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Abstract-Commercial plant peroxidase preparations contained a uranic acid oxidase, separable from the peroxidase 
activity by ion exchange chromatography. The partially purified enzyme, devoid of peroxidase, oxidized hexuronic 
acids, with the greatest activity for Dglucuronic acid, whereas other aldoses were not substrates. The immediate 
products of reaction of Dglucuronic acid with oxygen were hydrogen peroxide and a D-glucarolactone, which was a 
very strong inhibitor of fl-glucuronidase and believed to be the 1,5-lactone. The sensitivity to sulphite inhibition 
suggests that the enzyme is a flavoprotein. 

INTRODUCTION 

DGlucaric acid is an end product of mammalian metab- 
olism; it is derived from D-glucuronic acid and excreted in 
the urine [l]. Whilst the free carbohydrate has not been 
identified in plants, esters of glucaric acid, e.g. cestric acid 
from leaves of Cestrum euanthes [Z], have been isolated. 

Tracer studies [3] established the direct conversion of 
glucuronic acid to glucaric acid by plant extracts. No 
added cofactor was required, as in analogous enzymatic 
reactions in mammalian [4] and bacterial [SJ metabolism, 
where NAD appears to be obligatory for oxidation of the 
reducing group of the free sugar. 

In model experiments designed to simulate possible 
peroxisome involvement in glucaric acid formation, it was 
found that commercial peroxidase preparations from 
horse-radish (Armoracia rusticana) produced glucaric 
acid from glucuronic acid without the required presence 
of hydrogen peroxide as an oxidant. It appeared probable 
that an aerohydrogenase was present, possibly similar to 
sugar oxidases previously reported in Cirrus sinensis fruit 
and leaves [S, 63, and after satisfactory separation from 
the main peroxidase activity, the general properties of this 
enzyme and the nature of the reaction were examined. 

RESULTS AND DISCUSSION 

All the commercial specimens of horse-radish per- 
oxidase which were examined contained some uranic acid 
oxidase activity, diminishing with the purity of the 
preparation. Typically, cruder preparations had ratios of 
enzyme activities (pe.roxidase: uranic acid oxidase), 
measured by D-glucaric acid formation, of 5-10 x 10’: 1, 
whereas for the purest peroxidase sample (Boehrmger 
Grade 1) this ratio was 9.3 x 104: 1. 

Using cation exchange chromatography, it was found 
possible to separate the peaks of the two enzymes with a 
minimal overlap (Fig. l), and preparations of the oxidase 
were thereby obtained devoid of peroxidase activity. By 
this procedure, the specific activity of the uranic acid 
oxidase fraction increased from 0.095 to 0.82 nkat/mg 
protein, thus achieving a purification of 8.6, with an 
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Fig. 1. Separation of peroxidase and uranic acid oxidase by 
cation exchange chromatography: 0, AdO3 (peroxidase); 0, A410 

(uranic acid oxidase by assay) -, AZ80 (protein). 

enzyme recovery of 78 %. This partially purified product 
was used for all subsequent examinations of the properties 
and mode of action of the enzyme. 

Enzyme properties 

Stability. Aqueous solutions of the enzyme at pH 6-8 
could be stored at + 3” for 48 hr without apparent loss of 
activity, but suffered up to 25 % loss after 10 days under 
these conditions. 

pH Optimum. Maximal activity with Dglucuronic acid 
as substrate, assayed by measurement of glucarate pro- 
duction, was at pH 7.9 (with half-maximal activities 
at pH 5.3 and 9.2), and this value was selected for rou- 
tine assay at 30”, for the glucarate production, mano- 
metric determination of oxygen consumption and 
chromogen-peroxidase methods. Production of hydro- 
gen peroxide (O-50 PM) at this pH was linear with time for 
up to 2 hr. A 30min incubation period and 20mM 
substrate concentration were routinely used. 

Molecular weight. Gel filtration on a calibrated column 
gave an M, of ca 42000. This is simii to that of some 
isoenzymes of horse-radish peroxidase, and the uranic 
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acid oxidase in crude peroxidase preparations could not 
be separated by this technique. 

Substrute~~ci~city. Only uranic acids were found to be 
oxidized (Table 1). DGlucuronolactone was apparently a 
substrate, but the enzyme activity towards it, relative to 
Dglucuronic acid oxidation, decreased sharply when the 
pH was reduced below 7, i.e. where the lactone was more 
stable. It is thus probable that this compound only 
becomes a substrate after hydrolysis to ~~~uronic acid. 

Using the conventtonal double reciprocal plot method 
[7], values obtained for the K, were: D-glucuronic acid, 
1.7 mM; D-galacturonic acid, 2.2 mM. Insufficient ma- 
terial was available to obtain a K, value for D 
m~nuronic acid. 

In assays using brief incu~tion periods ( < 10 min) and 
larger amounts of enzyme, no detectable difference in 
enzyme activity was found using fresh solutions of P-D 
glucuronic acid or those which were kept previously at 20” 
for 24 hr, when equilibrium had been attained between a- 
and fi-anomers by mutarotation. The enzyme thus 
showed no observable preference for either anomer. 

The following reducing sugars were also tested, 
at 20mM concentration, but were found not to be 
substrates: D-glucose, 2deoxy-t+tcose, Dgalactose, 
Dmannose, Dglucosamine, N-acetyl-Dglucosamine, 
Dgalactosamine, N-acetyl-D-galactosamine, D and 
L-arabinose, Dxylose, Dlyxose, D- and t,-fucose, 
D-glucoheptose, maltose, cellobiose, sophorose and 
melibiose. 

Znhibition by sulphttes. The amount of partially purified 
enzyme available precluded a direct investigation of 
possible prosthetic groups or transition metals at the 
active site, but indirect evidence given by inhibitors 
strongly suggested that the uranic acid oxidase was a 
flavoprotem. No inhibition of enzyme activity [deter- 
mined by assay of glucarate formation, method (i)] 
was observed in the presence of typical peroxidase 
inhibitors such as azide, fluoride or cyanide, all at 1 mM 
concentration. Thus the oxidase almost certainly does 
not have a haemoproteln structure. However, strong 
inhibition of glucuronate oxidation, measured by 
chromogen-peroxidase assay of peroxide formation, oc- 
curred in the presence of low concentrations of various 
sulphites (Table 2). This is typical of fIavoprotein oxi- 
dases, whereas Bavoprotein dehydrogenases are unaffec- 
ted by sulphites [8]. 

Stoichio~try of the reaction and nuture of the carbo- 
hydrate product 

Of the reactants involved in the uranic acid oxidase 
system, three were assayed to determine the overall 

Table 1. Relative a&v&s of the uranic acid 
oxidase wrth different substrates (20mM) at 
pH 7.9 and pH 6.0, by determmatron of H,OZ 

formation 

Substrate 
Enzyme activity 

pH 7.9 pH 6.0 

D-Glucuronate 100 70 
&Zahtcturonate 31 23 
n-Mannuronate 36 27 
D-Ghrcuronolactone 49 15 

Tablc 2. Inhibitron of uranic acid ox&se. by 
stllphites 

Inhibitor 

s*o,* - 
s*o,* - 
s*os*- 

s205 

so,*:- 
sos*- 
Ascorbate 

g de 
Sulphide 

Inhi- 

Concn (WI bition (%) 

100 97 
10 59 

100 98 
10 63 

100 SO 
10 25 

1000 0 
1000 0 
1000 0 
1000 2 

Substrate 20 mM ghrcuronate at pH 7.9; assay 
by measurement of rq@carate [method (ti)]. 

stoichiometry. Table 3 shows that for each molecule of 
glucarate generated, there was a concomitant release of 
one molecule of hydrogen peroxide and a loss of one 
molecule of oxygen; the stoichiometry of the last two 
components were substantiated by the effect of adding 
catalase in the manometric assay. It was also noted that no 
formation of glucarate or peroxide occurred when the 
reaction was conducted in an atmosphere of nitrogen. 

Oxidation of Dglucuronate was found to proceed in 
the presence of electron acceptors other than oxygen. 
Reduction of ferricyanide (0.5 mM) was followed by the 
change in A at 420 nm, and of dichlorophenolindophenol 
(0.05 mM) at 600 nm. With 20 mM ~~ucuronate as 
substrate, activities (nmol/min/mg protein) were: utiliz- 
ation of 02, 46; reduction of ferricyanide, 5 19; reduction 
of dichlorophenolindophenol, 117. 

Although production of Dglucarate was confirmed by 
two independent methods of assay (Table 3), this com- 
pound was not the i~~iate oxidation product of D 
glucuronate. On addition of an aliquot of the reaction 
mixture, after incubation and deproteinization but with- 
out further treatment, to a /%glucuronidase assay, very 
strong inhibition of this enzyme was observed. The 
inhibition was found to be fully competitive [7]. D 
~lucuronate is only a weak inhibitor of ~-~ucuronidase 
and Dglucarate is non-inhibitory, but the 1,4_lactone of 
the latter compound is a very specific and powerful 
inhibitor of this enzyme [9]; its formation from glucarate 
at low pH is indeed the basis of one method of glucarate 
assay used here. The immediate formation of a lactone 

Table 3. Stoichiometry of the enzymatic Dglucurouic acid 
(20 mM) oxidation at pH 7.9 and pH 6.0 

Parameter 

Ghrcarate formation [method (i)] 
Ghrcarate formation [method (ti)] 
Hydrogen peroxide formation 
Lactone formation 
O2 consumption 
O2 consumption ( + catalase) 

Enzyme activity 
(nkat/mg protein) 

pH 1.9 pH 6.0 

0.85 0.60 
0.78 0.54 
0.82 0.58 
0.40 0.55 
0.76 0.57 
0.39 0.28 
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product in the uranic acid oxidase reaction was confirmed 
by conversion to hydroxamic acid and calorimetric assay. 
At optimal pH 7.9, the amount of lactone formation (with 
D-glucaro-1,Clactone as arbitrary standard) was less than 
the amount of glucarate determined (Table 3), but this 
could be predicted as sugar &tones hydrolyse spon- 
taneously above pH 7. Moreover, the chromophore 
formed might be quantitatively different in colour yield 
from that produced by the standard. At pH 6.0, formation 
of lactone was equivalent to that of glucaric acid. 

That this product from glucuronic acid was not 
glucaro-l@ictone, however, was demonstrated by the 
fact that, based on the inhibitory power towards /I- 
glucuronidase, the concentration of the l&lactone re- 
quired, by comparison with a standard inhibition curve 
using this compound, would be considerably greater than 
the measured concentration of either lactone or glucarate 
produced (Fig. 2). Thus the lactone reaction product had a 
greater inhibitory power (about 2-fold) than that of D 
glucaro- l+lactone. 

Confirmation of this difference in the lactone product 
was obtained by thin layer chromatography, based on the 
visualization of /I-glucuronidase inhibitors. The reaction 
mixture from uranic acid oxidase produced spots for 
glucuronate (RI 0.45) glucarate (RI 0.49) due to trace 
inhibitory lactone formation in the presence of the pH 4.5 
buffer, and a maJor inhibitory spot at R, 0.59. A glucaro- 
l+lactone standard gave a single spot at R, 0.68. 

In the absence of direct evidence concerning the 
structure of this compound, isolation of which would be 
difficult due to its lability at neutral pH, it can be 
conjectured that the immediate product of glucuronate 
oxidation is Dglucaro-l$lactone, and that the complete 
reaction, which would fit the observed stoichiometry, is a 
2e oxidation analogous to that of glucose oxidase, as 
shown in Fig. 3. 

The existence of this 1,Slactone of Dglucaric acid has 
been deduced in products of glucuronic acid oxidation by 
oxygen in the presence of a platinum catalyst [lo]; again it 
was found to be a more potent inhibitor of /I- 
glucuronidase than the l+lactone. It was suggested [lo] 
that the former lactone, having a ring structure more 
analogous to the pyranosiduronic acid structure of /I- 
glucuronidase substrates, was the only true glucaro- 
lactone inhibitor of this enzyme, being formed from the 
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Frg. 2. Products of uromc acid oxidase action on 10mM 
o-glucuronate at pH 6 0: x , u-glucarate; 0, &tone formation; 
0, productton of j?-glucuromdase mhrbitor, calculated as eqtuv- 

alent u-glucaro-1,4-lactone concentration. 

cooti COOH 
0 

0 
0 

HtlH+Q- 0 0 +“,% 

Fig. 3. 

l+lactone in solution without mandatory initial opening 
of the lactone ring. Our results do not support this 
concept; TLC as above indicated that the only inhibitory 
product on heating Dglucarate solutions attacid pH and 
100” was the l+lactone, which presumably has the 
greater stability. It was noted, however, that unbuffered 
solutions (pH 4) of potassium hydrogen Sglucarate on 
standing at 37” for a few hr did produce traces of the 
hypothetical 1,Nactone on TLC. 

This uranic acid oxidase present in impure commercial 
plant peroxidase preparations differs from the enzyme 
obtained from Citrus sinensis leaves [6] in having a much 
smaller M, and a greater activity towards glucuronate 
than towards galacturonate; also only the corresponding 
hexaric acids were identified as products of action of the 
Cttrus enzyme. The aldose oxidase [S] from fruits of the 
same source had no action on uranic acids, although these 
were strong inhibitors. The physiological function of the 
horse-radish uranic acid oxidase is unclear; incubation of 
glucarate with the enzyme resulted in 94% recovery of 
that compound, but investigations as to whether the 
lactone product or Dglucarate is further metabolized by 
whole plant preparations are clearly needed. 

EXPERIMENTAL 

Peroxidase preparations. Commercial preparations of horse- 
radrsh peroxidase were obtained from Sigma (crude, 40 umts/mg 
and Type 1, 80umts/mg, both lyophihzed), Boehrmger 
Mannherm (Grade 1, suspension in AmSO,, 250 umts/mg pro- 
tein and Grade 2, lyophihzed, 100 units/mg), Calbiochem (lyo- 
phthzed, 250 units/mg) and Brmsh Drug Houses (lyophihzed, 
80 units/mg). These manufacturers’ quoted approxmrate ac- 
tivities are in Sumner purpurogalhn units [ll]. 

g-Glucuronidase (EC 3.2.131). The mammahan enzyme was 
prepared from rat preputtal gland (Wtstar stram) and partially 
punfied by gel chromatography on Sephadex G-100 [12]_ 

Bacterial enzyme preparatron. This contained both glucarate 
dehydratase (EC 4.2.1.40) and ketodeoxyglucarate aldolase. 
(EC 4.1.2.20), and was prepared from a culture of E. coli (strain 
NCTC 10418) by the procedure of ref. [13]. 

Substrates /?-u-Glucuronic and, bglucuronolactone and D 
galacturomc actd were obtained from Sigma DMannurotuc acid 
was prepared by catalyttc oxtdatton of methyl a-Dmannosrde 
followed by hydrolyses of the mannostdurotuc actd [14]. Each of 
these. compounds was tested for purity by paper chromato- 
graphy. Other sugars were obtamed commerctally. 

o-Glucaro-1,Clactone monohydrate, mp 8992”, was prepared 
from potassmm hydrogen Dglucarate (Stgma) by the method of 
ref. [lS]. 

Uromc acui oxrdase assay. Enzyme preparattons, freed of 
peroxtdase activity, were Incubated with 20 mM uranic actd in 
0.05 M Tncine buffer, pH 7.9, at 30” for 30 min (total vol. 5 ml). 
Shaking was not found to be necessary. Soluttons were then 
chtlled m ice for 1 mm and mrmedrately deprotemtzed by 
centrifugation through a Centrtflo membrane cone (Amicon, 
25 000 M, cut-off ). Ahquots of the ultrafiltrate were then assayed 
for the followmg products. 
(a) Hydrogen peroxuie Thts was determmed spectrophoto- 
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metrically at 420 nm, using o-dtamsrdine as the chromogen [16]. 
Purttied peroxidase preparations freed of uranic acid oxidase 
activity by ion-exchange chromatography were used as the 
catalyst. 
(b) Glucanc acid. The ultratiltrate was heated at loo” for 5 min, 
to convert the lactone product to r+glucanc acid, which was then 
assayed by two independent methods: (i) by conversion to 
ketodeoxyglucarate, then to pyruvate, by the bacterial enzyme 
preparation, followed by assay using lactate dehydrogenase and 
NADH [17]; (ii) by inhibition of /3glucuronidase after partial 
conversion to @ucaro-l+lactone by the procedure of ref. [18]. 
Assays of this enzyme were conducted using 2 mM p-mtrophenyl 
/?-Dglucuronide (Merck) as substrate. 
(c) Luctone formation. By converston to hydroxamate wtth 
hydroxylamme and calorimetric assay of the ferric hydroxamate 
at 540 nm [19]. D-Glucaro-l&lactone was used to construct the 
standard curve for this estimation. 

Peroxidase assay. Determination of peroxidase activity was by 
the procedure of ref. [ZO], usmg guaiacol (Sigma) as the 
chromogen and determination of the rate of A change at 436 nm. 

Manometric assay. Measurement of oxygen uptake during the 
uromc acid oxidase action was made with the Warburg mano- 
meter at 30”, with an enzyme concn of 0.5 mg protein/ml and a 
total tlask vol. of 3 ml. 

lon exchange chromatography. Enzyme separation of crude 
peroxrdase preparations (50 mg, Boehringer, Grade 2) was 
performed on a CM cellulose (Sigma) column (35 x 1.5 cm) 
equilibrated with 0.05 M cacodyhc acid-NaOH buffer, pH 6.3. 
Elutron was with the same buffer plus a salt gradient of O-6.3 M 
NaCl, at a flow rate of 6 ml/hr 

Gel chromatography. M, of the uromc acid oxidase was 
determined by chromatography on a AcA 44 Ultrogel column 
(82 x 1.6cm) equilibrated and eluted with Tns-HCl buffer 
(pH 6.5, I = 0.05 M) and calibrated with myoglobin (16800), 
carbonic anhydrase (31000), ovalbumm (44000) and bovine 
serum albumin (68 000). The calibration proteins were detected 
by their A at 280 nm and the uranic acid oxidase by assay of tts 
actmty. 

Thin layer chromatography. Examination of the carbohydrate 
product of enzymatic glucuronic acrd oxidation was made on 
silica gel (Gehnan ITLC Type SC). Before application, the soln 
was briefly shaken with a little Dowex 50(H) resin to remove 
cations. Development was with the top layer of the system n- 
BuOH-EtOH-HCOOH-H,O (4: 1: 1: 5) which had equilibrated 
at 20” for 48 hr [21]. The dried plates were then sprayed with 4- 
methylumbelhferone /?-Dglucuronide (Merck, 0.1 me/ml) m 
0.02 M acetate buffer, pH 5, then with a /l-glucuromdase 
preparation and incubated at 30” for 5 min. /J-Glucuronidase 
inhibitors were then vtsualixed in an atmosphere of NH3 vapour 

under a UV source as dark spots on a blue fluorescent 
background. 

Protein determmatron, with bovine serum albumm as stan- 
dard, was by the method of ref. [22]. 
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