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Ubiquinone (UQ) is the only natural compound which was reported both to generate and
to scavenge oxygen-derived radicals. Redox-cycling of ubiquinone may yield six different
species of the parent compound: UQH2 , UQH2, UQ22, UQH•, UQ•2, and UQ. Ubiquinol
(UQH2) is unequivocally considered to be the ubiquinone species capable of scavenging
oxygen-derived radicals. In contrast, the ubiquinone species responsible for one e2 reduction of
dioxygen (O2) thereby initiating the cascade of oxidative stress is still a matter of controversial
debate. In the present study this question was approached by following the effect of O2 on
the stability of the various reduced forms of UQ. For this purpose conditions were designed
allowing the selective accumulation of the two protonated and of the two deprotonated forms
of reduced ubiquinones. Our results exclude both protonated (ubiquinol, UQH2) and anionic
(ubiquinol anion, UQH2, and ubiquinol dianion, UQ22) fully reduced ubiquinones as the
source exerting one e2 reduction of O2 . Ubisemiquinone (semiquinone radical, UQH•), when
protonated, underwent rapid disproportionation, while transition to the semireduced anionic
form (semiquinone radical anion, UQ•2) was found to favor autoxidation. The results obtained
in this study provide a chemical base for the assessment of one e2 transfer from redox-cycling
UQ to O2 in the respiratory chain and in biomembranes where ubihydroquinol is suggested
to exert antioxidant activities.  1998 Academic Press

INTRODUCTION

The role of ubiquinone (UQ)1 as an e2 carrier and H1 translocator in mitochondria
has been extensively studied for many years. Apart from this bioenergetic activities
which contribute to mitochondrial ATP-synthesis redox-cycling UQ was also sug-
gested to be involved in O•2

2 release into the cell (1–7). This assumption was based
on extraction/reincorporation experiments of mitochondrial UQ more than 20 years
ago (2) and is still considered as an unequivocal evidence on the in vivo generation
of O•2

2 radicals associated with regular mitochondrial respiration. However, one e2

donors such as redox-cycling ubisemiquinones of the Q-cycle are stabilized against
autoxidation through binding to the respective redox partners. This was supported
by the demonstration that ubisemiquinones of intact mitochondria were insensitive
to O2 . The significance of the suggested side effect of mitochondrial respiration is

1 Abbreviations used: UQ, general formula for ubiquinones; UQ0 , 2,3 dimethoxy-5-methyl-1,4 benzo-
quinone (605-94-9); UQ10 , ubiquinone Q10 (1339-63-5); UQH2 , ubiquinol; UQH2, ubiquinol anion;
UQ22, ubiquinol dianion; UQH•, semiquinone; UQ•2, semiquinone anion; O•2

2 , superoxide radical; SOD,
superoxide dismutase (EC 1.15.1.1); O2 , dioxygen; EPR, electron paramagnetic (spin) resonance; e2,
electron.
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becoming clear if one considers that O•2
2 triggers a cascade of subsequent radical

reactions (oxidative stress) which may be deleterious to all biomolecules. An evalua-
tion on the suggested role of redox-cycling UQ in the development of oxidative
stress requires both the demonstration of the particular UQ species involved and
the analysis of the conditions under which this natural e2 carrier will shuttle single
electrons to O2 out of sequence. Candidates to be considered as potential one e2

donors are the various forms of semi- and fully reduced UQ. Both fully and semire-
duced UQ are expected to exist in the anionic and protonated form so that five
different species, namely UQH2 , UQH2; UQ22, UQH•, and UQ•2, come into ques-
tion as one e2 reductant of O2 . All of these five species occur in mitochondria
during e2 transfer (8–10). They are also expected to exist in any other biomembrane
undergoing lipid peroxidation in the presence of UQH2 . However, the literature
does not address the form of UQ capable of one e2 reduction of O2 . Since oxidation
and reduction of ubiquinones are performed by the alternative addition or release
of single e2 and protons it was of interest to systematically study whether any/all
of these intermediates can become a direct reductant(s) of O2 . The answer to this
question is significant for the evaluation of a possible prooxidant role of UQ in
biomembranes.

MATERIALS AND METHODS

Chemicals

KBH4 , KH2PO4 , and ethanol were obtained from Merck, UQ (coenzyme Q)
was obtained from Kanegafuchi Chemical Industry Co., Ltd. All the chemicals were
of analytical grade purity.

Experimental Design

Experiments with the water soluble homologue ubiquinone UQ0 . O2 consumption
was measured simultaneously with the formation of UQ (from UQH2) or with the
appearance of UQ•2 radicals by inserting an O2-sensitive Clark electrode into the
cuvette of the spectrophotometer or into the flat cell of the EPR spectrometer.
UQ0 concentrations were followed photometrically at 275 nm (« 5 14,900 M21

cm21). Initial concentrations used: UQ0H2 0.09 mM, UQ0 0.01 mM, superoxide
dismutase (SOD) 0.02 mg/ml, O2 0.24 mM, in phosphate buffer 50 mM adjusted
to pH 7.4.

Experiments with native UQ10 . The experiments were carried out in ethanol
because O2 contents both in ethanol and in aqueous solutions were almost identical
(11). For testing the effect of O2 UQ10H2 solution was saturated with air O2 immedi-
ately before starting the reaction upon the addition of buffered UQ10 solution
adjusted to the desired pH values (from pH 5 to 13.5). Ethanol solution, containing
2.5% water, was buffered with TRIS buffer (final concentration of TRIS buffer was
2.5 mM) adjusted to pH values required (in the range of 5 to 13.5). When the
experiments were carried out under anaerobic conditions, O2 was removed from
the corresponding solutions by bubbling argon for 10 min prior to starting the
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reaction. Initial concentrations used: UQ10H2 0.15 mM, UQ10 0.15 mM, oxygen
0.24 mM.

Reduction of ubiquinones. UQ10 (UQ0) was reduced to UQ10H2 (UQ0H2) ac-
cording to Maguire et al. (12).

EPR Spectroscopy

EPR spectra were recorded with a Bruker ER-200 SRP in a quartz flat cell.
General EPR settings: microwave frequency 9.6–9.7 GHz, modulation frequency
100 kHz, microwave power 10 mW, modulation amplitude 0.28 G, sweep 30 G.
Specific EPR settings for measuring UQ•2

0 in water phase: microwave power
20 mW, modulation amplitude 0.5 G, sweep 30 G, center field 3492 G, scan rate
5.4 G/min, time constant 0.6 s, receiver gain 106.

Optical Spectroscopy

Optical spectra were recorded with a uv–vis diode array spectrometer (Milton
Roy, MR 3000) in a quartz cell (1 5 1 cm) made for anaerobic experiments (Aminco
SLM Instruments, Inc.). UQ0 (UQ10) concentrations were followed photometrically
at 275 nm (« 5 14,900 M21 cm21).

O2 Consumption

O2 consumption was measured by an OM-4 oxygen meter (Microelectrodes, Inc.).
The O2 sensitive electrode was inserted in a round glass cell provided with an access
to insert reagents.

RESULTS

Depending on the pH of a solution, reduced UQ0 can exist in the protonated
and in the deprotonated form. If UQ0 is present in addition to ubiquinols (UQ0H2 ,
UQ0H2, UQ0

22), ubisemiquinones (UQ0H•, UQ•2
0 ) can also be expected to be formed

as shown in Scheme 1. The possible autoxidation of reduced UQ species was first
investigated with UQ0 , which can be dissolved in water. The aqueous reaction
medium was adjusted to the physiological pH level (7.4), allowing the use of SOD
for checking the presence or absence of the expected autoxidation product O•2

2 .
According to Scheme 1 the addition of UQ0 to UQ0H2 dissolved in the aqueous
reaction system resulted in the formation of UQ•2 radicals.

The existence of UQ•2
0 was made safe by means of EPR spectroscopy which

demonstrated the existence of a typical UQ•2
0 related spectrum (see Fig. 1, inset)

with characteristic splitting constants (3H (5CH3) 5 2.4 G; 1H(6H) 5 2.1 G)
previously described (13).

In the presence of SOD, ubisemiquinones decline under the detection limit,
indicating the existence and involvement of Q•2

2 . This proves that autoxidation of
a reduced UQ0 species present in the reaction system can be expected.

All further experiments were performed with the natural ubiquinone species
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SCHEME 1. Schematic presentation of the procedure for equilibrium shifts between protonated and
deprotonated uni- and divalently reduced UQ.

UQ10 in an ethanol/buffer mixture which in contrast to UQ0 in water is closer to
the biological conditions of ubiquinone activities. In this model system SOD, which
is water soluble, cannot be applied to O•2

2 detection. Autoxidation of UQ10H2 was
therefore estimated by oxygen consumption and the formation of UQ10 . The exis-
tence of the predominant species of reduced UQ10 can be addressed in the following
way. Addition of UQ10 to a solution containing fully reduced UQ10 gives rise to
the establishment of an equilibrium between all reduction states of UQ10 according
to comproportionation reaction. According to the mass law a maximum of semiqui-
nones are formed when UQ10 concentration equals UQ10H2 concentration. Based
on pK values of semiquinones (pK(UQ•2

10 /UQ10H•) 5 5.9) and hydroquinones
(pK(UQ10H2/UQ10H2) 5 11.3) (pK(UQ22

10 /UQ10H2) 5 13.2) (9, 10) it is possible
to shift the predominant species of the two reduction states of UQ10 as a function
of the pH. Thus, depending on the respective conditions chosen, different patterns
of reduced UQ10 species can be adjusted (see Scheme 1). When applying these
conditions for the variation of the predominant UQ10 species, it turned out that
reduced UQ10 started to oxidize only at pH values higher than 10 (Fig. 2). Formation
of (oxidized) UQ10 from the reduced forms was found to increase with increasing
pH values (Fig. 2A). O2 disappeared from the reaction system accordingly (Fig.



KOZLOV, NOHL, AND GILLE338

FIG. 1. Time course of UQ•2
0 following initiation of comproportionation in an aqueous phosphate

buffer (50 mM, pH 7.4) equilibrated with air O2 . The identity of the deprotonated UQ•2
0 species was

made safe by comparing splitting constants (3H aH1 5 2.4 G; 1H aH2 5 2.1 G) obtained with those of
the literature (13). Experimental conditions: UQ0H2 0.09 mM, UQ0 0.01 mM, superoxide dismutase
(SOD) 0.02 mg/ml, O2 0.24 mM, in phosphate buffer 50 mM adjusted to pH 7.4.

2B). The presence of an ubisemiquinone related EPR signal was detected in the
alkaline range as long as O2 was absent (Fig. 4A, inset). The analysis of the splitting
constants (3H aH1 5 2.08 G; 2H aH2 5 1.04 G) elicits the presence of the ubisemiqui-
none anion (UQ•2

10) (13). In the lower pH range the expected protonated UQ10H•

species was not detectable, irrespective of whether or not UQ10 was added to initiate
UQ10H• formation from the comproportionation reaction. Since O2 was also not
removed from the reaction protonated UQ10H• formed most likely disappeared
from the reaction system by spontaneous disproportionation. The lack of O2 con-
sumption in combination with the lack of detectable amounts of UQ10 expected
from the oxidation of reduced UQ10 rule out protonated forms of UQ10 species as
a source of e2 for O2 . Oxygen consumption, which was found to increase with
increasing pH values (Fig. 2) reveals the presence of an autoxidizable UQ10 species
in the reaction system. Since UQ•2

10 and fully reduced UQ10 anions (UQ10H2,
UQ22

10 ) become the dominant forms in the alkaline pH range the UQ10 form ulti-
mately interacting with O2 cannot be identified from experiments shown in Fig. 2.
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FIG. 2. pH dependent oxidation rate of UQ10H2 induced by addition of UQ10 for semiquinone
formation. (A) Oxidation of UQ10H2 was followed by UQ10 formation. (B) Time course of O2 consump-
tion as compared to UQ10 appearance in (A). Initial concentrations used: UQ10H2 0.15 mM, UQ10

0.15 mM, oxygen 0.24 mM. Other experimental details are described under Materials and Methods.
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An evaluation of the species interacting with O2 was made possible by increasing
UQ•2

10 concentrations at the expense of UQ22
10 and UQ10H2. As demonstrated in

Fig. 1, addition of UQ10 to fully reduced UQ10 species stimulates comproportiona-
tion resulting in the formation of ubisemiquinones. Figure 3 shows that in the
alkaline pH range (pH 12) the optical spectra reported to be characteristic for
deprotonated ubisemiquinones appeared when UQ10 was mixed with UQ10H2 (in
the absence of O2). The existence of the deprotonated UQ•2

10 species was inferred
from the presence of two separate peaks at 422 and 445 nm, respectively (14),
which were absent in oxidized or fully reduced UQ10 solutions. These observations
made it possible to compare O2 consumption of solutions in which deprotonated
ubisemiquinone levels were increased while UQ10H2 and UQ22

10 contents were de-
creased and vice versa (Fig. 4). The deprotonated forms of the reduced UQ10 species
were obtained in the alkaline reaction medium of Fig. 4 (pH 12). Maximal contents
of deprotonated ubisemiquinones were adjusted by mixing equal amounts of UQ10

with UQ10H2 (see Figs. 3 and 4A,a and 4A,b). UQ•2
10 amounts were much lower

but still existent when only UQ10H2 was dissolved in the reaction system. Optical
analysis revealed that pure UQ10H2 solutions cannot be prepared without contami-
nating amounts of oxidized UQ10 , which are sufficient to induce UQ•2

10 formation
from UQ10H2 or UQ22

10 . Stimulation of comproportionation following the addition
of UQ10 promoted both the formation of UQ10 from reduced UQ10 and the uptake
of O2 from the reaction medium (Fig. 4B,a). The same but less intensive effect was
also obtained without pushing comproportionation reaction from the outside (Fig.
4B,b). This is in line with the existence of lower amounts of UQ•2

10 resulting from
traces of UQ10 in the reaction system.

DISCUSSION

Based on the extraction/reincorporation studies published more than 20 years
ago it was generally accepted that reduced UQ species of the mitochondrial respira-
tory chain provide single e2 for univalent reduction of O2 . Since the exclusion of
mitochondrial ubisemiquinone species as a natural source of O•2

2 radicals (15, 16)
it was unclear whether other ubiquinone species are involved in the release of
O•2

2 into the cytosol. Thus the present study was undertaken to clarify whether or
not UQ, when being reduced, can serve as single e2 donors for O2 . In addition to
this question it was of interest to identify the autoxidizable UQ species in order to
assess the underlying mechanism possibly controlling single e2 flux to O2 in biological
systems. The identification of the UQ species interacting with O2 was possible by
following O2 consumption in the solution enriched with the various reduced forms
of UQ. Full or semireduced UQ species required for this study were chemically
derived and verified by optical and EPR analyses. Due to the widely differing pK
values of UQH2 and UQH• it was possible to change the predominant species of
reduced UQ by varying the pH of the reaction system. Using this technique it was
possible to rule out protonated ubiquinol (UQH2) as a candidate for one e2 transfer
to O2 since accumulation of this species starting from pH 10 down to pH 5 did not
affect both O2 consumption in the reaction system and UQH2 stability in the
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FIG. 3. Optical identification of UQ•2
10 formed at pH 12 following initiation of comproportionation

by the addition of UQ10 . The difference in the absorption characteristics with respect to UQ10 and
UQ10H2 is best visible in the absorption range between 400 and 500 nm (inset), where UQ•2

10 exhibits
two maxima (indicated by closed arrows). Experimental details as in Fig. 2.
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FIG. 4. UQ10-induced equilibrium shift from fully reduced UQH2 and UQ22
10 (obtained at pH 12) to

UQ•2
10 increases O2 consumption (B) and the appearance of UQ10 from fully reduced ubiquinone (A);

a, UQ10H2 plus UQ10 dissolved in ethanol buffered at pH 12; b, UQ10H2 plus ethanol buffered at pH
12 (inset, UQ•2

10 related EPR signal at pH 12 in the absence of O2).
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presence of O2 . Also neutral UQH•, which was predominantly present when equal
amounts of UQH2 and UQ were mixed at pH 5 (see Table 1), did not affect O2

concentration of the reaction system. This may exclude autoxidation of UQH• on
one side but may indicate as well kinetic advantages of disproportionation as com-
pared to a reaction with O2 . In contrast, when the UQ equilibrium was shifted to
deprotonated forms of semi- and fully reduced UQ, oxygen consumption increased
accordingly (see Fig. 2). Optical as well as EPR spectra under these conditions all
suggest ubisemiquinone anions being responsible for O2 consumption (see Fig. 3).
It can be speculated that UQH2 and UQ22 which were also present at higher
alkaline pH values do not directly react with O2 . If so, UQ•2 related EPR signals
should increase instead of being decreased as soon as O2 comes into play. A better
evaluation which of the three anionic UQ forms may serve as a single e2 donor
for O2 was possible when the ratio between UQH2 (UQ22) and UQ•2 was shifted
in favor of the latter. According to comproportionation which starts when UQ was
added to UQH2 , the content of semireduced UQ increases at the expense of the
fully reduced UQ. As shown in this study also O2 uptake from the reaction system
increased when the UQ/UQH2 (UQ22) ratio was elevated. In other words, when
UQH2 and UQ22 values were low and UQ•2 contents were high O2 consumption
was high as well, strongly suggesting deprotonated UQ•2 to be the autoxidizable
species responsible for O•2

2 formation. The strong decrease of UQ•2 under the
detection limit in the presence of SOD (see Fig. 1) reveals an equilibrium shift of
UQ•2 autoxidation according to

UQ•2 1 O2 ⇒ UQ 1 O•2
2 [1]

2O•2
2 1 2H1 ⇒ H2O2 1 O2 (in the presence of SOD) [2]

It also demonstrates the identity of the expected reaction product the O•2
2 radical

emerging from UQ•2 autoxidation. In mitochondria redox-cycling semiquinones
are mainly present in the deprotonated form (9). However, in contrast to antioxidant
derived semiquinones in non-e2-transferring biomembranes, UQ•2 in mitochondria
are stabilized upon binding to the respective redox partners (17–21). In addition,
due to particular kinetic conditions established as a consequence of the close interac-
tion with the natural mitochondrial oxidants, single e2 transfer from UQ•2 normally
follows the regular pathway through components of the respiratory chain (22). The
earlier finding that deprotonated UQ•2 associated with protein complexes of DH
and cytochromes do not react with O2 and the exclusion of other reduced dehydroge-
nases species as reductants of O2 is in line with observations of various authors
that redox-cycling UQ of intact mitochondria will not directly interact with O2 .
Apart from the mitochondrial respiratory chain, which permanently supplies e2 to
UQ, the cellular pool of reduced UQ in some tissues was reported to be elevated
following the external administration of UQ in order to increase the antioxidant
capacity (23). Various NADH-dehydrogenases associated with cell membranes are
supposed to transform oxidized UQ to its antioxidant active form (24). As a conse-
quence ubiquinol contents in biological membranes were found to increase signifi-
cantly following oral application of UQ (‘‘CoQ10’’). The stability of ubiquinols
against O2 is a prerequisite allowing the use of CoQ10 as an antioxidant drug.
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However, similar to the homogeneous system of the present study in which we
could show that UQ•2 readily undergo autoxidation, nonstabilized UQ•2 emerging
from the antioxidant activity of ubiquinols in biomembranes such as LDL-particles,
Golgi apparatus, or lysosomes can be expected to transfer the odd e2 to O2 , giving
rise to O•2

2 formation in these organelles (25).
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13. Jülich, T., Klotz, D., Lehnig, M., Stegmann, H. B., and Wax, G. (1989) in Numerical Data and

Functional Relationships in Science and Technology (H. Fischer, Ed.), pp. 1–396, Springer-Verlag,
Berlin Heidelberg New York London Paris Tokyo Hong Kong.

14. Lenaz, G., and Esposti, M. D. (1985) in Coenzyme Q (G. Lenaz, Ed.), pp. 83–105, Wiley, Chichester
New York Brisbane Toronto Singapore.

15. Nohl, H., and Stolze, K. (1992) Free Radic. Res. Commun. 16, 409–419.
16. Ernster, L., pers. commun.
17. De Jong, A. M., and Albracht, S. P. (1994) Eur. J. Biochem. 222, 975–982.
18. Ohnishi, T., and Trumpower, B. L. (1980) J. Biol. Chem. 255, 3278–3284.
19. Ohnishi, T., and King, T. E. (1978) Methods Enzymol. 53, 483–495.
20. Suzuki, H., and King, T. E. (1983) J. Biol. Chem. 258, 352–358.
21. Meinhardt, S. W., and Ohnishi, T. (1992) Biochim. Biophys. Acta 1100, 67–74.
22. Brandt, U., and Trumpower, B. (1994) Crit. Rev. Biochem. Mol. Biol. 29, 165–197.
23. Appelkvist, E. L., Kalen, A., and Dallner, G. (1991) in Biomedical and Clinical Aspects of Coenzyme

Q (K. Folkers, T. Yamagami, and G. P. Littarru, Eds.), Vol. 6, pp. 141–150, Elsevier Science,
Amsterdam New York Oxford.

24. Crane, F. L., Sun, I. L., Barr, R., and Morre, D. J. (1984) in Biomedical and Clinical Aspects of
Coenzyme Q (K. Folkers and Y. Yamamura, Eds.), Vol. 4, pp. 77–85, Elsevier Science, Amsterdam
New York Oxford.

25. Nohl, H., Gille, L., and Kozlov, A. V. (1998) in Subcellular Biochemistry (J. R. Harris, Ed.), 30,
509–525, Plenum, London.


