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ABSTRACT

An endo-(1—6)-g-D-glucanase (EC 3 2 1), 1solated from the culture filtrate of
Mucor hiemalis, was purified by ammonium sulphate fractionation and gel filtration
The homogeneity of the enzyme was confirmed by disc electrophoresis The enzyme
had a wide range of temperature and pH stability, high substrate spectficity, and an
action pattern of the endo-type

INTRODUCTION

(1-—-6)-p-p-Glucans have been 1solated from hchens®#, yeast®, and Penicilhium
sp 7%, and (1 »6)-B-p-glucanases are also known (1-6)-8-D-Glucanase activity has
been detected 1 Sclerotima hbertiana'®, Rhizopus sp '° !, Pemcilium brefel-
dianum*?, Actinomycetes'3, Bacillus circulans'®, Streptomycetes®®, Shizophillum
commune'®, and Aspergillus usanu'? The enzymes 1solated from Gibberella fupikuror
by Shibata et al '8 and from RhAizopus chinensis by Nagasaki et al.'® have been studied
in detail. We have studied various glycosidases secreted by fungi', and we now
report on the purification and some properties of a (1 —6)-8-pD-glucanase 1solated from
Mucor hiemalis -

MATERIALS AND METHODS

Micro-organism — After screeming tests using a meduum contamming (1->6)-
B-D-glucan as the sole carbon source, Mucor hiemalis was selected as the source of the
(1-6)-8-p-glucanase

Enzyme assays — 1 Unit 1s defined as the amount of enzyme which yields
1 ymol of reducmg sugar when a muxture of 0 5 ml of (1—6)--p-glucan (02%),
0.5 ml of enzyme solution, and 1 ml of 0 1M acetate buffer (pH 4 5) 1s incubated for
1 h at 55° 02-04 U of enzyme was a convemient amount to use expernmentally For
the detection of (1—3)-f-D-glucanase activity, 0 2% of laminaran was used. Reducing
sugar was measured by the Somogy1-Nelson method?!-22

*Fungal Glycosidases Part II For Part I, see Ref 1
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Protein assays — Protein content was determined by the absorbance at 280 nm
or by the method of Lowry ez al 23.

Substrates — (1—-6)-p-D-Glucan (islandican) was purified from a culture
filtrate of Penicillium 1slandicum TIFO 4872 according to the method of Nakamura
et al 8° Pachyman?4, lammaran?3, yeast glucan?, yeast mannan?’, and mgeran?8
were purified by the hiterature procedures The following substrates were purchased
commercially- dextran, carboxymethylcellulose (Na salt), soluble starch, phenyl
B-D-glucopyranoside, methyl a-D-glucopyranoside, trehalose, turanose, cellobiose,
maltose, sucrose, melibiose, gentiobiose, isomaltose, melezitose, and raffinose
Oligosaccharides of the (1—6)-8-D-linked series were prepared by partial, acid
hydrolysis (0 3m H,SO,, 1 5h) of the (1-6)-p-D-glucan extracted from Gyraphora
esculanta®. After hydrolysis, the oligosaccharides were 1solated by elution from
charcoal-Celite, using a 0—30% ethanol gradient, followed by pc [Whatman 3MM
paper, multiple development, 1-propanol-ethyl acetate-water, 6 1 3 (Solvent 4)]*°

Furification of the enzyme — A culture of M hiemealis (1 9 1) was mcubated 1n
a reciprocal shaker (115 times/mun}) at 25° The culture medmum contained 0 2% of
1slandican, 0 2% of (NH,),SO,, 02% of KH,PO,, 01% of MgSO, 7H,0, and
0 01% of yeast extract (Wako Pure Chemical Ind Ltd.) After 3 days (see Table I),
the culture was filtered through a nylon cloth, dialyzed against distilled water for 24 h
at low temperature, and then iyophilized to give a white powder (I-7) (2498 ¢g) A
solution of L-7 in distilled water (50 ml) was centrifuged, ammonmum sulphate was
added to the supernatant to 0 7% saturation, and the mixture was stored mn a
refrigerator overmight The precipitate was collected after centrifugation at 10,000
rpm for 10 min, and dissolved 1n distilled water (5 ml), and the solution was
dialyzed against distilled water at 5° overmight and then lyophilized to give Z-2
(0044 g) L-2 was cluted from a column (1 5x90 cm) of Sephadex G-100, using
0 0lM phosphate buifer (pH 7 2) containing 0.5 KCl A portion (01 ml) of each
fraction (3 ml) was assayed for enzyme activity

TABLE I
PRODUCTION OF (1—>6)-f-D-GLUCANASE DURING GROWTH OF Mucor liemalis

Time of growth (days) 1 2 3 4 6 8
pH 51 41 37 36 36 36

(1—6)-f-p-Glucanase activity (umit/0 5 ml) 0004 0390 0419 0386 0382 0297

General properties of the enzyme. — (a) Effect of pH. The pH stability was
examined by treatment of the enzyme with the appropnate buffers for 20 h at 25°,
and the pH optimum was determuned by using the enzyme assays described above

(0) Effect of temperature The heat stability of the enzyme was determuned by
assaying enzyme activity after incubation of the enzyme with acetate buffer (pH 4.5)
for 10 mun at each temperature.

(c) Effect of metal 1ons and bovine serum albunun. The activity of the enzyme
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was determined in the presence of each of the following salts MgCl, 6H,0,
CaCl,-2H,0, ZnCl,, CdSO,, CuSO,-5H,0, HgCl,, FeCl;-6H,O0, and also in the
presence of bovine serum albumin (Wako Chemical Ind. Ltd.).

(d) K,, value The K, value was obtained by incubating the enzyme with various
concentrations of islandican for 10 min

(e) Substrate specificity. 0 2% of each substrate was used

(f) Mode of action of the enzyme After the enzyme had acted on 1slandican for
05, 1, 2, and 3 h, each solution was concenrrated, and subjected to chromatography
on Toyo Roshit No 50 paper (solvent 4). Likewise, the products from each (1—6)-5-
D-ohgosaccharide were investigated Detection was effected with alkaline silver
mitrate3?, and molar ratios were determuned, after paper chromatography, by the
phenol-sulphuric acid method3!?

(g9) Disc electrophoresis Disc electrophoresis of the enzyme was carried out
m glycie buffer (pH 8 3) for 2h and f-alanine buffer (pH4 5) for 1 8h with a
current of 2 mamp per Biogel column After electrophoresis, the column was cut into
202 5-mm shces Each shce was extracted with 0 5 ml of 0 1M acetate buffer (pH 4 5),
and each extract was incubated with the substrate at 55° for 3 h

RESULTS AND DISCUSSION

Although (1—6)--D-glucanases have been detected i various fungi, the
production of a (1—6)-f-D-glucanase by the Mucor genus has not been documented
hitherto.

The specific activity of the culture filtrate was increased 2-fold by means of
ammonium sulphate fractionation (Table II), and 14 4-fold after gel filtration on
Sephadex G-100 The recovery of the activity was 92 4% and 13 6% after ammonium
sulphate fractionation and gel filtration, respectively Generally, the culture filtrate
contamned, mn addition to the (1—6)-f-D-glucanase, other, mterfering enzymes
Penicillium brefeldianum? also yielded substantial amounts of a (1—3)-8-D-glucanase
and a f-p-glucosidase which were 1solated by zone electrophoresis

TABLE I

PURIFICATION OF (1—6)--D-GLUCANASE

Purification step Total Total Specific Yield
activity protein actiorty (%)
(unuts) (mg) (umits/mg)

Culture filtrate 1782 2 825 216 100

Ammomum sulphate fractionation 1646 9 399 412 924

Sephadex G-100 gel-filtration 2430 0782 3107 136

By elution of the crude glucanase (prepared from M. /iuermalis) from Sephadex
G-100, using 0.01M phosphate buffer (pH 7.2) contaiming 0 5M KCl, the (1—6)-5-D-
glucanase could be separated from the (1-3)-f-D-glucanase (Fig 1). Elution with
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Fig 1 Gel filtration of crude enzyme on Sephadex G-100 — — — —, protem, —————, (1—>6)-§-
p-gliicanase activity, — + — —, (1—>3)-4-D-glucanase activity
1001
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Fig 2 Effect of pH on the enzyme activity: O——O, pH stability, —— @, pH optimum.
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the KCl-free buffer gave the (1 »3)-B-D-glucanase. Since Sephadex G-100 is prepared
from a (1—6)-a-p-glucan, the adsorption of (1—6)-p-D-glucanase may be promoted
and thss effect could contribute to the high purity of the enzyme 1solated

The pH optimum of the enzyme was 4 5, and the enzyme was stable n the pH
range 3-7 (Fig 2) Itis of interest that the optimum pH of the enzyme should be on
the acid side, as M hiemalis was cultured 1n an acidic medium. The pH optima of the
other (1-—6)-p-p-glucanases'®:'? are 5-6

In studies of the endo-(1-—6)-f-D-glucanase from Rhizopus chinensis, Nagasaki
et al '? stated that potasslum phosphate mhibits enzyme action. The (1-—6)--D-
glucanase from M hiemalis was not inhibited 1n this way.

The optimum temperature of the enzyme was 55° and 1t was stable in the range
30-60°. Even at 70°, ~56% of the activity remamed (Fig 3)

8
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Fig 3 Effect of temperature on the enzyme activity O——Q, heat stability, €— @, temperature
optimum

TABLE III

EFFECT OF METAL IONS ON THE ENZYME ACTIVITY

Relatwe actioity (%)

10— 2%m 10~ 3m 10~ *Mm

None 100

Mg2+ 104 1 1025 989
Ca2+ 96.2 934 1007
Zn2* 259 628 98 0
Cqdz+ 46 8 70.2 101.1
Cu3+ 04 251 69 4
Hg2+ 0 187 858

Fe3* 0 533 623
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The enzyme was not affected by Mg?* and Ca2™, but was moderately mhibited
by Zn?* and Cd??, and strongly by Cu?*, Hg?*, and Fe3* (Table III)

The activity of the enzyme was protected and enhanced (119% and 124%,
respectively) by the addition of 100 or 200 ug/m! of bovine serum albumn

The K, value of the enzyme, obtamed by a Hofstee plot, was 0 173% (Fig 4)
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Fig. 4 Hofstee plot of the (1—6)-8-p-glucanase

Taking the activity of the (1 —6)-f-pD-glucanase against i1slardican as 100%, the
enzyme was slightly active against laminaran, but not against the other substrates
tested (Table 1V), laminaran contains some (1 —6)-g-D-linkages

TABLE 1V
SUBSTRATE SPECIFICITY OF PURIFIED ENZYME®
Polysaccharide Linkage Activity (%)
Islandican (1—6)-f-D- 100
Lamnaran (1—3)-§-p-, (1—6)-§-D- 27
Yeast glucan (1—3)-£-p-, (1—-6)-§-D- 10
Pachyman (1—3)-5-p- 0
Carboxyrethylcellulose (Na salt) (1—4)-$-D- 09
Dextran (1—6)-D- 04
Nigeran (1—>3)-0-D~, {(1—4)-at-D- [¢]
Soluble starch (1—4)-a-D~, (1—>6)-0-D- 0
Yeast mannan (1—6)-a-p-, (1—3)-0-D- 0
(1—2)-2-D-

“No activity was observed against phenyl f-p-glucopyranoside, methyl a-D-glucopyranoside, treha-
lose, turanose, cellobiose, maltose, gentiobiose. 1somaltose sucrose, melibiose, melezitose, and

raffinose

The enzyme appeared to be of the endo-type and had no exo-action For
example, 1t did not attack phenyl g-b-glucopyranoside and, when acting on islandican,
produced the series {di- to octa-saccharide) of (1—6)-f-pD-oligosacchanides, but
n-glucose was not formed Similarly, the enzyme did not attack gentiobiose or
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gentiotriose, but the following conversions were observed tetramer — dimer;
pentamer — dimer and trimer; hexamer — dimer, trimer, and tetramer The enzyme
acting on the hexamer gave, mmtially the tetramer, trimer, and dimer, but, on pro-
longed action, the dimer mcreased at the expense of the tetramer. The final molar
ratio of the trimer and dimer produced from the hexamer was 034 10 Thus, the
enzyme cleaved the inner limkage of the hexamer.

It 1s of interest to note that the endo-(1—6)--p-glucanase produced by Bacillus
circulans gave gentiobiose and bD-glucose from pustulan!#

After disc electrophoresis 1 glycine buffer (pH 8 3) and f-alanine buffer
(pH 4 5), the active component was present 1n a single shice A protein band was not
detected because of the low concentration of the enzyme protein

Although the yield 1s not high, the enzyme has high specificity and stability,
and 1s likely to be useful for structural analysis of glycans

(1—-6)--D-Glucanase activity was not detected in the culture fluid when
D-glucose was used instead of islandican as the carbon source, therefore, the enzyme
1s mnduced On the other hand, {1-—3)-f-D-glucanase was detected, even in the
substrate-free culture

Application of the enzyme in the structural mvestigation of glycans will be
described elsewhere
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