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Abstract-Our laboratory has investigated the azoreduction of dimethylaminoazobenzene (DAB) and 
its analogs by hepatic microsomal cytochrome P450. We have extended these studies to the cytosolic 
fraction of the mammalian liver using the molybdoflavoenzyme, aldehyde oxidase. Purified rabbit liver 
aldehyde oxidase readily reduced azo dyes which are mainly water soluble and contain charged groups. 
Lipophilic azo dyes, although readily reduced by microsomal cytochrome P450, were either poor 
substrates or not reduced at all. Kinetic measurements revealed no relationship between V_ and K,,, 
for all dyes. More extensive studies were conducted on four azo dyes, o-methyl, red, 2’-pyridyl-DAB, 
sulfonazo III and Orange II, with characteristic functional groups. With each of these substrates, 
azoreductase activity was greatest when 2-hydropyrimidine (2-OHP) was the electron donor compared 
to N’-methylnicotinamide (N-MN), propionaldehyde and butyraldehyde. With 2-OHP as the electron 
donor, o-methyl red and 2’-pyridyl DAB exhibited maximal activity at pH 5.0 while sulfonazo III and 
Orange II showed maximal activity at pH 9.5 and 7.0, respectively. K,,, values for o-methyl red and 2’- 
pyridyl DAB were lower at their pH optima whereas that for sulfonazo III was higher at its pH optimum. 
There was also no correlation between maximal activity and K,,,; apparently Km is not a primary 
determinant for activity. The degree of ionization of function groups depends on pH. Since highest 
activity is seen at that pH in which maximal ionization of the substrate occurs, it can be concluded that 
rate oi reduction is at ieast partially dependent on the charged state of the substrate. Azoreduction was 
inhibited bv menadione and SKF 525-A. Sensitivitv to inhibition bv menadione was greatest at the DH 

where 2-OkP exhibited considerably higher activiti than N-MN, bk no differential was seen at the ;H 
where activities with the two-electron donors were similar. On the other hand, sensitivity of azoreductase 
activity to inhibition by SKF 525-A was the same irrespective of electron donor, indicating that the 
mechanisms for these two inhibitors were different. 

Azo dyes are used widely as colorants in food and 
drink, drugs and other pharmaceutical products and 
cosmetics [l-3]. The metabolism and toxicology of 
azo dyes, some of which are carcinogenic, have been 
the focus of numerous investigations for decades 
[4-lo]. One such dye, p-dimethylaminoazobenzene 
(DABP), is a known hepatocellular carcinogen [6,7]. 
Its metabolism has been studied extensively in our 
laboratory [8-131. It has been demonstrated that the 
N-demethylation, N-hydroxylation, and conjugation 
reactions result in the activation of some carcinogenic 
azo dyes [14,15]. Detoxification is usually associated 
with reductive cleavage of the azo linkages; however, 
the reduced products of some azo compounds exhibit 
toxic and mutagenic effects [16-181. 

The reduction of azo dyes to primary amines 
is catalyzed by intestinal bacteria [19,20] and 
mammalian liver cytosolic [21] and microsomal 
enzymes [22-241. Over 40 years ago, Mueller and 
Miller [S] demonstrated that DAB is reduced by rat 
liver microsomes. The reaction required NADPH, 
which suggested the involvement of NADPH- 
cytochrome P450 reductase. Fujita and Peisach [24] 
reported that microsomal reduction of amaranth is 
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t Abbreviations: DAB, p-dimethylaminoazobenzene; 
2-OHP, 2-hydroxypyrimidine; and N-MN, N’-methylnico- 
tinamide. 

completely sensitive to carbon monoxide and 
attributed to all activity to cytochrome P450. Mason 
and his colleages [25,26] found that sulfonazo III 
and arsenazo II are reduced anaerobically by hepatic 
microsomes and activity is blocked by oxygen. 
Sensitivity to oxygen was attributed to the one- 
electron reduced intermediates formed, which are 
reoxidized immediately under aerobic conditions to 
the parent azo compound with the formation of 
superoxide anion free radical. Azoreduction of o- 
methyl red has been shown to be catalyzed aerobically 
by liver cytosolic NAD(P)H:quinone reductase [21]. 
The enzyme contains two molecules of FAD and 
the oxygen-insensitivity is attributed to a two- 
electron reduction step, bypassing formation of a 
one-electron-reduced free radical intermediate which 
is reoxidized readily by oxygen. Alternatively, 
oxygen sensitivity may be due to slow reaction of 
the reduced enzyme with oxygen. The former 
explanation is favored. Although reduction of o- 
methyl red by quinone reductase is oxygen 
insensitive, reduction by microsomal cytochrome 
P450, presumably a one-electron step, is oxygen 
sensitive. 

Our laboratory has established that polar electron- 
donating substituents, such as hydroxyl or primary, 
secondary and tertiary amines, are obligatory for 
the reduction of azo dyes by liver microsomal 
cytochrome P450 [13]. Azo dyes devoid of such 
substituents, will not bind to cytochrome P450 or be 
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reduced. It was shown that microsomal reduction of 
azo dyes having only electron-donating substituents 
on either ring (e.g. DAB) is insensitive to oxygen 
and CO [8]. On the other hand, microsomal 
reduction of azo dyes having both electron-donating 
as well as electron-withdrawing substituents (e.g. o- 
methyl red) is sensitive to both oxygen and CO. 
These are referred to as I (insensitive) and S 
(sensitive) substrates, respectively. Intermediates in 
the reduction of both I- and S-substrates were studied 
by the use of cyclic voltammetry [27] which has lent 
considerable insight into the observed differential 
sensitivity to oxygen. S-Substrates exhibit one- 
electron-reduced radical intermediates which are 
quenched instantly upon exposure to air, whereas 
one-electron-reduced I-substrates are temporarily 
stable in air. This is consistent with the relative 
oxygen sensitivities of the microsomal reduction of 
I- and S-substrates. The two-electron-reduced 
intermediates are protonated to form hydrazo 
intermediates which spontaneously disporportionate 
to the parent azo dye and the fully reduced amine 
metabolites [8]. 

Reduction of several azo dyes has been shown to 
be catalyzed by liver aldehyde oxidase [28], a 
cytosolic molybdoflavoenzyme which catalyzes the 
oxidative metabolism of a variety of aldehydes and 
nitrogen-containing heterocyclic compounds using 
oxygen as electron acceptor [29-331. In view of the 
importance of reduction in both the inactivation and 
toxic activation of azo dyes, we have extended those 
studies to provide insight into the mechanism 
of azoreduction by aldehyde oxidase. Structural 
requirements for substrates and the mechanisms of 
various inhibitors have been elucidated. 

MATERIALS AND METHODS 

Chemicals 

Sulfonazo III [3,6-bis(o-sulfophenylazo)-4,5-dihy- 
droxy-2,7_naphthalenedisulfonic acid tetrasodium 
salt], DAB, metanil yellow, N1-methylnicotinamide 
(N-MN), 2-hydroxypyrimidine (2-OHP), butyralde- 
hyde, propionaldehyde and menadione were pur- 
chased from Sigma (St. Louis, MO). p-Methyl red 
[4’-carboxy-DAB,sodium salt], and Sudan III [l-(p- 
phenylazophenylazo)-2-naphthol] were purchased 
from the Eastman Kodak Co. (Rochester, NY). o- 
Methyl red [2’-carboxy-DAB], 2’-pyridyl-DAB [4- 
(Zpyridylazo)-N,N-dimethylaniline], AB [amino- 
azobenzene], 4’-OH-AB [4’-hydroxy-AB], methyl 
orange [4’-sulfonyl-DAB], DAB-arsonate, 3’- 
methyl-DAB, 2-methyl-DAB, Evans blue, and 
Sudan IV were purchased from Aldrich (Milwaukee, 
WI). Orange II [4-(2-hydroxy-l-naphthylazo)- 
benzenesulfonic acid, sodium salt], Trypan blue, and 
yellow AB [l-phenylazo-2-naphthalenamine] were 
purchased from Pfaltz & Bauer, Inc. (Waterbury, 
CT). MAB [4(methylamino)AB] was a gift from 
Dr. Fred Kadlubar, National Center for Toxicological 
Research (Jefferson, AR). The syntheses of 4’-OH- 
DAB [4’-hydroxy-DAB] [,4] and methyl esters of o- 
and p-methyl red [13] were described previously. 
SKF 525-A was a gift of Smith Kline & French 
Laboratories (Philadelphia, PA). Other chemicals 

were obtained at the highest purity commercially 
available. 

Enzyme purification 
Aldehyde oxidase was purified from the livers of 

young male rabbits purchased from Pel Freeze 
Biologists, Inc. (Rogers, AR). The procedure of 
Rajagopalan et al. [34] was modified as follows. The 
50% ammonium sulfate precipitate was resuspended 
in 5 mM triethanolamine buffer, pH 7.8, containing 
0.3 mM EDTA and 0.15 M potassium chloride, and 
dialyzed against the same buffer. The enzyme was 
then adsorbed to a DEAE Sephacel column 
(5 X 29 cm) equilibrated with the above buffer. The 
enzyme was eluted with a linear gradient of the 
above buffer, increasing the concentration of 
potassium chloride from 0.15 to 0.35 M. Activity 
appeared in a single peak. The appropriate fractions 
were combined, concentrated, and dialyzed against 
10mM potassium phosphate buffer, pH7.8, con- 
taining 0.3 mM EDTA and 0.3 mM phenyl- 
methanesulfonyl fluoride (PMSF). The enzyme was 
applied to a hydroxylapatite column (2.5 x 11 cm) 
equilibrated with the same buffer and eluted by 
increasing the ionic strength of the buffer to 30 mM. 
It was critical that the flow rate of the column in this 
step be no greater than 25 mL/hr. The final specific 
activities for the purified enzyme ranged from 2.5 to 
3.4 pm01 pyridone formed per min per mg protein, 
using N-MN as electron acceptor. Sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis produced 
only two bands of 141 and 133 kDa, corresponding 
to the known subunits of rabbit aldehyde oxidase. 

Enzyme assay 
Aldehydeoxidaseactiuity. This activity was assayed 

spectrophotometrically at 37” with oxygen as electron 
acceptor. With 2-OHP as electron donor, product 
(uracil) formation was measured by increased 
absorption at 259 nm (E = 8.2 cm-’ mM_‘). With 
N-MN as electron donor, the 2-pyridone oxidation 
product was measured by the increased absorption 
at 300 nm (E = 4.17 cm-’ mM_‘). The incubation 
mixture contained 0.1 mM 2-OHP or 1.0 mM 
N-MN, 3 mg bovine serum albumin (BSA) and the 
enzyme preparation in a final volume of 1 mL of 
0.1 M potassium phosphate (pH4.0 to 7.5). Since 
potassium ferricyanide is frequently used as an 
electron acceptor for studying aldehyde oxidase with 
various electron donors [35-40], its reduction was 
also measured by the increased absorption at 420 nm 
(E = 1.0 cm-’ mM_‘) in the presence of either 2- 
OHP or N-MN as electron donor according to the 
methods described by Rajagopalan and Handler 
[411* 

Azoreductase activity. This activity was assayed 
anaerobically at 37” by direct spectrophotometric 
monitoring of azo dye disappearance. Nitrogen, 
passed through a deoxygenating solution consisting 
of 0.5% sodium dithionite and 0.5% 2-anthraquinone 
sodium sulfonate in 0.4% NaOH [42], was bubbled 
for 5 min through a cuvette which was sealed with a 
rubber septum equipped with inlet and outlet ports. 
To ensure an oxygen-free environment, the system 
also contained 60mM D-glucose and 14 units of 
glucose oxidase [43]. Samples were preincubated for 
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Fig. 1. Effect of pH on aldehyde oxidase activity. The 
reaction mixture consisted of 1.0 mM N-MN or 0.1 mM 2- 
OHP, 1.0 mM potassium ferricyanide in B, 3 mg BSA, 3- 
6 pg purified aldehyde ox&se, in a final volume of 1 mL 
with one of the following buffers (0.1 M): potassium 
phosphate (pH 4 to 7.5), HEPES [4-(2-hydroxyethyl)- 
piperazine - (cyclohexylamino) propane- sulfonic acid] 
(pH7.5 to SS), glycine (pH8.5 to 9.5) and CAPS [3- 
(cyclohexylamino)propane-sulfonic acid] (pH 9.5 to 11). 
(A) Oxidation of 2-OHP (uracil formation) and N-MN 
(pyridone fo~ation), Oz as electron acceptor. (B) Electron 
donors as indicated, potassium ferricyanide as electron 

acceptor. 

3 min at 37” and the reaction was initiated by addition 
of an anaerobic solution of ZOHP or N-MN (final 
concentrations 0.1 mM). Disappearance of each 
dye was monitored spectrophotometrically as its 
absorption maximum. The final incubation mixture 
contained enzyme, 10-100 PM azo dye, 3 mg BSA, 
2500 units of catalase and 100 mM buffer in a total 
volume of 0.7mL in a 1-mL s~ctrophotomet~c 
cell. K,,, and V,,, were calculated from initial linear 
rates using Lineweaver-Burk plots. 

Protein was determined according to the method 
of Lowry et al. [44]. 

ItlEwLm 

Figure 1A shows the pH profile for purified 
aldehyde oxidase from rabbit liver. When oxygen 
was used as the electron acceptor, activity was 
considerably greater with 2-OHP (uracil formation) 
compared to N-MN ( pyridone formation) as electron 

Table 1. V,, and K,,, values of various azo dyes 

Azo dyes (nmol,~~~g protein) (3) 

Sulfonazo III 2674 66 
DAB-arsonate 740 339 
o-Methyl red ester 660 110 
Amaranth 482 63 
o-Methyl red 474 129 
2’-F‘yridyl-DAB 389 20 
Orange Ii 217 61 
Methyl orange 207 149 
Prontosil 128 87 
4’-OH-AB 79 
AB 65 1; 
Azobenzene 63 243 
4’-OH-MAB 31 213 

19 131 
p-Methyl red 0 
p-Methyl red ester x 
DAB 
4’-NI&DAB 8 

x 

4’.OH-DAB 8 
Yellow AB 8 
Evans blue 8 
Metanil yellow x 
Sudan III 

:: 
: 

Sudan IV 0 
Trypan blue 0 
Congo red : 0 
Benzoylamino-AB 0 
Isopropyl-AB 8 
4-Nitro-AB :: 0 
ZMethyl-DAB 0 0 

The reaction mixture consisted of 1 mM NMI?, 20- 
150 @l azo dye, 3 mg BSA, 2500 units catalase, 50 mM 
D-&&COW, 14 units glucose oxidase, purified aldehyde oxi- 
dase and 0.1 M potassium phosphate buffer, pH 7.4, in a 
final volume,. of 0.7 mL, The sample was equilibrated for 
5 min with rutrogen passed through a deoxygenating solu- 
tion, and preincubated for 3 min at 370. The reaction was 
initiated with N-MN. Azoreductase activity was measured 
by monitoring dye disappearance spectrophotometrically. 
K, and If,, were calculated from linear reduction rates 
using Lineweaver-Burk plots. Abbreviations: AB, 
aminoazobenzene; 4’.OH-AB, 4’.hydroxyaminoazoben- 
zene; and 4’-OH-MAB, 4’-hydroxymethylaminoazo- 
benzene. 

donor. With either electron donor, the optimum pH 
was 7.5. With ferricyanide as electron acceptor, 
optimum pH was 9.0 with 2-OHP as electron donor. 
However, with N-MN as electron donor, activity 
was much lower and gradually increased from pH 6 
to 11 with no observable optimum (fig. 1B). 

If,,,, and Km values were measured with various 
azo dye substrates at pH7.4 under anaerobic 
conditions, using N-MN as the electron donor (Table 
1). Reducible dyes were mainly water soluble and 
in most cases contained highly charged groups. Such 
characteristics were not by themselves sufficient 
requirements since neither Trypan blue, Evans 
blue, nor Congo red was reduced. Based on VW, 
sulfonazo III was by far the most reactive of all the 
hydrophilic azo dyes. This was true for several 
electron donors: 2-OHP, N-MN, propionaldehyde, 
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Table 2. Effects of electron donors on azoreduction 

Azoreductase activity (nmol/min/mg protein) 

Electron donors Sulfonazo III o-Methyl red 2’PyridyLDAB Orange II 

2-OHP 8155 168 407 122 
N-MN 3409 145 157 140 
Propionaldehyde 3506 170 281 89 
Butyraldehyde 3634 158 228 62 

Conditions are described in the legend of Table 1. Each dye was present in a saturate 
concentration of 0.5 to 1.0 PM. A 1.0 mM concentration of each electron donor was used to 
initiate the reaction, 

and butyraldehyde (Table 2). Some weakly soluble 
compounds (4’-OH-DAB, AB , azobenzene, 4’-OH- 
MAB, MAB) were reduced, but very slowly. K,,, 
value for reducible dyes were scattered and did not 
correlate in any way to V,,,, . In all cases, azoreduction 
was inhibited completely when the assays were 
carried out aerobically (data not shown). A number 

- - 
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Fig. 2. Chemical structures of four azo dyes. 

of lipophilic azo dyes such as DAB, 4’-OH-DAB, 
and others which are readily reduced by the 
microsomal cytochrome P450 [I?-131, were either 
poor substrates or not reduced at all. 

pH curves for azoreductase activity were measured 
with four azo dyes (sulfonazo III, Orange II, 
o-methyl red, 2’-pyridyl-DAB) with characteristic 
functional groups (Fig. 2). With 2-OHP as electron 
donor, o-methyl red and 2’-pyridyl-DAB exhibited 
maximal activity at pH 5.0 (Fig. 3). Sulfonazo III 
and Orange II showed maximal activity at pH9.5 
and 7.0, respectively. With N-MN as electron donor, 
lower activity, but similar pH optima were observed 
for sulfonazo III and Orange II, whereas there were 
no discernable pH optima for o-methyl red and 2’- 
pyridyl-DAB. Although If,,,, rates with 2-OHP 
varied with pH, there was no obvious correlation 
with K,,,. The K,,, values for o-methyl red and 2’- 
pyridyl DAB were lower at their pH optima, whereas 
that for sulfonazo III was higher (Table 3). 

Menadione is a known inhibitor of aldehyde 
oxidase activity [34,35,45]. The effect of menadione 
on the reduction of ferricyanide by aldehyde oxidase 
at pH7.5 is shown in Fig. 4. Activity was more 
sensitive to menadion inhibition when 2-OHP was 
the electron donor compared to N-MN. At this pH, 
the turnover rate of the non-inhibited enzyme was 
much greater with 2-OHP than with N-MN. 
Azoreductase activity was also inhibited by mena- 
dione. When inhibition was measured at a pH where 
both electron donors exhibited the same activity, 
sensitivity to menadione was nearly the same. Thus, 
rates of reduction of o-methyl red and 2’-pyridyl- 
DAB at pH7.5 and 9.5, respectively, were similar 
(Fig. 3) and exhibited the same sensitivity to 
menadione (Fig. 5). However, at pH 5.0 where the 
turnover of both dyes is somewhat more rapid with 
2-OHP compared to N-MN (Fig. 3), sensitivity to 
menadione was considerably greater with 2-OHP 
than with N-MN (Fig. 5). Similarly, sulfonazo III 
also exhibited sensitivity to menadione which 
reflected the different turnover rates with the two 
electron donors at pH 6.0 and 9.5 (Figs. 3 and 5). 

SKF 525-A, an inhibitor of several forms of 
microsomal cytochrome P450 activity, also inhibited 
azoreductase activity by aldehyde oxidase (Fig. 6). 
In contrast to menadione, the sensitivity of SKF 525- 
A was the same with both electron donors, N-MN 
and 2-OHP, even at pH values where large 
differences in non-inhibited rates were seen for the 
two electron donors. 
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Fig. 3. Effects of pH on azoreduction by aldehyde oxidase. Reaction mixtures consisted of SO-1OO~M 
axe dye, 3 mg BSA, 2500 units catalase, 60 mM n-glucose, 14 units glucose oxidase, and 0.1 M 
appropriate buffer as described in the legend of Fig. 1, in a final volume of 0.7 mL. The sample was 
bubbled for 5 min with nitrogen passed through a deoxygenating solution and preincubated at 37”. The 
reaction was initiated by addition of electron donor, final concentration 0.1 mM. Axoreductase activity 

was measured by monitoring dye disappearance spectrophotometrically. 

DISCUSSION 

Previous studies have demonstrated that aldehyde 
oxidase can reduce N-oxides [46,47], sulfoxides [35], 
nitrosamines [48], and several azo dyes (281. Azo 
dyes can also be reduced by intestinal bacteria 
[19,20] and mammalian liver microsomal and 

Table 3. Effect of pH on K,,, values of typical axe dyes* 

Ax0 dyes PH Km (FM) 

o-Methyl red 5.0 8 
54 

2’-Pyridyl-DAB ::: 37 
53 

Sulfonaxo 111 z‘: 
e:o 

96 
28 

* Conditions are as described in the legend of Table 1. 
A 1 .O mM concentration of 2-OHP was used as the electron 
donor. 

- N-MN 
- BOHP 

I I_ 
“010 0.1 Oi 

[MENADIONE] PM 

Fig. 4. Effects of menadione on aldehyde oxidase activity 
using potassium ferricyanide as electron acceptor. Various 
concentrations of menadione in 50% ethanol were added 
to a cuvette with 5 m purified aldehyde oxidase, 3 mg BSA 
and 0.1 M potassium phosphate buffer (pH 7.5) in a final 
volume of 1 mL. Reaction was initiated by addition of 
1.0 mM electron donor. The final concentration of ethanol 
was 0.5% in each case. Control rates using N-MN and 2- 
OH were 3.5 and 18 ~mol/min/mg protein, respectively. 
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Fig. 5. Effects of menadione on azoreduction by aldehyde oxidase. Protocol is similar to that described 
in the legend of Fig. 3, except that the reaction mixture contained various concentrations of menadione, 
added as a 50% ethanolic solution, and was anaerobic. The final concentration of alcohol was 0.5% in 
all cases. Control rates (~mol/min/mg protein) were as follows: o-Methyl red, pH 7.5,0.113 (N-MN), 
0.113 (2-OHP); pH5.0, 0.06 (N-MN), 1.13 (2OHP). 2-Pyridyl DAB, pH9.5, 0.20 (N-MN), 0.21 
(2-OHP); pH 5.0, 0.21 (N-MN), 1.25 (ZOHP). Sulfonazo III, pH6.0, 0.98 (N-MN}, 264 (2-OHP); 

pH 9.5, 3.70 (N-MN), 11.8 (2.OHP). 

cytosolic enzymes [22-241. The present investigation water soluble and contained highly charged groups, 
provides insight into the mechanism of azoreduction with a few exceptions. Sulfonazo III was the most 
by aldehyde oxidase. The results show that aldehyde reactive substrate. Lipophilic azo dyes such as DAB, 
oxidase can readily reduce a variety of hydrop~lic 3’-methyl-Do, and others which are substrates for 
azo dyes. Based on V,,,,, values, high reactivity was microsomal cytochrome P450 [&II], were not 
generally observed with dyes which were readily reduced by aldehyde oxidase (Table 1). Even at 
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Fig. 6. Effect of SKF 525-A on azoreduction by aldehyde 
oxidase. Protocol is similar to that described in the legend 
of Fig. 5, except that the reaction mixture contained various 
concentration of SKF 525-A. Control rates (~ol/min/mg 
protein) were as follows: o-methyl red, 0.060 (N-MN), 
1.13 (2-OHP); 2-pyridyl DAB, 0.21 (N-MN), 1.25 
(2-OHP); and sulfonszo III, 3.70 (N-MN), 11.8, (2-OHP). 

pH5.0, where o-methyl red and 2’-pyridyl-DAB 
exhibited maximal activity, aldehyde oxidase did 
not reduce DAB. While polar electron-donating 
substituents are obligatory for azo dye reduction by 
liver microsomal cytochrome P450 [13], this may not 
be the only requirement for azo dye reduction by 
aldehyde oxidase. 

Kinetic studies were conducted and values for 
V,,,, and K,,, were obtained. However, no correlation 
between these two parameters was seen (Table 1). 
Furthermore, it is difficult to discern the significance 
of K,,, in an enzyme system requiring two substrates. 
Nevertheless, if, as in many cases, K,,, is a reflection 
of affinity between substrate and enzyme, then it 
could be concluded that affinity of the dye for 
enzyme is not a major determining factor in its rate 
of reduction. 

Additional studies were conducted on four 
representative azo dyes (Fig. 3). The degree of 
ionization of their functional groups depends on pH. 
Sulfonazo III and Orange II, having sulfonate 
substituents, are ionized at basic pH [49]. 2’-Pyridyl- 
DAB with its basic functional group is expected to 
be protonated at acidic pH. o-Methyl red contains 
both acidic and basic residues and exhibits a color 
change between pH4 and 6. This has been shown 
to be associated with protonation of the tertiary 
amine moiety but not of the 2’-carboxy moiety which 
is mainly protonated at pH 8.0*. Azoreduction of 
sulfonazo III and Orange II was maximal in the 
basic pH range (Fig. 3), whereas reduction of o- 
methyl red and 2’-pyridyl-DAB was maximal in the 
acidic pH range. Thus, optimal activity occurs at the 
pH at which maximal ionization of substrate occurs. 
Km values of the dyes tested also varied with pH 
(Table 3), but again there was no correlation between 
maximal activity and K,,,. Consequently, it can be 
concluded that the rate of reduction is at least 
partially dependent on the charged state of the 
substrate but not on K,,,. The fact that 2-OHP was 
the more effective electron donor in the reduction 
of these azo dyes is not unique to the present study. 
Other studies with aldehyde oxidase involving the 
reduction of sulfoxides [35], nitrosamines [48], and 
N-oxides [46,47] have shown 2-OHP to be more 
effective than other electron donors. Furthermore, 
when N-MN was the electron donor, there was no 
apparent pH optimum for reduction of o-methyl red 
and 2’-pyridyl-DAB (Fig. 3) despite the obvious pH 
optimum at 7.5 seen in the aerobic system (Fig. 1A). 

Sensitivity to oxygen has been observed selectively 
in azoreduction by microsomal cytochrome P450, 
depending on the structure of the dye [8,13]. 
Reduction of substrates containing only electron- 
donating substituents is insensitive to oxygen. On 
the other hand, microsomal reduction of azo dyes 
containing both electron-donating and electron- 
withdrawing substituents is sensitive to oxygen [13]. 
In the case of aldehyde oxidase, reduction of all 
dyes is sensitive to oxygen. This may be due to 
competitionforelectrons by oxygen, the physiological 
electron acceptor or to reoxidation of the one- 
electron reduced form of the dye. It should be 
pointed out that most of the substrates showing 
substantial activity with aldehyde oxidase (Table 1) 
are also reduced by microsomal cytochrome P450 in 
an oxygen-sensitive manner [ 131. Such substrates 
have been shown by cyclic voltammetry to have 
highly labile one-electron reduced derivatives [ 131, 

* Zbaida S, personal communication, cited with 
permission. 
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Menadione has been established as a potent 12. Levine WG and Lu AYH, Role of isozymes of 
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