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I. Carbohydrate oxidase, an enzyme which catalyzes the oxidation of D-glucose, 
D-xylose, L-sorbose and 6-gluconolactone, thereby liberating H202, was isolated from 
the mycelium of the Basidiomycete Polyporus obtusus. 

2. The enzyme was purified by fractional precipitation with polyethylene glycol 
and by acid precipitation. 

3. Data are presented which indicate that the one enzyme acts upon all four of 
the carbohydrate substrates. 

INTRODUCTION 

Our laboratories have been engaged in the study of antitumor agents produced 
in laboratory cultures by the Basidiomycetes 1-3. During the investigation of one of 
these agents for possible inhibitory action upon glucose uptake by ascites cells, an 
anomaly was noted. The results obtained by a reduction method for glucose were 
different from those obtained by the enzymic method using glucose oxidase (EC I. 1.3.4). 
The discrepancy was traced to the presence of H202, which was formed when the 
ascites cells were being incubated with glucose and crude fractions of the Basidio- 
mycete. The source of the H202 was subsequently found to be a reaction catalyzed by 
a glucose-oxidizing enzyme present in the mycelial fractions. Since the specificity, 
reaction products, and electrophoretic properties of this enzyme were different from 
those of known glucose oxidases, we isolated it to study some of its properties. The 
enzyme was originally discovered in the mycelium of an alcohol oxidase-producing 
Basidiomycete 4,5. Later, it was isolated from the mycelium of Polyporus obtusus, since 
this organism proved to be a better and more reliable producer. The present publication 
describes the production and purification of the enzyme. A following paper 6 will 
describe the specificity and nature of the oxidation reaction and the identification of 
the oxidation products. The enzyme will be called carbohydrate oxidase since it 
attacks several substrates belonging to different classes of carbohydrates. 

* This paper  is dedicated to the memory  of RICHARD KUHN. 

Biochim. Biophys. Acta, 167 (1968) 493-500 



494 H . W .  R U E L I U S ,  R. M. K E R W I N ,  F. W. J A N S S E N  

M A T E R I A L S  A N D  M E T H O D S  

Polyethylene glycol 6000. This mater ia l ,  molecular  weight  6ooo 75oo, was ob- 
t a ined  from J. T. Baker  Chemical  Co.. Phi l l ipsburg,  N..]. I t  was pulver ized in a ball  
mill  before use. 

Peroxidase. Horserad ish  peroxidase  (EC 1.11.1.7), 4o0 uni ts / rag,  was purchased  
from W o r t h i n g t o n  Biochen~ical Corp., Freehold ,  N.J .  A o. I °, o s tock solut ion in dis t i l led 
wa te r  was p repared  and s tored  at  4" under  toluene unt i l  needed.  The solut ion is s table  
for at  least  one month .  

o-Dianisidine dihs, drochloride (3,3-dimethoxvbe~zzidine dihydrochloride). This 
ma te r i a l  was purchased  f rom E a s t m a n  Organic Chemical ,  Rochester ,  N.Y. A i'I.~, 
s tock solut ion was p repa red  in o.25 M HC1. The solution was s tored  in the  clark at  4 °. 
I t  is s table  for a t  least  one month .  

D-Glucose. A stock solut ion of IO g of/3-t)-glucopyran()se dissolved in IOO ml 
wate r  was p repared .  I t  was s tored  for a t  least  24 h before use (equil ibr ium mixture) .  

Pero?cidase dianisidi~e reagent. To 79 ml dis t i l led wate r  was added  IO.O ml of 
o.5 M sodimn phospha te  (pH 7.0), IO.O ml peroxidase  s tock solut ion and i .o  ml of 
d ianis idine  s tock solution.  This reagent  was p repared  fresh dai ly.  For  some exper imen t s  
a more concen t ra ted  reagent  was needed.  This  was p repared  in the  same way,  except  
t h a t  less wa te r  was added.  

Glucose peroxidase dianisidine reagent. This reagent  was freshly p repa red  as 
descr ibed for the  pe rox idase -d ian i s id ine  reagent ,  except  t h a t  IO ml of D-glucose s tock 
solut ion replaced  IO ml of H20. 

All o ther  reagents  were ob ta ined  in the  highest  p u r i t y  avai lab le  from commercia l  
sources. 

Cultt.~re for production of carboha, drate oxidase. The cul ture  which produces  the  
enzyme is a s t ra in  of Polyporus obtusus ob ta ined  from the Fores t  Research Ins t i tu t e ,  
Dehradum,  India .  I t  was ma in ta ined  on mal t  agar  s lants  at  2 5 .  Inoculum was ob 
t a ined  by  a 7 -day  incuba t ion  of the  cells from one s lant  in IOO ml of soy -pep tone -  

glucose medium.  
Medium for prod~ction of carbohydrate oxidase. 2o g Cerelose (Corn Produc t s  Co., 

Argo, Ill.), 2o g NZ Amine  E T  (Sheftieid Chemical  Co., Norwich,  N.Y.) and  I g KH2PO ~ 
were added  to I 1 t a p  water .  The med ium was ad jus t ed  to  p H  6, 5 and au toc laved  

15 rain at  I 2 I  °. 

Assay of carbohydrate oxidase activity. The enzyme was assayed b y  measur ing  
the  H202 produced  in the  following sys tem : a l iquots  (~.o ml) of app rop r i a t e ly  d i lu ted  
enzyme solut ion were dispensed in dupl ica te  test  tubes  which were then p laced  in a 
25 ° wate r  ba th .  At  zero t ime,  4.o ml g lucose -pe rox idase -d ian i s id ine  reagent  at  25 ~' 
was added.  The react ion was t e r m i n a t e d  af ter  5 rain b y  add i t ion  of o.2 ml of 4.o M HC1. 
The color p roduced  was read  in a K l e t t - S u m m e r s o n  photoelec t r ic  color imeter  f i t ted 
with a No. 42 filter. The read ing  was correc ted  b y  sub t rac t ing  the value  for a b l ank  
conta in ing  the enzyme and reagent  wi thou t  the  glucose. The  amoun t  of H202 p roduced  
was de te rmined  by  compar ison  wi th  s t a n d a r d  H202 solut ions t r ea t ed  in the  same way.  
A uni t  was defined as the  amoun t  of enzyme tha t  produces  I / , m o l e  H,,O2/min in this  
system.  Specific ac t i v i t y  was defined as the  number  of uni t s /mg protein.  The pro te in  
concent ra t ion  of enzyme fract ions was measured  b y  the me thod  of LOWRY et al. 7 
except  in the  po lye thy lene  glycol  pur i f icat ion exper iments  where i t  was der ived  from 
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the nitrogen content by  multiplying the latter by 6.25. This was necessary because 
polyethylene glycol interferes with the protein determination by  the LOWRY method. 
Nitrogen was determined by  the micro-Kjeldahl method of MINARI AND ZILVERSMIT s. 
In some experiments, fractions were assayed for activity upon I)-xylose, L-sorbose 
and 6-gluconolactone, which are also substrates for the enzyme e. These assays were 
carried out as described for glucose, except that  equivalent amounts of the desired 
substrate were substituted for glucose in the reagent. 

Production of carbohydrate oxidase. The enzyme was produced in the mycelium 
of Polyporus obtusus during the growth of that  organism. When optimum enzyme levels 
were obtained, the mycelium was collected by filtration on a coarse filter paper sup- 
ported on a Btichner funnel by  a fiberglass screen 9. The mycelium was then washed 
with water and stored frozen until needed. 

Extraction and purification. The frozen mycelium was homogenized in a Waring 
blendor with 0.05 M sodium phosphate (pH 7.0) (7.5 ml/g wet mycelium). The homo- 
genate was maintained below room temperature by  cooling in an ice bath between 
each of three 3-rain homogenization periods. Centrifugation of the homogenate at 
51oo x g for 20 rain yielded a turbid supernatant which contained the enzyme. All 
subsequent operations were carried out at room temperature. 

First polyethylene glycol precipitation. To 290 ml of supernatant,  65.2 g of poly- 
ethylene glycol was added slowly while mixing on a magnetic stirrer. The final po- 
lyethylene glycol concentration was 19% (w/v). The suspension was allowed to 
stand for 3 ° min and was then centrifuged at 7000 × g for 20 min. The sediment 
(Fraction I) was dissolved in 30 ml of 0.2 M NaC1 in 0.05 M sodium phosphate (pH 
7.0). The insoluble material remaining after 30 min was removed by  centrifugation at 
33 ooo × g. 

Second polyethylene glycol precipitation. To 30.5 ml of yellow amber supernatant 
(Fraction 2), 3.36 g ( I I  ~o w/v) polyethylene glycol was added while stirring. 30 rain 
after the addition of polyethylene glycol the resulting suspension was centrifuged at 
io 300 x g for 20 rain. The yellow precipitate was dissolved in 25 ml of 0.05 M sodium 
phosphate (pH 7.o), resulting in an opalescent solution. Centrifugation of the solution 
at 33 ooo × g yielded a clear yellow supernatant (Fraction 3). 

Third polyethylene glycol precipitation. To 23 ml of Fraction 3, 2.53 g ( I I  % w/v) 
of polyethylene glycol was added slowly while stirring, producing a copious yellow 
precipitate (Fraction 4). The precipitate was allowed to stand for 30 rain, then was 
recovered by centrifugation at IO 300 × g for 20 min. Fraction 4 was dissolved in 5.0 ml 
of 0.05 sodium phosphate (pH 7.0) and stored at 4 °. 

Acid precipitation of carbohydrate oxidase. The mycelium was extracted as 
described for polyethylene glycol fractionation, except that  o.oi M sodium phosphate 
buffer (pH 8.0) was used. The homogenate was readjusted to pH 8.0 with I.O M NaOH 
before centrifugation. The extract was cooled in an ice bath and adjusted to pH 4.7 
with i.o M acetic acid, resulting in the immediate formation of a flocculent precipitate. 
The suspension was kept in an ice bath  for 30 rain and then centrifuged at 18 4oo × g. 
The precipitate (Fraction a) was suspended in 20 ml of o.34 M NaC1 in o.I M sodium 
phosphate (pH 8.o) and stored in an ice bath for I h. Centrifugation at 41 ooo × g for 
2o rain yielded a heavy sediment (which was discarded) and a slightly turbid, light 
amber supernatant (Fraction b). The supernatant (19.o ml) was dialyzed overnight 
at 5 ° against I 1 of o.oi M sodium phosphate (pH 7.o) and centrifuged at 41 ooo × g. 

Biochim. Biophys. Acta, 167 (I968) 493-500 
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Adjustment of the clear supernatant to pH 4.7 with I.O M acetic acid resulted in the 
immediate formation of a flocculent yellow precipitate. The suspension was allowed 
to stand for 9 ° rain at o ° and was then centrifuged at 2o ooo × g for 2o rain. The 
sediment (Fraction c) was dissolved in IO ml of o.oi M potassium phosphate (pH 7.o). 
The slightly turbid solution was dialyzed for 4 h against the same buffer. The bag 
contents were then centrifuged at 41 ooo × g for 2o rain, yielding a clear supernatant 
(Fraction d). 

Electrophoresis on cellulose acetate. 2 #1 aliquots of acid purified carbohydrate 
oxidase were applied to buffer-moistened Sepraphore I l l  strips (i inch x 6.75 inch, 
Gelman Instrument Co., Ann Arbor, Mich.). Electrophoresis was carried out at 25o V 
for 3 ° min. The strips were blotted lightly and placed on reagent agar to which the 
appropriate substrate and peroxidase-dianisidine had been added just before solidi- 
fication. 

RESULTS 

Production of carbohydrate oxidase 
The maximum enzyme production was about 0.8 unit/ml, and this level was 

achieved in 7 to IO days. The results of a typical experiment are summarized in Fig. ~. 
The peak enzyme production coincided with a decrease in residual glucose and an 
increase in pH. Several days after maximum enzyme production was reached, lysis of 
mycelium occurred and the enzyme levels dropped sharply. 
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Fig. i. P roduc t ion  of c a r b o h y d r a t e  oxidase.  For th is  purpose,  5oo ml e r l enmeyer  flasks con- 
t a i n i n g  15o ml of m e d i u m  were inocu la ted  wi th  5 ml of a 7-day cul ture .  The flasks were t h e n  in- 
c u b a t e d  a t  25 ° on a r ec ip roca t ing  shake r  a t  9o s t rokes / ra in  (4 inch/s t roke) .  After  the  four th  day,  
a myce l i a l  e x t r a c t  was  p repared  da i ly  by  homogen iz ing  the  m y c e l i u m  f rom one f lask in 15o ml 
of o.o 5 M sod ium p h o s p h a t e  (pH 6.8) for 5 rain in a W a r i n g  blendor.  The fi l tered myce! ia l  ex- 
t r a c t  was  assayed  for c a r b o h y d r a t e  ox idase  as descr ibed in  the  t ex t ,  excep t  t h a t  the  reac t ion  
t ime  was 3 ° rain i n s t ead  of 5- The res idua l  r educ ing  sugar  of the  f i l tered b ro th  was  mon i to r ed  by  
the  m e t h o d  of JOHNSON 1°. The p H  of the  b ro th  was also de t e rmined  dai ly.  ( - O ,  c a r b o h y d r a t e  
ox idase  a c t i v i t y ;  O--11, p H ;  × - - x ,  glucose. 

Polyethylene glycol purification of carbohydrate oxidase 
Table I summarizes the polyethylene glycol purification of carbohydrate oxidase. 

The enzyme was purified about I7-fold with an overall recovery of 530/0 . Comparison 
of the activity of the fractions against D-glucose, D-xylose, L-sorbose and 6-glucono- 
laetone shows that no fractionation into separate entities occurred during this puri- 
fication. 

Bmckim. Biophrs. ,4eta, lO 7 (1968) 493-5oo 
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"I':\B1A~ I [  

t ~ U R I I Z I C A T I O N  O F  C A R H O H Y I ) I / X T E  O X I I ) A S E  H Y  \ C I D  I ' R P ~ C I P I T ~ U I O N  

F r a c t i o n a l  p r e c i p i t a t i o n  wi th  ace t i c  ac id  a t  p H  4.7 is d e s c r i b e d  in t h e  t ex t .  T h e  a c t i v i t y  ¢~f t h e  
f r a c t i o n s  w a s  a s s a y e d  ay, a i n s t  D-glucose,  ~)-xylose, L-sorbose  a n d  f i -g lucono lac tone ,  a lso as des-  
c r i b e d  in t h e  t e x t .  P r o t e i n  wa s  d e t e r m i n e d  b y  t h e  m e t h o d  of  I~O\VRY et al.L T h e  g lucose  r a t i o  is 
de f ined  in T a b l e  t. 

l:~z~vme.frozctl;o~ D-(;l~fco.~ l)-A'vlose 1..S'or/)os~' (;h,(~lm/ac/oHe 

H~O.21~g ft2021mg ;'ati, H20~lmg ra/i~ HJ)~/m~, rat/,  

C r u d e  e x t r a c t  o.88 o.34 o.30 o.57 o.t~ t o. E 7 o.-(~ 
F r a c t i o n  b 5.25 _,.o 4 o.30 3.(~ o.nS o.73 n. i t 
F r a c t i o n  d S.~ 4 3.4 o.4o u.o3 o. 7 ° i .o [ o. t _, 

Acid  precipitatio~z 
Fractionation of carbohydrate oxidase by acid precipitation gave about a 

,o-fold increase in purity. Table I I  presents a comparison of the activity of various 
acid precipitated fractions against ])-glucose, 1)-xylose, L-sorbose and &gluconolactone. 
Except  for the glueonolactone oxidizing activity of the crude extract, the glucose 
ratios are reasonably constant throughout the fractionation. The glucose ratios for 
o-xylose and L-sorbose are approximately, the same as those presented in Table I. 
However, for &gluconolactone the ratio is considerably lower than in Table I where 
a freshly prepared solution of &glueonolactone was used rather than the aged solutions 
in Table II .  With aged solutions of &gluconolactone and polyethylene glycol purified 
carbohydrate oxidase a glucose ratio identical with that  reported for acid purified 
carbohydrate oxidase was found (cf. Table I, ref. 6). The reason for this discrepancy 
is probably the rapid conversion of the &lactone to y-lactone and gluconate in buffered 
solutions 1~. 

Carbohydrate oxidase has a broad pH optimum of 6.o to 8.o. I t  is stable for at 
least I h at 25 ~' over a pH range of 4.o~ 9.o. Electrophoresis of carbohydrate oxidase 
on cellulose acetate yielded diffuse zones when the strips were tested for enzyme 
activity against reagent agars containing one of the four substrates; o-glucose, 1)- 
xylose, L-sorbose and &gluconolactone. The active zone migrated about I cm toward 
the anode in Tris barbital buffer (Gehnan pH 8.8). The active zone was about Lo cm 
toward the cathode in strips which were run in o.o2 M sodium acetate buffer (pH 5.2). 
There was no evidence of separation of activities under either condition. Under the 
same conditions carbohydrate oxidase could be clearly distinguished from glucose 
oxidase. 

DISCUSSION 

Protein fractionation using polyethylene glycol was first described by POLSON 
et al. 12 who used this technique to prepare electrophoretically pure y-globulin and 
fibrinogen from plasma. In a recent study '5 we used polyethylene glycol for the crystal- 
lization of alcohol oxidase, another enzyme from a Basidiomycete. Polyethylene glycol 
also proved to be a convenient and effective agent for the purification of carbohydrate 
oxidase. 

I¢iockim. Bioflk,v,..:to/a, ~,7 (lO<~S) 493 5 <~° 
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A I7-fold increase in specific activity was achieved in only 3 steps. This compares 
with a 3o-fold purification leading to a crystalline preparation in the case of alcohol 
oxidase 5. Although the polyethylene glycol purified carbohydrate oxidase was not 
crystalline it was clear yellow in color and of sufficient puri ty to be used for the investi- 
gation of the oxidation products which is described in the following paper s . 

One of the objectives of the present study was to determine whether more than 
one enzyme is involved in the oxidation of D-glucose, D-xylose, L-sorbose and d- 
gluconolactone. For this reason several a t tempts  were made to fractionate carbo- 
hydrate oxidase into separate activities. Fractional precipitation with acetic acid, 
chromatography on DEAE-cellulose and hydroxyapati te  as well as electrophoresis on 
cellulose acetate strips were studied in addition to the polyethylene glycol fractionation. 
No separation of activities was noted on either polyethylene glycol fractionation or 
acid precipitation : the glucose ratios remained practically constant over a I7-fold and 
a io-fold purification, respectively. The glucose ratios are also almost identical in both 
purification schemes with the exception noted above. Carbohydrate oxidase was not 
adsorbed to DEAE-cellulose at pH 7.0 and 7.7. Carbohydrate oxidase was adsorbed 
on hydroxyapati te  at pH 7.0 and eluted with a concentration gradient of phosphate 
buffers at  the same pH. In all eluate fractions identical glucose ratios were found, 
however, little further purification of acid purified enzyme was achieved. Electro- 
phoresis of carbohydrate oxidase on cellulose acetate strips showed no separation of 
activities. Thus the evidence suggests that  the oxidation of D-glucose, D-xylose, L- 
sorbose and 6-gluconolactone is catalyzed by  a single enzyme. While such a low degree 
of specificity appears unusual, a subsequent paper s will point out the close stereo- 
chemical relationship between all four of these substrates and that  all four are oxidized 
at the same position. Additional evidence for the action of a single enzyme is the 
inhibition of gluconolactone oxidation by D-glucose, D-xylose and L-sorbose, also to 
be reported in the following paper. 

While little is known about the distribution of the enzyme, it is found in at least 
two Basidiomycetes, i.e. in Polyporus obtusus and in an unnamed alcohol oxidase- 
producing species4, s. 
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