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Theoretical study of the reaction of hydroxyl radical with uridine: the influence
of ribose and solvent

Ya Gao, Xiayu Chen, Li Zhong, Wei Yao, Shujin Li*
College of Chemistry, Chemical Engineering and Materials Science, Soochow University PR

China, 215123

The reaction of hydroxyl radical (*OH) with uridine has been investigated using density functional
theory (DFT). The influence of environment has been investigated using water and benzene as
models for polar and non-polar surroundings, in addition to gas phase calculations. In order to
represent a much more real situation in the RNA, the ribose of the uracil ring is considered.
Different paths of the reaction of *OH with uridine have been considered, involving addition and
hydrogen abstraction reactions, with global contributions to the overall reaction around 99.9% and
0.1% at 298K, respectively. The cis- and trans- USOH addition reactions contribute to the overall
reaction around 62.2% and 35.6% in the polar surrounding and about 70.1% and 26.8% in the
non-polar surrounding, respectively. The cis-USOH adduct is found to be the major product of the
title reaction for all the modeled environments. The steric effect of the ribose of the uracil ring
makes the U60OH addition more difficult than the USOH addition. The theoretical study of the
reaction of *OH with uridine could help us to understand the oxidative damage of DNA and RNA
better. The good agreement found between the calculated and the available experimental data
supports the methodology used in this work, as well as the data reported here for the first time.

* To whom correspondence should be addressed. E-mail: shujinli@suda.edu.cn.
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Introduction

As is known, DNA and RNA oxidative damage can cause several diseases like cancer,
cardiovascular disorders, and atherosclerosis.'” Reactive oxygen species (ROS), is considered as
one of the main factor causing DNA and RNA oxidative damage. The ROS, such as superoxide
radical anion (O, ), perhydroxyl radical (HO,*), and hydroxyl radical (*OH), are normal organism
metabolites which are formed in vast quantities in each cell every day. The *OH radical is the most
reactive ROS,’ and due to its high reactivity the hydroxyl radical (+*OH) is chosen for this study.

In previous investigations, the nucleic acid bases are often used as models to examine the
properties of nucleotides or nucleosides. The reaction of nucleic acid bases with *OH radical has
been studied experimentally and theoretically. The *OH is electron-deficient radical, thus mainly
the *OH reacts with the nucleic acids through addition modes on the base units or by abstracting
hydrogen atoms from the base. Pulse radiolysis and laser photolysis experiments have been done
to obtain the information about the transients produced from the reactions of *OH with nucleic
acid bases.® It shows that *OH has high reactivity towards nucleic acid with almost diffusion
controlled rates (10°-10'" dm™ mol” s™). Pulse radiolysis experiments on some pyrimidines
analysis using HPLC with UV detection coupled to a mass spectrometer through an electrospray
interface (HPLC-ES-MS) clearly demonstrated that *OH generally undergoes addition reaction at
C5C6 double bond,” and previous experimental studies showed that the *OH addition to the C5C6
double bond of pyrimidine nucleobases is more regioselective to the C5 atom than the C6 atom.*"'

As the simplest pyrimidine base of RNA, the reaction of *OH with uracil has been studied
theoretically. The relative energies for the some stationary points along the addition reaction path
and hydrogen abstraction reaction path were calculated at the MPWI1K/6-31+G(d,p),
CCSD(T)/B3LYP/6-31+G(d,p), and CCSD(T)//MPW1K/6-31+G(d,p) levels.'”” The theoretical
results showed that the possibility of reaction followed the order *OH-addition at C6 >
*OH-addition at C5 > H8-abstraction from N3.

However, to our best knowledge, the reaction of *OH with uridine has not been studied. The
influence of the sugar-ring of the uracil on the title reaction has not been known. The proton
transfer process of uridine has been studied theoretically, it suggested that the introduction of
sugar-ring changed the activation energy during the monohydrated proton transfer of uridine.” As
an important constituent of the nucleotides, the ribose will certainly have some influence on the
title reaction. In order to represent a more authentic situation, it is necessary to take the sugar-ring
into consideration. Therefore, the objective of this work is to provide quantitative information
about mechanism and kinetics of the reaction of *OH with uridine in gas phase, polar and
non-polar surroundings, which can be considered as the very first step in the oxidative damage of
RNA. It is also our purpose to obtain branching ratios for the different channels. The research on
mechanism of DNA and RNA oxidative damage caused by ROS has fatal significance in disease
diagnosis, drug development, and environmental assessment of chemical reagents, so a detailed

understanding of the mechanism is highly urgent.
Computational details

Electronic structure calculations have been performed with the Gaussian 03 program.'* Full

geometry optimizations and frequency calculations were carried out for all the stationary points
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using the density functional theory method B3LYP'*"" with the basis set 6-311+G(d,p)"®. Local
minima and transition states were identified by the number of imaginary frequencies (NIMAG=0
or 1, respectively). In addition, transition states were verified to connect the designated reactants
with products by performing an intrinsic reaction coordinate (IRC) analysis."” Solution phase
optimizations were performed at B3LYP/6-311+G(d,p) level using the polarizable continuum
model (PCM),” specifically theintegral-equation-formalism (IEF-PCM),*" with water and benzene
as solvents for polar and non-polar environments, respectively.

The rate constants were calculated using the POLYRATE 9.7 program.”> The small-curvature
tunneling (SCT) correction method was used in our calculation of the rate constants. In order to
calculate the rate constants, 10 points near the transition state along the minimum energy path
were selected - 5 points on the reactant side and 5 points on the product side. For each point, the
frequency is calculated to obtain the information of Cartesian coordinates, gradient and Hessian

matrix.

Results and discussion

The different reactive sites that have been studied in the present work are schematically
represented in Fig. 1. The reaction of *OH with uridine undergoes mainly addition and hydrogen
abstraction reactions. The *OH adds to C5 and C6 atoms of uracil ring is denoted as USOH and
U6OH path, respectively. The *OH attack to the uracil ring can show cis- or trans- addition path
with respect to the ribose if we take the uracil ring as a reference plane. The *OH also abstracts
hydrogen atom from N3, C5 and C6 atoms, denoted as UN3HS8, UC5H10, UC6HI11 path,
respectively.

The optimized geometry of uridine is depicted in Fig. 2 with selected bond lengths. The
distance of C5C6 bond is 1.350 A and is substantially shorter than the rest, which indicates a
localized double bond character for this bond. The highest occupied orbital (HOMO) is located on
the C5C6 double bond, which brings out that C5 and C6 are electron rich centers. Hence, the
electrophilic additions of *OH would have a high preference on the two atoms.

The optimized geometries of the transition states (T'S) with imaginary frequencies and adducts
in gas phase are shown in Fig. 3. The reaction barriers (AG”) and reaction Gibbs free energies (AG)
at 298 K for the different reaction paths of the *OH with uridine reaction in the gas, water and
benzene phases are listed in Table 1. The optimized geometry parameters of all the stationary
points in the gas, water and benzene phases are reported in Table S1 (as supplementary
information). The optimized geometries for complexes of uridine with one water molecule in the
aqueous media along with AG (in kcal mol™) and transition states of cis-U5waOH and
trans-USwaOH paths in the presence of one water molecule in the aqueous media along with
imaginary frequencies are shown in Fig.S1(as supplementary information).

As shown in Fig. 3, the O---C5(6) distances of transition states (cis-C5SOH-TS, trans-C5OH-TS,
cis-C60H-TS and trans-C60H-TS) in the USOH and U60OH addition paths are very similar,
around 2.1 A, suggesting that all the addition paths should have similar heats of reaction. For
hydrogen abstraction paths, the N--*H or C---H distances of transition states (UN3HS8-TS,
UCS5HI10-TS and UC6H11-TS) increase by 15.3%-21.1% compared to uridine, and the O---H
distance increased by 17.1%-20.6% compared to water.

As the values in Table 1 show, all the paths except UC5H10 are predicted to be exergonic, the
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reaction Gibbs free energies (AGy,s) are in the range of -12.74 to 0.75 kcal mol ™. In addition, the
energy releases associated with the adduct formation are larger than those of the hydrogen
abstraction paths. The larger exergonicities were found for the USOH adduct and U60OH adduct,
especially the cis-U60OH adduct, AGg,s = -12.74 kcal mol”', suggesting that cis-U60H adduct is the
most stable addition product thermodynamically. This is due to the formation of the hydrogen
bond O9’-H-:-O12 between the sugar-ring and the base (uracil ring) as shown in Fig. 3. The
hydrogen bond distance and angle are 1.962A and 168.6°, respectively. The reaction barriers
(AGgaf) range from 1.87 to 12.48 kcal mol™'. The barriers of USOH paths are lower than those of
U60OH paths in all the modeled surroundings as shown in Table 1, indicating that USOH is the
favorable addition path. The barrier of the cis-USOH path is lower than that of the trans-USOH
path by 2.11 kcal mol”, suggesting that USOH adducts should be mainly formed as cis-USOH.
This is caused by the formation of the hydrogen bond O9’-H-:-O12 in the cis-USOH path. For the
U60OH path, on the other hand, the barrier of cis-U60OH path almost equals to that of trans-U60OH
path. Therefore, we can conclude that the cis-U60OH and trans-U60OH adducts are expected to
occur in similar proportions.

The previous calculation showed that the reaction trend for *OH + uracil was *OH-addition at
C6 atom> *OH-addition at C5 atom.'> Experiments showed that the *OH addition to pyrimidine

" In this study, the reaction

nucleobases is more regioselective to the C5 atom than the C6 atom.
of *OH with uracil has also been calculated at the same level of theory to investigate the influence
of the steric effect of the sugar-ring. As shown in Table 1, the barriers of USOH and U60OH paths
in the *OH + uracil reaction are 4.55 and 4.63 kcal mol™, respectively. The energy barrier of the
«OH addition to both C5 and C6 positions of uracil is less than 1 kcal mol™. This indicates *OH
addition to uracil is a little more regioselective to the C5 atom than the C6 atom. If we take the
sugar-ring into consideration, the situation has changed. For the *OH + uridine reaction, the barrier
difference between USOH path and U60OH path is apparent as shown in Table 1. The barriers of
cis-USOH path and frans-U5OH path are 1.87 and 3.98 kcal mol™ lower than those of cis-U6OH
and trans-U60H, respectively. Therefore, due to the steric effect of the ribose, the *OH addition to
urdine is more regioselective to the C5 atom than the C6 atom. The cis-USOH path is more
regioselective than the trans-USOH path. This is because the hydrogen bond O09’-H---O12
between the sugar-ring and the base (uracil ring) exists in the cis-USOH-TS. Consistent with the
barriers of the *OH + uridine reaction, relative possibilities of addition reaction follow the order,
cis-USOH > trans-U50H > trans-U60H > cis-U60OH in gas phase, which is in line with the
HOMO of uridine shown in Fig. 2. The cis-U50OH path is the most favorable path among the four
addition paths.

The barriers of the hydrogen abstraction paths (UC6H11, UN3HS8, and UC5H10) are in the

range of 9.11 to 12.48 kcal mol™', which are higher than those of C5C6 double bond addition paths.

As shown in Table 1, the relative possibilities of hydrogen abstraction reaction follow the order,
UN3H8>UCS5H10>UC6HI11. We also investigate the hydrogen abstraction paths of *OH with
uracil at B3LYP/6-311+G(d,p), the barriers of the hydrogen abstraction paths (UC6H11, UN3HS,
and UC5H10) are in the range of 9.51 to 11.34 kcal mol™, the relative possibilities of hydrogen
abstraction reaction follow the order, UC6H11>UN3H8>UCS5H]10. Due to the steric effect of the
ribose, the *OH abstraction hydrogen from C6 atom of uridine is more difficult. In conclusion, the
ribose does have some influences on the nucleic bases during the reaction, and it is very necessary
to take the sugar-ring into consideration.
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The effect of solvent is also taken into account using water and benzene as models for polar and
non-polar surroundings. The solvent have little effect on the structures as shown in Table S1. To
investigate the effect of hydrogen bond between water and uridine on the reaction in the aqueous
media, we calculate all the optimized geometries of uridine through hydrogen bonding with one
water molecule, and obtained four uridine + H,O complexes: U-H,0a, U-H,0b, U-H,Oc and
U-H,0d. The optimized geometries and Gibbs free energies (AG) of the complexes are shown as
in Fig. S1. The most stable complex is U-H,Oa in which H,O makes two simultaneous hydrogen
bonds with the H8 and O9 atom of uridine. The result is consistent with the previous study.”**
We also investigate the two reaction paths which *OH adds to the C5 atom of the U-H,Oua
complex in the aqueous media (denoted as cis-U5SwaOH and trans-USwaOH paths). The reaction
barriers (AGwam7é and AGbcnzcnf) and the reaction Gibbs free energies (AGyater and AGpenzene) at 298
K with water and benzene as solvent are listed in Table 1. Comparing the values with those in gas
phase, the reaction barriers of all the reaction paths are found to be systematically higher in the
water phase than those in gas phase by 1.05-2.45 kcal mol”. The reaction barriers (AG?) of
cis-USwaOH and trans-U5waOH paths are 3.69 and 4.10 kcal mol”, respectively, and are still
higher than those in gas phase as shown in Table 1. The hydrogen bond between uridine and one
water molecule has a very small influence on the addition reaction barriers in the aqueous media.
However, the reaction barriers were found to be systematically lower in the benzene phase than in
gas phase by 0.37-1.33 kcal mol'.The reaction is the easiest in non-polar surrounding, and is the
hardest in polar surrounding. Although the reaction barriers (AG?) are different, relative
possibilities of the reactions follows the order, cis-USOH > trans-USOH > frans-U60OH >
cis-U60OH >UN3H8 >UC5H10>UC6H11, for all the modeled environments. Therefore, the
relative probabilities for the addition and hydrogen abstraction reactions that «OH can induce in
uridine are similar in gas, water and benzene phase. We suggest that «OH with nucleic acid bases
reaction can be modeled in vacuum phase, which is in agreement with the suggestions by Ji et
al.”>*® The Gibbs free energies of cis-U60H and frans-U60H are -8.28 and -8.49 kcal mol™ in the
water, they are -10.27 and -10.87 kcal mol™' in the benzene, respectively. The solvent effect makes
the cis-U6OH adduct and trans-U60OH adduct the same stable addition product
thermodynamically.

The canonical variational transition state theory (CVT) with small-curvature tunneling (SCT)
effect is effective to calculate the rate constants, which have been successfully applied to many
reactions.””*’ Because uridine is RNA’s characteristics base and usually people's body temperature
always remains at a constant 310K, then the overall rate constants at 298 K and 310 K are
calculated. The branching ratios are calculated as:

k

path

r

path =
overall

in such way that the rate constant for each path can be obtained by multiplying the overall rate
constant by the corresponding I value. The CVT rate constants with the SCT correction and
branching ratios are shown in Table 2.

The rate constant in aqueous solution at 298 K has been previously reported by different
authors , 5.7 x 10° dm™ mol™ s and 3.1 x 10° dm™ mol™ s for the *OH + uracil realction,‘*’z'0

5.2 x 10° dm™ mol™ s™! for the *OH + uridine reaction.* The calculated rate constant in this work is

and

2.74x 10° dm™ mol” s in the water phase at 298 K which is in good agreement with the
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experimental result.

Analyzing the results reported in Table 2, it can be easily seen that regardless of the polarity of
the environment, the USOH paths occur easily since the rate constants are very large owing to the
low barriers. The C5C6 double bond in uridine is preferentially attacked at the electron-richer C5
by *OH as discussed above. As the polarity of the environment increases, so does the extent to
which the U50H adducts are formed: 94.4%, 96.1% and 97.3% in gas phase, benzene and water
phase at 310K. The main product is the cis-USOH adduct in all the modeled media. The branching
ratio of cis-USOH is 66.5%, 65.3% and 59.0% in gas, benzene and water phase at 310K,
respectively. On the other hand the extent to which U60OH adducts are formed decreases from gas
phase (5.5%) to benzene (3.7%) to water phase (1.7%). The cis- U6OH and trans-U60H adducts
are occur in similar proportions. The kinetic factors are more dominant than the thermodynamic
factors in the reaction of *OH with uridine, which is in agreement with previous studies.”>*%"*2
The hydrogen abstraction products (such as UN3H8, UC5H10 and UC6H11) can be neglected
since the corresponding paths of reaction contribute to the overall rate constant by less than 0.2%
in all the cases. Previous experimental data showed that 82% and 18% of the reaction products
correspond to USOH and U60H adducts in the *OH + uracil reaction in aqueous solution at 298K,
respectively.* Due to the the steric effect of the sugar-ring, the branching ratios of USOH adduct
and U60OH adduct in the *OH + uridine reaction in aqueous solution are 98% and 2% in this study,

respectively.
Conclusions

The present theoretical study has provided valuable information about the energetics of the
reaction mechanism of *OH with uridine. Different paths of reaction have been considered,
involving *OH additions to and H abstractions from uridine. Obviously, the *OH addition reactions
are preferable than the hydrogen abstraction reactions. Thermodynamically, the cis-U60OH adduct
is the most stable product. However, the addition of *OH to C5 is predicted to be the main path.
This indicates that the kinetic factors are more dominant than the thermodynamic factors. The
sugar-ring and solvent effect are considered. The introduction of the sugar-ring has strongly
influenced the relative site reactivity. It makes the *OH addition to uridine is more regioselective
to the C5 atom than the C6 atom. The U5OH path reaction is easiest in non-polar surrounding, and
is hardest in polar surrounding. The hydrogen bonding between one water molecule and uridine
has a very small influence on the addition reaction barriers in the aqueous media. In addition, the
relative probabilities for the reactions follow the same order for all the modeled environments. The
direct dynamic calculation is performed and the rate constants are calculated. The calculated and
the available experimental rate constant for this reaction is around 10° dm™ mol™ s™" in aqueous
solution at 298 K, the good agreement between them supports the methodology used in this work.

This paper is the first attempt to study the reaction of *OH with uridine. Consideration of the
ribose’s influence and solvent effect provides more interesting results. The model of nucleic acid
bases with the sugar fragment represents a much more real situation in the helical structures of
RNA.
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Table 1 The reaction barriers (AG”) and reaction Gibbs free energies (AG) at 298 K, all in kcal
mol™, for the *OH + uridine in the gas, water and benzene phases, and *OH + uracil reaction in

gas phase.
*OH +uridine *OH +uracil
path AG s AGus AGvuer  AGuuer AGpemene AGremene  DPath  AGgs  AGgs

cis-USOH 1.87  -10.11 400  -6.92 1.50 -9.54 USOH 455 -10.30

(3.69%)  (-6.30%)
rans-USOH 398 895 461  -657 2.97 -9.52

(4.10%)  (-6.78%)
cis-UGOH 574 -12.74 731  -8.28 4.41 -10.27 U60H 463  -12.97
rans-U6OH 558  -1028  6.63  -8.49 4.85 -10.87
UN3HS8 911  -0.82 11.56  -4.17 8.60 -4.98 UN3H8  10.67  3.55
UCSH10 10.75 075 1276  -049  10.06 -1.49 UCSHI0  11.34 1.38
UC6H11 1248 475 1476  -684  11.85 -5.70 UC6HI1 951  -5.35

* The reaction barriers and reaction Gibbs free energies of cis-U5waOH and frans-USwaOH paths

Table 2 The rate constants (dm> mol” s™) for *OH + uridine reaction and
branching ratios at 298 K and 310 K using the CVT/SCT method

Gas Water Benzene

298 K 310K 298 K 310K 298 K 310K
Koverall 239x10"  1.78x10"  2.74x10°  2.24x10°  8.01x10" 5.57x10"
Tis.uson 0.716 0.665 0.622 0.590 0.701 0.653
T rans-Usont 0.239 0.279 0.356 0.383 0.268 0.308
Tis.u60m 0.022 0.028 0.008 0.010 0.015 0.019
T rans-Us0H 0.022 0.028 0.013 0.016 0.015 0.019
Tunsns 0.001 0.001 0.000 0.000 0.001 0.002
Tucsnio 0.000 0.000 0.000 0.000 0.000 0.000

Tycenni 0.000 0.000 0.000 0.000 0.000 0.000
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Figure Captions
Fig.1 Schematic representation of the studied paths of reaction.
Fig.2 (a)B3LYP/6-311+G(d,p) optimized geometry of uridine with selected bond lengths (A) and (b) the
HOMO of uridine.
Fig.3 Optimized geometries of the *OH-+uridine transition states and adducts along with imaginary frequencies
for TSs.
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