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The mold Polyporus circinatus produces an extracellular oxi- 
dase that catalyzes the oxidation of n-galactose (1). The reac- 
tion appears superficially to be similar to the oxidation of n-glu- 
cose catalyzed by notatin (2)) and can be followed by measuring 
the consumption of oxygen or the production of Hz02 (1). The 
enzyme is useful for the determination of galactose, employing 
the same peroxidase-chromogen reagent which has been intro- 
duced for the assay of glucose with notatin (3). 

In other respects, however, the reaction is quite different from 
that catalyzed by notatin. The enzyme does not possess a flavin 
prosthetic group, and preliminary evidence suggests that it may 
be a metalloprotein. The most important difference, however, 
is that oxidation of n-galactose occurs not at the C-l but at the 
C-6 position, with the formation of n-gal&o-hexodialdose rather 
than the corresponding hexonic acid (4). Indeed, n-galactose 
itself may not be the natural substrate for the enzyme, which 
exhibits a much higher afiity for galactosides and polysac- 
charides containing galactose end groups. 

HzCOH CHO 

HO / i--O\\:H 
I/ H 

o2 HT/H-o\,yH 

In this paper, we describe the purification of the enzyme, its 
use for the determination of galactose, and evidence for the 
identity of the reaction product. The properties of the enzyme 
itself will be the subject of a separate report. 

EXPERIMENTAL PROCEDURE 

&laterials-The Glucostat preparation, without glucose oxi- 
dase, was supplied by the Worthington Biochemical Company. 
The strain of Polyporus circinatus used in these studies was pro- 
vided by Dr. M. Bacila, of the University of Parana, Curitiba, 
Brazil. Not all strains tested produce the enzyme. 

* Supported by grants from the National Science Foundation 
and the National Institutes of Health. A preliminary account 
of this work was presented by C. Asensio and D. Amaral (Federa- 
tion PTOC., 20, 85 (1961)). 

t Fellow of the Jane Coffin Childs Memorial Fund for Medical 
Research. Present address, The Hebrew University, Jerusalem, 
Israel. 

$ Foreign Postdoctoral Fellow, National Institutes of Health, 
United States Public Health Service. On leave from the In- 
stituto de Bioquimica, Universidade do ParanB, Curitiba, Brazil. 

8 Foreign Postdoctoral Fellow, National Institutes of Health, 
United States Public Health Service. On leave from Institute 
G. MarafiBn, C.S.I.C., Madrid, Spain. Present address, De- 
partment of Biochemistry, Facultad de Medicina, San Salvador, 
El Salvador. 

Melibiitol was prepared by reducing melibiose with sodium 
borohydride (5) and obtained as a chromatographically pure 
white powder. n-gluco-Hexodialdose was obtained by the re- 
duction of n-glucoronolactone with sodium amalgam (6) and 
stored as a colorless syrup after chromatographic purification. 
Attempts to obtain n-gala&-hexodialdose by the same reduction 
procedure failed, presumably because of the inability of n-galac- 
turonic acid to form a stable lactone. Thiomethyl-/3-n-galacto- 
side was prepared by Dr. W. L. McLellan, Jr., of this laboratory. 
Other substrates studied were commercially available analytical 
grade products except where otherwise indicated. 

L-Arabinose isomerase was purified from extracts of Lacto- 
bacillus plantarum (7) ; the specific activity was 700 units per ml. 
Crude pectinase was obtained from the Nutritional Biochemicals 
Corporation. Crystalline catalase was procured from Boeh- 
ringer and Soehne. 

DEAE-cellulose (Schleicher and Schuell Company) was 
washed with 1 N NaCl containing 0.1 N NaOH, followed by 
thorough washing with water. 

Chromatography-We employed descending or circular chro- 
matography with Whatman No. 1 filter paper. Solvent systems 
were: Solvent 1, n-propanol-acetic acid-water, 6 : 1: 2 by volume; 
and Solvent 2, n-butanol-ethanol-water, 5 : 1: 1 by volume. 

Spray reagents for the detection of sugars and their deriva- 
tives on the chromatograms were alkaline silver nitrate (8) as a 
general reagent and p-anisidine-HCl(9) and o-phenylenediamine- 
HCl (10,ll) for the identification of reducing sugars. To detect 
galactose or gala&sides specifically, the dried paper chromato- 
gram was sprayed with 0.5 M phosphate buffer, pH 7.0. The 
sheet was dried at room temperature and sprayed with the 
peroxidase-o-dianisidine reagent solution (used in the quantita- 
tive galactose assay) and while still slightly wet was sprayed 
with a solution of galactose oxidase. Substrates which are 
oxidized appear instantaneously as mauve spots. A gentle 
stream of warm, moist air over the paper facilitates the reaction. 
This procedure was found to be useful for detecting contamina- 
tion by galactose of commercial preparations of sugars such as 
L-arabinose or n-fucose. 

Quuntitative Detemninations-,4ldehyde groups were estimated 
by adaptation of an iodometric titration method (12). Reduc- 
ing sugar was measured calorimetrically (13, 14); for %-deoxy- 
galactose and oxidized galactosides, the time of boiling was 80 
minutes. The reducing groups were also determined by the 
triphenyltetrazolium chloride method (15); for the products 
formed in the oxidation of galactosides, the boiling time was 1.5 
minutes, and 2-deoxygalactose was chosen as the standard. 
Other tests used to characterize the product of the enzymic 
reaction were the carbazole-HzS04 reaction (16) for uranic acids, 
the orcinol reaction (17) for aldopentoses and uranic acids, the 
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diphenylamine (18)) resorcinol (19), and cysteine-carbazole reac- 
tions (20) for ketoses, the o-phenylenediamine reaction (11) for 
adjacent carboxyl and hydroxyl groups and for 3-ketohexose 
(21), and the hydroxamate reaction (22) for lactones. 

Galactose and galactosides, which served as substrates for the 
oxidase, were measured with galactose oxidase itself. With a 
given enzyme preparation, the reaction velocity is generally 
proportional to the concentration of substrate added and, 
through the use of suitable standards, the enzyme can be used 
to estimate the concentration of a known substrate. The reac- 
tion was usually carried out with 20 to 40 units of purified en- 
zyme and a phosphate buffer-peroxidase-o-anisidine reagent 
provided by the Worthington Biochemical Company. This is 
the standard Glucostat without notatin (3). Detailed directions 
are given below for the determination of galactose. 

Protein was determined by the phenol method (23). The 
medium was dialyzed before assay for protein. 

RESULTS 

Growth and Enzyme Activity-The enzyme appeared in the 
medium when the organism was grown on galactose as the car- 
bon source. However, galactose was not essential for enzyme 
formation and the oxidase was formed in nearly equivalent 
amounts during growth on glucose and other sugars or sugar 
derivations (Table I). The yield of enzyme was less in growth 
on r,-arabinose and n-xylose, and its formation appeared to be 
completely repressed during growth on n-galacturonate. 

For optimal yield of enzyme, it was necessary to make a 
number of changes in the medium described by Cooper et al. (1). 
Manganese was essential for enzyme formation (Table II); this 
ion was not replaced by molybdate ion, ferric ion, or zinc ion. 
A mixture of manganese ion and other metal ions gave a poorer 
yield of enzyme than manganese alone. Calcium ion was 
strongly inhibitory. Despite the presence of adequate nitrogen 
for maximal growth in the form of (NH&SOh, the formation of 
enzyme was stimulated by the further addition of NHdN03. In 
the experiment in Table II, the flasks all contained similar 
quantities of mycelium; growth was not significantly affected by 
the presence or absence of the salt mixtures. 

Culture of Fungus-The growth medium contained 0.9% an- 
hydrous KHzPOJ, 0.8% anhydrous NazHPOd, 0.2% (NH&SO4, 
0.2% MgSOd, 0.0002~o MnSOh, 0.1% NI%NOa, 0.1% yeast ex- 
tract, and 1% glucose or galactose, sterilized at 10 pounds of 
pressure for 20 minutes. The mycelia were grown at 30” with 
vigorous shaking in a rotary shaker and maintained with shaking 
for 24 hours after full growth was attained. With a fresh heavy 
inoculum (0.05 volume), full growth required approximately 24 
hours. The culture was maintained on Sabouraud-glucose agar 
slants from which pieces of mvcelium were taken to inoculate 
subcultures which were used in turn for inoculation of the final 
culture. 

Pur$ication of Galactose Ox&r-se-Unless otherwise specified, 
the operations were performed at room temperature. The entire 
culture was filtered through two layers of gauze, and the myce- 
lium was discarded. To each liter of culture medium, we added 
10 g of cellulose powder (Whatman, reagent grade) and 700 g of 
ammonium sulfate. The powder carrying the precipitated pro- 
tein was collected by filtration on a sintered glass filter, and the 
cellulose cake was suspended in saturated ammonium sulfate and 
packed into a chromatographic column 2 cm in diameter. The 
column was washed with 100 ml of a 60% saturated ammonium 

TABLE I 

Galactose oxidase in medium after growth on various carbon sources 
The mycelium was cultured at 30” in a rotary shaker in 500-ml 

flasks containing 100 ml of medium. The composition of the 
medium was as described in the text (see “Culture of Fungus”) 
with 1% growth substrate. Aliquots were withdrawn at 15, 
24, 42, and 62 hours, the mycelium was removed by filtration and 
the medium was tested for galactose oxidase activity as described 
in the text. The mycelia pads were blotted, dried at room tem- 
perature for 24 hours in a vacuum desiccator, heated for 2 hours 
at 110”, and weighed. Values in the table are for the 62-hour 
samples. 

Growth substrates Yield of dried 
lllYCdiUlIl 

Relative activity 
in mediuma 

n-Calactose.. 
o-Calactonate. 
n-Calacturonate 
L-Arabinose 
r&lucose 
D-Xylose 
Lactose............. 
Melibiose........... 
Dulcitol . . 
n-Fucose . . 

v&g/l00 ml culture 

460 
10 

250 
480 
410 
480 

90 
450 
540 

0 

100 
0 
0 

58 
120 
72 

2 
109 

70 
0 

a Compared with galactose = 100. The total enzyme activity 
produced during growth on galactose was usually about 4400 
units/100 ml of medium. 

TABLE II 

Effect of metal ions on galactose oxidase formation 
The basal medium was as described under “Culture of Fungus,” 

except that MnSOl and NH4N03 were omitted. These and other 
salts were added as indicated. Growth was for 58 hours at 30”; 
samples were taken and analyzed as indicated in the legend to 
Table I. Results are expressed as in Table I. The substrate for 
growth was galactose. 

Salt 

NazMo&4, 0.0005% 
CuCl, 0.00005%. 
Fe(NO,)r, 0.0002%. 
ZnSO,, 0.0001%. 
MnS04, 0.0001%. 
CaC12, 0.01%. 
NHdN03, 0.1%. 

Relative activity. 

- 
Added to Flask No. 

- 

1 
- 

- 

- 

- 

- 

- 

- 

- 

0 
- 

- - 
4 

- _- 
- 

- 

- 

+ 
- 

- 

- 

0 
- - 

5 

- 

- 

- 

- 

+ 
- 

- 

100 

- 
6 

- 
- 

+ 
- 
+ 

160 

- 

7 
- 

- 

- 

- 

+ 

+ 
- 

40 
- 

8 

+ 
+ 
+ 
+ 
+ 
- 
- 

45 
- 

sulfate solution; then the enzyme was eluted with 100 ml of 0.1 
M phosphate buffer, pH 7.0. Each solution was forced through 
the column with air pressure before the succeeding one was 
added. The phosphate buffer eluate was brought to saturation 
with ammonium sulfate and centrifuged in the Spinco model L 
centrifuge for 60 minutes at 21,000 r.p.m. The precipitate was 
dissolved in 10 ml of 0.1 M phosphate buffer, pH 7.0, and dialyzed 
overnight at 2” against 0.02 M phosphate buffer, pH 7.0. The 
dialyzed solution was passed through a DEAE-cellulose column 
(1 cm in diameter) containing 1 g of DEAE-cellulose which had 
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previously been equilibrated with the same buffer. This treat- 
ment removed colored substances and inert proteins. The 
effluent solution was again precipitated with ammonium sulfate 
at 100% saturation and collected by centrifugation for 60 min- 
utes at 40,000 r.p.m. in the Spinco model L centrifuge. The 
precipitate was suspended in 2 ml of 0.1 M phosphate buffer, 
pH 7.0, and dialyzed against the same buffer. The precipitate 
which formed was discarded. 

The over-all purification was about 30-fold (Table III). 
Properties of Purified Enzyww Preparation-The enzyme was 

stable at room temperature. It behaved in gradient electro- 
phoresis as a single major component with minor traces of inert 
protein (24). It contained no detectable cr- or &galactosidase 
activity. The purified enzyme was significantly inhibited by 
HzOz at concentrations above 3 x 10-B M. Therefore, catalase 

TABLE III 
Purification of galactose oxidase from P. circinatus culture jtuid 

step UnitP Specific activity 

units/mg 
Whole medium.. . . . 44,000 220 
Cellulose eluate.. . . . . 38,000 1,000 
DEAE-cellulose effluent.. . 38,200 3,200 
Final dialyzed solution. . . . . . . . 22,000 7,300 

~1 For 1 liter of culture medium. The assay system was as 
described in the legend to Fig. 1 except that the color was read in 
the Beckman spectrophotometer instead of the Coleman instru- 
ment. For the purification of the enzyme, the assay solution 
contained 2.5 X 10m2 M galactose, since this concentration of 
substrate is necessary to detect the enzyme in the whole medium. 
A unit is the quantity of enzyme which will yield an optical 
density reading at 420 rnF of 1.0 in the lo-minute test. The 
absolute values of the enzyme unit varied somewhat with dif- 
ferent peroxidase-chromogen preparations. Differences as great 
as 50yo have been observed. 

0 10 20 30 40 0 1 2 3 4 5 
,ug ENZYME PROTEIN GALACTOSE (M x 104) 

FIG. 1. Proportionality of the reaction rate to enzyme and 
galactose concentration. The samples were incubated for 10 
minutes at 30” and then read at 420 rnp in the Coleman Universal 
spectrophotometer (light path, 8 mm). The reaction mixture 
(2.0 ml) contained 1.5 ml of peroxidase-chromogen buffered sys- 
tem (Worthington Company) and galactose to give the concen- 
tration indicated. The enzyme preparation was the final dialyzed 
solution (specific activity, 11,000 units per ml). 

TABLE IV 

Oxidation of monosaccharides and galactose derivatives 

The substrates were tested at 5 X 10-d M in the assay system 
described in the text. The quantity of enzyme was varied from 
10 to 1000 pg according to the reactivity of the substrate. Poor 
substrates were tested at higher concentrations and the rates 
reported were calculated on the assumption of a first order effect 
of concentration. 

Substrate Relative velocity 

n-Galactose............................... 100 
1,5-Anhydrogalactitola . . . . . . . 100 
n-Galactonate............................. 0 
Dulcitol.................................. 0.02 
2-Deoxy-n-galactose....................... 32 
D-Taloseb................................. 52 
n-Galactosamine.......................... 75 
N-Acetyl-n-galactosamine. . . . . . . . 92 
n-Guloseb................................. 0.08 
D-Glucose................................. 0 
2-Deoxy-n-glucose......................... 0 
n-Fucose.................................. 0 
L-Arabinose............................... 0 
n-Galacturonic acid. . . . . . . . 0 
n-Glycero-n-galactoheptoseb. . 0 
D-Lyxose.................................. 0.05 
n-Tagatose................................ 0.15 
n-Mannose................................ 0.03 
L-Arabitol . . . 0 
D-Fructose................................ 0 
L-Galactose............................... 0 

a The pentaacetyl derivative was provided by H. E. Fletcher 
of the National Institutes of Health. 

b Provided by N. K. Richtmyer of the National Institutes of 
Health. 

(0.01 to 0.05%) was added to reaction mixtures containing con- 
centrations of substrate of this magnitude. 

We have not been able to confirm the earlier report (1) that 
the enzyme is a flavoprotein, although evidence is available 
which suggests that it may require a metal cofactor. These 
studies are currently in progress and details will be reported else- 
where. 

Assay of Galactose and Galactose Oxidase-The rate of the reac- 
tion was proportional to the amount of enzyme added and also 
to the concentration of galactose, which was well below the 
saturation levels in these experiments (Fig. 1). The enzyme 
provides a convenient and specific method for determination of 
galactose and galactosides. Each enzyme preparation must be 
standardized with known concentrations of substrates, but since 
the preparations are highly stable, frequent analysis of standards 
is unnecessary. 

Spec$city of Reaction-In addition to galactose itself, a num- 
ber of compounds related to galactose were oxidized (Table IV) 
including 2-deoxygalactose, galactosamine, and N-acetylgalac- 
tosamine. No reaction was observed with n-glucosamine, 
N-acetyl-n-glucosamine, n-mannosamine, or N-acetyl-n-man- 
n0samine.l The enzyme can thus be used for the determination 
of galactosamine in the presence of other amino sugars. Of the 

1 These sugars were kindly provided by Dr. S. Roseman of the 
University of Michigan. 
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monosaccharides only n-talose was oxidized at an appreciable 
rate. Polymers containing galactose were oxidized much more 
rapidly than galactose itself (Table V) and showed a much higher 
affinity for the enzyme (see the following). In the case of lactose, 
it has been established that the slow reaction was indeed due to 
oxidation of the disaccharide and not, the result of contamination 
of the lactose preparation with galactose, which has been ex- 
cluded by recrystallization of the substrate and paper chromatog- 
raphy. 

Chromatographic Behavior of Oxidation Product-The first, 
indication that n-galactose was oxidized elsewhere than at the 
C-l position came from experiments with lactose and later with 
raffinose, both of which were oxidized without prior hydrolysis 
to free gala&se. 

Evidence for a new reducing compound was obtained in chro- 
tographic experiments. In a reaction mixture containing galac- 
tose and galactose oxidase, with catalase added to remove 
hydrogen peroxide, a product was formed which possessed a 
higher mobility in Solvent 1 than galactose (RF = 0.60 com- 
pared with Rp = 0.52 for galactose). This compound stained 
brownish gray with the p-anisiclme reagent and violet with the 
o-phenylenediamine spray. It was readily distinguishable from 
n-galacturonic acid, n-galactonic acid, and ketohexose both in 
mobility and color. As the time of incubation with galactose 
oxidase was increased, this spot was replaced by a second com- 
ponent with RF in this solvent of 0.31, and a third reducing spot, 
appeared at the origin. These compounds also appeared during 
storage at 0” and neutral pH and may be related to polymeriza- 
tion of the reaction product. A similar pattern of changes was 
observed with neutral solutions of n-g&o-hexodialdose (RF = 
0.73 compared to 0.62 for glucose in Solvent 1) where the spon- 
taneous formation of compounds of slower mobility was detected 
(see Abdel-Ahker et al. (5). 

With the nonreducing disaccharide melibiitol as substrate, a 
reducing compound (RF = 0.40) appeared which stained purple 
with the o-phenylenediamine reagent and brown with the p-anisi- 
dine spray. After several days in the cold, these solutions were 
also found to contain small amounts of compounds with lower 
mobility (RF = 0, 0.10, 0.25). 

With 0.2 M dulcitol as the substrate, incubation for 10 hours 
at 30” yielded a small amount of reducing activity equivalent to 
about 2% of the total substrate. In this experiment, the reac- 
tion mixture contained O.Ol’ M phosphate buffer, pH 7.2, 175 
units of galactose oxidase per ml, 0.02 y0 catalase, and 2 ‘% toluol . 
Chromatographic analysis suggested that the reducing compound 
was galactose. This was probably L-galactose, since the D 

isomer would have been oxidized further and would not have 
accumulated under these conditions. The L isomer is not oxi- 
dized. 

Other Reactions of Oxidation Products-In the carbazole-HzS04 
reaction, a colored derivative was formed with absorption maxi- 
mum at 550 rnp, rather than the peak at 525 rnp, which is charac- 
teristic of the uranic acids (Fig. 2). The absorption peak is very 
close to the absorption maximum for D-gluco-hexodialdose which 
is located at 547 rnp. The peak at 550 rnp formed with hexo- 
dialdoses is probably due to the formation of 2,5-diformylfuran, 
which has been shown (25) to yield a derivative with absorption 
maximum at 550 m/l in the standard carbazole-HzS04 reaction. 
The small peak at 410 rnp given by the uranic acids in the car- 
bazole reaction was also found to be given by D-glueo-dialdehyde 
and by the product of galactose oxidation. 

TABLE V 

Oxidation of galactosides and oligosaccharides 

The conditions were as indicated in Table IV. 

Substrate Relative velocity 

Methyl-ol-D-galactopyranoside”. . 125 
Methyl-/3-D-galactopyranoside”. . . 340 
o-Nitrophenyl-P-D-galactopyranoside.. 14 
2-Glycerol-or-D-galactopyranoside (oc-floridoside)*. 27 
Lactose.......................................,., 2 
Melibiose......................................., so 
Galactobiose (&D-galactosyl (I--+ 6) D-galactose)“. 154 
Raffinose......................................... 180 
Stachyosed....................................... 610 
P-D-Galactopyi-anosyl (1 -+ 6) p-D-galactopyranosyl 

(1 + 4) D-glucose=. . 166 
Planteosed....................................,., 110 
Guarane................................,.,.,.... 180 
Methyl-&D-thiogalactosylpyranoside/. . 91 
Isopropyl-@-D-thiogalactosylpyranosidef. . . 43 
&Thiodigalactoside. . 154 
Melibiitol.....................................,., 70 
Melibionic acid................................... 30 
Galactosel-phosphate........................... 9 
Uridine diphosphogalactose. 0 

0 Provided by N. K. Richtmyer of the National Institutes of 
Health. 

* Provided by W. Z. Hassid of the University of California. 
c Provided by J. Pazur of the University of Nebraska. 
d Provided by J. E. Courtois of the University of Paris. 
8 As galactose equivalents. 
f  Synthesized by William L. McLellan, Jr., of this laboratory. 

In the diphenylamine reaction, the product of the enzymic 
oxidation of galactose yielded a sharp peak at 365 rnp, but the 
typical absorption peaks of ketoses at 520 and 635 rnp were 
absent. This test provides a convenient, means for following 
the oxidation reaction. The resorcinol, o-phenylenediamine, 
and cysteine-carbazole tests for ketoses were negative. 

No evidence could be obtained for the formation of galactu- 
ronic acid or galactonolactone, which have previously been re- 
ported (1) to be products of the reaction. Thus, the reaction 
product was not absorbed by Dowex l-acetate or Dowex I- 
OH- resins. Reaction mixtures with galactose, melibiitol, or 
methylthio-/%galactopyranoside as substrates were tested with 
HzNOH for hydroxamic acid formation; no acid was detected, 
indicating that sugar acid la&ones had not accumulated. 

Appearance of Reducing Groups in Oxidation Reaction-With 
galactose as substrate, or with nonreducing compounds such as 
raffinose or melibiitol, the disappearance of substrate was found 
to be accompanied by the appearance of new reducing groups 
(Fig. 3). These could be measured by the reduction of tri- 
phenyltetrazolium chloride, by the Somogyi test, or by titration 
of the carbonyl groups with iodine. In the first of these assays, 
when galactosides were the substrates, the reaction was stand- 
ardized with 2-deoxygalactose which appeared to give a com- 
parable reaction. Apparently, the effect of the pyranose ring 
adjacent, to the carbonyl at position C-6 is similar to that of the 
adjacent methylene group in 2-deoxygalactose. With galactose 
itself, the formation of the second aldehyde group at, the C-6 
position results in an increase of 8- to lo-fold in the triphenyl- 
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0.6 

4 
0. .l - 

e 

400 500 600 700 

mP 
FIG. 2. The absorption spectra of the products formed in the 

carbazole-H&S04 test for uranic acids. The reaction was carried 
out according to the procedure of Dische (15), allowing 2$ hours 
for the color to develop. Line 1, Galacturonic acid, 0.6 pmole; 
Line &, galactonic acid, 1.0 pmole; Line S, galactose, 1.0 pmole; 
Line 4, n-gluco-hexodialdose, 0.5 pmole; Line 6, 0.5 ml of reaction 
mixture containing originally 2 X lo+ iw galaetose and 30 units 
of galactose oxidase per ml in 0.02 M phosphate buffer, pH 7.2. 
The sample was taken after incubation for 2 hours at 30’. 

tetrazolium reaction, and in this case a sample of fully oxidized 
gala&se was employed as the standard. With the Somogyi 
reaction, on the other hand, the increase in reducing power on 
oxidation of gala&se was only 150%. Here again, fl-deoxy- 
gala&se was the standard for measurement of oxidation of 
galactose. 

The number of carbonyl groups formed was usually somewhat 
lower (10 to 30%) than the quantity of substrate which was con- 
sumed. This discrepancy might be ascribed to the formation of 
the secondary products which have been observed in chromato- 
graphic analysis. 

Identiification of gala&-Hexodialdose-The product of galac- 
tose oxidation by galactose oxidase was identified by its reaction 
with bromine, in which it was converted first to galacturonic 
acid and then to mucic acid. The oxidation reaction was carried 
out in saturated bromine water at room temperature; during the 
reaction, the solution was maintained at pH 5 to 6 by the addi- 
tion of NaOH. Samples were withdrawn and assayed chro- 
matographically, by enzyme assay for galactose, and by colori- 
metric and titrimetric assays for reducing power and uranic acid. 
Mucic acid, which is insoluble in water, was determined by col- 
lecting and weighing the precipitate which formed. 

During enzymic oxidation of a reaction mixture containing 16 
pmoles of galactose, we observed the formation of 14.2 pmoles 
of new reducing power (iodine titration) and the disappearance 
of 14.4 pmoles of gala&se. This was accompanied by the ap- 
pearance of the new reducing compound with RF = 0.60 in Sol- 
vent 1 (see the foregoing). On treatment with bromine water 
for 4 to 5 hours, this compound was completely converted to a 
product with the chromatographic behavior of hexuronic acid. 
Further exposure to bromine water for several days resulted in a 
decrease in the quantity of hexuronic acid and the accumulation 
of a white crystalline precipitate. After 4 days, 6.6 I.cmoles of 
uranic acid remained; the precipitate, washed, dried, and 
weighed, was equivalent to 6.2 pmoles of mucic acid, together 
accounting for 90% of the enzymic product. In a control 
experiment with 20 pmoles of galacturonic acid, bromine oxida- 
tion produced a crystalline precipitate equivalent to 13.0 nmoles 

GALACTOSE 

30 60 120 0 60 0 60 120 

MINUTES 

FIG. 3. The formation of reducing groups in the reaction cata- were frozen rapidly in Dry Ice and dissolved with the proper 
lyzed by galactose oxidase. In Experiments A and B, the re- reagent for analysis. Assays were carried out as indicated in 
action mixtures contained 4 X 10ea M galactose or raffinose, 20 Methods. Remaining substrate (O--O) was determined with 
fig per ml of galactose oxidase (56 units per ml), 0.05% catalase, galactose oxidase. For the Somogyi and triphenyltetrazolium 
and 10-e M phosphate buffer, pH 7.0. The reactions were carried tests with galactosides, the standard was 2-deoxygalactose; 
out at 37”. In Experiment C, the mixture contained 5 X lO+ M catalase was added to protect the enzyme against inactivation 
melibiitol, and incubation was at 30”. Samples taken for analysis by hydrogen peroxide which would otherwise accumulate. 
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of mucic acid, and 7.2 pmoles of uranic acid remained. Galac- 
tose which had not been exposed to galactose oxidase yielded 
neither uranic acid nor mucic acid but was oxidized quantita- 
tively to galactonic acid. 

In a second experiment with 100 pmoles of galactose, 90 
pmoles were consumed through the action of galactose oxidase. 
After 4 days of exposure to bromine water, 54 pmoles of mucic 
acid (60%) had precipitated, and the supernatant solution con- 
tained 30 pmoles of uranic acid, accounting for 93% of the 
galactose oxidized by enzymic action. In the control with 100 
rmoles of galacturonic acid, bromine oxidation resulted in the 
formation of 65 pmoles (65%) of mucic acid. 

For the identification of mucic acid, the crystals from the 
bromine oxidation mixture were washed twice each with portions 
of 5oj0 sulfuric acid, cold water, and 50% ethanol, and recrystal- 
lized from alkaline solution. The final product melted at 218” 
with decomposition, and the melting point was unchanged when 
crystals were mixed with an authentic sample prepared from 
galacturonic acid. The crystals and authentic mucic acid 
showed identical x-ray diffraction patterns.* 

Oxidation of Polysaccharicles-In addition to the oligosaccha- 
rides which have already been mentioned, a number of galactose 
polysaccharides show activity with the enzyme. Of these, the 
most active is guaran, which is a high molecular weight mannan 
containing branched terminal galactose units. This polysac- 
charide is nearly twice as active as galactose on the basis of its 
galactose content and the affinity of the enzyme for the substrate 
is very high. In general, compounds of higher molecular weight 
are more reactive at low concentrations than is galactose itself 
(Table VI). Thus, for stachyose, which is the most reactive 
compound tested (Table V), the value of K, is 20 times smaller 
than that for gala&se. For guaran, the affiity constant is 
1000 times smaller than that for galactose. An exception to 
this general pattern is lactose, which shows poor activity and 
low affinity for the enzyme. 

The kinetics of guaran oxidation were anomalous in that a 
lag of several minutes was observed before the maximal rate was 
reached (Fig. 4). At 3.6 X lo-” M guaran (expressed as galac- 
tose equivalents) the reaction was maximal; higher concentra- 
tions served only to increase the lag period, which at 1.8 X 
lop3 M was in excess of 4 minutes. 

The reason for the delay in guaran oxidation is not known, but 
it is not likely to be due to hydrolysis of the polymer. Guaran 
forms viscous solutions, even at low concentration; as the oxida- 
tion proceeds, the solution increases in viscosity. The course of 
guaran oxidation was followed by iodometric titration of the 
aldehyde groups produced. In one experiment, 100 ml of guaran 
solution, containing 16 pmoles of hexose per ml, were oxidized 
for 36 hours in 0.02 M phosphate buffer, pH 7.0, with 1500 units 
of enzyme, 0.02% catalase, and 0.01% thymol, at room tem- 
perature. The final mixture contained 320 pmoles of aldohexose 
equivalents (as galactose). This was oxidized with bromine 
water for 10 hours at pH 6 to yield an acidic polymer which was 
precipitated by addition of 2 volumes of ethanol. The product 
was soluble in dilute alkali and had a uranic acid content of 230 
pmoles (carbazole assay with polygalacturonic acid, Mann Re- 
search Laboratories, Inc., as standard). 

The oxidation of guaran proceeds linearly until about one- 
third of the galactose residues are oxidized and then decreases 

2 We are indebted to Dr. B. Magdoff of the Boyce-Thompson 
Institute, Yonkers, New York for the diffraction patterns. 

TABLE VI 

Enzyme-substrate afinity constants 

The assays were carried out with the peroxidase-chromogen 
system as described in the text. Values for K,,, were calculated 
by the method of Lineweaver and Burk (26). Concentrations of 
substances were calculated as galactose equivalents; in the case 
of stachyose, only one galactose was considered to be reactive. 
Samples of guaran were provided by M. Fahrenbach of Lederle 
Laboratories and H. Jacin of Stein Hall and Company, Inc. 

Substrate K, 

n-Calactose............................. 
2-Deoxy-n-galactose.. . . 
Lactose................................. 
Melibiose............................... 
Raffinose............................... 
Stachyose............................... 
Guaran................................. 

Y 

0.24 
0.45 

>0.5 
0.045 
0.025 
0.013 
0.60031 

I I 
1.8x10-4 

3.6 x10-4 
T  7 /.+3 - 

/2 
, 

U.l - 

-I 
5 10 

MINUTES 

FIG. 4. Oxidation of guaran by galactose oxidase. The re- 
action mixture (3.0 ml) contained 1.95 ml of peroxidase-chromo- 
gen-buffered system (Worthington) with 15 pg of purified galactose 
oxidase per ml. The concentration of guaran is expressed as 
equivalents of galactose in the polymer. The reaction was fol- 
lowed by the peroxidase-chromogen test in the Coleman Junior 
spectrophotometer at 420 mp. Intermediate concentrations of 
guaran yielded results intermediate to those shown here and are 
not plotted. 

in rate. Polymerization of the polyaldehyde formed may pre- 
vent further oxidation. 

Identijkation of Product Form.ed in Oxidution of Melibiitol- 
The product of the action of the enzyme on melibiitol was con- 
verted by bromine oxidation to a product which yielded a posi- 
tive carbazole-H&O4 reaction for uranic acid (Table VII). This 
product was hydrolyzed with pectinase and decarboxylated by 
treatment with pyridine-nickel acetate (27). Several products 
were detected by paper chromatography, including some galac- 
tose (liberated from unoxidized substrate), a strong spot for 
arabinose, and traces of tagatose and ribulose which presumably 
were formed during treatment with pyridine. The recovery of 
n-arabinose was poor, but this was identified unequivocally by 
its conversion to ketopentose in the expected amount on treat- 
ment with L-arabinose isomerase (7). 
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TABLE VII 
Bromine oxidation and decarboxylation of oxidation product formed 

from melibiitol 
A solution of melibiitol (0.1 M) was incubated for 21 hours at 

30” with 150 units of galactose oxidase per ml of reaction mixture 
in 0.05 M phosphate buffer, pH 6.8. Aliquots were removed for 
assay. The remainder was adjusted to pH 5 and treated with 
excess bromine for 21 hours at room temperature. Bromine was 
removed by aeration. The solution was adjusted to pH 6.0 and 
treated with pectinase (O.Ol’% final concentration) for 6 hours at 
room temperature. The solution was evaporated to dryness in 
a vacuum at 40” and taken up in 5 ml of pyridine with 200 pmoles 
of nickel acetate. It was boiled for 2 hours under reflux to de- 
carboxylate the uranic acids. Water was added and pyridine 
removed by repeated extraction with chloroform. The solution 
was deionized by passage through a column of Amberlite MB-3 
and decolorized with Norit A. The colorless solution was reduced 
to 1 ml in a vacuum and samples assayed chromatographically 
and for ketose production on treatment with purified L-arabinose 
isomerase. The values given are per ml of original reaction 
mixture. 

Assay Quantity 

pWlt3 

Initialsubstrate................................. 100 
Oxidized (enzymatic assay). . . . . . . 68 
Oxidized (iodometric titration), . . . . . 63 
Uranic acid after bromine treatment. . . . 54 
L-Arabinose after decarboxylation of uranic acid.. 12.5 

DISCUSSION 

The galactose oxidase elaborated by the mold P. circinatus 

diiers in several striking respects from oxidases for glucose pro- 
duced by molds of the genus Penicillium. Of particular interest 
is the fact that oxidation occurs at position 6 to form n-galacto- 
hexodialdose, rather than at position 1 as is the case with glucose 
oxidase. Carbohydrate derivatives of this type are thus far 
unknown in nature, nor has the synthesis of the n-galacto-hexo- 
dialdose been reported, although the tetraacetyl derivative is 
known (28). The enzyme does not appear to be a flavoprotein 
and it will be of interest to determine whether it possesses any 
prosthetic group or cofactor. The fact that hydrogen peroxide 
is produced suggests that it is not a heme protein, nor is there 
any spectroscopic evidence for such a component. 

The natural substrate for the enzyme may be a polymer con- 
taining terminal galactose residues rather than the free sugar, 
since oligosaccharides and polysaccharides of the guaran type 
are oxidized much more rapidly than is free galactose and the 
enzyme shows a vastly higher affinity for a substrate such as 
guaran than for galactose itself. 

The pyranose ring appears to be important for enzyme activ- 
ity, since dulcitol and galactonic acid are relatively poor sub- 
strates for the enzyme, whereas 1,5-anhydrogalactitol is oxidized 
at the same rate as is galactose.3 On the other hand, the C-l 
position need not be free, since galactosides are readily attacked. 
The 0 configuration is somewhat favored. /3-Methylgalactoside 
and galactobiose are both better substrates than cr-methylgalac- 
toside and melibiose, respectively. However, this is not an 

3 A sample of methyl-p-o-galactofuranoside was kindly pro- 
vided by Dr. A. S. Perlin of the Prairie Regional Laboratory, 
National Research Council, Saskatoon, Saskatchewan, Canada. 
This was not a substrate. 

important structural requirement since stachyose (O-a-n-galacto- 
pyranosyl-(I + 6)-O-cY-n-galactopyranosyl-(1 --f 6)-O-a-n-gluco- 
pyranosyl-(1 + 2)-P-n-fructofuranoside) is the best of all 
substrates tested. The galactose configuration at position 
4 is essential; glucose and its derivatives are completely inert. 
The configuration at position 2 is not so critical since n-talose, 
2-deoxy-n-galactose and n-galactosamine are good substrates, 
comparable to n-galactose. 

There is no evidence that galactosides are hydrolyzed to mono- 
saccharides before oxidation. On the contrary, galactosides are 
better substrates than galactose. Furthermore, no mucic acid 
has been detected when the enzymic oxidation of galactosides is 
followed by oxidation with bromine. Finally, the reducing 
sugar tests with nonreducing oligosaccharides yield values ex- 
pected on the basis of oxidation without hydrolysis. 

The function of the enzyme in the metabolism of the organism 
remains unclear. Since both galacturonic acid and L-arabinose 
will support growth of the organism, these may be intermediates 
in the utilization of galactose. However, all attempts to show 
the further oxidation of n-gal&o-hexodialdose with enzymes in 
the culture medium or in mycelial extracts have failed. This 
may be related to the fact that the natural substrate is not the 
monosaccharide but a polysaccharide. Studies in progress on 
the utilization of guaran or other galactans may shed some light 
on this problem. 

The galactose oxidase of P. circinatus has proved to be highly 
useful for the determination of gala&se or D-galactosides in 
mixtures of sugars. It should also be of value in the charac- 
terization of galactose polymers, many of which are important 
components of biological materials. 

SUMMART 

Polyporus circinatus produces an oxidase that catalyzes the 
oxidation of o-galactose by molecular oxygen to produce D-g&K- 

to-hexodialdose and hydrogen peroxide. The enzyme has been 
purified about 35-fold from the growth medium. It is a homo- 
geneous protein in gradient electrophoresis. In addition to 
galactose and galactosamine, a number of galactosides and oligo- 
saccharides or polysaccharides which contain galactose are 
oxidized. The reaction is more rapid with polymers containing 
galactose; the tetrasaccharide stachyose is most rapidly oxidized, 
and the galactomannan guran shows the highest affinity. The 
enzyme catalyzes oxidation of galactose and galactosides at the 
C-6 position. This has been established by oxidation of the 
enzyme product with bromine, which results in the formation 
of mucic acid from n-galacto-hexodialdose and n-galacturonides 
from the galactosides. The enzyme can be employed for the 
determination of galactose. 
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