized 6-
31 + G(d,p) basis set expansion, which includes diffuse
functions on the heavy atoms, required to an appropriate
description of hydrogen bonding and the polarization
effects induced by the doubly charged metal ion on the
base. The harmonic vibrational frequencies so obtained
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were used to evaluate the vibrational thermal corrections
and classify the stationary points located on the potential
energy surface as local minima or transition states. To have
reliable final energies, these were obtained in single-point
calculations using a much larger 6-311 + G(3df,2p) basis
set expansion.

The reaction force analysis [45—47] has been shown to
offer interesting insights into the double PT mechanisms
within uracil dimers and therefore we have decided to
apply the same approach for the analysis of similar pro-
cesses within (uracil)zCa2+ complexes.

The lowest energy path connecting reactants and prod-
ucts in an elementary reaction when projected into the
intrinsic reaction coordinate typically presents a maximum
corresponding to the transition state (TS) relying reactants
and products. The differentiation of this energy curve leads
to the reaction force,

R = -5 ()

which presents two extrema, &; (minimum) and &,
(maximum) (See Fig. 1), which in turn permit the
identification of different regions with a well-defined
chemical meaning [48, 49], namely (1) the reactant
region (&g < & < &) where the reactants begin to start
activated by a negative retarding force, (2) the transition
state region (& < ¢ < &) where a driving force
increasingly balances the aforementioned retarding one,
and (3) the products region (&, < & < &p) where the
system relaxes and the driving force tends to zero when
approaching &p. This partitioning of the reaction coordinate
in different reaction regions allows dividing the activation
energy into two main contributions, [49, 50]

AE? = W, + W, (2)

where,

W= [ R aa wo—— [ R (3)
9 ¢

In our particular case, the first term of Eq. 2 represents the
work to be done to bring the HB donor and the HB acceptor
close enough as to propitiate the PT process, whereas the
second term corresponds to the energy required to reach the
TS, in order to begin the evolution toward the products.
Analogously, the second part of the reaction coordinate can
be split into two components, W3 and W,, so that the
reaction energy can be written as

AE0:W1+W2+W3+W4 (4)
where W3 represents the energy gaining on the relaxation

of the system from the TS to £, and W, the energy to finally
reach the products, and are given by
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To carry out this analysis, the necessary calculations along
the intrinsic reaction coordinate (IRC) expressed in mass-
weighted cartesian coordinates, which involve a full
geometry optimization at each step along ¢, were carried
out as implemented in the Gaussian03 suite of programs.
The bonding perturbations triggered by the metal dica-
tion in the base pair were analyzed by means of the atoms
in molecules (AIM) [51] and the electron localization
function (ELF) [52, 53] theories. Within the framework of
the former, we have evaluated the electron density at the
different bond critical points (BCPs) and we have exam-
ined its evolution along the reaction coordinate by using
the AIMALL series of programs [54]. The bonding chan-
ges in a system triggered by its interaction with a charged

species can be also followed by analyzing the changes in
the energy density

h(r) = v(7) + &(7) (6)

where v(¥) and g(¥) are the local densities of the kinetic
energies, respectively. The regions in which this magnitude
is negative or positive correspond to areas in which the
electron density is built up or depleted, respectively, so that
the former can be associated with covalent interactions,
whereas the latter are typically associated with closed-shell
interactions, as in ionic bonds or hydrogen bonds.

The ELF allows the partition of the molecular space into
basins, [53, 55] usually disynaptic and monosynaptic,
which correspond to regions of maximum probability of
finding electron pairs. This description in terms of disy-
naptic basins, associated with bonding pairs, and mono-
synaptic basins, associated with lone-pairs or core-pair
electrons, provides useful information about the nature of
the bonding, even in challenge cases in which other
approaches fail to give an unambiguous bonding picture
[56]. The electron population within these basins can be
obtained by integration of the electron density within the
basins limits. ELF grids and basin integrations have been
evaluated with the TopMod package [57]. For the three-
dimensional plots, an ELF value of 0.8 has been used.

A complementary viewpoint some times crucial to
understand the bonding can be obtained through the use of
the NBO (Natural Bond Orbital) approach [58], which
describes the bonding in terms of localized hybrids
obtained as local block eigenvectors of the one particular
density matrix. A second-order perturbation treatment
permits also to quantify the interaction energies between
occupied and virtual orbitals reflected in a charge transfer
from the former to the latter. These kind of interactions are
typically found in XH---Y hydrogen bonds, which are
characterized by a charge transfer from the lone-pairs of
the HB acceptor Y, to the antibonding oxy* orbital of the
HB donor, XH [58].

3 Results and discussion

As it has been previously shown in the literature, uracil
leads to six different dimers [59] (see Fig. 2), depending on
the relative positions of the two monomers and the kind of
hydrogen bonds connecting them. For instance, if we
identify within the uracil molecule, a urea-like subunit
(HN-CO-NH), and a formamide-like subunit (HN-CO-
CH), it can be observed that for the global minimum, UU1,
and the less stable dimers, UU3 and UUG6, the HBs con-
necting both monomers, looking at the carbonyl groups
which act as HB acceptors, correspond to a urea—urea
interaction, the only difference between the three
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complexes being the relative orientation of both monomers.
UU2 and UUS are connected through urea—formamide
interactions and again only differ in the relative orientation
of both monomers. Finally, UU4 dimer involves a form-
amide—formamide interaction.

The number of (uracil)>Ca*" complexes is much larger
since the metal dication can be attached to different basic
sites of the dimer, but more importantly, the relative sta-
bility of the (uracil),Ca*" complexes does not reflect the
relative stability of the uracil dimers. Actually, as shown in
Fig. 2, the most stable (uracil)Ca’" complex, namely
UUS5-a, is formed by the association of Ca®" to the one of
the less stable uracil dimer (UUS). Conversely, the global
minimum of the neutral dimers, UUI, leads upon Ca’t
association to one of the less stable (uracil),Ca’" com-
plexes (UUl-a), 172 kJ mol~! above UUS5-a. It is also
worth noting that in UU5-a, Cca’t bridges between the two
formamide-like carbonyl groups. Interestingly, when the
metal dication interacts with the two urea-like carbonyl
groups, the complex formed, UUS5-b, is found to be
57 kJ mol ™" less stable. This can be easily explained if one
takes into account that, as has been shown previously in the
literature, the most basic site of the uracil molecule is the
carbonyl group at position 4, so in complex UU5-a, Ca®"

interacts with the most basic site of both monomers,
whereas in UUS-b complex it interacts with the least basic
site centers. Although many other (uracil),Ca>* complexes
have been calculated in our work, in Fig. 2 only the more
stable ones are shown. Their total energies together with
the zero point energy (ZPE) corrections are reported in
Table S1 of the supporting information. The next important
question to be addressed in this study, once we have
located the global minimum of the (uracil),Ca>" PES, is
the mechanism of the PT process in this complex, UU5-a.

4 Proton transfer processes

As mentioned in the introduction, in uracil dimers, the most
favorable PT process corresponds to a practically syn-
chronous double PT mechanism, [34] so that the product is
a dimer in which both interacting monomers are enolic
forms of uracil. As illustrated in Fig. 3, the situation seems
to be significantly different upon the interaction with Ca*",
where the product arises formally from an intramolecular
PT process in which the proton is transferred from a NH
group of one monomer toward the carbonyl group of the
same monomer. The result is that, after the PT, the

Fig. 2 Structure and relative stability of the six uracil dimers and its more stable Ca’t complexes. All values, in kJ mol ™! are referred to the

most stable (uracil)zCa2+ complex, UUS-a
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Fig. 3) and the anomalous profile of both the potential
energy curve and the curve of the forces along the reaction
coordinate (See Fig. 4a, b, respectively, for the UUS5a
(R) —» UU5a(e) (P) process), clearly show that a more
complicated mechanism than just a single intramolecular
PT must be taking place. The shoulder observed in the
force in the region previous to the TS as well as the almost
linear increase observed after the TS clearly indicate that
the process connecting reactants and products is not an
elementary one.

This is actually seen when looking at the plots of the
energy density and the ELF along the potential energy curve
and the forces profile, respectively. The populations of the
ELF basins are summarized in Table S2 of the supporting
information. In the reactants (£ ~ —2), one clearly
observes an ionic interaction between Ca”" and the two
(fomamide-like) carbonyl oxygens and two NH---O inter-
molecular hydrogen bonds. At a more advanced point along
the reaction coordinate (£ = —0.53), a PT within the HB
not interacting with the metal dication is taking place, and
the proton appears almost midway between the N and the O
atoms. At this point, the ELF shows the presence of an OH
disynaptic basin which did not exist in the reactants, and the
disappearance of the NH disynaptic basin. At the same time,

) .0
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Fig. 4 Energy profile (a) and force profile (b) for the processes
connecting UU5-a with UUS5-a(e). In figure (a), the energy density for
the reactant and the products, as well as for the transition states TSI,
TS, and TS2 are shown. In these plots, positive and negative values of
the energy density are denoted by dashed red lines and solid blue
lines, respectively

the monosynaptic N lone-pair, which in the reactants has a
clear m-character, becomes now a monosynaptic basin with
a noticeable ¢ character. This PT process would involve a
(hidden) transition state (TS1) which can be qualitatively
represented by the red potential energy curve. A further
evolution of the system to reach (¢ = 0) leads to the
aforementioned PT to almost completion. Actually, the
transition vector at £ = 0 corresponds to the relative dis-
placement of the right monomer with respect to the left one,
to favor the interaction of the (urea-like) carbonyl group of
the left monomer with the OH group formed in the first PT.
Note that this displacement will also favor the interaction of
the NH group of the right monomer with the (deprotonated)
N atom of the left one. The OH---O interaction triggers a PT
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from the right monomer toward the left one (& = 1.20). At
this point, which will correspond to the hidden transition
state (TS2) associated with the OH---O PT (black curve), the
proton appears almost midway between the two oxygen
atoms. Note that the ELF shows that at this point the PT is
not completed since the OH disynaptic basin, although
polarized toward the left monomer, is still located at the
right monomer. From here, the system evolves toward the
products, by completing the aforementioned PT. The con-
sequence is that the right monomer recovers the diketo
arrangement and only the left monomer presents an enol
group. Hence, although apparently an intramolecular PT
took place from the NH group of the left monomer toward
one of the (urea-like) carbonyl groups of the same mono-
mer, the real process involves three steps: a) a PT from the
NH group of the left monomer toward the (formamide-like)
carbonyl group of the right monomer, b) the relative dis-
placement of the right monomer with respect to the left one
and c) a PT from the OH group of the right monomer,
formed in the first step, toward the (urea-like) carbonyl
group of the left monomer.

This is also nicely reflected by looking at the charac-
teristics of the molecular graphs (See Fig. 5) evaluated at

the critical points in the evolution of the force (see Fig. 3)
and to the work employed in each step.

For the reactant (& ~ —2), two BCPs are located
between Ca’" and the two (formamide-like) carbonyl
oxygens of UUS with small electron densities as in typical
ionic interactions. Two NH:---O intramolecular HBs are
also observed. The work needed to reach & = —1.29
(23.7 kJ mol™") is associated with the structural prepara-
tion of the system, so that at £ = —1.29 the PT from the
NH group of the left monomer has already started, as
shown by a significant decrease in the electron density at
the N-H BCP and a concomitant increase in the electron
density at the O—-H BCP. To reach TS1 (¢ = —0.53), the
work needed (42.7 kJ mol™}) corresponds to the electronic
reordering and represent 65% of the activation barrier.
When ¢ = —0.53 is reached, the PT transfer process is
practically complete, so that the initial NH---O HB has been
replaced by a N---HO HB. On going from (¢ = —0.53)
toward (¢ = 0), the displacement of the right monomer
with respect to the left one starts. Obviously, this structural
rearrangement requires little work (8.3 kJ mol "), the main
consequence being that the NH group of the right monomer
starts forming a HB also with the deprotonated N atom of
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Fig. 5 Molecular graphs along the reaction coordinate connecting UUS-a with UU5-a(e). At the bottom of the figure, the molecular graphs for
the neutral UUS and UU5(e) compounds are also given for the sake of comparison. Electron densities in a.u
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the left monomer. A little further, a second structural
reordering, which requires a work of 11.3 kJ mol " takes
place. As a consequence, the OH group of the right
monomer starts to interact with the (urea-like) carbonyl
group of the left monomer, so that when the TS2 is reached
(& = 1.20) the PT from the OH of the right isomer toward
the (urea-like) carbonyl of the left one starts, as evidenced
by the decrease in the electron density at the O-H covalent
bond and the concomitant increase in the electron density
at the OH---O HB. The completion of the PT requires an
electronic reorganization work of 47.7 kJ mol™" to reach
& =239, and from here the system relax toward the
product, the work involved in this process being
60.4 kJ mol "

One question that needs to be answered is what is the
possible role of Ca®>" on the stabilization of these enol-
diketo dimers. As shown in Fig. 3, the enol-diketo dimes,
UU5-a(e) is more stable than the diketo-diketo one UU5-a.
The question is, whether the association with Ca’t is
responsible for the enhanced stability of the enol-diketo
form. To answer this question, we have calculated the
energy of the isolated dimer and the corresponding dimer-
Ca*" complex. The results obtained indicate that the iso-
lated enol-diketo form is 64.7 kJ mol ™" less stable than the
diketo-diketo isomer, whereas for the corresponding Ca®"
complexes is the other way around, and UU5-a(e) isomer is
61.3 kJ mol~' more stable than UU5-a.

In other words, whereas the PT process from UUS5-a to
UUS5-a(e) is exothermic, the corresponding process for the
isolated dimers would be clearly endothermic. This can be
due to two different effects, the perturbation caused by
Ca®*" on the HBs connecting both monomers and/or the
different basicity of the carbonyl groups interacting with
the metal dication. A comparison of the molecular graphs
of UUS and UUS-a (see Fig. 5) clearly indicates that
association of Ca”" to the former results in a weakening of
both intermolecular hydrogen bonds. This is consistent
with the NBO second-order perturbation energies. As
shown in Table 1, in UUS there is an interaction between
the two lone-pairs of the carbonyl oxygens with the ony™
antibonding orbitals, associated with the two intermolecu-
lar HBs that are almost identical. Upon Ca®" attachment
the upper HB becomes weaker, because the donation from
the oxygen lone-pair, which is interacting with Ca®",
toward the onyg™ antibonding orbital drastically decreases.
The strength of the lower HB decreases more, because, on
the one hand, the donating capacity of the carbonyl oxygen
decreases upon Ca®" attachment and the intrinsic acidity of
the NH group also decreases. In UU5(e), the first N2H---O1
HB in UUS is replaced by a N2H---N1 HB. Similarly, the
NI1H:--O4 HB is replaced by a stronger O3H---O4 HB,
because the OH group is a stronger HB donor than the NH
one. The important finding however is that the former

Table 1 Second-order interaction energies (in kJ mol ') between the
HB acceptor lone-pair and the oxy™ (X = N, O) antibonding orbital
in UUS, UUS-a, UU5(e), and UUS-a(e) systems

UU5 UUS-a UU5(e) UUS-a(e)

LPOI - GNZH* 37/41* 36/12° LPNI - JNZH* 67 77
LPos — o™ 37/40° 28/13* LPos — cosy™ 57/118  56/100°

? The two values reported correspond to the interactions of the two
lone-pairs of each carbonyl oxygen

becomes reinforced upon Ca** association due likely to the
enhanced acidity of the NH groups and the latter weakens
only slightly, due likely to a slightly decrease in the basi-
city of the carbonyl group. The second important factor
which may explain the enhanced stability of the enol-keto
dimers upon Ca®" association is that in these complexes
the metal cation interacts with two free carbonyl groups,
whereas in the diketo-diketo complexes, one of the inter-
actions involves the carbonyl group which is already acting
as HB acceptor in one of the NH---O intermolecular HBs.

5 Conclusions

Although in uracil dimers PT occurs as an almost syn-
chronous double PT processes that connect the diketo
dimer with a keto-enol dimer, the process within the most
stable (uracil),Ca>" complexes is much more complicated,
and the product of the reaction looks like the result of an
intramolecular PT from one of the NH groups of one
monomer to one of the carbonyl groups of the same
monomer. However, an analysis of the force profile shows
that the intimate mechanism implies three elementary
steps, two of which, the first and the third steps, are
intermolecular PT and the second an in-plane displacement
of one monomer with respect to the other. The result of this
so-called assisted intramolecular proton transfer is the
formation of a dimer in which only one monomer is a keto-
enol derivative, the other monomer being apparently
unchanged, although it suffers significant structural rear-
rangements along the reaction coordinate. Quite impor-
tantly, this dimer is significantly stabilized upon Ca®"
association, therefore, while the most stable uracil dimers
correspond systematically to associations involving only
the diketo forms, in (uracil)ZCa2+ complexes the most
stable structures correspond to those in which one of the
monomers is a keto-enol uracil isomer. The origin of this
enhanced stability is likely twofolded: (1) a reinforcement
of the HBs connecting the monomers upon Ca*" associa-
tion and (2) a stronger interaction of the doubly charged
metal ion with the dimer, because the interaction involves
carbonyl groups not engaged in the intermolecular hydro-
gen bonds.
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The activation barriers, associated with this intradimer
enolization process in (uracil)zCa2+ complexes, are lower
than those calculated for the double proton transfer process
in the neutral (uracil), dimers and much lower than those
calculated for the tautomerization within each monomer.
Hence, these assisted intramolecular PT may play a quite
significant role in the tautomerization of uracil and likely
also in the tautomerization of uracil derivatives.
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