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Abstract Six uridine and six deoxyuridine isomers were
studied at the B3LYP and TD B3LYP theoretical level and
6-31+G(d) basis function. The stability and the excited
states of the isomers were studied in order to clarify some
known experimental data. It was established that the
rotation of the oxo uracil ring in uridine is energetically
more likely to occur in the excited state than in the ground
state, driven by the bright '77* state and the dark charge
transfer 'n7* state. Very high energy barriers (on the S,)
were found for thermal intramolecular proton transfer
processes.

Keywords Deoxyuridine - DFT calculation - Excited state -
Excitation energy - Proton transfer - Uridine

Introduction

Uridine and deoxyuridine are RNA nucleosides that play a
crucial biological role in the living world and medicine. For
many years, nucleoside analogues (called nukes) have been
the cornerstone of combinatory therapy to treat HIV/AIDS
[1]; examples include zidovudine (Retrovir), astavudine
(Zerit), etc. Many of these drugs, give rise to nucleosides
during decomposition in the body. For example, the drug
triacetyluridine (TAU) is converted to uridine in the body.
TAU has been tested in HIV-negative people with cancers
as well as in others with degenerative diseases of the
nervous system, such as Alzheimer’s and Parkinson’s
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diseases. Some tests have been carried out with TAU for
the treatment of conditions such as major depression [1].

Uridine has beneficial effects in mitochondrial toxicity
[2, 3] and antidepressant-like effects [4]. It is a possible
endogenous antiepileptic modulator, with anticonvulsant
effects in some models of epilepsy. It could be that the H-
bonding of uridine with some receptors in the body is
responsible for the large selectivity of this nucleoside in
some cases. For example, uridine selectivity of three
phospholipase C-activating P2 receptors has been studied
[5].

Some nonlinear optical rotations have been calculated
with density functional theory (DFT) methodology for two
conformations of uridine [6]. However, the present study
was carried out with the main goal of interpreting
experimental results on nonlinear optical rotation of a
limited number of uridine conformers (two); the mechanism
of proton transfer is not discussed here.

Bureekaew et al. [7] reported (from SAC-CI calcula-
tions) that the first excited state in uridine is the bright '77*
state. However, uracil is known to be the primary
chromophore in uridine and deoxyuridine and this should
determine the ordering of the first few excited states in
uridine and deoxyuridine. Describing the excited states of
uracil has been the object of many theoretical and
experimental studies [8—11]. All have reported that the first
excited state of uracil is the dark 'nm* state. The bright
'7m* state of uracil is the second excited state. There is no
information about the ordering of the excited states of
uridine and deoxyuridine studied by time-dependent (TD)
DFT methods.

Neutral and protonated conformations of several uridine
derivatives have been studied with respect to the ring
conformation of furanose and the orientation of the base in
relation to ribose [12]. The results have shown the large
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influence of the sugar substituent on the conformation of
the neutral form of these nucleosides.

The crystal structures of uridine and deoxyuridine were
elucidated long ago by Green et al. [13] and Rahman et al.
[14], respectively. It was shown that the oxo form of uridine
and deoxyuridine dominate in the crystal state. A space
group of P2, has been found for both compounds.

Conformations of 2-deoxyuridine have been investigated
using Fourier transform infrared (FTIR) matrix isolation
spectroscopy and ab initio calculations at HF/3-21G (p),
HF/6-31G (d,p) and MP2/6-31G (d,p) levels [15]. The
stabilising role of H-bonds in these compounds has been
discussed. Nevertheless, there is a gap in our knowledge of
the tautomers of uridine and deoxyuridine with respect to
the orientation of the uracil moiety. The mechanisms of the
tautomeric conversions are also not known.

The purpose of the current study is to shed light on the
stability of the tautomers/conformers of uridine and
deoxyuridine, and the mechanisms of intermolecular proton
transfer. A challenging task in this research is to test the
accuracy of the TD DFT method in prediction of the
position of the excited states of isomers. The study also
includes calculation of the electronic and geometrical
structures of the transition states between pairs of tautomeric
forms.

The uracil tautomers involved in nucleosides are shown
in Scheme 1.

There is one additional uracil tautomer (not given in
Scheme 1) that is obtained from oxo uracil by proton
transfer between the O atom at the C, position and the H
atom at the N; position. This tautomer cannot be obtained
in nucleosides since the N; position of uracil is blocked by
the sugar residue.

Computational methods
The ground state equilibrium geometries of furanoses and
nucleosides were optimised at the B3LYP/6-31+G(d)

theoretical level. Subsequent frequency calculations were
carried out to prove that the compounds correspond to real
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Scheme 1 Uracil tautomers involved in nucleosides (numbering in
Url is according to IUPAC)
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minima and to find their thermodynamic functions. The
thermodynamic functions of the condensation reactions
(deoxy)ribose + uracil — nucleoside + water were found (at
298 K, in the gas phase) according to the equations [16]:

AH® = H;’{nucleoside} + Hf"{water}

— H{(deoxy)ribose} — Hy {uracil} (1)

AG’ = G{nucleoside} + Gj{water}
— G¢{(deoxy)ribose} — G7{uracil } (2)

AS° = (AH® — AG°)/298 (3)

The vertical excitation energies of the compounds—
minima were found at the TD B3LYP level with the same
basis set. The use of diffuse functions in the basis set makes
possible to find the repulsive 'mo* state among the four
low-lying excited states.

The conformational transformations (with respect to the
uracil and sugar rings) of oxo nucleosides (most stable) were
studied at the TD DFT level. The starting point in each case
was the optimised geometry of the most stable oxo (deoxy)
uridine isomer. The next step was the generation of
structures/conformers by changing the dihedral angles which
are responsible for the rotation of the two rings to one
another. More than 20 conformers of (deoxy)uridine were
generated in this way. Three singlet excited states were
calculated for each conformer, which corresponds vertically
to the points on the ground state curve.

The transition states of the intramolecular proton transfer
processes were found with the help of the QST2 procedure
included in the GAUSSIAN 98 program package [17]. The
procedure requires two optimised structures as input: the
structure of the initial compound (reactant) and the structure
of the final compound (product).

All calculations were carried out with the GAUSSIAN
98 program package [17]. Visualisation of the optimised
geometries was performed with the program ChemCraft 1.5
(Build 282) [18].

Results and discussion
Geometries of the tautomers/conformers

The starting point of the current research was the
optimisation of the structures of ribose and deoxyribose.
Their nucleosides with uracil, i.e. uridine and deoxyuridine,
were also optimised at the B3LYP/6-31+G(d) level of
theory. All structures are illustrated in Fig. 1.
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Fig. 1 Optimised structures of
the furanoses and nucleosides.
Green Carbon atoms, red oxy-
gen atoms, blue nitrogen atoms,
grey hydrogen atoms

ribose

The most stable conformations of all compounds with
respect to the sugar ring were initially found by using the
molecular mechanics force field. Because of the large size
of the investigated molecules we restricted the basis set to
one polarisation function and diffuse sp-functions to heavy
atoms.

deoxyribose

D3

As seen in Fig. 1, the compounds U1/U2, U3/U4, U5/U6
as well as D1/D2, D3/D4, D5/D6 are conformers with
respect to the positions of the two rings. However, the
compounds U1/U3/US, and U2/U4/U6 as well as D1/D3/
D5, and D2/D4/D6 are functional isomers. The isomers
U1/U3/U5 and U2/U4/U6 have different orientations of
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Fig. 1 (continued)

the uracil residue towards the sugar ring. In the first
group of functional isomers (U1/U3/US), the oxygens of
uracil are orientated in the vicinity of the furanose ring,
whereas in the second group (U2/U4/U6) they are
orientated to the opposite side. This is also valid for
deoxyuridine isomers.

The structures in Fig. 1 show that at least two H-bonds
are formed in all uridine isomers because of the presence
of one OH group at the C; position (of furanose). Such
bonds cannot be observed in deoxyuridines. The calcu-
lations showed that the shortest H-bonds are formed
between the closest OH groups of the sugar ring, in
particular the H-bonds Hjs '*Os. When the oxygen atom
0,5 forms H-bonds with the closest sugar OH group (e.g.
O,5"Hys) then the bonds Hi4 '-Os become extremely
short.

@ Springer

Stability of the isomeric forms

The calculated energies and relative energies of the ribose
and deoxyribose nucleosides are given in Table 1.

As seen from the data in Table 1, the most stable
nucleosides are U2 and D2. This result is in full agreement
with the crystal structures of the two compounds [13, 14].
The next nucleosides exhibiting considerable stability are
Ul and D1. They also contain the oxo form of uracil. High
energies were calculated for isomers containing the uracil
tautomer with a semiquinonic structure.

As expected, all condensation reactions are thermody-
namically and enthalpically disfavoured (Table 1) in the gas
phase. One exception is the condensation reaction leading to
the production of the nucleoside U4. A possible reason for
this is the formation of short H-bonds between the furanose
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Table 1 Energies of nucleo- o o o R o o o
sides and thermodynamic E (au) B (W mol™')  AH® (K mol™')  AG® (kfmol")  AS® (J mol ' K™
functions (at 298 K, in the gas
phase) of the condensation Ul —911.058673 15 334 22.5 36.7
reactions: (deoxy)ribose + U2 —911.064541 0 18.4 10.6 26.3
uracil — nucleoside + water U3 -911.038707 68 1.1 19.1 -26.8

U4 —911.047459 45 -11.2 0.7 -39.9

uUs —911.022407 111 22.0 29.5 —25.2

U6 -911.024622 105 16.0 24.0 -26.9

D1 —835.839950 1 38.1 27.1 37.0

D2 —835.840374 0 36.5 23.1 45.1

D3 —835.819689 54 16.6 24.2 —25.6

D4 —835.821049 51 12.6 18.1 -18.4

D5 —835.804057 95 25.7 33.6 —26.5

D6 —835.805970 90 23.1 29.1 —20.0

residue and the uracil ring—a view supported by the AH°
value of D4, which is positive because of the absence of H-
bonds of the type ™@°°H---0="% hich stabilises the
compound. For the same reason, the relative energy of
isomer U4 is the lowest among all the hydroxy uridine
tautomers. Only the condensation reactions to nucleosides
that contain the oxo uracil tautomer have positive changes in
entropy under standard conditions and in the gas phase.

Vertical excitation energies

Table 2 lists the vertical electronic excitation energies
calculated for all the isomers and for a single uracil
molecule, as well as the calculated vertical excitation
energies of uracil tautomers (Scheme 1) optimized at the
same theoretical level.

The calculated vertical excitation energies of the bright
"7m* state of the nucleosides that contain the uracil
tautomer Url (the most stable one) are in the interval
5.041-5.083 eV. This is in excellent agreement with the
experimentally observed absorption maximum of uracil in
the gas phase, 5.08 eV [19]. In the single uracil molecule
(Url), we calculated 5.181 eV for the electron transition
'7—7*. Since the molecule of the tautomer Url is planar,
the excited states and the molecular orbitals of the
compound can be assigned in symmetry—(A’,A”) and (a’,
a”), respectively. The calculated vertical excitation energies
show that the TD B3LYP method can reproduce accurately
the experimental positions of the maxima of the UV bands
of organic compounds. It can be seen that rotation of Url in
directions Ul—U2 and D1—D2 leads to a slight reduction
of the vertical excitation energies of the 'mr* state, while
the dark 'ngm* states shift up. Some of the orbitals of Ul
and Url that are responsible for the excited states discussed
here are illustrated in Fig. 2.

The fourth excited state ('nom*) of the nucleosides Ul,
U2 and D1 is a charge transfer state—from a (deoxy)ribose

residue to uracil. Similar states are calculated also for U3,
U4 and D3. Charge transfer states—from uracil to furanose
moieties—are calculated for nucleosides D2, U5 and DS5.
Such states contribute to the considerable electroconduc-
tivity registered for the macromolecules DNA and RNA
[20, 21].

The order of the 'nom* and 'm7* states is changed in
nucleosides that contain the nonquinonic hydroxo uracil
tautomer (Ur2). In these cases, the first excited state is the
bright '77* state. The same positions of the excited
electronic levels were calculated for the tautomer Ur2.
These compounds have one 1nN7r* state, which is generated
by electron transition from the lone-pair electrons of the sp*
nitrogen atom to a 7* molecular orbital.

The first two low-lying excited states of the nucleosides
with a semiquinonic hydroxo uracil tautomer (U5, U6, D5,
and D6) are the dark 'nom* states. These are rather high,
which means that the maxima of the UV absorption bands
of these compounds should be observed in the higher
energy region. In other words, such semiquinonic nucleo-
sides would make only a minor contribution to the electro-
conductivity of nucleic acids.

Several decades ago, Miles et al. [22] found the peak
maximum of the UV absorption spectrum of uridine in
solution (pH=7) at 4.77 eV. We believe that this spectrum
corresponds to the isomer U4, whose maximum should be
at 4.721 eV (see Table 2). The calculated value is very close
to the experimental value. The solvation effect is clear: the
solvent increases the energy for the transition m7—7™* in
uridine by about 0.05 eV or 3 nm. In other words, a blue
shift is observed when gas phase uridine is dissolved.

Conformational transformations of oxo (deoxy)uridine
The ground state conformational curves of the trans-

formations Ul«<>U2 and DI1«<D2 are illustrated in
Fig. 3.
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Table 2 Vertical excitation
energies (E, eV) and oscillator State E fx10* State E fx10*
strengths (f) of the four lowest
singlet excited electronic states Ul "nom* 4.687 2 Dl "nom* 4.679 4
of isomers of uridine and Lo 5.083 40 i 5.071 2,006
deoxyuridine L ore* 5.415 14 et 5.471 36
"nor* @ 5.743 14 'ngre* 2 5.740 5
U2 "norr* 4.747 5 D2 Tnom* 4.702 6
Yook 5.051 2186 Lo 5.041 2,147
'ngre* 5.550 3 "ngre* 5.749 7
'ngr* 5.822 3 lg* ® 5.880 91
U3 Vet 4.656 908 D3 Vet 4.647 897
g+ @ 4.801 52 o @ 4.792 23
Tngr* 5.251 145 o 5.276 20
e 5.316 16 Tyt 5.356 29
U4 Lo 4.721 1176 D4 Lo 4.658 1,137
Ingr* 5.132 17 Tnom* 4.922 7
Tngrm* @ 5.297 65 Tyt 5.382 16
" 5.432 49 'ngre* @ 5.672 307
U5 "o 4345 0 D5 'norr* 4.324 0
"nor* 4971 4 'ngre* 4.966 4
Lot 5.198 491 Urere* 5.183 522
lo* © 5.496 117 Io* ® 5.673 120
U6 Tngre* 4388 0 D6 Inom* 4363 0
Tngr* 4.946 4 Tngr* 4.969 4
Lot 5.112 530 Uyt 5.106 576
Lrore* 5.481 256 Lot 5.519 838
Url 'nort* (A”) 4.669 0 Ur3 s 4.643 587
Lot (AY) 5.181 1323 Tnorm* 4.819 4
'7to* (A™) 5.748 23 et 5.295 15
'nore* (A7) 5.780 0 Ito* 5.602 24
Ur2 Tnor* 4.335 0
 Charge transfer state from 'ngre* 5.048 4
ribose/deoxyribose to uracil [— 5256 489
bCharge transfer state from Lo* 5.495 10

uracil to ribose/deoxyribose

Figure 3 also shows the evolution of the excited states
along the reaction coordinates <C,o)N;(C,O; for uridine
and <C;9N;(C,0; for deoxyuridine. It can be seen that the
thermally induced [on the S, potential energy surface
(PES)] conformation, Ul—U2 passes through a very high
energy barrier of 1.630 eV (157 kJ mol™"). Energetically
much more favourable is the photochemical conformation
passing through the bright '77* states of Ul and U2 and
the dark charge transfer (CT) state 'n7*. This transition is
mediated by the two conical intersections '77*/'n7* and an
insignificant energy barrier. The CT state 'n7* is over the
transition state region on the ground state curve and is
generated through a charge transfer from sugar to uracil. In
general, the 'n7* and '77* curves follow the ground state
curve with almost the same energy gradients.

The ground state conformational transformation D1—D2
is more favourable than that for uridine. The energy barrier

@ Springer

is 1.287 eV (124 kJ mol "). However, the photochemical
transformation is hindered considerably by high energy
barriers. It can pass through the '77* states of D1 and D2
and the dark CT transfer state 'o7*. Conical intersections
of the type 'mr*/'om* mediate this transition. Analysis of
the energy curves shows that, in this case, the 'n7* and
Lrm* curves follow the ground state curve as for uridine.

The results show that breaking the hydrogen bond
Hj5°--O,5 in uridine favours the photochemical conformation
(as compared to deoxyuridine). The reason for this is that
breaking this bond stabilises the dark CT state 'nm*. The lack
of such H-bonding during the conformation transition
D1—-D2 is responsible for the space hindrances at the small
values of the reaction coordinates (at the beginning of the
reaction after the minimum of D1). This also affects the
shape of the reaction curves of the ground and excited states
(see Fig. 3Db).
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Fig. 2 Optimised molecular
orbitals of Ul and Url involved
in electron transitions

Ul

Intramolecular proton transfers

The energy barriers of intramolecular proton transfers in
uridine and deoxyuridine and the thermodynamic functions
of these reactions are listed in Table 3.

The values in Table 3 show that the energy barriers of
these intramolecular proton transfers are very high. Because
of the nature of these processes (the proton is a small
particle), one can expect tunnelling to occur. It can also be
seen that the energy barriers of the reverse transformations
are lower than those of the forward reactions. In other
words, all structures of the transition states are closer to the
products than to the reactants. Therefore, according to the

Occupancy: 2

Occupancy: 2 no-MO Occupancy: 2

Url

Leffler-Hammond postulate [23, 24], the transition states
can be assigned as product-like or “late”. Comparing the
energy barriers of the uridine and deoxyuridine reactions,
one can conclude that the sugar residue does not contribute
significantly to the kinetics of these reactions.

The calculated imaginary frequency in the vibration
spectrum (parallel vibration mode) of each transition state is
over —1,900 cm', which clearly shows that the energy
curves of the proton transitions are rather steep, and that the
reactants and products lie in deep minima.

As a consequence of the Leffle-Hammond postulate, the
proton transfers are endothermic (enthalpically disfavoured)
and thermodynamically disfavoured (see Table 3). This
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4 Fig. 3 Conformational potential energy surface (PES) of the ground
and excited states of oxo (a) uridine and (b) deoxyuridine. The
coloured lines designate the vertical excitation energies of the states of
Ul and DI as listed in Table 2

means that, in the gas phase, all equilibria are shifted
towards the reactants. It can also be seen that the proton
transfers are accompanied by insignificant entropy (steric)
changes, which probably means that only a limited number
of internal coordinates are changed during the proton
transfers, most likely those connected with the moving
proton.

Conclusions

The calculations performed (at the DFT and TD DFT level)
on the stability, excited states and intramolecular proton
transfers in uridine and deoxyuridine led to the following
major conclusions: (1) the formation of H-bonds between
uracil and the ribose ring stabilises the H-bonds formed
between the two OH groups of the ribose ring; (2)
nucleosides that contain the oxo form of uridine are
dominant; (3) TD DFT -calculations reproduce vertical
excitation energies accurately, yielding values close to
reported experimental data [19, 22]; (4) the excited state
analysis proved the reported UV absorption maximum of
uridine in solution at 4.77 eV [22] corresponds to uridine
involving the hydroxo uracil tautomer; (5) it was estab-
lished that the first and second excited states of oxo uracil
nucleosides are 'nm* and 'mr*, respectively, like these of
uracil; (6) the rotation of the oxo uracil ring in uridine is
much more likely to occur in the excited state than in the
ground state. In deoxyuridine, rotation in the excited state is
hindered by relatively high energy barriers; and (7) high

Table 3 Energy barriers and thermodynamic functions of the
intramolecular proton transfer reactions in uridine and deoxyuridine
(kJ mol™")

Energy barriers AHSy AGSy T ASSgg

0 o
Eforward  Ereverse Eforward Ereverse

Ul=2U3 191 139 177 126 500 517 1.7
Ul=2Us 216 121 201 108 934 927 0.7
U22U4 187 141 173 128 437 451 -14
U22U6 223 118 207 106 1024 99.0 34
D1eD3 192 139 177 125 517 522 05
D12D5 213 119 198 106 924 921 03
D22D4 190 139 176 126 494 501 -0.7
D22D6 217 124 202 111 915 917 0.2

forward Jreverse ~ ENETEY difference between the zero-point levels of the
transition state and the reactant/product
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energy barriers between intramolecular proton transfers in
the ground state were found.
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