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Abstract-In the present study the inability of 1,4-benzoquinone to support NADPH-cytochrome 
reductase catalysed redox cycling was investigated. The results obtained demonstrate that NADPH- 
cytochrome reductase is able to initiate a rapid two-electron reduction of 1,4-benzoquinone resulting 
in formation of the hydroquinone. The intermediate one-electron reduced semiquinone form does not 
pass its electron on to molecular oxygen, i.e. giving rise to redox cycling, but is reduced by a second 
electron, either by NADPH-cytochrome reductase upon protonation of the semiquinone or through 
disproportionation, both giving rise to the two-electron reduced hydroquinone. At pH values below 
the pK, of the hydroquinone, the electrons of the hydroquinone are also not passed on to molecular 
oxygen due to efficient protonation. However, at pH values around or above the pK, (9.85) of the 
two-electron reduced hydroquinone form, significant redox cycling activity is observed in a 1,4- 
benzoquinone containing incubation. Further experiments demonstrate a similarity in both the 
concentration and pH dependence of 1,4-benzoquinone or 1,4-hydroquinone supported NADPH- 
cytochrome reductase catalysed redox cycling. From these observations it is concluded that 1,4- 
benzoquinone is able to redox cycle from its deprotonated two-electron reduced hydroquinone form, 
but only at relatively high pH values. Together the data provide an insight into why the NADPH- 
cytochrome reductase catalysed redox cycling of 1,4-benzoquinone is inhibited at physiological 
conditions, but initiated at increased pH values. 
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The toxicity of quinones is generally ascribed to 
their capacity to bind covalently to cellular nucleo- 
philic macromolecules, and/or to their capacity to 
support a process called redox cycling [l-3]. The 
redox cycling of quinones is initiated by their one- 
electron reduction catalysed by flavin-containing 
enzymes like NADPH-cytochrome reductase (EC 
1.6.2.4), NADH-cytochrome reductase (EC 1.6.2.2) 
or xanthine oxidase (EC 1.2.3.2) [4], resulting in 
formation of a reactive semiquinone radical. The 
semiquinone radical may pass its unpaired electron 
on to molecular oxygen, giving rise to the formation 
of reactive oxygen species and regeneration of the 
quinone which can participate in a new redox cycle. 
In addition, upon protonation and a second single- 
electron reduction of the semiquinone radical the 
two-electron reduced deprotonated hydroquinone 
form arises. This form might also react with molecular 
oxygen passing on one or both of its electrons, 
resulting in formation of respectively superoxide 
anion radicals or hydrogen peroxide. 

The extent to which redox cycling may add to the 
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t Abbreviations: BQ, 1,4-benzoquinone; HQ, 1,4- 
hydroquinone; LUMO, lowest unoccupied molecular 
orbital. 

toxicity of the benzoquinones varies with the 
substituent pattern of the quinone [3,5]. BQ’F as 
well as monosubstituted BQ derivatives have been 
reported to redox cycle very poorly, or not at all 
[6]. The poor redox cycling of BQ has been ascribed 
to its very positive one-electron reduction potential 
in aqueous solutions, although the reason for poor 
redox cycling due to a relatively positive single- 
electron reduction potential remained unclear 
[2,6,7]. Other investigators ascribed the lack of 
redox cycling ability of BQ to the slow reaction of 
its semiquinone radical with molecular oxygen (k = 
0.5-4.5 x 104/M/sec) [3,8-lo]. 

Generally, factors not taken into consideration 
when studying the redox cycling capacities of the 
quinones in biological systems, are the protonation- 
deprotonation equilibria of their semiquinone and 
of their two-electron reduced hydroquinone form, 
which are, however, well documented in the 
literature [ll, 121. This, in spite of the fact that 
protonation can be expected to stabilise the negative 
charge resulting from the one- or two-electron 
reduction, thereby decreasing the possibility of a 
reaction of the one- or two-electron reduced form 
with molecular oxygen, i.e. redox cycling. That 
deprotonation is a requisite for electron transfer is 
a well established concept 11131. 

The objective of the present study was to 
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investigate the lack of redox cycling of 1,4- 
benzoquinone and the importance of protonation 
equilibria of its one- and two-electron reduced forms 
for the inability of BQ to redox cycle in a NADPH- 
cytochrome reductase catalysed reaction. 

MA~RIA~ AND METHODS 

Purification of NADPH-cytochrome reductase. 
NADPH-cytochrome reductase was purified from 
liver microsomes of female Wistar rats pretreated 
with phenobarbital (Brocacef b.v., Maarssen, The 
Netherlands) (0.1% (w/v) in drinking water for 7 
days), essentially as described by Yasukochi and 
Masters [14]. Emulgen 911 (Kao Corporation, 
Tokyo, Japan) was used instead of Renex 690, and 
all buffers contained 100 PM phenylmethanesulfonyl 
fluoride (Merck, Darmstadt, Germany) to inhibit 
protease activities. The preparation was made 
detergent-free as described before [15]. 

NADPH-~ytochrome reductase activity was deter- 
mined as described by Phillips and Langdon 
[16], using cytochrome c (Boehringer, Mannheim, 
Germany) as the final electron acceptor. One pmol 
cytochrome c reducing activity per min was taken as 
the unit to quantify the NADPH-cytochrome 
reductase activity. Protein concentrations were 
measured using the method of Lowry et al. [17] using 
bovine serum albumin (Sigma, St Louis, MO, 
U.S.A.) as the standard. The final detergent-free 
preparation had a specific activity of at least 35 units/ 
mg protein and was homogeneous as judged by 
SDS-PAGE, carried out as described by Laemmli 
ElSl. 

Redox cycling of bei~zoq~~inones. BQ, HQ and 
tetramethyl-1,4-benzoquinone (duroquinone) were 
purchased from Aldrich (Steinheim, Germany). The 
redox cycling of benzoquinones was measured at 
room temperature in 0.1 M potassium phosphate 
buffer pH 7.5 (unless indicated otherwise) containing 
0.15 mM NADPH (final concentration). The desired 
concentrations of quinones were added as 1% (v/v) 
of a lOOtimesconcentrated, freshly prepared solution 
in dimethyl sulfoxide. Reactions were started by 
addition of 0.13 units of NADPH-cytochrome 
reductase. NADPH oxidation was detected by 
measuring the absorption at 340nm. Activities 
were corrected for NADPH-cytochrome reductase- 
independent NADPH oxidation which was generally 
between 0 and 30% of the reductase-dependent 
activity. 

Production of H,Oz was measured as described 
by Werringloer [19]. Oxygen consumption was 
measured using a Clark oxygen electrode at room 
temperature. 

~o~ec~~ar orbital computer calculations. Molecular 
orbital calculations were performed as described 
before [15]. 

Statistical analysis of data. The results represent 
the mean t: standard error of the mean. 

RESULTS 

Redox cycling of the BQs 

The redox cycling of BQ and tetramethyl-1,4- 
benzoquinone (used as a well-known redox active 
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Fig. 1. NADPH-cytochrome reductase catalysed NADPH 
oxidation in the presence of tetramethyl-1,4-benzoquinone 
(-A-) or HQ (-O-) at pH 7.5 and increasing concentration 
of the benzoquinone. NADPH-oxidation was measured as 
described in Materials and Methods. The results represent 
the mean rt standarderrorof the mean of threeexperiments. 

control) was investigated as a function of the benzo- 
quinone concentration. From the results obtained 
(Fig. 1) it follows that there is a significant difference 
in the extent to which the BQ and tetramethyl-1,4- 
benzoquinone redox cycle. Whereas redox cycling 
of BQ itself was hardly detectable at pH7.5, 
substitution with four-electron donating substituents 
(tetramethyl-1,Cbenzoquinone) resulted in in- 
creased rates of redox cycling. The apparent K,,, and 
V,,,fortheNADPH-cytochromereductasecatalysed 
redox cycling of tetramethyl-1,4-benzoquinone 
derived from the data presented in Fig. 1 were 
respectively 19 + I HIM and 367 * 22 nmol NADPH 
oxidized/min/U,,+ 

In the presence of superoxide dismutase (0.1 mg/ 
mL) at physiological pH values redox cycling of BQ 
was still not observed, indicating that elimination of 
superoxide anions from the incubation medium does 
not result in a shift of the equilibrium semiquinone 
+ oxygen * quinone i superoxide anion to the 
right, initiating possibilities for redox cycling. 

Single electron reduction potentials of the BQs 

Previous studies reported in the literature 
suggest a reiationship between electronic affinities, 
polarographic single-electron reduction potentials 
and the energy (E) of the LUMO of a molecule 
[ll, 20-221. The LUMO is the molecular orbital into 
which the electron will be positioned upon one- 
electron reduction. To investigate whether the non- 
redox cycling of BQ could be due to a deviating 
single-electron reduction potential compared to the 
single-electron reduction potential of tetramethyl- 
1,4-benzoquinone, the ELUMo values of these and 
additional BQs were calculated and compared to 
data available in the literature [ll, 221 for their one- 
electron reduction potentials. The results obtained 
(Fig. 2) demonstrate that the calculated EL,UMO 
values correlate with the single-electron reduction 
potential of the benzoquinones (correiation co- 
efficient = 0.909). The data in Fig. 2 also demon- 
strate that the one-electron reduction potential of 
BQ is higher than that of methyl substituted 
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Fig. 2. Relation between the single-electron reduction 
potential (E(Q/Q’“-) for a series of BQs in aqueous solution 
and their calculated EL,,,. The correlation coefficient was 
0.909. The one-electron reduction potentials in aqueous 
solution of the Q/Q’s couples, indicated here as 
E(Q/Q’c), were taken from Chambers [ll]. The ELUMO 
values were calculated as described in Materials and 
Methods. BQ = 1,4-benzoquinone; MBQ = methyl-1,4- 
benzoquinone; 2,3DMBQ = 2,3-dimethyl-1,4-benzo- 
quinone; 2,5DMBQ = 2,5-dimethyl-1,4-benzoquinone; 
triMBQ = trimethyl-1,4-benzoquinone; TMBQ = tetra- 

methyl-l ,4-benzoquinone 

benzoquinones, suggesting that the reduction of BQ 
(higher E1i2, lower ELUMO) is energetically more 
favourable than that of tetramethyl-1,4-benzo- 
quinone. From this it is concluded that the absence 
of redox cycling of BQ is unlikely to be due to an 
inability to accept electrons. 
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NADPH-cytochrome reductase catalysed reduction 
of BQ 

In Fig. 3 data are presented that confirm that the 
poor redox cycling of BQ is not due to its inability 
to accept electrons. Immediately following the 
addition of NADPH-cytochrome reductase to a BQ 
containing incubation a rapid decrease in NADPH 
is observed, which levels off after a short period of 
time (Fig. 3a). During this rapid decrease in NADPH 
no oxygen consumption is observed (data not 
shown). The amount of NADPH oxidized varies 
stoichiometrically with the amount of BQ added 
(Fig. 3b). From this observation it follows that two 
electrons are consumed per molecule of BQ. This 
implies that the BQ can be one-electron reduced by 
NADPH-cytochrome reductase, but instead of 
passing its electron on to molecular oxygen, the 
semiquinone radical either disproportionates or 
becomes quickly reduced by a second electron, both 
processes resulting in formation of the two-electron 
reduced hydroquinone. 

Redox cycling of BQ at varying pH 

The lack of redox cycling of BQ might be ascribed 
to efficient protonation of either its one- or its two- 
electron reduced form. Thus, a shift in the pH of 
the incubation to a value around or above the pK, 
of the one-electron reduced semiquinone or the two- 
electron reduced hydroquinone might result in 
increased possibilities for redox cycling of BQ. 
Therefore, the effect of varying pH of the incubation 
mixture on the NADPH-cytochrome reductase 
catalysed redox cycling of 1 ,Cbenzoquinone was 
investigated. Tetramethyl-1,4-benzoquinone was 
included in this experiment as a positive control, i.e. 
a compound capable of redox cycling at physiological 
pH values. From the data, presented in Fig. 4, it 
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Fig. 3. Time- (a) and BQ concentration- (b) dependent NADPH-cytochrome reductase catalysed 
NADPH oxidation. Incubation conditions were as described in Materials and Methods. NADPH 
oxidation was determined by monitoring the absorbance at 340 nm. At the arrows in (a) respectively 
BQ (in two concentrations) I and II and NADPH-cytochrome reductase were added to the incubation. 
In (b) the relationship between the amount of BQ added and the amount of NADPH oxidized is 
depicted. The curve obtained fits the equation [NADPH] = 1.87 + 0.91.*[BQ], correlation coefficient = 

0.991. 
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Fig. 4. pH Dependence of the NADPH-cytochrome 
reductase catalysed redox cycling of BQ (-4-) and 
tetramethyl-1,4-benzoquinone (-CL) and of the cytochrome 
c reducing activity of NADPH-~~ochrome reductase 
(-A-). Redox cycling activities in the presence of 1 PM 
BQ or 20 PM tetramethyl-1,4-benzoquinone and the 
cytochrome c reducing activity of NADPH-cytochrome 
reductase were determined as described in Materials and 
Methods. The results represent the mean c standard error 

of the mean of two experiments. 

follows that from pH7.5 to 10.5 tetramethyl-1,C 
benzoquinonedemonstratessignificant redoxcycling. 
The activity observed parallels the activity of 
NADPH-cytochrome reductase, demonstrating 
reduced activity at higher pH values (Fig. 4). For 
BQ a different pattern was observed. At pH values 
below 9.0, BQ appeared unable to support redox 
cycling. However, an increase in the pH from 9.0 to 
10.5 results in increased capacities for redox cycling 
in spite of the relative reduction in the activity of 
the NADPH-cytochrome reductase. Additional 
experiments demonstrated that the BQ-supported 
NADPH oxidation was accompanied by stoi- 
chiometric oxygen consumption and HZ02 production 
(Table l), indicating that the BQ-supported NADPH 
oxidation at pH 2 9.0 indeed represents redox 
cycling. 

The data presented in Fig. 4 also demonstrate that 
the redox cycling of BQ becomes significant around 
the pK, value of its hydroquinone form reported to 
be 9.85 [22]. The pK, of its semiquinone form has 
been reported to be 4.1 [22]. This result suggests 
that BQ redox cycles from its deprotonated hydro- 

quinone form, not from its semiquinone form. To 
investigate this possibility to a further extent 
additional experiments were performed using HQ 
as a substrate for NADPH-cytochrome reductase 
catalysed redox cycling. The results from these 
experiments are presented in Fig. 5a and b. Figure 
5a demonstrates that the pH dependence of the BQ- 
and HQ-supported redox cycling activities are 
similar. The HQ-supported redox cycling also 
becomes signi~cant around the plc, value of HQ, 
i.e. 9.85. Figure 5b demonstrates that, at pH 10.0, 
the NADPH-cytochrome reductase catalysed redox 
cycling of BQ and HQ also show a similar dependence 
on the substrate concentration. 

Finally, the results presented in Fig. 6 demonstrate 
that addition of the hydroquinone to an incubation 
without NADPH and without NADPH-cytochrome 
reductase (pH = lO.O), results in a stoichiometric 
consumption of oxygen. This implies an oxygen- 
induced oxidation of the deprotonated hydro- 
quinone. 

Together the results support the conclusion that 
the redox cycling activities observed for BQ at pH 
values 29 can be ascribed to redox cycling of its 
deprotonated hydroquinone form. 

DISCUSSION 

In the present study the inability of BQ to support 
NADPH-cytochrome reductase catalysed redox 
cycling was investigated. Analysis of calculated 
molecular orbital parameters (&MO) and the single- 
electron reduction potentials of these and other 
quinone derivatives, demonstrated that the non- 
redox cycling of BQ cannot be ascribed to a deviating 
single-electron reduction potential of this molecule. 
Additional experiments with BQ clearly demon- 
strated the two-electron reduction of this compound 
by NADPH-cytochrome reductase resulting in 
stoichiometric NADPH oxidation and formation of 
the hydroquinone. This result is in accordance with 
results from an experiment described by Nishibayashi 
et al. (231 reporting stoichiometric NADPH oxidation 
upon addition of BQ to a microsomal incubation. 
The results of the present study demonstrate that 
this reduction is not accompanied by oxygen 
consumption or HzOz formation but results in 
formation of the HQ. Based on these observations 
it must be concluded that the non-redox cycling of 
BQ at pH7.5 must be ascribed to the inability of 

Table 1. NADPH-cytochrome reductase catalysed NADPH oxidation, Hz02 formation and 
O2 consumption in the presence of BQ or HQ measured during the first two minutes of 

redox cychng at pH 10.0 

Substrate 

BQ (0.5 FM) 
HQ (0.5 PM) 

NADPH oxidation 
(nmol/2 min.U,,) 

88 2 3 
74 ‘+ 6 

HzOz formation 
(nmol/2 min.&J 

64 r 2 
62 t 4 

O2 consumption 
(nmol/Z min.&J 

80 It 1 
84 t 2 

NADPH oxidation, H,O, formation and Oz consumption were measured as described in 
Materials and Methods. The results represent the mean 2 standard error of the mean 
(n = 3). 
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Fig. 5. pH- (a) and concentration- (b) dependent NADPH-cytochrome reductase catalysed redox 
cycling at pH 10.0 of BQ (a) and HQ (9). Redox cycling was measured as described in Materials 
and Methods. The concentration of 1,4_hydroquinone and 1,4-benzoquinone used in (a) was 1 PM. The 

results represent the mean f standard error of the mean of two experiments. 

Fig. 6. Oxygen consumption in an incubation without 
NADPH and without NADPH-cytochrome reductase at 
pH = 10.0 upon addition of increasing concentration of 
HQ, The tn&e obtained fits the equatio~O~consumption = 
0.86 + 1.02*IHQl. correlation coefficient = 0.999. Oxveen 
consumption was*tneasured as described in Materials*&d 
Methods. The results represent the mean i standard error 

of the mean of two experiments. 

both its one-electron as well as its two-electron 
reduced form to pass their electron(s) on to molecular 
oxygen. Taking into account the pKO values reported 
for the semiquinone and hydroquinone form of BQ 
of 4.1 and 9.85, respectively [ZZ], it can be concluded 
that at pH7.5 the semiquinone is present in its 
deprotonated form whereas the hydroquinone is 
present in its protonated form. Thus, the results 
obtained point at the inability of the deprotonated 
semiquinone and the protonated hydroquinone to 
pass electrons on to molecular oxygen. This 
conclusion is in line with the fact that the rate 

constant for the reaction of 1,Csemiquinone with 
molecular oxygen is at least four orders of magnitude 
lower than that of the tetramethyl substituted 1,4- 
semiquinone [9]. However, the rate constant for the 
protonation of the one-electron reduced 1,4- 
benzoquinone is high compared to the rate constant 
for a reaction with molecular oxygen. Comparison 
of the rate constant for protonation of the semi- 
quinone, reported to be 4 x lO”/M/sec [24], to that 
reported for the reaction of the semi uinone with 
molecular oxygen (0.5-4.5 X 104/M$ec) [g, 10) 
shows that chances for protonation of the semi- 
quinone radical are 106 times higher than chances 
for a reaction with molecular oxygen. When the 
protonated semiquinone is efficiently reduced by a 
second eiectron, i.e. removed from the incubation, 
this will shift the protonation equilibrium of the 
semiquinone in favor of the protonated form, even 
when the pH is above its p&. This explains why the 
semiquinone might become protonated and reduced 
by a second electron instead of passing on its electron 
to molecular oxygen, i.e. giving rise to redox cycling. 
Such a one-electron reduction of the semiquinone 
to the hydroquinon~ by NADP~-cytochrome 
reductase must be possible taking into account the 
one-electron reduction potential of the semiquinone- 
hydroquinone couple of +459mV 1223 and the 
midpoint potentials of the four one-electron steps in 
NADP~-cytochrome reductase, reported to be much 
lower, i.e. -110, -270, -290 and -365mV 
[25]. In addition, disproportionation of the non- 
protonated semiquinone radical to result in formation 
of the quinone and the two-electron reduced 
hydroquinone might provide an additional and/or 
alternative route for the NADP~-cytochrome 
reductase initiated formation of the two-electron 
reduced hydroquinone. 

Additional results of the present study demonstrate 
that with increasing pH BQ becomes capable of 
redox cycling. The actual pH at which this 
phenomenon occurs appears to be around the pK, 
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Fig. 7. Schematic presentation of the pathway for redox cycling of BQ based on the results of the 
present study. Kinetic data are derived from the literature [X, 10, 131. For further explanation see text 

of the Discussion section. 

of the hydroquinone. From this result it is concluded 
that the redox cycling observed for BQ at increased 
pH values results from redox cycling of its 
deprotonated hydroquinone form, present at a 
significant concentration when the pH of the medium 
reaches the pK, of the hydroquinone. This redox 
cycling implies electron transfer from the de- 
protonated hydroquinone to molecular oxygen, a 
reaction hampered at neutral pH by the fact that the 
one-electron reduction potential for the 
semiquinone~hydroquinone couple might be too 
high, i.e. +4.59 mV [ZZ], for an efficient one-electron 
transfer of the hydroquinone to molecular oxygen. 
This is because the reduction potential of the 
02/Oz0 couple has been reported to be between 
-155 and -330mV [S-10,22]. However, the 
reduction potential of the semiquinone/hy~o- 
quinone couple will, in analogy to what is described 
for the two-electron reduction potential of the 
quinone/hydroquinone couple, decline with increas- 
ing pH, facilitating the one-electron transfer from 
the deprotonated hydroquinone tomolecular oxygen. 
The fact that addition of superoxide dismutase did 
not inhibit the redox cycling of the (hydro)quinone 
at increased pH values (data not shown) suggests 

that the reaction does not proceed with OzO as the 
oxidant. The stoichiometric oxygen consumption 
observed upon addition of the hydroquinone to an 
incubation without NADPH and without NADPH- 
cytochrome reductase further supports the O,- 
catalysed oxidation of the hydroquinone, as depicted 
in Fig. 7. 

In conclusion, the results of the present study 
demonstrate that the non-redox cycling of BQ at 
pH 7.5 is mainly due to the low rate constant for the 
reaction of the 1,4-semjquinone with molecular 
oxygen compared to the rapid protonation of the 
1,4-semiquinone resulting in a form that can be 
efficiently reduced by a second electron and finally 
in the formation of the HQ. Due to its pK, value of 
9.85, at physiological pH the HQ becomes protonated 
which prevents redox cycling of this compound. 
Figure 7 schematically presents these characteristics 
of the BQ redox cycling. The results obtained 
support that under physiological conditions BQ- 
induced toxicity must result from its nucleophilic 
rather than its redox cycling capacities. 

REFERENCES 

1. Ommen B van, Voncken JW, Miiller F and Biaderen 



Redox cycling of 1,4-benzoquinone 1955 

PJ van, The oxidation of tetrachloro-l,4-hydroquinone 
by microsomes and purified cytochrome P-450b. 
Implications for covalent binding to protein and 
involvement of reactive oxygen species. Chem-Biol 
interact 65: 247-259, 1988. 

2. Gant TW, Rao DNR, Mason RP and Cohen GM, 
Redox cycling and s~phydryl arylation; their relative 
importance in the mechanism of quinone cytotoxicity 
to isolated henatocvtes. Chem-Biol fnteract 65: 1% 
173, 1988. L ’ 

3. Rossi L. Moore GA, Orrenius S and O’Brien PJ, 
Quinone toxicity in hepatocytes without oxidative 
stress. Arch B&hem Biophys 251: 25-35, 1986. 

4. Powis G, Hodnett EM, Santone KS, See KL and 
Melder DC, Role of metabolism and oxidation- 
reduction cycling in the cytotoxicity of antitumor 
quinoneimines and quinonediimines. Cancer Res 47: 
2363-2370, 1987. 

5. Vos R, Glutathione S-transferase lsoenzymes in Relation 
to their Role in Detoxification of Xenobiotics. PhD 
thesis, 1989. 

6. Powis G and Appel PL, Relationship of the single- 
electron reduction potential of quinones to their 
reduction by flavoproteins. Biochem Pharmacol 29: 
2567-2572, 1980. 

7. Powis G, Svingen BA and Appel P, Quinone-stimulated 
superoxide formation by s&cellular fractions, isolated 
henatocvtes. and other cells. Mol Pharmacol20: 387- 
394,19&. 

8. Sawada Y, Iyanagi ‘I and Yamazaki I, Relation between 
redox potentials and the rate constants in reactions 
coupled with the system oxygen-superoxide. Bio- 
chemistry 14: 3761-3764, 1975. 

9. Meisel D and Czapski G, One-electron transfer 
equilibria and redox potentials of radicals studied by 
pulse radiolysis. J Phys Chem 79: 150>1509, 1975. 

10. Meisel D, Free energy correlation of rate constants for 
electron transfer between organic systems in aqueous 
solutions. Chem Phys Lett 34: 263-266, 1975. 

11. Chambers JQ, Electrochemistry of quinones. In: The 
Chemistry of Quinonoid Compounds, Part II (Ed. Patai 
S), pp. 737-791. John Wiley & Sons, London, 1974. 

12. Adams GE and Michael BD, Pulse radiolysis of 
benzoquinone and hydroquinone. Tram Faraday Sot 
63: 1171-1180, 1967. 

13. Steenken S, Oxidation of phenolates and phenylene- 

diamines by 2-alkanonyl radicals produced from 1,2- 
dihydroxy- and I-hydroxy-2-alkoxyalkyl radicals. I 
Phys Chem 83: 595-599, 1979. 

14. Yasukochi Y and Masters BSS, Some properties of 
detergent-solubilized NADPH-cytochrome c (cyto- 
chrome P-450) reductase, purified by biospecific affinity 
chromatography. f Biof Chem 251: 5337-5344, 1976. 

15. Balvers WGI Boersma MGI Vervoort J and Rietjens 
IMCM, Exoerimental and theoretical studv on the . 
redox cycling of resorufin by solubilized and membrane- 
bound NADPH-cytochrome reductase. Chem Res 
Toxic01 5: 268-273, 1992. 

16. Phillips AH and Langdon RG, Hepatic triphospho- 
pyridine nucleotide-cytochrome c reductase: isolation, 
characterization and kinetic studies. J Biol Chem 237: 
2652-2660, 1962. 

17. Lowry OH, Rosebrough NJ, Farr AL and Randall RJ, 
Protein measurement with the Folin phenol reagent. J 
Biol Chem 193: 265-215, 1951. 

18. Laemmli UK, Cleavage of structural proteins during 
the assembly of the head of bacteriophage T4. Nature 
227: 680-689, 1970. 

19. Werringloer J, Assay of formaldehyde generated during 
microsomal oxidation reactions. Methods Enzymol52: 
297-302, 1978. 

of one-electron redox potentials with quantum- 
20. Peover ME, Electron affinities of quinones: correlation 

mechanical calculation, Nature 193: 475-476. 1962. 
21. Peover ME, A poiarographic investigation’ into the 

redox behaviour of quinones: the roles of electron 
affinity and solvent. J C&em Sot 4: 4540-4549, 1962. 

22. Ban A, Czapski G and Meisel D, The one-electron 
transfer redox potentials of free radicals. I. The oxygen/ 
superoxide system. Biochim Biophys Acta 430: 209- 
224, 1976. 

23. Nishibayashi H, Nakai N and Sato R, Specificity of 
naphthoquinones as cofactor for NADPH oxidation by 
liver microsomes. f Biochem 62: 215-222, 1967. 

24. Smith ICP and Carrington A, An electron spin 
resonance study of proton transfer equilibria involving 
the semiquinone radicals derived from hydroquinone 
and catechol. Mot Physiol 12: 439448, 1967. 

25. Iyanagi T, Makino R and Anan K, Studies on the 
microsomai mixed-function oxidase system: mechanism 
of action of hepatic NADPH-cytochrome P-450 
reductase. Bioc~~emistry 20: 1722-1730, 1983. 


