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Glucose oxidase [ƒÀ-D-glucose : oxygen 1-oxidoreductase
, EC 1.1.3.4] from Aspergillus 

niger was purified by DEAE-cellulose chromatography and Sephadex G-200 gel filtra

tion using phosphate buffer, pH 7.0.

1. The preparation has a specific activity of 172 ƒÊmoles oxygen consumed/min/mg 

of enzyme at 30? and pH 5.6, and is essentially catalase-free. The constituents of 

the enzyme are protein (74.0±2.8%), neutral sugar (16.4??0.3%), amino sugar (2.4?? 

0.5%), and 2 moles of iron per 160,000 daltons, in addition to FAD.

2. Optical data for the newly purified holoenzyme show that the ratio A280/A450 is 

11.1, and s for enzyme-bound FAD at 450 nm is 1.52 •~ 104.

3. The holoenzyme (molecular weight, 160,000) consists of two identical subunits 
with molecular weights of 79,000??4,000, and the molecular weight of the apoenzyme 
seems to be identical with that of the subunit, as shown by SDS-polyacrylamide gel 
electrophoresis and gel filtration on Sephadex G-200.
4. FHD (flavin-hypoxanthine dinucleotide) has coenzymatic activity equal to that 

of FAD.

Glucose oxidase [(3-D-glucose : oxygen 1-oxido
reductase, EC 1. 1. 3. 4] has been isolated from 
microbial sources and studied by several 
workers (1-5). However, some of the results 
obtained are inconsistent ; for instance, various 
molecular features including subunit structure

( 4-8) and the role of the sulfhydryl groups 
of this enzyme (4, 9-11).
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Abbreviations used are: FHD, flavin-hypoxanthine 

dinucleotide ; SDS, sodium dodecyl sulfate ; PPC, 

paper partition chromatography ; DTNB, 5, 5•L-dithio

bis-(2-nitrobenzoic acid).

Regarding the molecular features of this 
enzyme, O'Malley and Weaver (6) have re-

ported that denatured glucose oxidase from A. 
niger consists of a single peptide with a molec
ular weight of 160,000. Chemical reduction of 
the two disulfide bonds of the enzyme with 2-
mercaptoethanol resulted in the formation of 
a species with a molecular weight of 80,000 
as determined by light scattering, sedimenta
tion velocity, and intrinsic viscosity (6). We 
have reported preliminarily that apoenzyme 

prepared by the usual acid-ammonium sulfate 
method was clearly separated from holoenzyme
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by Sephadex G-200 column chromatography at 

pH 7.0 (12). The enzyme from Penicillium 
amagasakiense has been reported to consist of 
4 subunits (8).

An improved method for the purification 
of this enzyme has been developed in our 
laboratory (11-13 ). In the present paper, we 
describe this modified purification procedure 
and some properties of the enzyme, with spe
cial reference to the specific activity and the 
A280/A26 ratio.

MATERIALS AND METHODS

Materials-Glucose oxidase was purchased 

from Sigma (Type II, lot Nos. 102C-2380 and 

63C-0250, from A. niger). Peroxidase [EC 

1. 11. 1. 7] (Type II, from horseradish) for the 

activity measurement, and protein samples for 

the calibration of molecular weight (ƒÁ-globulin, 

Cohn Fraction II ; myoglobin, Type 11, from 

whale skeletal muscle) were also from Sigma. 

Other protein samples for the measurement of 

molecular weight (protein calibration kit) were 

from Boehringer Mannheim. FAD (93% purity) 

was from Wako Pure Chemicals, and was used 

after purification on a column of DEAE-cellu

lose (chloride), from which it was eluted as the 

lithium salt (14). FHD was prepared by the 

method of Fujisawa (15). Reagents for disc 

and SDS-polyacrylamide gel electrophoresis and 

for the analysis of amino acid composition, 

carbohydrate, and metal were from Nakarai 

Chemicals.

Assays of Enzymes-Two kinds of assay 
methods for glucose oxidase were used : one 
was the colorimetric determination of H2O2 

produced during the coupled reaction with o-
dianisidine and peroxidase (11-13 ), and the 
other was the use of an oxygraph. The oxy

graph, from Kyusuikagaku Kenkyusho (Tokyo) 
was attached to a Hitachi recorder, model 

QPD64, and used for the measurement of 
standardized specific activity at pH 5.6. An 
oxygen electrode covered with a thin poly
ethylene film was immersed in the assay me
dium, which contained D-glucose (23.8 mm), 
acetate buffer (33.3 mm, pH 5.6), and an ex
cess of catalase [EC 1. 11. 1. 6] (100 Mg) in a

total volume of 2.1 ml. The reaction was 
started by the addition of an appropriate amount 

of purified glucose oxidase, and the consump

tion of oxygen was recorded automatically. 
The activity of the enzyme sample was cal

culated from the initial reaction velocity.

The activity of catalase, a likely con
taminant in the preparation, was determined 
titrimetrically with sodium thiosulfate accord
ing to Harbert (16) ; the amount of catalase 
was assayed on the basis of an activity of 230 
liters?g-1 sec-1 for the pure enzyme, where 
liter•g-1 is the reciprocal concentration of pure 
material in the reaction mixture.

Carbohydrate Analysis-Lyophilized sam

ples (25 mg/ml) that had been stored in a 
desiccator with P205 in vacuo were dissolved 
in distilled water. The sample to be analyzed 
for neutral sugars was hydrolyzed with 0.5 N 
HCl at 140? for 15 min (3 atms). The sample 
analyzed for amino sugar was also treated un
der similar conditions, except that the head 
space of the ampoule was filled with N2. The 
resulting hydrolysate was filtered through glass 
wool and passed through a small column of 
Dowex-1 (Ht) to remove amino acids. After 
concentration and reduction with NaBH4, GLC 
was carried out for the analysis of neutral 
sugars. Total content of neutral sugar was 
analyzed by the anthrone method (17) using 
mannose as a standard. For the analysis of 
total amino sugar, a modification (18) of the 
Elson-Morgan method was used.

Amino Acid Analyses-For total amino 
acid analysis, 5.84, 6.34, and 4.85 mg samples, 
which had been dried for three days over P205 
in vacuo, were hydrolyzed in 1 ml of 6 N HCI 
at 110±1? for 23, 48, and 68 hr, respectively, 
in an evacuated, sealed ampoule. Protein 
hydrolysates were passed through Toyo filter 

paper No. 6C to remove any precipitate of un
hydrolyzed carbohydrate, dried on a water 
bath, stored in a desiccator over NaOH in vacuo 
until use, and redissolved in 5.5 ml of buffer 

(pH 2.2 citrate, including antioxidant). An ali
quot was applied to a Hitachi model KLA-5 
amino acid analyzer. The tryptophan content 
of the oxidase was determined colorimetrical
ly using P-dimethylaminobenzaldehyde (19).
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Total cystein content was determined by the 
DTNB reaction (20) after complete reduction 
with 1 M 2-mercaptoethanol in the presence of 
1% SDS and 4 M guanidine-HCl for 10 hr at 
90? and removal of the residual reagents by 

passing through a small column of Sephadex 
G-25 equilibrated with 4 M guanidine-HCl solu
tion.

Measurements of Molecular Weights of 

Holo- and Apo-Enzyme and Subunit-Sephadex 

G-200 gel filtration was performed by reverse 

flow using a 2.6 •~ 91 cm column (Pharmacia), 

and SDS-polyacrylamide gel electrophoresis was 

carried out according to Weber and Osborn 

(21). Sedimentation velocity experiments 

were done at 20? and at 51,200 rpm in a Hi

tachi model UCA-1 ultracentrifuge.

RESULTS

Purification Procedure-Two grams of com

mercial glucose oxidase was dialyzed overnight 

against 1 mM potassium-sodium phosphate 

buffer (pH 7.0) and applied to a DEAF-cellu

lose column (2.5 •~ 30 cm) equilibrated with 1 

mm buffer. Chromatography was carried out 

in a stepwise manner, and enzyme eluted with 

100 mm phosphate buffer (pH 7.0) and having 

relatively high activity was collected by am-

monium sulfate precipitation (0.85 saturation). 

After dialysis against 10 mm buffer, DEAE-

cellulose chromatography (3•~20 cm) was car

ried out for a second time with a gradient 

established between 10 and 200 mm. The frac

tions having the highest specific activity (No. 

45-67, 70-150 ƒÊmoles of oxygen consumed/ 

min/mg of protein at 30?) were collected by 

ammonium sulfate precipitation and applied to 

a Sephadex G-200 column (2.5•~82 cm). A 

typical elution pattern is shown Fig. 1. Minor 

protein contaminants appeared before and after 

the principal material with constant specific 

activity, constant flavin content, and constant 

ratio of absorbances at 280 and 260 nm. Such 

proteins were detected as several bands by 

staining with Amido Black 10B after disc poly

acrylamide gel electrophoresis at pH 8.3. The 

main fractions (No. 39-47) contained about 

12% of the protein and 55% of the activity of 

the starting materials. The pooled sample was 

disc gel electrophoretically pure at two pH's 

(8.3 and 9.5 in 8 M urea).

Properties of the Purified Enzyme-The 

purified enzyme was dialyzed against deionized, 
glass-distilled water for three days (four changes 
of 1 liter each) and lyophilized. The lyo

philized powder was stored over P205 in vacuo 
until use. The sample was analyzed for carbo

Fig. 1. Chromatography of glucose oxidase on Sephadex G-200. Approxi

mately 80 mg of protein in 7 ml of 100 mm phosphate buffer (pH 7.0) was 

applied to a column (2.5•~82 cm). Protein concentrations were measured in 

terms of the absorbance at 280 nm. Enzyme activity is expressed as ƒ¢A400/ 

10 min/tube, at 37? and pH 7.0 using o-dianisidine peroxidase system.
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hydrate, amino acid composition, and metal. 

Samples of the lyophilized powder were dis

solved in water and analyzed for nitrogen ac

cording to a modified Kjeldahl method (22). 

From the results of five different analyses, the 

content of nitrogen (by weight) was 13.1•}0.5%. 

Assuming a factor of 5.65 with respect to 

nitrogen,2 the protein content is 74.0•}2.8%.

TABLE I. Constituents of glucose oxidase,

a Calculated from total nitrogen on the basis of a 

nitrogen factor of 5.65 (see footnote 2). b Including 
pyrophosphate.

Fig. 2. Paper chromatogram of the carbohydrates 
of glucose oxidase. Conditions for the hydrolysis of 

glucose oxidase were 0.5 N HCl for 15 min at 140° 
under 3 atm. Hydrolysates were concentrated in 
vacuo. Samples, as well as standard solutions of 
sugars, were spotted on Toyo filter paper No. 50. 
PPC was developed twice with n-butanol : pyridine : 
water (6 : 4 : 3, v/v/v) for 12-15 hr. To detect the 
compounds, aniline hydrogenphthalate (a) and silver 
nitrate (b) were used. (1) Standard solution detected 
with (a) ; (2) sample detected with (a) ; (3) sample 
detected with (b).

 The total analysis of neutral sugar by the 
anthrone method (17) with mannose as a 
standard gave a value of 16.4•}0.3% by weight. 
The content of amino sugar was determined 
to be 2.4•}0.5% by weight according to the 
modified Elson-Morgan reaction (18). The re
sults are summarized in Table I.

2 From the total amino acid analysis
, the nitrogen 

content of the protein moiety is about 17.7%.

 From metal analyses of samples ashed at 
100° for 15 hr, about 2 moles of iron per 
160,000 daltons was detected. None of the 

following metals were detected in significant 

quantity : Mo, Zn, Cu, Mg, and Mn.
 Analysis of carbohydrated by PPC and 

GLC showed mannose to be a major compo
nent and galactose a minor one, but glucose 
could not be detected. These results are shown 
in Figs. 2 and 3.

 Other optical properties of purified glucose 

oxidase are summarized in Table II.

 Amino Acid Composition The purified 

glucose oxidase was hydrolyzed in 6 N HC1for 
23, 48, and 68 hr as described under "METH

ODS." The average or extrapolated amount of

Fig. 3. Gas chromatogram of the neutral sugars of 

glucose oxidase. Glucose oxidase (equivalent to 5 mg 
of carbohydrate) was hydrolyzed as in Fig. 2. Amino 
acids and chloride were removed with Dowex-1 (H`), 
and other unhydrolyzed material was removed by 
extraction with chloroform : n-butanol (5 : 1, v/v). 
The samples were dried in vacuo and reacted with 
trimethylsilane. Trimethylsilated samples were ap

plied to a 2-m column of 3% SE-30. The following 
conditions were used : column temp., 150'; injection 
temp., 200'; detector temp., 210'; carrier gas (112, 
0.5 kg/cm3 ; air, 1 kg/cm3 ; N2, 1 kg/cm3) on a 
Shimadzu gas chromatograph, model GC-4A).
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each amino acid residue was calculated auto
matically from a digital print-out of data by 
comparison with a standard solution according 
to Tristram and Smith (23) (Ajinomoto Co., 
Standard Solution). The amino acid composi-

TABLE II. Optical data for glucose oxidase.a

a In 0 .05 M potassium-sodium phosphate buffer (pH 

7.0).

TABLE III. Amino acid composition of glucose 

oxidase,a

a Calculated according to Tristram and Smith (23). 
b Value obtained by extrapolation to zero time. 

 Determined colori metrically as described under 
" METHODS ."

Lion of an enzyme unit, taken as two homo

geneous subunits, is summarized in Table III. 
These data agree with the values already pub
lished by two other groups (5, 24) within the 

range of experimental error except for proline, 

glycine, and tyrosine.
Specific Activity-For comparison with the 

results obtained by others (2-4, 10), stand

ardized specific activity was determined with 

the oxygraph. The enzyme was assayed at pH 

5.6 and 30?, as described under "METHODS." 

From the initial velocity of oxygen consump

tion, this purified enzyme has a specific activ

ity of 172 ƒÊmoles oxygen consumed/min/mg 

of protein (dry weight) (specific activity as 

formerly defined : 490 4 A at 400 nm/10 min/mg 

of enzyme).

Catalase activity, known contaminant of 
the crude oxidase, was tested for according to 
Herbert (16). This activity was only 0.00013 
liter?g-i•sec-1, which indicates that the puri
fied preparation is essentially catalasefree (see 
"METHODS")

.

Fig. 4. Determination of the molecular weight of 

glucose oxidase by chromatography on Sephadex 

G-200. One ml of solution containing 15 mg of 

standard protein of known molecular weight was 

chromatographed on a Sephadex G-200 column (2.6 •~ 

91 cm) equilibrated with 100 mM phosphate buffer, 

pH 7.0. Protein was eluted with the same buffer. 

The eluate was collected in 4.3-m1 fractions, and the 

elution volumes of proteins were determined by 

measuring the absorbance at 280 nm. ??, standard 

samples of known molecular weight ; ., position of 

holo- and apo-enzyme of glucose oxidase on the 

standard line, determined by measuring their elution 

volume.
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Determination of Molecular Weight-The 
molecular weights of the holoenzyme and apo
enzyme, the latter prepared by the acid-am
monium sulfate method described in a previ
ous paper (12 ), were determined by Sephadex 
G-200 gel chromatography using marker pro
teins of known molecular weight. The re
sults are shown in Fig. 4. The holoenzyme 
has a molecular weight of 160,000 and that of 
the apoenzyme is 80,000 (the elution pattern 
is shown in Fig. 8). From the results of SDS-

Fig. 5. Determination of the molecular weight of 
the enzyme by SDS-polyacrylamide gel electrophoresis 

(7.5% gel). Each sample was treated with 1% SDS, 
1%o 2-mercaptoethanol, and 5% glycerol in 250 mm 
phosphate buffer, pH 7.2 at 55? for 2 hr. Electro
phoresis was carried out at a current of 5 milli
amperes per tube for 4 hr.

polyacrylamide gel electrophoresis essentially 
only one component with a molecular weight 
of 79,000??4,000 was detected, as shown in Fig. 
5, although, on the top of the gel, one more 
band was seen (possibly nonreduced holoen
zyme). This suggests that the enzyme consists 
of two identical subunits.

As glucose oxidase is a typical glycopro
tein, these semiempirical methods may not be 
ideal for the determination of molecular weight. 
Glucose oxidase also has activity even in 0.75% 
SDS, as indicated by Swoboda and Massey (4). 
In order to ascertain the effect of acrylamide 
concentration on the mobility of this enzyme

Fig. 6. Observed molecular weight of subunit of 

glucose oxidase calculated from the electrophoretic 
mobility vs. acrylamide gel concentration (see the 

legend to Fig. 5).

Fig. 7. Sedimentation velocity analysis of the apo and holo forms of glucose oxidase. 

Photographs show the sedimentation pattern of (a) apoenzyme only, (b) apoenzyme 

plus FAD (7.1 ƒÊM) after 4 hr, and (c) apoenzyme plus FHD (12.5 ƒÊM) after 24 hr. 

The schlieren diaphragm angle was 60?. Experiments were carried out in 100 mm 

phosphate buffer, pH 7.0.

J. Biochem.
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in the presence of 1% SDS, electrophoresis was 
carried out using samples polymerized in vari
ous concentrations of acrylamide according to 
Sergest et al. (25). Under our experimental 
conditions with SDS (-1.5%) in the presence 
of 2-mercaptoethanol (1%) at 55? for 2 hr, the 
residual activity of the enzyme was reduced 
to 24%. The molecular weight of the enzyme,

Fig. 8. Change of molecular weight of the apo

enzyme plus coenzyme analyzed by gel filtration with 

Sephadex G-200 (2.6X91 cm) in 100 mm phosphate 

buffer, pH 7.0. The apoenzyme was purified by 

Sephadex G-200 gel filtration prior to use. All chro

matographies were carried out in a cold room in the 

dark. Enzyme activity was measured with o-diani

sidine and peroxidase. Top: An appropriate amount 

of purified holoenzyme plus apoenzyme in a total 

volume of 5 ml was applied and eluted with the 

buffer. Apoenzyme activity was measured after 

adding FAD (10 ƒÊm) and the mixture was then 

allowed to stand for sufficient time to reconstitute 

the holoenzyme. Middle and bottom: An appropriate 

amount of apoenzyme in a total volume of 5 ml was 

applied to the same column equilibrated with the 

same buffer containing FAD (about 2.7 ƒÊm) or FHD 

(about 3.1 ƒÊM), and eluted with the same solution.

calculated from the electrophoretic mobility 

relative to the acrylamide gel concentration 

(25), was 79,000, as shown in Fig. 6.
Coenzyme Activity of FAD and FHD-It 

has been reported in the preceding paper (11) 
that a coenzyme analogue, FHD, has the ability 
to regenerate active enzyme when FHD is in
cubated with the apoenzyme for a long time. 
We have now investigated whether or not 
there is any difference in the molecular shape 
or weight of holoenzyme so reconstituted. To 
compare FHD- with FAD-enzyme, sedimenta
tion velocity experiments were carried out, 
The results are shown in Fig. 7. The apoen
zyme preparation has two components with 
sedimentation velocities of 4.6 and 8.1 S. When 
FAD was added to the apoenzyme and the 
mixture was incubated for 4 hr at room tem

perature, the sedimentation pattern showed 
only one component with an S value of 8.0. 
FHD also produced the same effect after in
cubation for 24 hr.

In addition, from experiments using Se

phadex gel filtration, the FHD-enzyme and 
FAD-enzyme have the same molecular shape 

and specific activity, as shown in Fig. 8.

DISCUSSION

In the present experiments, DEAE-cellulose 
columns were used twice to purify the enzyme 
instead of CM-cellulose, which had been used 

previously (13 ), and phosphate buffer, pH 7.0, 
was employed during the course of purifica
tion. By these methods, dark pigments tight
ly attached to the enzyme protein were re
moved almost completely. Thus the Also/A2so 
ratio of the enzyme and the molecular extinc
tion coefficient of bound FAD at 450 nm, as
suming 2 moles per mole of enzyme (3-5), 
are higher than the data given by other 
workers (3-5) (see Table II).

Our results on the total carbohydrate con
tent (about 19% by weight) are also higher 
than those of others (4, 5, 24, 26), Pazur et 
al. (24) reported 16.2% dry weight. Swoboda 
and Massey (4) reported 16.5%. However, 
this value was obtained by the orcinol-sulfuric 
acid method, measuring only neutral sugars.
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Nakamura and Fujiki (5) obtained 16.0% for 
total carbohydrate content, and more recently, 
Nakamura and Hayashi (26) have reported 
lesser amount (about 11%0). As for carbo
hydrate composition, Nakamura and Hayashi 

(26) detected glucose and galactosamine in ad
dition to mannose, galactose, and glucosamine. 
On the other hand, we, as well as Kleppe et 
al. (9), could not detect glucose as a compo
nent. Since the carbohydrate components of 
this enzyme do not seem to affect the activity 
per se (26), the carbohydrate content and com
position may be variable from sample to sam
ple.

In the analyses for metal, about two moles 
of iron was detected ; however, a requirement 
for iron in the enzymatic reaction has not been 
shown. It is interesting that a reddish color 
is observed upon acidification of the enzyme. 
This has been observed before (27), and is 
reminiscent of the color change seen with the 
riboflavin-Fe2+ complex (28). Whether the 
bound iron present in the isolated oxidase has 
a biological function or, for that matter, could 
result from the binding of extraneous iron dur
ing purification, remains to be established.

The present oxidase preparation has a spe

cific activity of 172 ƒÊmoles of oxygen con

sumed/min/mg of protein at 30? and pH 5.6. 

Assuming a two-fold rate increase for a 10? 

rise in temperature within this range, this 

preparation would have a specific activity of 

86 at 25?, a value comparable with other data 

(2-4, 10).

There have been other recent studies on 
the subunit structure of glucose oxidase (6, 8). 
In the preceding paper (11), it was reported 
that the intact holoenzyme has no free SH 

groups titratable with p-chloromercuribenzoate 
or DTNB ; however, when the holoenzyme is 
denatured carefully in 4 M guanidine-HCl or 8 
M urea, about two moles of SH can be deter-
mined per mole of enzyme with p-chloromer
curibenzoate but not DTNB. When the apo
enzyme is prepared by the usual acid-ammo
nium sulfate method (3), a good yield of ac
tive apoenzyme has been obtained in the pres
ence of dithiothreitol (1 mm) (12). In the 

present experiments, the holoenzyme recon

stituted from apo- and coenzyme had a molec
ular weight of about 160,000. As we have now 
shown that the molecular weight of the apo
enzyme is the same as that of the subunit, it 
can be concluded that two homogeneous sub 
units are associated in the presence of co
enzyme. These phenomena may reflect non
covalent intersubunit interaction because co
valent bonds, for instance disulfide bridge(s), 
are not broken quantitatively during the prepa
ration of apoenzyme or denaturation, as already 
reported in previously papers (11-13). Tak
ing this enzyme as consisting of two homoge
neous subunits, therefore, there are 6 moles of 
half-cystine (6.87 moles/160,000 daltons), of 
which two exist in the sulfhydryl form (11) 
and four as two intrasubunit disulfide bridges. 
The point should be made that the two free 
sulfhydryl groups are very labile. They tend 
to form a disulfide bond, yielding a dimer 
which can no longer regenerate active holo
enzyme in the presence of FAD.

We would like to thank Prof. D.B. McCormick and 

Mr. M.N. Kazarinoff, at Cornell University, for their 
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manuscript.
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