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Summary 

In order to elucidate the molecular structure of glucose oxidase (~-D-glucose: 
oxygen 1-oxidoreductase, EC 1.1.3.4) and the roles of  its carbohydrate moiety,  
chemical, physiochemical and immunological experiments were performed with 
enzyme samples before and after periodate oxidation. Hydrodynamic param- 
eters indicated that the native enzyme was a globular protein with values of  
1.21 for the frictional ratio and 43 A for the Stokes radius. The enzyme con- 
tained about  12% carbohydrate  by weight, of  which the main component  was 
mannose. The periodate t reatment  decreased the carbohydrate  content  to 
about  40% of its original value. Slight modifications were detected in the 
absorbance spectrum and the content  of arginyl residue. However, no significant 
alteration was brought about  by this t reatment in the catalytic parameters, 
immunological reactivities or the gross structure, nor in the secondary and 
quaternary structures of the protein moiety.  Thermal denaturation temperature 
(about  72.5 °C) and the enthalpy of  denaturation (about  450 kcal/mol) were 
common to the native and the periodate-oxidized enzymes. The native enzyme 
was found to be quite resistant to sodium dodecyl  sulfate and fairly stable to 
urea and heating. The periodate-oxidized enzyme was also stable to heat treat- 
ment,  but  it showed a diminished stability when denaturing agents were 
present. Kinetic analyses of the thermal inactivation processes showed that the 
entropy of activation was greatly decreased by the denaturing agents, especially 
in the case of  the periodate-oxidized enzyme. 

It is concluded that the carbohydrate  moiety of  the enzyme plays a role in 
increasing the stability of  the protein moiety,  but  does not  directly participate 
in the catalytic activity, in the immunological reactivity, or in maintaining the 
conformation of  the enzyme protein. 

* To whom correspondence should be addressed. 

Abbreviations used are: CD, circular dichroisrn; SDS, sodium dodecyl sulfate. 
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Introduction 

Glucose oxidases (/3-D-glucose:oxygen 1-oxidoreductase, EC 1.1.3.4) from 
fungal sources are flavoproteins with molecular weights of  around 150 000 
[1--6] .  It has been shown that these enzymes contain 11--16% carbohydrate  
by weight depending on the sources [5,7--10].  Like other glycoenzymes, 
glucose oxidases are known to be very stable on storage and fairly resistant to 
proteolysis, but  no intensive study on the roles of  the carbohydrate  moiety of  
these enzymes has been reported. 

We reported recently [ 10,11] that a glucose oxidase isolated from Aspergillus 
niger (Kyowa Hakko Kogyo Co.) contains some 13% of carbohydrate,  and that 
this enzyme has a relatively small proport ion of  "ordered structures" such as 
a-helical and /3-pleated sheet conformations,  suggesting that the major part of  
the polypept ide chains might be of  an "unordered structure".  

These findings prompted us to investigate in detail the gross structure and 
to elucidate the roles of the carbohydrate moiety of this glycoprotein. For 
the former purpose, hydrodynamic parameters as well as the secondary and 
quaternary structures of  this enzyme have been studied; for the latter, the 
molecular properties of the native and the periodate-~xidized enzymes have 
been investigated comparatively. 

Portions of this study have been presented [11,12] .  

Materials and Methods 

Glucose oxidase. Asp. niger glucose oxidase purchased from Kyowa Hakko 
Kogyo Co., Tokyo  (Lot  No. 93 005), was used throughout  the present study. 
The purification procedure was essentially the same as described before [5] .  
Purified sample was homogeneous on ultracentrifugation and on the disc gel 
electrophoresis at pH 8.9. The concentration of  the enzyme was determined 
spectrophotometrical ly by the use of  the extinction coefficient: e4s= = 21.6 
mM -1 • cm -1 [5] .  

Glycosidases. Endo-fi-N-acetyl glucosaminidase H from Streptomyces griseus 
[13] ,  endo-/]-N-acetyl glucosaminidase D from Diplococcus pneumoniae [14] ,  
fi-galactosidases from jackbean, from Diplococcus pneumoniae and from 
Escherichia coli, and a-mannosidase from jackbean were gifts of  Dr. T. Mura- 
matsu, Kobe University School of  Medicine. 

Preparation of periodate-oxidized glucose oxidase. Periodate oxidation of 
glucose oxidase was performed as described by Yasuda et al. [15] .  The enzyme 
sample was incubated with 0.1 M sodium metaperiodate in the dark at 0°C for 
the required time. The oxidation was stopped by the addition of  50% ethylene 
glycol and the mixture was allowed to stand for 30 min at room temperature.  
The oxidized protein was recovered by gel-filtration on a Sephadex G-25 
column, 0.05 M acetate buffer, pH 5.5, followed by  dialysis against water over- 
night at 4 ° C. No turbidity was observed during the treatment.  Since the carbo- 
hydrate  content  of  the enzyme was not  appreciably further changed by an 
incubation of  more than 5 h (Table III), the enzyme sample treated with the 
periodate for 5 h was used as the "periodate-oxidized" glucose oxidase through- 
out  the present study. 
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Carbohydrate analyses. Total carbohydrate content  of  the enzyme was esti- 
mated with mannose as standard by the phenol-sulfuric acid method [16] ,  
orcinol-sulfuric acid method [ 17 ] and Park-Johnson method [ 18 ]. Quantitative 
and qualitative analyses of  neutral sugar components  were carried out  with a 
Shimadzu Gas-Chromatograph, GC-4BM. Amino sugar components  were deter- 
mined by the Elson-Morgan method [19] and by the use of an amino acid 
analyzer, Hitachi 034. 

Amino acid analyses. Amino acid analyses were done with the samples after 
24-, 48-, and 72-h hydrolysis using a Hitachi amino acid analyzer 034. Cysteine 
(and/or cystine} was determined after performic acid oxidation. Tryptophan 
was determined spectrophotometrical ly by the use of  p-dimethylaminobenz- 
aldehyde with free t ryptophan as standard [20] .  

Catalytic activity. The overall catalytic activity of  glucose oxidase was meas- 
ured by oxygen uptake by the use of an oxygen electrode from Yellow Springs 
Instruments Co., Ohio, at 25°C in a 0.05 M acetate buffer, pH 5.5. 

Immunological experiments. Antiserum against the native glucose oxidase 
was prepared as described previously [10] .  Immunodouble  diffusion tests were 
carried out  by the method of Ouchterlony [21] .  Quantitative immunoprecipi- 
tin reaction was performed under the conditions reported by McDuffie and 
Kabat [22] .  

Thermal inactivation kinetics. Kinetic measurements of the inactivation 
processes were as described before [10] .  

Spectrophotometric measurements. The spect rophotometer  used was a 
Hitachi double-beam spectrophotometer ,  Model 124. 

CD measurements. CD spectra were measured with a Jasco spectropolarimeter,  
J-20, at room temperature with a 1-mm cell. 

Ultracentrifugation. Ultracentrifuge analyses were performed by the use of  a 
Beckman Model E ultracentrifuge at 20 ° C. 

Hydrodynamic parameters. Diffusion coefficient was measured by a free 
boundary  method using a Tiselius-type electrophoretic apparatus, Tukasa HTD- 
1, at 20 °C. Ostwald-type capillary viscometers were used to measure relative 
viscosity at 25 ° C. Partial specific volume was measured pycnometrically.  The 
intrinsic viscosity and the partial specific volume were calculated on the basis 
of  dry weight of  the enzyme, which was determined with the samples 
dried on P205 in vacuo at 105°C for 12 h. 

The Stokes radius, r, and the frictional ratio, fifo, were calculated by the 
following equations: 

R T  
r= 

6~TND ' 

and 

.[ 47rN~ IIa 
f/fo = r \3vM / ' 

where R is the gas constant,  N i s  the Avogadro's number  and Mr is the molecu- 
lar weight of the enzyme. 

Differential scanning calorimetry. The measurements were made with a 
Rigaku Denki Differential Scanning Calorimeter. Determinations of  the thermal 



297 

denaturation temperature and the enthalpy of  denaturation were essentially as 
done by Donovan and Beardslee [23] .  A sample of  15--20 gl sealed in an 
aluminum pan was placed in the calorimeter, and the denaturation thermogram 
was obtained with a buffer-sealed pan as reference. The temperature at the 
peak of  a thermogram was taken as the apparent denaturation temperature 
(T d). Since the peak temperature was found to be slightly dependent  on the 
heating rate of the calorimeter, the denaturation temperature (T °) was estima- 
ted by an extrapolation to a heating rate of  0 ° C/min. The enthalpy of denatu- 
ration (AHd) was determined by integrating the area between the denaturation 
curve and a baseline drawn under the peak. This value was virtually indepen- 
dent  of the heating rate within experimental error. 

Results 

Carbohydrate analyses. The total carbohydrate content  and the component  
sugars were analyzed by various methods.  The results are listed in Table I, to- 
gether with the methods used for analyses. The total carbohydrate  content  was 
approximately 12%, which agreed well with our previous results [11] ,  bu t  the 
value was slightly lower than those reported by several groups who had studied 
the Aspergillus enzymes [5, 7--9] .  However, our observations on the enzyme 
samples from different manufacturers and from different fungal origins have 
indicated that the carbohydrate  content  of glucose oxidase depends on the 
production lots or the manufacturers [10] .  For this reason, it is required that  a 
single lot of sample from a single company should be used when carrying out  
quantitative carbohydrate  analyses. Hence, the present investigations were 
done with a sample from Lot No. 93 005 from Kyowa Hakko Kogyo Co. 
throughout  the study. In accordance with other reports [5,7,9], the enzyme 
contained mannose as the main carbohydrate  component  with galactose 
and glucose as the minor components . .Glucosamine was the only hexosamine 
identified, and no sialic acid was detected. In our previous communicat ion 
[11],  the presence of a small amount  of galactosamine was described, but  
this was not  detected in the present study by the gas chromatography,  by 
the amino acid analyzer, or by paper chromatography (pyridine/ethanol/  
acetic acid/water, 5 : 5 : 1 : 3); so that the previous result was not  repro- 
ducible. However, when the analysis was carried out  with the amino acid 
analyzer, an unidentified peak at a position very close to that expected for 

T A B L E  I 

C A R B O H Y D R A T E  C O M P O S I T I O N  O F  G L U C O S E  O X I D A S E  

M e t h o d  Tota l  c o n t e n t  
(%) 

C o m p o n e n t  c a r b o h y d r a t e  ( r e s i d u e s / m o l )  

M a n  Gal  Glc  H e x o s a m i n e  (GleN)  

P h e n o l - s u l f u r i c  ac id  12 .3  
Ore ino l - su l fu r i c  ac id  11 .6  
Park-Johnson  13 .2  
Gas c h r o m a t o g r a p h y  
E l s o n - M o r g a n  
A m i n o  ac id  a n a l y z e r  

1 0 8 . 8  8 .8  2 .0  
1 9 . 2  

( 2 2 . 2 )  

Average  12 .4  1 0 9  9 2 (20)  
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galactosamine was usually observed. Further study will be required for this 
problem. 

Effect of glycosidases. In attempting to prepare a carbohydrate-deleted glu- 
cose oxidase sample, application of  various glycosidases was examined. The 
purified glucose oxidase was incubated with a single glycosidase or with a com- 
bination of  various glycosidases at 30°C for 10 h. The reaction was stopped by 
adding trichloroacetic acid, and the amount  of the carbohydrate in the super- 
natant  was measured by the phenol-sulfuric acid method.  The results are listed 
in Table II. As this table shows, the carbohydrate moiety of  the glucose oxidase 
was not  effectively removed by the glycosidases; only about  25% at most, of 
the original content  could be released. Since the action of glycosidases was thus 
revealed to be ineffective, the effect of periodate oxidation was investigated. 

Effect of periodate treatment on the carbohydrate moiety. Upon incubation 
of  the native glucose oxidase with sodium metaperiodate,  the amount  of  the 
carbohydrate  was found to be decreased to approximately 40% of the original 
content  in about  3 h, bu t  no further change was seen even after a 20-h incuba- 
tion {Table III). Quantitative analyses revealed that the main carbohydrate 
component ,  mannose, underwent  the greatest decrease during the treatment.  It 
is no tewor thy  that the content  of glucosamine was not  significantly changed by 
this treatment,  suggesting that this component  is probably linked directly to 
the polypeptide chains, so that it is deeply buried in the framework of the 
protein moiety.  

Amino acid composition. The glucose oxidase samples before and after the 
periodate treatment were subjected to amino acid analysis in order to know 
how the periodate treatment affected the amino acid residues of  the protein. 
As shown in Table IV, the amino acid composit ion of  the periodate-oxidized 

T A B L E  I I  

E F F E C T  O F  G L Y C O S I D A S E S  O N  T I l E  C A R B O H Y D R A T E  M O I E T Y  O F  G L U C O S E  O X I D A S E  

G l y c o s i d a s e ( s )  p H  o f  i n c u b a t i o n  Per c e n t  d e c r e a s e  in  
m i x t u r e  c a r b o h y d r a t e  c o n t e n t  * 

E n d o - f l - N - a c e t y l  g l u e o s a m i n i d a s e  H 

E n d o - f l - N - a c e t y l  g l u c o s a m i n i d a s e  D 

f i - G a l a c t o s i d a s e  * * 

f i - G a l a c t o s i d a s e  * * * 
a - M a n n o s i d a s e  * * * 
E n d o - f l - N - a c e t y l  g l u c o s a m i n i d a s e  H 

a n d  o ~ - m a n n o s i d a s e  * * * 
E n d o - f l - N - a c e t y l  g l u c o s a m i n i d a s e  H,  

a - m a n n o s i d a s e  * ** and 
~ - g a l a c t o s i d a s e  * * 

E n d o - ~ - N - a c e t y l  g l u e o s a m i n i d a s e  D 

a n d  f l - g a l a c t o s i d a s e  **  
E n d o - f l - N - a c e t y l  g l u c o s a m i n i d a s e  I t ,  

a - m a n n o s i d a s e  **  a n d  
f l - g a l a c t o s i d a s e  t 

5 .5  12  
6 . 2  14  

6 . 2  19  

4 . 0  26  
4 . 0  20  

5 .5  14  

5 .5  18  

6 .2  18  

4 . 0  25  

* C a r b o h y d r a t e  r e m o v e d  b y  g l y c o s i d a s e  t r e a t m e n t  was  d e t e r m i n e d  b y  the  p h e n o l - s u l f u r i c  a c i d  

m e t h o d  on  the  s u p e r n a t a n t  o f  t r i eh l oroace t i c  ac id- treated  r e a c t i o n  m i x t u r e .  

* * D i p l o c o c c u s  p n e u m o n i a e .  

* * *  J a c k b e a n  

t E.  co i l  
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T A B L E  I I I  

E F F E C T  O F  P E R I O D A T E  T R E A T M E N T  ON T H E  C A R B O H Y D R A T E  C O N T E N T  O F  G L U C O S E  OXI-  

D A S E  

I n c u b a t i o n  t i m e  R e s i d u e s / m o l  

(h) 
Man * Gad * Glc * H e x o s a m i n e  ** (GlcN)  ***  

0 103 8.8 1.8 19.2 (22.2) 
0.5 49 3.0 trace 18.2 (22.8) 
1.0 47.4 trace trace 17.6 (21.8) 
2.0 ND ND ND 16.4 ND 
3.0 32.8 trace trace 15.6 ND 
5.0 37.0  trace trace 16.0  (19 .0 )  

20 .0  33 .2  trace trace 14.8  N D  

* Gas-chromatography .  
** E l son-Morgan  m e t h o d .  

*** A m i n o  acid  ana lyze r  m e t h o d .  N D :  n o t  d e t e r m i n e d .  

enzyme was in general the same as that of  the native enzyme. It is interesting 
that the threonyl, seryl, methionyl,  cysteinyl and tyrosyl residues, which might 
be expected to be destroyed by periodate, were found intact within errors of  
analysis. The only significant change was found in the content  of  the arginyl 
residue, which was decreased by about 30% of  the original content.  No further 
investigation was performed yet to identify the product or products of  this 
reaction. 

Absorbance spectrum. It was found that the periodate treatment caused in- 
significant alteration in the absorption spectrum of  glucose oxidase. This indi- 
cates that the FAD moiety as well as most  of  the protein moiety remain un- 

T A B L E  IV 

A M I N O  A C I D  C O M P O S I T I O N S  O F  T H E  N A T I V E  A N D  T H E  P E R I O D A T E - O X I D I Z E D  E N Z Y M E  
S A M P L E S  

The n u m b e r s  o f  the ami no  acid res idues  were  ca lculated  by assuming the  m o l e c u l a r  w e i g h t  o f  the  prote in  
m o i e t y  to  be  134  000  on  the  basis o f  the m o l e c u l a r  w e i g h t  and the to ta l  carbohydrate  c o n t e n t  o f  the  
nat ive  e n z y m e ;  All va lues  in res idues  per  mol .  

A m i n o  acid  Na t ive  e n z y m e  Per iodate -ox id ized  
e n z y m e  

Lys  34.8  33.3  
His 30.7 33.4  

Arg 47.0  33.3  
Asx  159 .5  162.1  

Thr 90.0  89.4  

Set  75.7 76 .9  

Glx 108 .4  114 .3  
Pro 55.2  54.0  

Gly 122 .7  122 .6  

Ala  126 .8  130 .9  
~ y s  6.1 6.2 
Val  85.9 91 .4  

Met 22.5  20 .8  

Ile 53.2 56.1 

Leu 110 .4  114 .3  

Tyr 55.2  54.0  
Phe 34.8  35 .5  

Trp 20.5  18.7 
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attacked by the reagent. A slight increase in the absorbance, however, was 
observed in the near-ultraviolet region, 300--350 nm. There seemed to be a 
possibility that  the reaction product(s)  of the arginyl residues might cause this 
absorbance change. But this possibility was eliminated, since no such absorb- 
ance increase was seen when arginine-rich proteins, histone and protamine, 
were treated by periodate under identical conditions. 

CD spectrum. CD spectra of the native and periodate-oxidized enzyme sam- 
ples are shown in Fig. 1. Since the spectrum of the periodate-oxidized enzyme 
was essentially identical with that of the native enzyme, it is concluded that the 
secondary structure of  the glucose oxidase was practically unaltered by the 
periodate oxidation. The helical contents of  the native and the periodate- 
oxidized enzyme samples calculated from their respective spectra were both 
around 15% [24,25] .  The major part, about  85%, of the polypept ide chains 
could possibly be of  a randomly-extended or "unordered structure".  

Ultracentrifugation. The native and the periodate-oxidized enzymes were 
subjected to ultracentrifugation. Both were known to be homogeneous,  and the 

0 sedimentation coefficients, s20,w, of the native and the periodate-oxidized 
enzymes were 8.06 and 8.37 S, respectively. It is thus evident that the periodate 
t reatment  caused neither aggregation nor dissociation of  this enzyme molecule; 
in other words, the quaternary structures of the native enzyme and the period- 
ate-oxidized enzyme are virtually identical. Interestingly, it was observed that 
the periodate-oxidized enzyme had a slightly higher sedimentation coefficient 
than the native enzyme. This implies that the periodate-oxidized enzyme 
molecule is somewhat  more compact  with a higher density than the native 
enzyme molecule. The molecular weights determined by the meniscus-depletion 
method [26] using the values for the partial specific volumes obtained in the 
present study (see below), were 153 000 for the native enzyme and 150 000 
for the periodate-oxidized enzyme. These values are in good agreement with 
those reported before [3--6] .  

% 

o 

- 4  

- 6  

- 8  

, . "~ 
I t~' 

" 2~o ' 240 ' 2~o ' 2~o ' 300 

Wavelength (nm) 

Fig. 1. CD spectra of the native ( ) and the periodate-oxidized ( ...... ) enzymes. The spectra were 

measured with a l-ram cell at room temperature. The mean residue weight of amino acids was taken as 

109 in the calculation of molar enipticity, [0], [5,10]. 
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Partial specific volume. Partial specific volumes of  the native and the peri- 
odate~xidized  enzymes were determined pycnometrically to be 0.727 and 
0.721 ml/g, respectively. These values are slightly larger than those reported 
earlier for the Aspergillus enzymes [4 ,5] ,  but  distinctly smaller than those 
reported for the Penicillium enzymes in accordance with previous results [2,4, 
5]. 

Diffusion. Diffusion coefficients, D20.w, measured by the free boundary 
method using a Tiselius-type electrophoretic apparatus were 4.94 • 10 -7 cm2/s 
for the native enzyme and 4.74 • 10 -7 cm 2/s for the periodate-oxidized enzyme, 
respectively. The value obtained under high ionic strength conditions (0.1 M 
acetate buffer with 0.1 M NaC1) with the native enzyme was also essentially 
identical (4.98 • 10 -7 cm~/s). 

Viscosity. The intrinsic viscosity, [7] ,  of  the native enzyme was 4.57 ml/g 
and that of  the periodate-oxidized enzyme was 4.63 ml/g (Fig. 2). Both values 
were nearly identical, indicating that the periodate t reatment  did not  affect the 
gross structure of  the enzyme protein. These values are slightly larger than 
those reported for typical globular proteins, but  much smaller than those for 
fibrous proteins or randomly-extended polypeptides [27]. The addition of  high 
concentration of  neutral salt (0.1--0.3 M NaC1) did not  affect the viscosity of  
the native enzyme (Fig. 2a). 

Catalytic properties. The overall catalyzed reaction was investigated in the 
presence of varying concentrations of  glucose and oxygen, and the catalytic 
parameters were estimated by Lineweaver-Burk plots. The Michaelis constants 

-& 

8 Q 

6 

4 

2 

0 
0 

~ ° o ' , ° # * - & , "  o e 
o 

~, ~, ~'2 1'6 ~o 
Enzyme concentration (C) ( mg/ml ) 

J 
24 

D~ 

6 

e o n o  ~ -o~ o 
4 

2 

Enzyme concentration (C) (mg/ml)  

Fig. 2. Viscos i t i e s  o f  the  nat ive  e n z y m e  (a) and the  p e r i o d a t e - o x i d i z e d  e n z y m e  (b) .  V i scos i t i e s  m e a s u r e d  
under  l o w  ionic  s trength co n d i t i on s :  (0 .05  M ace ta te  buf fer )  (o ) ;  and high ionic  s trength cond i t ions :  
0.1 M ace ta te  buf fer  w i th  0.1 M NaC1 (o),  or  wi th  0.3 M NaC1 (e) .  
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for glucose and for molecular oxygen of the periodate-oxidized enzyme were 
28 and 0.18 mM, while those of the native enzyme were 26 and 0.20 mM, res- 
pectively. The values of turnover number, V/eo, estimated by an extrapolation 
to infinite glucose concentration were 20 200 and 19 400 mol/min per mol of 
enzyme for the native and the periodate-oxidized enzymes, respectively. 

Immunological studies. Both the native and periodate-oxidized enzymes 
were examined by the immunodouble diffusion technique against the anti- 
serum to the native enzyme. As shown in Fig. 3, the antiserum cross-reacted 
with the periodate-oxidized enzyme as with the native enzyme. The precipitin 
line by the periodate-oxidized enzyme fused well with the line by the native 
enzyme. 

Quantitative immunoprecipitation was also investigated with the antiserum, 
and the results are shown in Fig. 4. It is evident from this figure that  the cross- 
reactivity of the periodate-oxidized enzyme with the antibody is quantitatively 
identical with that  of the native enzyme itself. Immunological association con- 
stants estimated by a double reciprocal plot were 6.6 • 106 M -1 and 7.4 • 106 
M -1 for the native enzyme and for the periodate-oxidized enzyme, respectively. 

We may therefore conclude that  the periodate oxidation did not  modify the 
immunological properties of the glucose oxidase, and that  the antigenic deter- 

F i g .  3 .  A g a r  i m m u n o d o u b l e  d i f fus ion  e x p e r i m e n t s  w i th  the ant i serum against n a t i v e  g l u c o s e  oxidase .  Ab: 
a n t i s e r u m  against the  n a t i v e  e n z y m e ,  0 . 7 5  r ag ;  N :  t h e  n a t i v e  e n z y m e ,  4 .3  p g ;  a n d  O :  t h e  p e r i o d a t e - o x i d i z e d  

e n z y m e ,  4 .2  pg .  
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F i g .  4 .  Q u a n t i t a t i v e  i m m u n o p r e c i p i t i n  r e a c t i o n s  w i t h  t h e  a n t i s e r u m  a g a i n s t  t h e  n a t i v e  e n z y m e .  R e a c t i v -  
i t i e s  o f  t h e  n a t i v e  e n z y m e  ( o ) ,  a n d  t h e  p e r i o d a t e - o x i d i z e d  e n z y m e  ( $ ) .  7 . 5  m g  a n t i s e r u m  a d d e d .  

minant of  this enzyme is located on the protein moiety rather than on the car- 
bohydrate moiety.  

Kinetics of  thermal inactivation. As reported previously [12] ,  glucose oxi- 
dase was very stable against denaturing agents such as SDS and urea. It retained 
full activity after a 30-h incubation in a 1% SDS solution at 30°C, pH 5.5. The 
activity was fully restored after a 5-min cQntact with 7 M urea. 

The enzyme was found fairly stable at an elevated temperature. The stability 
of  the enzyme, however, was reduced to an appreciable degree in the presence 

1.00 , , , , 

E 

, -  

' 013 . 3.~0 

10 3. I/T (deg "I) 

F i g .  5 .  A r r h e n i u s  p l o t s  f o r  t h e r m a l  i n a c t i v a t i o n  o f  t h e  n a t i v e  a n d  t h e  p e r i o d a t e - o x i d i z e d  e n z y m e s  in t h e  
p r e s e n c e  a n d  t h e  a b s e n c e  o f  u r e a .  T h e  n a t i v e  e n z y m e :  o;  t h e  p e r i o d a t e - o x i d i z e d  e n z y m e :  e .  U r e a  c o n c e n -  
t r a t i o n s  w e r e  as  i n d i c a t e d  in  t h e  f i g u r e .  
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T A B L E  V 

A C T I V A T I O N  P A R A M E T E R S  F O R  T H E R M A L  I N A C T I V A T I O N  O F  G L U C O S E  O X I D A S E  IN T H E  

P R E S E N C E  A N D  A B S E N C E  O F  D E N A T U R I N G  A G E N T S  

A c t i v a t i o n  p a r a m e t e r s  were  ca lcula ted  f r o m  the fo l lowing  e q u a t i o n s :  A H  ~ = E *  - -  R T ,  A F  ~ = - - R T  ' In 
[ ( h / a T ) - k d ] ,  and  A S  ~; = ( A H  t - A F t ) / T ,  where  E* is the  e x p e r i m e n t a l  a c t i va t i on  e ne rgy ;  AH ~, AF  $ 

and AS ~ axe the  e n t h a l p y ,  free energy  and e n t r o p y  of  ac t iva t ion ;  R, h and  ~ are the  gas cons t an t ,  the  
P l anck ' s  c o n s t a n t  and  the  B o l t z m a n n ' s  cons t an t ,  r espec t ive ly .  Va lues  l is ted here are the  average  o f  fou r  

to five ca lcu la t ions  on the  bas is  o f  the  e x p e r i m e n t a l  data .  

C o n d i t i o n s  A H  ~ A F  * AS t 

( k c a l / m o l )  ( k c a l / m o l )  (ca l /deg  

per  mol )  

Nat ive  e n z y m e  Con t ro l  87.3 24.1 184 .8  
+1% SDS 74.8 23.1 153 .0  

+1 .5  M urea  77.8 23.1 161 .2  
+3 .0  M urea  66.1 23.3  130 .5  

P e r i o d a t e - o x i d i z e d  Cont ro l  81.0  24 .5  165 .6  
e n z y m e  +1% SDS 53.2 23.7 165.6  

+1 .5  M urea  59.8  24.3  106 .8  

+3 .0  M urea  50.0  23 .5  81.2  

of SDS or urea. It is noteworthy that the periodate-oxidized enzyme was as 
stable as the native enzyme when no denaturing agent was added (Fig. 5). 

Kinetic analyses of thermal inactivation processes were done with both the 
native and periodate-oxidized enzymes in the absence and the presence of the 
denaturing agents. The inactivation was known to follow first-order reaction 
kinetics through about 70% of the total process. The rate constant, kd, of the 
process was determined at various temperatures, and the results are shown in 
Fig. 5 in the forms of the Arrhenius plots. Activation parameters for the ther- 
mal inactivation processes calculated are listed in Table V. It should be noted 
that  the enthalpy of activation decreased markedly when the denaturing agents 
were added, especially in the cases of the periodate-oxidized enzyme. The free 
energy of activation, in contrast, was found to be nearly constant in all cases. 
As a result, the entropy of activation was varied in accordance with the changes 
of the enthalpy. 

Differential scanning calorimetry. Fig. 6 shows typical thermograms for 
thermal denaturation of the native and the periodate-oxidized enzymes. The 
thermograms were nearly symmetrical with no detectable shoulders or minor 
peaks, indicating that  both samples were thermally homogeneous. In agreement 
with the results of thermal stability tests and the inactivation kinetics studies 
(Fig. 5), the periodate-oxidized enzyme was as stable as or even more stable 
than the native enzyme, since the peak temperature of the thermogram, Td, 
of the periodate-oxidized enzyme was slightly higher than that  of the native 
enzyme (Figs. 6 and 7). The denaturation temperature T~, was estimated 
to be 72.4°C for the native enzyme and that  of the periodate-oxidized en- 
zyme 72.8°C (Fig. 7). The enthalpy of denaturation, AHd, for the periodate- 
oxidized enzyme (459 kcal/mol) was virtually identical with that  of the native 
enzyme (445 kcal/mol). 

The molecular properties of the native and the periodate-oxidized enzymes 
obtained in the present paper are summarized in Table VI. 
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Fig.  6.  D i f f e r en t i a l  s cann ing  c a l o r i m e t r i c  t h e r m o g r a m s  fo r  t h e r m a l  d e n a t u r a t i o n  o f  the  na t ive  and the  

p e r i o d a t e - o x i d i z e d  e n z y m e s .  Curve  A:  the  na t ive  e n z y m e ,  7.1 m g ;  curve  B: the  p e r i o d a t e - o x i d i z e d  en- 

z y m e ,  7.2 mg .  H ea t i n g  r a t e :  5°C per  rain.  

Fig.  7. The  d e p e n d e n c e  of  the  p e a k  t e m p e r a t u r e  of  the  t h e r m o g r a m  on  the he a t i ng  rate .  The  nat ive  en- 

z y m e  : o : the  p e r i o d a t e - o x i d i z e d  enzy  me : e .  

T A B L E  VI  

M O L E C U L A R  P R O P E R T I E S  

O X I D A S E  S A M P L E S  

OF THE NATIVE AND T H E  P E R I O D A T E - O X I D I Z E D  G L U C O S E  

Nat ive  e n z y m e  P e r i o d a t e - o x i d i z e d  e n z y m e  

To ta l  c a r b o h y d r a t e  c o n t e n t  (%) 12.4  

Molecular  w e i g h t  153 000  
V/e 0 ( m o l / m i n  per  m o l )  * 20 200  

K m for  g lucose  ( m M )  26 

K m for  o x y g e n  ( m M )  0 .20  

s 2 0 , w  (S) 8 .06 
D20,  w (10  -7 c m  2 Is) 4 .94  

~ ( m t / g )  0 .727  

[~] ( m U g )  4.57 

S t o k e s  rad ius  (A) 42.7  

f / fo  1.21 
Axia l  ra t io  (a/b) ** 2 .50 
A c t i v a t i o n  e n e r g y  fo r  

t h e r m a l  i n a c t i v a t i o n  ( k c a l / m o l )  88.0  
D e n a t u r a t i o n  t e m p e r a t u r e  (o C) 72 .4  

E n t h a l p y  of  d e n a t u r a t i o n  ( k c a l / m o l )  445  

ca. 5 
150 000  

19 400  

28 

0 .18  

8 .37 

4 .74  

0 .721  

4 .63 

44 .5  
1 .20  
2 .40  

81.7  
72.8  

459 

* e0 :  to t a l  e n z y m e  c o n c e n t r a t i o n .  
** 0.3 g o f  b o u n d  w a t e r  pe r  g of  d ry  p r o t e i n  was  a s s u m e d .  
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Discussion 

The purposes of the present study were: (1) to investigate the gross structure 
of  the glucose oxidase molecule, since it seemingly had a randomly extended 
conformation in the major part of  the polypeptide chains (Fig. 1); (2) to eluci- 
date the possible roles of  the carbohydrate moiety of the glycoenzyme by com- 
paring various properties of  the periodate-oxidized enzyme with those of the 
native enzyme; and (3) to examine the effects of the periodate treatment on 
the properties of  the enzyme, since this t reatment  is usually used to delete the 
carbohydrate  moiety of glycoproteins without  necessary consideration of  
possible alterations in the stucture and properties of the protein moiety.  

On the bais of the hydrodynamic parameters obtained in the present study 
(Table VI), the size and shape of the glucose oxidase molecule can be depicted. 
The molecule has a value of  about  43 A for the Stokes radius with a frictional 
ratio of 1.21, which may correspond to an axial ratio (a/b, a >~ b) of 2.5/1 
assuming a prolate ellipsoidal form and 0.3 g of bound water per g of dry 
protein. These results may enable us to conclude that glucose oxidase is a 
slightly elongated globular protein with a rigid structure, but  not  a protein of  a 
disordered configuration. In favor of  this interpretation, no alteration was ob- 
served in the hydrodynamic parameters, such as diffusion coefficient and vis- 
cosity, upon addition of  neutral salt (0.1--0.3 M NaC1). This would give rise to 
such an alteration by weakening the intrapeptide ionic interactions in the case 
of  a disordered polypeptide.  

The size and shape of  the periodate-oxidized enzyme were revealed to be 
essentially the same as those of the native enzyme (Table VI). The catalytic 
properties, immunological reactivities, and the secondary and quaternary 
structures of the enzyme were also not  significantly altered by the periodate 
treatment.  Furthermore,  when denaturing agents were absent, the thermal 
stability, the denaturation temperature and the enthalpy of  denaturation of  the 
periodate-oxidized enzyme were much the same as those of  the native enzyme. 
Accordingly, the protein moiety of the enzyme remained practically intact 
throughout  the periodate treatment,  although minor modifications were detect- 
able in the amino acid composit ion (Table IV) and in the absorption spectrum. 
At the same time, it is relevant to conclude that the carbohydrate  moiety of 
this enzyme does not  participate directly in the catalytic activity, in the 
immunological reactivity, or in maintaining the spatial configuration of the 
enzyme molecule. 

The only remarkable alteration brought about  by the periodate t reatment  
was the reduced thermal stability of  the enzyme in the presence of the denatur- 
ing agents, SDS and urea. This alteration was quantitatively reflected in the 
values of the activation parameters, especially in those of  the entropy of  activa- 
tion (Table V). A decrease of  this value might in general be ascribed to a less- 
ordered state of  the protein structure as compared with a standard state. There- 
fore, the notable decrease observed with the periodate-oxidized enzyme implies 
that  the protein moiety of the periodate-oxidized enzyme may easily take a 
somewhat  disordered conformation in the presence of the denaturing agents. 
Since the protein moiety of  the periodate-oxidized enzyme was kept practically 
intact, the reduction of  the thermal stability is ascribed to the removal of  the 
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carbohydrate moiety. Accordingly, a protective effect of the carbohydrate 
moiety can be postulated, which contributes to an increase in the stability of 
the protein moiety when the denaturing agents are present. 

Although glucose oxidase, as elucidated in the present study, is a globular 
protein, the enthalpy of denaturation, AHd, was found to be unusually low 
compared with those of other globular proteins. Specific enthalpies of denatu- 
ration have been reported to be 4.6 cal/g for avidin [28], 3.7--5.7 cal/g for 
chymotrypsinogen [29,30], 3.8--4.2 cal/g for conalbumin [31], 4.8--6.5 cal/g 
for ribonuclease [28], 8.2 cal/g for ~-trypsin [23] and 8.8 cal/g for lysozyme 
[28]. In contrast, the value for glucose oxidase, calculated on the basis of a 
molecular weight of 153 000, was only 2.9 cal/g. This low value may possibly 
be attributed, at least in part, to the low content of the ordered secondary pro- 
tein structure of this enzyme. Further studies are in progress. 
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