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Abstract. To explore the interactions between ubiqui-
nones and oxygen in living organisms, the thermody-
namics of a series of electron and hydrogen transfer
reactions between semiquinone radicals, as well as their
corresponding protonated forms, and oxygen, singlet or
triplet, were studied using the hybrid Hartree—Fock—
density functional theory method Becke’s three param-
eter hybrid method with the Lee, Yang, and Parr
correlation functional. Effects of the solvent and of the
isoprenyl tail on the electron and hydrogen transfer
reactions were also investigated. It is found that semiq-
uinone radicals (semiquinone anion radicals or proto-
nated semiquinone radicals) cannot react with triplet
oxygen to form the superoxide anion radical O;". In
contrast, neutral quinones can scavenge O, efficiently.
In the gas phase, only protonated semiquinone radicals
can react spontaneously with singlet oxygen to produce
peroxyl radical (HO)). However, both semiquinone
anion radicals and protonated semiquinone radicals
can react with singlet oxygen to produce harmful oxygen
radicals (O;" and HO,, respectively) in aqueous and
protein environments. The free-energy changes of the
corresponding reactions obtained for different ubiqui-
none systems are very similar. It clearly shows that the
isoprenyl tail does not influence the electron and
hydrogen transfer reactions between semiquinone radi-
cals and oxygen significantly. Results of electron affin-
ities, vertical ionization potentials, and proton affinities
also show that the isoprenyl tail has no substantial effect
on the electronic properties of ubiquinones.
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1 Introduction

Ubiquinones are important ubiquitous coenzymes in
biology. Their properties have attracted increased re-
search interest, and several experimental and theoretical
studies related to the properties of quinones have been
carried out during the past decades. However, the roles
of ubiquinones in biological systems, especially the
interactions between ubiquinones and oxygen, are
still far from clear owing to the complexity of living
organisms and the limitation of experimental techniques.

In addition to acting as the well-known electron and
proton mediators in respiration, ubiquinones are often
considered as a source of the superoxide anion radicals,
O;" [1-3], which are very harmful to living organisms
either through direct damage to cells or via proton
leakage to decrease the production of ATP. Although
there is not enough direct experimental evidence, some
researchers believe that semiquinone anion radicals can
react with oxygen via a direct electron transfer reaction
to produce superoxide anion radicals [4, 5]:

Q" +0,—-Q+05

It is also suggested that the electron transfer reactions
between semiquinone anion radicals and oxygen require
the availability of protons [2, 6]:

Q" +H'"+0, - Q+HO;

However, contradictory to the above, there are also
studies showing that ubiquinones can act as antioxidants
by scavenging superoxide anion radicals [6]:

Q+0;" = Q7 +0,

The roles of ubiquinones in living systems are complex,
and as seen the previously mentioned results do not
provide a clear picture. Additional studies are hence
necessary, and the aim of the present study is to use
modern electronic structure methods to help resolve
some of the ambiguities regarding the reactions between
ubiquinones and molecular oxygen.

Since electron correlation is incorporated in their
basic formalism, density functional methods (DFT)



[7-13] have been shown to be able to provide accurate
molecular structures, electronic energies, and vibration
frequencies with moderate computational cost. Several
theoretical studies on quinone systems [14—19] have been
carried out during the past decades; however, most of
the theoretical work has focused on the electronic
properties and electron transport roles of quinones, and
very little has been performed on the interactions be-
tween ubiquinones and oxygen. To investigate the roles
of ubiquinones in living organisms, especially the inter-
actions between quinones and oxygen, it is necessary to
study the mechanisms of the electron transfer and pro-
ton transfer reactions between ubiquinones and oxygen.
In another study, we extensively studied the thermo-
dynamics of the electron transfer reactions between
semibenzoquinone radicals and oxygen, using the hybrid
density functional method Becke’s three parameter hy-
brid method with the Lee, Yang, and Parr correlation
functional (B3LYP) [11-13, 20] with different basis
sets. It has been found that combined B3LYP/
6-311G(2d,p)//B3LYP/6-31G(d) method can provide
good thermodynamic properties for the reactions com-
pared with experimental results. To investigate the roles
of ubiquinones and the interactions between ubiqui-
nones and oxygen in biological organisms, the reactions
between different ubiquinones and oxygen were studied
further with the B3LYP method in the present work.
Solvent effect and the effect of the isoprenyl tail on the
electronic properties of quinones and the interactions
between quinones and oxygen were also investigated.

2 Theoretical method and model

The gradient-corrected DFT functional method B3LYP was em-
ployed throughout the present study. The structure optimization
and frequency analysis were carried out with the 6-31G(d) basis set,
followed by single-point energy calculations with the 6-311G(2d,p)
basis set. The polarized continuum model (PCM) [21-30] was used
to incorporate the effects of solvents.

The standard free-energy change, AG®, of a reaction can be
expressed by

AG® = AEdecron + AZPE + A(Ht — Hy) — TAS

where ZPE and S are the zero-point vibration energy and the en-
tropy, respectively, and (Ht — Hy) is the heat content, the differ-
ence in enthalpy at 0 K and 7 K, where T is the temperature. In
our previous work, it was shown that AG® of the reactions mainly
results from the corresponding electronic energy change, AEiectrons
and that the entropy change, AS, the ZPE correction, AZPE, and
the heat content A(Ht — H,) are usually very small. To reduce the
computational cost, only electronic energy changes were considered
in the present work. The Gaussian 98 [31] program was used
throughout the present work.

Schematic structures of the quinones studied are shown in Fig. 1.

3 Results and discussion

3.1 Electron transfer and hydrogen transfer
reactions between semiquinone anion radicals
and oxygen in the gas phase

The following electron transfer and hydrogen transfer
reactions between semiquinone anion radicals or prot-
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Fig. 1. Schematic structure of ubiquinone systems

onated semiquinone radicals and oxygen, triplet or
singlet state, were first studied in the gas phase.

Q" +'0, = Q+0;" (1)
QH +°0; — QH" + 05" (2)
QH' +°0, — Q + HO; (3)
Q" +'0, - Q+0;" (4)
QH +'0, - QH" + 05" (5)
QH' +'0; — Q+ HO; (6)

The free energy changes of the reactions in Egs. (1), (2),
(3), (4), (5), and (6) for different quinones calculated in
the gas phase are shown in Table 1. The results show
that neither semiquinone anion radicals nor protonated
semiquinone radicals can react with oxygen, singlet state
or triplet state, to form a superoxide anion radical 05"
spontaneously in the gas phase with positive free-energy
change. In addition the reactions between protonated
semiquinone radicals and oxygen (Eqgs. 2, 5) are much
more difficult than the corresponding reactions between
semiquinone anion radicals and oxygen (Egs. 1, 4).
However, protonated semiquinone radicals (QH") can
react with singlet oxygen to form a peroxyl radical HO),
via hydrogen transfer (Eq. 6), with negative free-energy

Table 1. AG® of the reactions calculated with Becke’s three
parameter hybrid method with the Lee, Yang, and Parr correlation
functional (B3LYP)/6-311G(2d,p)//B3LYP/6-31G(d) in the gas
phase (kcal/mol)

QO Ql Qe
Q" +°0,-Q+ 05" 47.6 48.9 47.2
QH + °0,-QH" + 03" 164.0 159.0 160.2
QH + *0,—-Q + HO; 14.4 13.3 12.8
Q" +'0,-5Q + 0y 8.5 9.9 8.2
QH + '0,—-QH"' + 07" 125.0 120.0 121.2
QH + '0,-Q + HO; -24.6 -258 -26.2
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change, —24.6, —25.8, and —26.2 kcal/mol for ubi-Q,,
ubi-Q;, and ubi-Q. systems. respectively. The corre-
sponding reactions (Eq. 3) between protonated semiq-
uinone radicals and triplet oxygen cannot proceed
spontaneously owing to the positive free-energy changes.
These results agree with our previous theoretical results
calculated for p-benzoquinone systems.

It is well known that the long isoprenyl tail of ubig-
uinone plays an important role in the interactions be-
tween ubiquinones and their environment. Whether this
long tail influences the electronic properties and bio-
logical roles of ubiquinones has been under debate. By
comparing the results obtained for different quinones
(Table 1), we found that the energy changes of the cor-
responding reactions are very similar. The biggest dif-
ference in the free-energy changes of the reactions
between ubi-Q, and ubi-Q; systems is about 5 kcal/mol
for reactions QH" + 0, - QH™ + O;" and QH" +
'0, > QH™ + 05", and the smallest difference is only
about 1 kcal/mol (for hydrogen transfer reactions
QH +°0,—-Q + HO;, and QH + '0,—Q +
HO)).

The differences in energy changes of the corre-
sponding reactions related to ubi-Q; and ubi-Q, systems
are even less, between 0.5 and 1.7 kcal/mol. It therefore
seems that the isoprenyl tail has no substantial effect on
the electron transfer, proton transfer, and hydrogen
transfer reactions between different ubiquinones and
oxygen.

The electronic properties of p-benzoquinone has been
extensivly studied using different methods with different
basis sets [16, 17]. It has been shown that the hybrid
Hatree—Fock (HF)-DFT method B3LYP with polarized
basis sets 6-311G(d,p), 6-311G(3d,p) can give accurate
electron affinity (1.85 e¢V) compared to experimental
data (1.91 £ 0.06 eV) [32, 33], but results in large
deviation with diffuse function basis sets 6-311 +
+ G(d,p) and 6-311 + + G(3d,p) (2.17 and 2.13 eV,
respectively). We also found that the B3LYP method
with the polarized basis set 6-311G(2d,p) gives good
results for the thermodynamic properties of reactions
between semibenzoquinone radicals and oxygen, but
gives contradictory result with the diffuse function basis
set 6-311 + G(2d,p) compared to experimental results.
The electron affinities, vertical ionization potentials of
neutral ubiquinones, and the proton affinities of the
ubiquinone radical anions calculated with B3LYP/
6-311G(2d,p)//B3LYP/6-31G(d) are shown in Table 2.
The electron affinities of the different quinones are found
to be very close. The difference between ubi-Q, and
ubi-Q,; calculated with B3LYP/6-311G(2d,p)//B3LYP/
6-31G(d) is 0.06 eV and is only 0.01 eV between ubi-Qq

Table 2. Electronic properties of ubiquinones calculated with
B3LYP/6-311G(2d,p)//B3LYP/6-31G(d) (eV, without zero-point
energy correction)

Qu(Qp") QiQ) Q.(Q.)
Electron affinity 1.71 1.77 1.70
Ionization potential 6.56 5.95 6.47
Protein affinity 14.86 14.76 14.81

and ubi-Q.. The proton affinities of the corresponding
ubiquinone radicals are also very close, with 0.1 eV
deviation between Q" and Q;" and 0.05 eV deviation
between Q" and Q_". The vertical ionization potentials
of ubi-Qq, ubi-Q;, and ubi-Q. show a larger spread
(within 0.6 eV for the three systems). The electron af-
finities, the vertical ionization potentials, and the proton
affinities again show that the isoprenyl tail has no
distinctive effect on the electron transfer and proton
transfer properties of ubiquinones.

3.2 Solvent effect on the electron transfer
and hydrogen transfer reactions between
semiubiquinone radicals and oxygen

The environments of ubiquinones in biological organ-
isms are complex, ranging from aqueous solution to
proteins and phospholipid membranes, which probably
influence the electronic properties of quinones and
interactions between semiquinone anion radicals
and oxygen significantly. To estimate the effect of the
environment on the electron transfer and hydrogen
transfer reactions between semiubiquinone radicals and
oxygen, the reactions discussed previously were also
studied using a dielectric model to simulate aqueous and
protein environments. The corresponding results are
listed in Tables 3 and 4, respectively.

Table 3 shows that neither semiquinone radicals nor
protonated semiquinone radicals can react spontane-
ously in a protein environment with triplet oxygen to
form harmful oxygen radicals (O;" and HO;, respec-
tively), owing to the positive free-energy change. The
direct electron transfer reactions between QH' and 'O,
to form O;" (QH" + 'O, - QH™ + 0O5°) are also very
difficult to proceed. However, both semiquinone anion
radicals and protonated semiquinone radicals can react

Table 3. AG® (kcal/mol) of the reactions calculated with the
polarizable continuum model (PCM)/B3LYP/6-311G(2d,p)//
B3LYP/6-31G(d) in a protein environment (¢=4)

QO Ql Qe
Q" +°0,-Q + 0y 23.0 22.6 21.0
QH + *0,—-QH" + 05" 74.9 74.2 71.2
QH + *0,-Q + HO; 9.4 9.2 8.0
Q" +'0,-Q + 0y -15.8 -16.1 -17.7
QH + '0,-»QH" + 07" 36.1 35.4 32.4
QH + '0,—Q + HO; -29.4 -29.5 -30.8

Table 4. AG® (kcal/mol) of the reactions calculated with the PCM/

B3LYP/6-311G(2d,p)//B3LYP/6-31G(d) in aqueous solution
(e=179)
QO Ql Qe

Q" +°0,-Q + 0y 16.0 16.1 14.1
QH + °0,-QH" + 03" 39.2 44.4 39.5
QH + *0,—-Q + HO; 4.1 2.4 3.9
Q" +'0,-5Q + 0y -22.5 -22.5 —24.4
QH + '0,—-QH"' + 07" 0.6 5.9 1.0
QH + '0,-Q + HO; —34.4 -36.2 -34.7




with singlet oxygen to form O;° and HO;, respec-
tively(Q™ + '0, > Q + 0" and QH" + '0,-5Q +
HO)), but the former reaction cannot proceed sponta-
neously in the gas phase.

On comparing the results calculated for the gas phase
(Tablel) and those in a protein environment (Table 3), it
is found that the free-energy changes of all the previous
reactions calculated in a protein environment are much
lower than corresponding results obtained for the gas
phase, especially for the electron transfer reactions
between protonated semiubiquinone radicals and triplet
or singlet oxygen, QH + *0,—->QH" + O;" and
QH + '0,—>QH" + O;". This is due to the stabiliz-
ing effect of the protein environment of the charged
species (product side) relative to the neutral species
(reactant side).

Table 3 clearly shows that environment can influence
the interactions between ubiquinones and oxygen con-
siderably. The electron and hydrogen transfer reactions
were studied further in aqueous solution, and the cor-
responding results are listed in Table 4. Similar results to
those obtained in a protein environment were also
obtained in water. Semiquinone anion radicals or prot-
onated semiquinone radicals will not react with ground-
state triplet oxygen to form the superoxide anion radical
O;" or the peroxyl radical HO, (positive free-energy
change). In contrast, neutral ubiquinones can scavenge
harmful oxygen radicals O;" and HO; efficiently. How-
ever, both semiquinone anion radicals and protonated
semiquinone radicals can react with singlet oxygen to
form O;" or HO), respectively.

On comparing the results obtained in aqueous and
protein environments, it is seen that the larger dielectric
constant (larger polarity) of water makes all the
reactions considerably more exothermic than a bulk
protein environment does. The electron transfer reaction
Q" +'0,-5Q + O;" and the hydrogen transfer
reaction QH" + '0, 5 Q + HO, can proceed much
more easily owing to the more negative free-energy
change. It is interesting to note that the free-energy
changes of the electron transfer reaction
QH + 'O, - QH™ + 05 are very small, about 0.6, 6,
and 1 kcal/mol for the Qq, Q;, and Q. systems, respec-
tively, and may possibly occur through the perturbation
or catalysis of the local environment. This also holds
for the net hydrogen atom transfer reaction
QH + 0, > Q + HO,, with only 4.1, 2.4, and
3.9 kcal/mol free-energy change for Qo, Q;, and Q..

4 Conclusions

Electron and hydrogen transfer reactions between a
series semiquinone anion radicals, as well as correspond-
ing protonated semiquinone radicals, and triplet or
singlet oxygen were systematically investigated in the
present work. The effect of the solvent and the effect of
isoprenyl tail on the properties of ubiquinones and the
interactions with oxygen were also investigated. The
theoretical results show that the solvent significantly
influences the thermodynamics of the electron and
hydrogen transfer reactions between semiquinone radi-
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cals and oxygen. In the gas phase, only hydrogen
transfer reactions between protonated semiquinone
radicals and singlet oxygen can proceed spontaneously
to form peroxyl radical. No other electron or hydrogen
transfer reactions will occur spontaneously, owing to the
high positive free-energy change. However, not only the
hydrogen transfer reactions, but also direct electron
transfer reactions between semiquinone anion radicals
and singlet oxygen can occur spontaneously in a protein
environment and more readily so in aqueous solution. It
can be concluded that in most cases neutral ubiquinones
can act as antioxidants by scavenging superoxide anion
radicals or peroxyl radicals to form semiquinone radicals
and ground-state triplet oxygen. However, in the
presence of singlet oxygen, semiquinone radicals will
easily react to form harmful superoxide anion radicals or
peroxyl radicals.

By comparing the results obtained from different
ubiquinones, it is furthermore found that the isoprenyl
tail has no significant effect on the free-energy changes of
the electron and hydrogen transfer reactions, and the
results obtained for the ubi-Qq and ubi-Q; systems may
be extended to more complex ubiquinone systems in
living organisms.
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