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SUMMARY 

Hexose oxidase D-hexose:O~ oxidoreductase, EC 1.1.3.5) from the red alga 
Chondrus crispus has been purified by  a procedure involving extraction with 0.I M 
sodium phosphate (pH 6.8), n-butanol t reatment,  (NH4)2SO 4 precipitation, DEAE- 
cellulose chromatography, pepsin-trypsin digestion, and gel filtration on Sephadex 
G-20o. The purified enzyme shows only a single band on disc gel electrophoresis. The 
enzyme has a tool. wt of 130 0oo as determined by gel filtration and contains ap- 
proximately 12 gram-atoms of copper per mole. FAD was not detected in the enzyme. 
The enzyme is a glycoprotein containing about 70% of a carbohydrate moiety con- 
sisting mainly of galactose and xylose. Opt imum temperature and pH of the enzyme 
are 25 °C and 6.3, respectively. The enzyme oxidizes D-glucose, D-galactose, maltose, 
cellobiose, and lactose. The products of hexose oxidation are H202 and hexonolactone. 
The enzyme is strongly inhibited by  diethyldithiocarbamate and to a less extent by 
cyanide, azide, hydroxylamine, and acetate. The production of H202 by the enzyme 
is responsible for the toxicity of Chondrus crispus to Chlorella. The red alga Eughora 
cristata also appears to contain this enzyme. 

INTRODUCTION 

I t  was previously found that  two red algae, Chondrus crispus and Euthora 
cristata which occur off the New England Coast, inhibit the growth of the green alga 
Chlorella pyrenoidosa 1. This inhibition of growth has been found to be due to H202 
produced by the action of a hexose oxidase in the red algae on glucose in the Chlorella 
growth medium. The properties of this oxidase appear to be very similar to the D- 
hexose:O~ oxidoreductase (EC 1.1.3.5) reported in the red alga Iridophycus flacci- 
dum ~. Both oxidases can utilize a variety of substrates which include D-glucose, D- 
galactose, maltose, lactose and cellobiose. This wide range of substrate specificity 
clearly distinguishes these algal enzymes from glucose oxidase (EC 1.1.3.4). Preli- 
minary studies indicate that  Euthora cristata also contains a hexose oxidase. Chondrus 
and Iridophycus are closely related taxonomically and both genera are classified in 
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the family Gigartinaceae of the order Gigartinales. The presence of similar enzymes 
would, therefore, not be surprising. Euthora, however, is classified into a different 
order, Cryptonemiales, of the red algae. Gigartina stellata does not inhibit Chlorella 
and would therefore appear not to contain this enzyme. 

In this paper we wish to report on the purification of the hexose oxidase from 
Chondrus crispus and some of the characteristics of the enzyme. 

METHODS AND MATERIALS 

Materials 
The following were obtained from commercial sources: Sephadex G-2oo (Phar- 

macia Fine Chemicals); Wha tman  DE 52 DEAE-Cellulose (Reeve Angel); pepsin 
and trypsin (Nutritional Biochemicals) ; Aspergillus niger glucose oxidase (IlOO units 
per ml), o-dianisidine.2HC1, and peroxidase (Sigma Chemical). Standards for gel 
filtration included ribonuclease (Nutritional Biochemicals), and myoglobin, chymo- 
trypsinogen, ovalbumin, albumin, y-globulin, apoferritin (Schwarz/Mann). The other 
chemicals used were of reagent grade. 

Methods 
Protein was determined by the method of Lowry et al. 3 using bovine serum al- 

bumin as the standard. Carbohydrate was determined by the anthrone method4, ~ 
using D-galactose as the standard. 

Copper was determined by atomic absorption spectroscopy and the dithizone 
method 6,7. The determinations were made on lyophilized samples (approx. IO rag) 
which had been wet ashed with a 3.5-ml mixture containing 3 ml HNO~ and 0.5 ml 
35% HC104 and then neutralized with NH4OH ~. 

Disc gel electrophoreses were run on standard gels (7%) at 5 °C and 2 mA per 
tube, using a Tris-barbital  buffer (pH 7.0) with a running pH of 8.0 as described by 
Williams and Reisfeld s. Gels were stained with Coomassie blue (0.25% in methanol-  
water-acetic acid; 5:5:1, by vol.) and destained electrophoretieally with a Canalco 
gel destainer using 7% acetic acid. 

Assay of hexose oxidase 
The procedure used for the assay of the Chondrus enzyme was based on methods 

given for the assay of glucose oxidase% 1°. The assay mixture consisted of the follow- 
ing: 1. 5 ml glucose (o.i M in o.i M sodium phosphate, pH 6.3), 1.2 ml sodium phos- 
phate buffer (pH 6.3), o.I ml o-dianisidine. 2HC1 (3.0 mg/ml in water), o.I ml peroxi- 
dase (o.I mg/ml in sodium phosphate buffer), and o.I ml enzyme solution. The mix- 
ture was incubated at 25 °C for 15 min, the reaction stopped by adding I drop of 
conc. HC1, and the absorbance read at 402 nm. A standard curve was constructed 
using varying concentrations of H202 (0-3.0 #g/ml) in place of the enzyme solution. 
One enzyme unit was defined as that  amount of enzyme which catalyzes the produc- 
tion of IO -~ pmole H202 per rain at 25 °C, pH 6.3, and at a substrate concentration of 
0.05 M. 

Chlorella assay 
Chlorella assays were carried out using Chlorella pyrenoidosa (UNH strain) 
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and buffered agar plates as previously described 1. Approximately 20 #~ of test solu- 
tion were applied to 0.25 inch sterile paper disks (Difco) and the disks placed on the 
Chlorella-seeded agar surface. After several days exposure to continuous fluorescent 
lighting, zones of inhibition appeared as colorless areas against a surrounding green 
background. 

Collection, drying, and grinding of Chondrus crispus 
Chondrus crispus was collected year-round in the inter-tidal zone at Rye Beach, 

New Hampshire. Freshly collected fronds were taken to the laboratory as soon as 
possible, where they were washed with cold tap water, blotted, and set out to air- 
dry at room temperature for several days. Air-dried fronds were ground to a powder 
(No. 16 mesh) in a Wiley Mill and stored in a freezer prior to extraction. 

Extraction of Chondrus crispus 
To a ioo-g sample of air-dried ground Chondrus crispus fronds was added IOOO 

ml of o.I M sodium phosphate buffer (pH 6.8). The mixture was kept at 5 °C for 1-2 
days, during which time it was shaken periodically by hand. The mixture was then 
filtered through cheesecloth using gentle suction, the filtrate being collected in an ice- 
cooled flask. The residue, although still containing some activity, was discarded. The 
extract was further clarified by centrifugation at 20 ooo X g for 30 min to give a 
bright red-orange supernatant. 

Purification of the Chondrus crispus enzyme 
All steps during purification were carried out at o-5 °C unless otherwise stated. 
Step I. n-Butanol extraction. The 20 ooo × g supernatant was mixed with an 

equal volume of n-butanol. The mixture was allowed to stand for several min, then 
centrifuged at IO ooo × g for 30 min. This treatment, as described by Leibo and 
Jones n, caused the deposition of unwanted photosynthetic pigment phycocyanin at 
the interface. The aqueous phase, red-orange in color due to the presence of phyco- 
erythrin, was removed and the butanol fraction discarded. 

Step 2. (NH4)2S04 precipitation. To the butanol-treated extract solid (NH4)2SO4 
at 45 g/Ioo ml was added slowly with shaking. After standing for several hours the 
mixture was centrifuged at 12 ooo × g for 20 min. The precipitate was dissolved with 
stirring in 5o-Ioo ml of o.oi M sodium phosphate buffer (pH 6.8). This solution was 
transferred to dialysis tubing and dialyzed against a minimum of four 2-1 changes of 
distilled water over a period of 2-3 days. Insoluble material in the retentate was re- 
moved by centrifugation at IO ooo × g for IO min and to the supernatant sufficient 
sodium phosphate was added to make the solution o.I M (pH 6.8). 

Step 3. DEAE-cellulose chromatography. A DEAE-cellulose column (1.5 cm x 
12 cm) was prepared using IO g of Whatman DE 52 ion-exchange cellulose and 
equilibrated with o.I M sodium phosphate (pH 6.8). The sample, in the same buffer, 
was placed on the column and the column washed with 500 ml of the same buffer. 
The enzyme was eluted from the column with the same buffer containing 0.3 M NaC1. 
Fractions from the DE-52 column (Fig. I) showing activity in the Chlorella assay 
were pooled and dialyzed overnight against several changes of distilled water. 

Step 4. Pepsin-trypsin treatment. The retentate was adjusted to pH 3.5 with 
dilute HC1 (final volume approx. 80 ml), 20 mg pepsin (3 times crystallized) added, 
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Fig .  i .  D E A E - c e l l u l o s e  c h r o m a t o g r a p h y  o f  Chondrus h e x o s e  o x i d a s e .  S a m p l e  v o l u m e  w a s  a b o u t  
5 0 0  ml .  B u f f e r  A, o . i  M s o d i u m  p h o s p h a t e  ( p H  6.8) ; B u f f e r  ]3, w a s  c o m p o s e d  o f  B u f f e r  A c o n t a i n -  
i n g  0. 3 M NaC1.  F r a c t i o n  v o l u m e  w a s  3 - 4  m l  w i t h  a f l ow  r a t e  o f  1 5 - 2 o  m l / h  f o r  a 1. 5 c m  x 12 c m  
c o l u m n .  N e t  i n h i b i t i o n  z o n e  = t o t a l  z o n e  d i a m e t e r  minus  d i s k  d i a m e t e r .  

and the mixture incubated at 37 °C with shaking for 5 h. The reaction was stopped 
by adjusting the pH to 6.8 with dilute NaOH. Sodium phosphate was added to make 
the digest o.oi M (pH 6.8) with respect to phosphate. The mixture was treated with 
20 mg trypsin (2 times crystallized) for 5 h with shaking at 37 °C, and the digest 
then freeze-dried. 

Step 5. Gel filtration. The freeze-dried digest was suspended in 3 ml of distilled 
water and applied to a column (2.5 cm x 96 cm) of Sephadex G-2oo and the column 
developed with o.I M sodium phosphate (pH 6.8). Fractions showing activity in the 
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F ig .  2. Ge l  f i l t r a t i o n  o f  Chondrus h e x o s e  o x i d a s e  o n  S e p h a d e x  G - 2 o o .  Vo, v o i d  v o l u m e  d e t e r m i n e d  
w i t h  b l u e  d e x t r a n .  E l u a n t  w a s  o . i  M s o d i u m  p h o s p h a t e  ( p H  6.8) .  F r a c t i o n  v o l u m e  w a s  3 - 4  m ]  
w i t h  a f low r a t e  o f  l O - 1 2  m l / h  f o r  a 2. 5 c m  × 9 6  c m  c o l u m n .  



HEXOSE OXlDASE FROM RED ALGA 15 

Chlorella assay (Fig. 2) were pooled, dialyzed extensively against 2-i changes of dis- 
tilled water, and freeze-dried. 

RESULTS 

Purification of Chondrus hexose oxidase 
The procedure described for the purification of hexose oxidase from Chondrus 

crispus has purified the enzyme II7-fold with a recovery of 11% of the activity (Table 
I). Approximately IO mg of purified enzyme were obtained from ioo g of air-dried 

T A B L E  I 

P U R I F I C A T I O N  OF H E X O S E  O X I D A S E  F R O M  Chondrus crispus 

Stage of purification Volume Total Total Total Spec. act. Yield 
(ml) protein carbohydrate activity (units/rag (%) 

(mg) (mg) (units) protein) 

2o ooo × g 
supernatant 69o 2277 552o 81 42o 35 ioo 

(NH4)2SO 4 ppt. 425 468 527 69 7oo 149 85 
DEAE-cellulose 84 76 29 49 34 ° 650 66 
Sephadex G-2oo 59 2 7 8 19o 4095 ii 

ground fronds. Disc gel electrophoresis of the purified enzyme showed only a single 
band staining with Coomassie blue (Fig. 3). The Chondrus enzyme was not affected 
by the pepsin-trypsin digestion as shown by no loss in biological activity in the 
Chlorella assay and no alteration in molecular size when examined by gel filtration on 
Sephadex G-200. This digestion step was necessary in order to remove the red pig- 
ment phycoerythrin which otherwise persisted as an impurity in the enzyme prepa- 
ration. 

Composition and molecular weight of Chondrus hexose oxidase 
The enzyme showed a carbohydrate content of approximately 70% by the 

anthrone method using D-galactose as standard and 20% protein by the method of 
Lowry et al. ~ based on bovine serum albumin. Moisture may account for approx. 
10% of the weight of the lyophilized enzyme. The carbohydrate composition of Chon- 
drus hexose oxidase was determined on a i-mg sample of enzyme which was hydro- 
lyzed with i ml of i M H2SO 4 for 4 h in a boiling water bath. Solid BaC03 was added 
to the hydrolysate until the pH was approx. 5 and the mixture was then centrifuged. 
The supernatant solution and washings from the BaS04 precipitate were combined 
and concentrated, and the concentrate was chromatographed along with known sugars 
on Whatman No. I paper in the following systems: n-butanol-ethanol-water (2 :I :I, 
by vol@, benzene-n-butanol-pyr id ine-water  (1:5:3:3, by vol.)% n-butanol- 
pyridine-water (45:25:4 o, by vol.) 12, and ethyl acetate-pyridine-wat er(2 :I :2, by 
vol.) 12. The chromatograms were sprayed with either aniline hydrogen phthalate or 
aniline hydrogen oxalate 13. Galactose and xylose were identified as the principal 
sugars in the Chondrus enzyme. Galactose appeared to be the predominant sugar, be- 
cause, based on a galactose standard, the carbohydrate content of the enzyme was 
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Fig. 3. Disc gel electrophoresis of purified Cho~,drus hexose oxidase. 

estinlated at 7O~o, whereas, based on a xylose standard, the carbohydrate content 
calculated out as I I 5 % ,  due to a lower color yield from xylose. The amino acid 
composition was determined with a Spinco Amino Acid Analyzer on a 4.7-mg sample 
of enzyme which had been hydrolyzed in 6 M HC1 at IiO °C for 24 h (Table II). I t  
appeared rich in aspartic acid, threonine, serine, glutamic acid, glycine, alanine, and 
valine, and low in the basic amino acids (lysine, histidine, arginine), the sulfur-con- 
taining amino acids (cysteine, methionine), and the aromatic amino acids (tyrosine, 
phenylalanine). Tryptophan was not determined. Without corrections for loss or de- 
gradation, the total  weight of amino acids was calculated from the analysis to be 6o 5 
/~g or approx. 13% of the sample weight which showed agreement with the low value 
from the determination by the method of Lowry et al. a. 

The glycoprotein nature of Chondrus hexose oxidase was further demonstrated 
by staining with Alcian Blue following cellulose acetate electrophoresis 14. By this 
procedure both the Chondrus enzyme and glucose oxidase showed a blue band against 
a pale blue background. Sections from an unstained cellulose acetate strip coinciding 
with the stained band were excised and placed in the o-dianisidine-peroxidase mix- 
ture (see Methods and Materials). The rapid formation of a yellow-orange color 
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T A B L E  I I  

A M I N O  A C I D  C O M P O S I T I O N  O F  Chondrus 

Amino acid ,umole/mg enzyme 

H E X O S E  O X I D A S E  

Molar ratio* 

L y s i n e  0 . 0 4 4 7  5 
H i s t i d i n e  0 . 0 0 8 3  I 
A m m o n i a  - -  
A r g i n i n e  0 . o 2 4 7  3 
A s p a r t i c  a c i d  o. 1689  2o 
T h r e o n i n e  0 .0851  I o 
S e r i n e  o . 1 2 2 3  14 
G l u t a m i c  a c i d  o . 1 6 4 7  20  
P r o l i n e  o . o 7 2 3  9 
G l y c i n e  o. I 4 8 3  18 
A l a n i n e  o .  i 1 4  ° 1 4  

H a l f - c y s t i n e  o . o 2 6 4  3 
V a l i n e  o . o 8 3 2  I o 
M e t h i o n i n e  o .o  179 2 
I s o l e u c i n e  0 . o 3 5 7  4 
L e u c i n e  0 . 0 6 2 1  8 
T y r o s i n e  o. o 198 2 
P h e n y l a l a n i n e  0 . 0 4 5 9  6 
T r y p t o p h a n  - -  

* O b t a i n e d  b y  n o r m a l i z i n g  v a l u e s  r e l a t i v e  t o  h i s t i d i n e  = I .  

17 

indicated the association of glucose oxidase activity with the band stained for glyco- 
protein. Staining a developed strip containing Chondrus enzyme with Ponceau S 15 
resulted in a pink-red band against a pink background having the same mobility as 
those sections having enzyme activity and staining with Alcian Blue. Chondrus hexose 
oxidase failed to stain with Schiff's reagent 1B which is not uncommon for glycoproteins 
rich in carbohydratO 4. 

An emission spectrum of the enzyme showed copper and a trace of sodium as 
the only metals present. Copper determinations on two different batches of enzyme 
by tile atomic absorption method and the dithizone method showed a copper content 
of 0.6%. 

Qualitative determination for FAD was done by  the method of Pazur and 
Kleppe a~, which involved t reatment  of the enzyme at 45 °C for 15 min with pyridine. 
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pH 

F i g .  4. E f f e c t  o f  p H  o n  Chondrus h e x o s e  o x i d a s e  a c t i v i t y .  
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T A B L E  I I I  

S U B S T R A T E  S P E C I F I C I T Y  O F  Chondrus H E X O S E  O X I D A S E  

Substrate* Relative rate 

D-Glucose ioo  
D-Galactose 82 
Mal tose  4 ° 
Cellobiose 32 
Lac tose  22 
D-Glucose 6 -phospha te  i o  
D-Mannose 8 
2-Deoxy-D-glucose 8 
2-Deoxy-D-galac tose  6 
D-Fucose 2 
D-Glucuronic acid 2 
D-Xylose i 

* Sugars  not  ox id ized :  L-glucose, D-fructose, D-gluc0nic acid lactone,  ~-D-galactonolac-  
tone, dulci tol ,  D-gluc0nic acid, D-arabinose,  xyl i to l ,  sucrose. 

Under these conditions the presence of FAD in a glucose oxidase preparation could 
be readily demonstrated by an intensely fluorescing spot under ultraviolet light after 
paper chromatography. A lyophilized 2-rag sample of Chondrus enzyme (very pale 
green), t reated similarly, showed no traces of FAD. The same result was found with a 
5-1o rain t rea tment  in a boiling water bath. A featureless visible spectrum which 
showed no discernable peaks, even in the 380 and 460 nm regions characteristic of 
FAD is, also indicated the absence of FAD in the Chondrus enzyme. 

An approximate molecular weight was obtained by gel filtration on Sephadex 
G-2oo. A column (2.5 cm × 43 cm) was equilibrated at 5 °C with o.I M sodium phos- 
phate (pH 6.8) and several proteins of known molecular weights were used as stan- 
dards (see Methods and Materials). Blue dextran was used to determine the void 
volume (V0). The elution volume for the Chondrus enzyme corresponded to a tool. wt 
of approx. 13o ooo. 

Properties of Chondrus hexose oxidase 
The pH opt imum of the enzyme was determined using o.i M sodium phosphate 

T A B L E  IV 

C O M P A R I S O N  O F  S U E S T R A T E  S P E C I F I C I T Y  O F  Euthora A N D  Chondrus E N Z Y M E S  A N D  G L U C O S E  O X I D A S E  

Substrate Relative rate 

Euthora enzyme" Chondrus enzyme Glucose oxidase 

D-Glucose ioo  ioo  ioo  
D-Galactose 95 82 o 
Maltose 32 4 ° i 
Cellobiose 95 32 2 
Lac tose  51 2 2  O 

* P a r t i a l l y  pur i f ied  sample  ob t a ined  f rom DEAE-ce l lu lose  co lumn (see Methods  and  
Mater ia ls) .  
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buffers ranging in pH from 4.9 to 9.1. The opt imum pH appeared to be approx. 6.3 
(Fig. 4). The enzyme was most active at 25 °C. Heat  stability of the enzyme was 
determined by  heating for 5 min in o.I M sodium phosphate buffer (pH 6.3) at various 
temperatures,  chilling in an ice bath, and assaying with the peroxidase-o-dianisidine 
system. A sudden drop in stability occurred between 50 and 60 °C. 

Substrate specificity of the enzyme was determined using a number of sugars 
at a final concentration of o.I M (Table nI). The substrates most readily oxidized 
were D-glucose, D-galactose, maltose, cellobiose, and lactose. L-Glucose was not oxi- 
dized. The five substrates oxidized by  Chondrus enzyme were also tested with a par- 
tially purified extract  of Euthora cristata and with glucose oxidase (Table IV). The 

T A B L E  V 

E F F E C T  O F  V A R I O U S  I N H I B I T O R S  O N  Chondrus H E X O S E  O X I D A S E  

Inhibitor* Concentration (M)  Inhibition (%) 

S o d i u m  d i e t h y l -  
d i t h i o c a r b a m a t e  I o -4 95 

I O  - 5  2 2  

N a C N  lO -3 61 
1 0  - 4  1 5  

H y d r o x y l a m i n e -  HC1 i o  -~ i oo  
lO -3 96 
lO -4 26 

S o d i u m  az i de  lO -1 85 
lO -2 78 
1 0  - 3  65 

S o d i u m  a c e t a t e  lO -1 56 
lO -2 13 

S o d i u m  p y r u v a t e  lO -1 43 

* S h o w e d  no  i n h i b i t i o n  a t  lO -2 M:  s o d i u m  p y r u v a t e ,  s o d i u m  b e n z o a t e ,  D-g lucon ic  ac id ,  
D-g luconic  ac id  l a c t o n e  a n d  D - g l u c u r o n i c  ac id .  



20  J, D. SULLIVAN, JR, M. IKAWA 

T A B L E  VI 

P A P E R  C H R O M A T O G R A P H Y  O F  P R O D U C T S  F R O M  T H E  Chot4d~'us t t E X O S E  O X I D A S E  R E A C T I O N  

Sample* Rr,, values** 

Solvent A Solvent B 

Glucose o. 14 o. 35 
6-o-Gluconolac tone  o.37 o.54 
Chondrus e n z y m e  p roduc t  f rom glucose o.37 o.46 
Glucose oxidase  p roduc t  o.37 o.46 
Galac tose  o. 13 o.42 
y-D-Galac tonolac tone  o.32 o.46 
Chondrus e n z y m e  p roduc t  f rom 

galactose  o.32 o.44 

* Glucose and  galac tose  were de tec ted  wi th  ani l ine h y d r o g e n  p h t h a l a t e  spray12,13 and  
t he  l ac tones  and  ox ida t ion  p roduc t s  by  sp r ay i ng  wi th  h y d r o x y l a m i n e  and  ferric chloride 2°. 

** R u n  on W h a t m a n  No. I paper .  Solvent  s y s t e m s  as used  by  B e a n  et al. ~1. Sys t em A, n- 
b u t a n o l - a c e t i c  a c i d - w a t e r  (52 : I3:35,  by  vol.) ; S y s t e m  B, p h e n o l - w a t e r  (8o : 2o, v/v). 

Euthora extract gave essentially the same results as Chondrus enzyme, but glucose 
oxidase attacked only D-glucose at any significant rate. In order to determine the 
possibility that free glucose might be present in the disaccharide samples, 1% so- 
lutions of each sugar were chromatographed on Whatman No. i paper in either ethyl 
acetate-pyridine-water (12o :5 ° :4 o, by vol.) or isopropanol-water (4:1, v/v) and the 
chromatograms sprayed with aniline hydrogen phthalate and heated at IOO °C. A 
trace of glucose was detected only in the sample of maltose. 

The effect of increasing substrate concentration on initial reaction velocity was 
determined with D-glucose and D-galactose (Fig. 5). From this data the Michaelis 
constant (Kin) of the enzyme for D-glucose was calculated by the Lineweaver-Burk 19 
method to be 0.004 M and that for I)-galactose to o.oo8 M. The Km of Iridophycus 
hexose oxidase for D-glucose has been reported as 0.0025 M e. 

The effect of various inhibitors on the Chondrus enzyme was determined 
(Table V). The most potent inhibitor was sodium diethyldithiocarbamate, effective 
at lO -5 M. This substance also inhibited glucose oxidase at this level. The enzyme 
was also inhibited by sodium azide, hydroxylamine. HCI, NaCN, and sodium acetate. 
The inhibition found with sodium acetate was not as high as reported by Bean 
and Hassid ~ for the Iridophycus enzyme. 

Products of Chondrus hexose oxidase 
That H20 ~ was a product of the Chondrus enzyme reaction was shown by the 

fact that when peroxidase was omitted from the assay mixture, o-dianisidine was 
only very slowly oxidized to a colored product. In the presence of peroxidase, H 2 0 2  

specifically oxidizes the o-dianisidine. That H202 was the substance that was toxic 
to Chiorella when paper disks containing Chondrus hexose oxidase were placed on 
Chlorella-seeded agar plates was shown by adding an excess of catalase to the paper 
disks. Only in the absence of eatalase was inhibition observed. Any H~O 2 formed was 
destroyed by the catalase. The toxic nature of H.,O 2 to Chlorella was also shown by 
inhibition produced by paper disks treated with H2Q. H202 at a level of ~o mg/ml 
gave a net zone of inhibition of 3.8 cm (disk diameter subtracted from the total dia- 
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meter  of the inhibition zone), a net zone of 1.6 cm at I mg/ml, and a net zone of o.2 
em at o.I mg/ml. Glucose oxidase, when placed on the disks, also inhibited Chlorella. 

In order to determine the product formed from hexose in the Chondrus hexose 
oxidase reaction, enzyme plus excess catalase were incubated with 2 ml of o.i  M 
glucose in o.I M sodium citrate buffer (pH 6.3) at 25 °C for 12 h. Glucose oxidase was 
also reacted under the same conditions. Examination of the reaction mixtures by 
paper chromatography (Table VI) showed that  D-gluconolactone was formed from 
D-glucose and D-galactonolactone from o-galactose. 

DISCUSSION 

The Chondrus crispus hexose oxidase on the basis of its ability to oxidize not 
only D-glucose, but  also D-galactose, maltose, cellobiose, and lactose, and on the basis 
of its oxidizing the hexoses to the corresponding hexonolaetones and its inhibition by 
acetate, appears to be similar to the hexose oxidase of the red alga Iridophycus flac- 
cidum described by  Bean and Hassid 2. The Km values for both enzymes are also of 
the same order of magnitude. 

Although Chondrus hexose oxidase resembles fungal glucose oxidase in its mole- 
cular weight (13o ooo as compared to 15o ooo for glucose oxidase), it differs markedly 
from glucose oxidase in that  it lacks FAD but  contains copper, and it contains 70% 
carbohydrate compared to I 7 ~  o for glucose oxidase 2z. In addition, the carbohydrate 
constituents of fungal glucose oxidase are principally mannose with small amounts of 
galactose and glucosamine 22 while Chondrus hexose oxidase contains galactose and 
xylose. On the basis of a tool. wt of 13o ooo and a copper content of 0.6%, it is calcu- 
lated that  the enzyme contains approximately 12 g atoms of copper per mole. This 
is considerably more than the i g atom of copper per mole found in galactose oxidase 2z. 
The Chondrus enzyme also differs from galactose oxidase in that  it oxidizes hexose to 
the hexonolactone while galactose oxidase oxidizes galaetose at the C-6 position to 
form a dialdehyde 2z. 

The Chondrus hexose oxidase, and apparently also the hexose oxidase of Iri- 
dophycus, is therefore unique in that  it is a high-copper-containing enzyme which 
oxidizes D-glucose, D-galactose, and their disaccharides. Preliminary studies indicate 
that  the red alga Euthora cristata also contains the same enzyme. 
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