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An enzyme that has both fl-1,4-glucanase and chitosanase activities is
characterized. Evidence for homogeneity was obtained from electrophoresis and
sedimentation velocity studies; only one N-terminal amino acid, valine, was
found. Results of denaturation studies showed that fl-1,4-glucanase and chitosa-
nase activities decreased at equal rates. With carboxymethylcellulose as the
substrate, a Km of 1.68 g of carboxymethylcellulose per liter of solution and a

V.ax of 2.20 x 10-9 mol/min were found. With chitosan (the ,8-1,4-polymer of
glucosamine) as the substrate, a Km of 0.30 g of chitosan per liter of solution and
a Vmax of 0.75 x 10-9 mol/min were found. A pH optimum of 5.0 was found for
,B-1,4-glucanase activity, and pH optima of 5.0 and 6.8 were found for chitosanase
activity. ,B-1,4-Glucanase activity had a temperature optimum of 38 C, and
chitosanase activity had a temperature optimum of 70 C. Chitosan stabilized
both enzyme activities at 70 C. Cellotriose was the smallest polymer capable of
hydrolysis. Glucosamine was released by action of the enzyme upon cell wall
preparations of several fungi.

In previous communications, two extracellu-
lar enzymes produced by myxobacter strain
AL-1 have been described and characterized.
One of these, protease I, has been shown to lyse
cell walls of a number of bacteria by cleavage of
the pentaglycine bridge, as well as by removal of
the peptide moieties from the peptidoglycan (4,
11). Protease II was shown to exhibit specific
peptide bond cleavage on the amino side of
lysine (25). We present here the characteriza-
tion of a third extracellular enzyme that has
both ,B-1,4-glucanase and chitosanase activities.
This is the first enzyme with both f-1,4-gluca-
nase and chitosanase activities to be described;
chitosan is the f-1,4-polymer of glucosamine
and is prepared by the deacylation of chitin. By
definition, a ,B-1,4-glucanase attacks amorphous
forms of cellulose, such as carboxymethylcel-
lulose (CMC), but not crystalline cellulose (12).
Chitosanase activity has been reported in crude
growth liquors; these growth liquors lysed cer-
tain fungi (16, 22). Purified chitosanases may
provide a tool for the characterization of fungal
cell walls.

MATERIALS AND METHODS
,-1,4-Glucanase and chitosanase activities were

measured in a standard assay mixture which con-
tained: 0.05 M sodium acetate buffer (pH 5.0); 1 to 3
enzyme units; either 7.5 mg ofCMC (type 4M) or 0.75
mg of chitosan; and distilled water to make a final

volume of 2.0 ml. The mixture was incubated at 38 C
for 15 min after the addition of enzyme. A 0.1-ml
sample was removed to assay for the reducing sugar
that was released during incubation. The Park-John-
son reducing sugar assay (20) with the modification of
Ghuysen and Tipper was used (5). One unit of enzyme
is defined as the amount of enzyme that releases 10-8
mol of reducing sugar per 0.1 ml of assay mixture in 15
min.

Protein concentration was determined by the
method of Lowry et al. (13), with bovine serum
albumin (Sigma Chemical Co.) as the standard.

Viscosity determinations were made in a Cannon
Ubeholde viscometer (size 25), which had a constant
of 0.002403 centistokes per s. The viscometer and the
material for which the viscosity was to be determined
were equilibrated at 38 C in a constant-temperature
water bath.
CMC was obtained from the Hercules Powder Co.

Chitosan was prepared by the method of Horton and
Lineback (9) for a 97% deacylated product, with
chitosan from K & K Laboratories, Inc. used as the
starting material. Cellobiose, xylan, laminarin, and
dextran were obtained from the Nutritional Biochem-
ical Company; chitin and pectin were from Calbio-
chem; cellulose powder was from W. R. Balston, Ltd.;
and polygalacturonic acid was from Sigma Chemical
Co. Phosphate-swollen cellulose powder was made by
the method of Whitaker (24), and phosphate swollen
chitin was made by the method of Monreal and Reese
(17).

Molecular weight was estimated by gel filtration by
method of Andrews (1). A 0.15-mg amount of each
protein was used, and all peaks except cytochrome c
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were detected by measuring optical density at 280
nm; cytochrome c was measured at 315 nm.

Cellodextrins were prepared by hydrolyzing cellu-
lose powder with hydrochloric acid by the method of
Miller (15). The unhydrolyzed cellulose was removed
by filtration through Whatman no. 1 filter paper. The
filtrate was concentrated and desalted through a
Diaflo UM-05 membrane until no chloride ions were
detectable upon addition of AgNO,. Cellodextrins
(degree of polymerization 2 to 6) were separated on
Sephadex G-15 resin. Cellodextrins and products
from enzymatic hydrolysis were separated by ascend-
ing chromatography in the solvent system water-
ethanol-1-propanol (40:40:20) on Eastman Chromo-
gram cellulose sheets that were held between East-
man Sandwich plates (10). Glucose and cellobiose
were used as standards for identification of the
products from the complete enzymatic hydrolysis of
the cellodextrins.

Analytical electrophoresis of enzyme preparations
was performed with a 7.5% acrylamide gel system.
Gels were formed by mixing solutions A, B, and C
(1:1:2). Solution A contained 0.46 ml of
N,N,N',N'-tetramethylethylenediamine in 100 ml of
the desired buffer at 0.04 M. Solution B contained
30.0 g of acrylamide and 0.8 g of N,N'-methyl-
enebisacrylamide per 100 ml of aqueous solution.
Solution C contained 0.12 g of ammoniumpersulfate
per 100 ml of water. The reservoir buffer in each case
was the same as the gel buffer except that a concen-
tration of 0.01 M was used. Protein samples (0.1 to 0.3
mg) were dissolved in a 10% sucrose solution that had
been made with reservoir buffer. Each sample was
applied to the gel and subjected to electrophoresis at 6
mA with a Canalco model 200 power supply.

Sedimentation velocity determinations were per-
formed in a Spinco model E ultracentrifuge with a
double-sector cell and a standard AN-D rotor. Photo-
graphic plates were exposed for 30 s at 16-min
intervals. A speed setting of 59,780 rpm, at 20 C, was
used.

Dialysis bags were prepared by the method of
McPhie (14). To prevent enzymatic hydrolysis of the
cellulosic bonds of the dialysis bags, the enzyme was
dialyzed against 1.25 x 10-' M ammonium hydrox-
ide.

For amino acid analysis, hydrolysis of the protein
was carried out in duplicate for 24, 48, and 72 h at
110 C by the method of Moore and Stein (18). After
hydrolysis, each hydrolysate was evaporated to dry-
ness at 50 C under a stream of nitrogen. Each
hydrolysate was dissolved in water and evaporated
again, the procedure being repeated three times. The
hydrolysate was then dissolved in 0.02 M citrate
buffer (pH 2.2) and analyzed for amino acid content
with a Beckman model 120 amino acid analyzer.
Cystine was determined as cysteic acid by the per-
formic acid oxidation method of Hirs (8). Tryptophan
was determined by the method of Goodwin and
Morton (6).

Dansylchloride derivatives were made by the
method of Gross and Labouesse (7) and were sepa-
rated by ascending chromatography for 90 min in an
aqueous buffer system of 0.4% pyridine and 0.8%

acetic acid on Brinkman cellulose MN300 sheets (2),
followed by electrophoresis in the same buffer for 90
min in a Brinkman-Desage electrophoresis chamber
at 400 V and 10 mA.

Rhizopus oligosporous NRRL 2710, Geotrichium
candidum, Trichoderma viride QM9123, Aspergillus
niger, Penicillium digitatum NRRL 1202, and
Alternaria sp. were obtained from Z. J. Ordal.
Rhizopus rhizopodiformis QM9395 was obtained from
E. T. Reese. All of the fungi were grown at 30 C with
shaking for 24 to 48 h in 1 liter ofPramer and Schmidt
medium (21). The mycelia were harvested and
washed three times with distilled water. Harvested
mycelia were sonically disrupted and then passed
through a French pressure cell three times at 15,000
psi to produce cell wall fragments. These fragments
were harvested by centrifugation and washed three
times with distilled water.
To assay for the amount of reducing sugar produced

by the action of enzyme upon the cell walls, 3.0 ml of
the cell wall suspension was placed in a 10-ml
Erlenmeyer flask, and 0.2 ml of 1.0M collidine-hydro-
chloride buffer (pH 6.8) was added. Enzyme (60 to 100
U) was added to the suspension. The total volume was
made to 4.0 ml with distilled water, and the flask was
sealed with a rubber stopper. After incubation with
shaking at 38 C for 4 h, a sample was removed and
appropriately diluted to assay for the amount of
reducing sugar released. Incubation of the cell wall
suspension was continued for an additional 20 h at
room temperature without shaking and again was
assayed for reducing sugar. After removal of the last
sample, 1.0 ml of the suspension was removed and
dried to a constant weight at 100 C. For assays with
the purified T. viride cellulase (Miles Laboratories),
1.0 M sodium acetate buffer (pH 5.0) was used
instead of the collidine-hydrochloride buffer.

Glucosamine that was released from the fungal cell
walls by the myxobacter enzyme was identified by
ascending, thin-layer chromatography on Brinkman
MN 300 cellulose sheets with a pyridine-ethylacetate-
acetic acid-water (36:36:7:21) solvent system (26).
Reducing sugar spots were detected by the silver
nitrate method (23).

RESULTS
A purification procedure for proteases in the

growth liquor of the organism has been de-
scribed previously (11, 25). For the present
study, the growth liquor was poured over an
excess of ice as it came out of a Sharples
centrifuge, and the zinc chloride precipitation
was performed immediately. This modification
prevented loss of enzyme activity that would
have occurred during slow cooling of the har-
vested liquor. Unwanted materials were re-
moved from the zinc precipitate by extraction
with 0.05 M mono-tris(hydroxymethyl)amino-
methane (Tris) buffer (pH 9.0) that, contained
1 mM ethylenediaminetetraacetic acid. Af-
ter centrifugation, the precipitate was re-
tained and the enzyme was solubilized from
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the precipitate by extraction with 0.15 M citrate
buffer (pH 5.0). Recoveries of enzyme activities
that were obtained at various steps of the
purification are shown in Table 1. The enzyme
was precipitated from the citrate buffer with 3.4
M ammonium sulfate at 0 C. The precipitate
was recovered by centrifugation, dissolved in
0.025 M Tris buffer at pH 9.0, and dialyzed
ovemight against 15 liters of 1.25 x 10-' M
ammonium hydroxide. After dialysis, the pro-
tein solution was poured into 1 liter of SP-
Sephadex C-50 resin that had been equilibrated
with 0.01 M collidine-hydrochloride buffer (pH
6.5) and from which the excess buffer had been
removed. After the resin was stirred for 30 min,
the slurry was poured onto a scintered-glass
filter, and the solution was removed by suction.
Brown coloration was removed from the resin by
elution with 0.01 M collidine-hydrochloride
buffer (pH 6.5). The enzyme was eluted with
0.01 M collidine-hydrochloride buffer (pH 6.5)
that contained 0.5 M NaCl. Modification of the
purification procedure (25) to use SP-Sephadex
C-50 resulted in better binding of the enzyme to
the resin and greater recovery of the enzyme.
The enzyme was then precipitated from the
SP-Sephadex eluant with 4.5 M ammonium
sulfate at 0 C. The solution was eluted from a
Sephadex G-75 column (85 by 5 cm) with 0.05
M Tris buffer (pH 7.0).
Enzyme from the Sephadex G-75 column was

dialyzed and lyophilized. Purification to ho-
mogeneity was achieved by column chromatog-
raphy with an SP-Sephadex C-50 resin equili-
brated with 0.01 M collidine-hydrochloride
buffer (pH 6.5), a 0.0 to 0.1 M NaCl gradient
being used. Figure 1 shows the coincidence of
the fl-1,4-glucanase, chitosanase, and protein
peaks that were eluted from the column. Spe-
cific activity of 6.34 x 10' fl-1,4-glucanase units
per mg of protein and 2.66 x 10' chitosanase

units per mg of protein were obtained.
Analytical gel electrophoresis of the enzyme

at several different pH values revealed only one
band migrating from the anode to the cathode
(Fig. 2). No bands were found to migrate in the
opposite direction. The isoelectric point occurs
at pH 9.0 with barbital buffer.

Protein concentrations of 6.4 and 10.6 mg/ml
were used in 0.05 M Tris buffer (pH 7.0) for
sedimentation velocity analysis. Only one very
broad peak, which moved slowly, was detected
(Fig. 3). The enzyme had a total hexose content
of 1.3% as determined by the method of Dubois
et al. (3).
The enzyme was found to be inactivated by

incubation in water, and an experiment was
designed to follow each enzymic activity as the
enzyme was allowed to incubate at 30 and at
38 C. At the times indicated in Fig. 4, samples
were removed to assay for fl-1,4-glucanase and
chitosanase activity by the standard assay pro-
cedure; both f-1,4-glucanase and chitosanase
activities decreased at equal rates.
The enzyme was bound to a cellulose powder

column that had been equilibrated with 0.05 M
sodium acetate buffer at pH 5.0. When the
column was washed with 10 column volumes of
the same buffer, enzyme activity did not elute
from the column. Chitosan was added to the
buffer to give a concentration of 0.02%. After
addition of chitosan to the buffer, both f-
1,4-glucanase and chitosanase activities eluted
together (Fig. 5). All of the enzymatic activity
loaded onto the column was eluted in one peak.
In a control experiment, 1.0 M NaCl did not
elute the enzyme from the column.

Several polymers were tested as possible
substrates for the enzyme. Only the amorphous
forms of cellulose, CMC and phosphate-swollen
cellulose, and chitosan were attacked. Cellulose
powder (a crystalline form of cellulose), starch,

TAmBz 1. Comparison of enzyme activities during purification proceduresa
% of original

Purification Step Substrate (type) Total units Total protein (mg) Sp act activity

Citrate extract 4M CMC 3.50 x 10' 8.05 x 104 43.50 39.40
Chitosan 1.27 x 10' 15.80 39.40

Dialyzed ammonium 4M CMC 1.74 x 10' 7.88 x 103 221.00 19.60
sulfate precipitate Chitosan 6.30 x 10" 80.00 19.60

SP-Sephadex elution 4M CMC 4.48 x 10" 7.00 x 102 640.00 5.04
Chitosan 1.63 x 10" 233.00 5.00

G75 elution 4M CMC 1.64 x 10' 78.75 2,100.00 2.00
Chitosan 6.30 x 10' 800.00 2.00

a Samples were withdrawn at the steps indicated for enzyme and protein assays. Appropriate dilutions were
made, and boiled-enzyme blanks were used as controls in the enzyme assays; 8.88 x 10' ,B-1,4-glucanase units,
and 3.22 x 10' chitosanase units were present in the starting 240 liters of growth liquor.
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FiG. 1. Elution of protein, ft-1,4-glucanase, and chitosanase activities from an SP-Sephadex column.

SP-Sephadex C-50 equilibrated with 0.02 M collidine-hydrochloride buffer (pH 6.5) was packed in a column to
give bed dimensions of 3.0 cm in diameter and 35 cm in length. Enzyme (80 mg ofprotein) that had been eluted
from a Sephadex G75 column, dialyzed, and lyophilized was dissolved in the column buffer and loaded on the
column. A 0.0 to 0.1 MNaCI gradient with a flow rate of 40 ml/h was applied. Fractions indicated were assayed
with appropriate dilutions for,-1,4-glucanase (0), chitosanase (0), and protein concentration (0). Each
fraction had a volume of 12.0 ml.

78 9

FIG. 2. Electrophoresis of the enzyme at different
pH values. A 0.3-mg amount of protein was used for
each gel. The number above each gel indicates thepH
at which electrophoresis was performed. The following
buffer systems were used (left to right): collidine
acetate (pH 5.0 and 6.0), collidine-hydrochloride (pH
7.0), phosphate (pH 7.0), and barbital (pH 8.0 and
9.0). All buffer concentrations were 0.01 M.

dextran, laminarin, xylan, pectin, and poly-
,B-1,4-galacturonic acid were not attacked. Nei-
ther chitin, from which chitosan was made by
deacylation, nor the amorphous, phosphate-

swollen chitin was attacked. The enzyme
showed a apecificity for fl-1,4-glucose and gluco-
samine polymers. Cellodextrins with a degree
of polymerization from 2 to 6 were tested as
substrates for the enzyme. Cellotriose was the
smallest polymer to be attacked, cellobiose not
being a substrate. When a sample of each
reaction mixture was subjected to thin-layer
chromatography, glucose and cellobiose were
the only products found.

Viscometric studies of enzymatic hydrolysis
of chitosan and CMC (type 7M) showed a
logarithmic decrease of viscosity both with
respect to time and reducing sugar produced.
These results are indicative of an enzyme that
attacks internal bonds of a polymer in a random
fashion.

For Km determinations, substrate concentra-
tion was measured in units of grams per liter of
assay mixture. With CMC as the substrate, a
Km of 1.68 g of CMC (type 4M) per liter and a
Vmax of 2.20 x 10-9 mol of reducing sugar per
min were found. With chitosan as the substrate,
a Km of 0.30 g of chitosan per liter and a Vmax of
0.75 x 10-@ mol of reducing sugar per min were
found. These determinations were performed at
38 C and pH 5.0.
With CMC (type 4M), as the substrate, a pH

optimum of 5.0 was found (Fig. 6). With chito-
san as the substrate, pH optima were found at
5.0 and 6.8. At pH 6.8 the Km for chitosanase
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FIG. 3. Sedimentation pattern of the enzyme. The enzyme was centrifuged at 59,780 rpm in 0.05 M This
buffer (pH 7.0) at a concentration of 6.4 mg/ml, and at 20 C. The photographs were taken at 16, 32, 48, 64, and
80 min.
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FIG. 4. Thermal stability of f-1,4-glucanase and chitosanase. (A) Enzyme (68 gg ofprotein) was dissolved in
5.0 ml of water and incubated at 30 C. (B) Enzyme (108 ug of protein) was dissolved in 7.0 ml of water for
incubation at 38 C. At the times indicated, 0.1-mi samples were removed and assayed for P-1,4-glucanase (0)
and chitosanase (a).

4.00 activity was 0.52 g of chitosan per liter and the
Vmax was 1.42 x 10-9 mol/min, with both the
Km and the Vmax increasing at pH 6.8.

3.0 With CMC as the substrate, a temperature
optimum of 38 C was found, but with chitosan
the temperature optimum increased to 70 C

2.0 (Fig. 7). The K. for the enzyme with chitosan
as the substrate at 70 C was the same as found

E 11> ) \ at 38 C, but at 70 C the Vm.. had increased to

1.0 1l \ \2.43 x 10-9 mol of reducing sugar per min. Km
and V.,x determinations were performed at pH
5.0 with 0.05 M sodium acetate buffer.
An experiment was carried out to determine

oo_ __ whether chitosan stabilized the enzyme at 70 C.
2.0 6.0 10.0 14.0 18.0 Enzyme was added to 0.5% chitosan in a stan-

Fraction dard reaction mixture that had been equili-
brated at 70 C. At the times indicated in Fig. 8,

FIG. 5. Elution profile of enzyme activities from a samples were removed and assayed for chitosa-
cellulose column. Cellulose powder that had been nase and P-1,4-glucanase activities at 38 C and
defined and equilibrated with 0.02 M acetate buffer for chitosanase activity at 70 C. The amount of
(pH 5.0) was poured into a column to give bed reducing sugar released from the 0.5% chitosan

dimensions of 1.5 by 10.0 cm. Enzyme (70 Mg of incubation mixture was determined. As the
protein) was dissolved in the buffer and loaded on the
column, which was then washed with I liter of buffer. enzyme became unsaturated, substrate protec-

The elution profile of enzyme activities after addition tion decreased and both ,-1,4-glucanase and

of chitosan (0.02%) to the eluting buffer is shown: 0, chitosanase activities began to fall. The activi-
ft-1,4-glucanase activity; 0, chitosanase activity. ties roughly paralleled each other; one activity
Each fraction had a volume of 10.0 ml. was n,ot preferentially lost. Incubation of the

848

A

0



MYXOBACTER ,-1,4-GLUCANASE-CHITOSANASE

q~3.0

0.5-

1.j 20

2.0 40 60 8.0 100 20 40 60 80 0o0
pH pH

FiG. 6. pH optima. The standard assay reaction mixture was used. (Upper curve) Citrate buffers from pH
3.5 to 7.3 were used with CMC type 4M; 11.3 ug of protein was used in each reaction mixture. (Lower curve)
With CMC type 4M, 3.78 pg ofprotein was used in each reaction mixture; acetate buffer was used from pH 4.2
to 5.5; Tris-maleate buffer was pH 5.9 to 7.0 and Tris-hydrochloride buffer was pH 6.9 to 8.8. With chitosan as
the substrate, 3.78 pg ofprotein was used in each assay for the upper curve. Acetate buffer was used at pH3.9 to
5.3 and Tris-maleate was used at pH 5.8 to 6.9; 0.68 pg of protein was used for the lower chitosan curve.
Pyridine-hydrochloride buffer was ued atpH 3.9 to 6.0, and collidine-acetate buffer was used atpH 5.0 to 7.0.
All buffer concentrations were 0.05 M. pH was determined directly on each reaction mixture.

2.0F

'I

20 30 40 50 60 70 80

Temperature (IC)

FiG. 7. Temperature optima. Standard reaction
mixtures were incubated at the temperatures indi-
cated. A 1.8-pg amount of protein was used for CMC
type 4M (0); 0.9 pg of protein was used for chitosan
(0).

enzyme with 1% CMC (type 4M) at 70 C
revealed no enzyme activity even after a 1-min
incubation period. Chitosan at saturating levels
appears to stabilize the enzyme at 70 C, provid-
ing an explanation for the two temperature
optima.
A number of salts were tested for their effect

upon enzymatic activity. None was found to be
stimulatory. HgCl,, AgNO,, CdCl,, and ZnCl,

were found to inhibit ,-1,4-glucanase and chi-
tosanase activity equally. They were effective
only at concentrations of 10- and 10-' M. All of
the salts were tested at 38 and 70 C, but no salt
was found to stabilize fl-1,4-glucanase activity
at 70 C.

Cellobiose, a product of enzymatic hydrolysis
of the cellodextrin polymers, but not a substrate
for the enzyme, was not found to be an inhibitor
even at 10-' and 10-' M concentrations (the
viscosity assay was used). CMC also was tested
as a possible inhibitor of the enzyme. CMC
(type 7M) that had been completely hydrolyzed
by the enzyme was mixed in various ratios
(2:0,2:1,2:3, and 2:4) with unhydrolyzed CMC
(type 7M). The mixtures were brought to equal
volumes and used as substrates in the standard
assay procedure. Hydrolyzed CMC (type 7M)
was not found to be an inhibitor of the enzyme.
The amino acid composition of the enzyme is

shown in Table 2. Large amounts of the basic
amino acids lysine and arginine are indicated.
Results from electrophoretic mobility and bind-
ing to cation-exchange columns had previously
indicated that the enzyme was a basic protein.
The amide content was not determined. A
molecular weight of 28,919 was calculated from
the amino acid composition. A molecular
weight estimation of 31,000 was determined
with Sephadex G-75 gel filtration (Fig. 9).

Since cellulases have not been assayed for
their ability to attack chitosan, several cellu-
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lases were tested (Table 3); none attacked
chitosan. Two bacterial isolates, A and B, were

obtained from enrichments that selected for
organisms capable of using chitosan as a carbon

0.0 2.0 40 60 80 100
Time (minutes)

FIG. 8. Stabilization of enzyme activity at 70 C by
chitosan. A reaction mixture of 0.5% chitosan was

made to a total volume of 4.0 ml in the same

proportions as the standard reaction mixture. A 21-pg
amount of protein was used in the reaction mixture.
The reaction mixture was equilibrated at 70 C before
the enzyme was added. At each 2-min interval, a

0.1-mI sample was removed to assay for enzyme
activity; chitosanase was assayed at 38 C (O) and at
70 C (A). 0-1,4-Glucanase activity was assayed at
38 C (0). A 0.1-mI sample also was withdrawn into
1.9 ml of water and placed in a boiling-water bath for
a determination of reducing sugar released in the
4.0-mi reaction mixture (0) and to serve as a blank to
correct for reducing sugar carried into the enzyme
assays.

source. Growth liquor from isolate A attacked
only chitosan, whereas growth liquor from iso-
late B attacked both CMC and chitosan. Al-
though no further work was done with isolate B
to determine the nature of the enzymatic activ-
ity, these results indicate that enrichment cul-
tures of soil organisms with chitosan as sub-
strate may yield organisms with interesting
hydrolytic extracellular enzymes.

Cell wall preparations from representatives of
several genera of bacteria were tested as possi-
ble substrates for the enzyme. Neither the
myxobacter homogeneous enzyme nor growth
liquor would cause the release of reducing sugar
from the bacterial cell wall preparations. Fun-
gal cell wall preparations also were tested as
possible substrates for the enzyme. Work by
others has shown that growth liquors that
contained chitosanase activity would lyse fun-
gal cell walls (16, 22). With homogeneous en-

zyme, reducing sugar was released from all of
the fungal cell wall preparations tested except
P. digitatum and Alternaria sp. (Table 4).
Because of the fl-1,4-glucanase activity of the
enzyme, purified T. viride cellulase (Miles Lab-
oratory) was tested for its ability to release
reducing sugar from the fungal cell wall prepa-
rations; no reducing sugar was released from
any of the fungal cell wall preparations by the
cellulase. After treatment of each cell wall
preparation by homogeneous myxobacter en-

zyme, the soluble fraction was assayed by
thin-layer chromatography. The reducing sugar
detected had properties identical to a glucosa-
mine standard.

TABLE 2. Amino acid analysis of the enzyme

Assumed no. of Amino acid residues
Amino acid Protein (g/100 g) No. of residues residues per g

Lysine .............. 5.06 10.32 10 1,462.0
Histidine ........... 2.68 4.77 5 776.0
Arginine ............ 8.43 13.92 14 2,438.8
Aspartic acid ........ 13.35 29.09 29 3,859.9
Threonine .......... 3.71 9.20 9 1,071.9
Serine .............. 6.18 16.85 17 1,786.7
Glutamic acid ....... 7.12 13.89 14 2,059.4
Proline ............. 5.17 13.17 13 1,496.3
Glycine ............. 5.97 23.15 23 1,727.3
Alanine ............. 8.32 27.14 27 2,405.7
Valine ............. 6.48 16.10 16 1,873.6
Methionine ........ 1.55 3.00 3 477.6
Isoleucine ........... 4.08 9.30 9 1,180.8
Leucine ............. 7.71 17.10 17 2,230.4
Tyrosine ............ 7.52 11.92 12 2,174.4
Phenylalanine ....... 4.00 6.63 7 1,156.4
Cysteine ............ 1.26 2.73 3 363.6
Tryptophan ......... 1.41 2.19 2 408.8
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FIG. 9. Estimation of enzyme molecular weight
with Sephadex G75.

DISCUSSION
The results presented here suggest that one

protein species is responsible for both 0-
1,4-glucanase and chitosanase activities. No
separation of the two activities was found dur-
ing the various precipitation and solubilization
steps of the purification procedure, or during gel
filtration or cation-exchange chromatography.
Only one N-terminal amino acid, valine, was
found. Only one band was detected after analyt-
ical gel electrophoresis at several different pH
values. Neither heat denaturation nor inhibi-
tion by salts preferentially affected one en-

zymatic activity. With the similarity between
the chitosan and CMC, it is not unreasonable
that one enzyme may attack both polymers.
An explanation for the higher temperature

optima at 70 C resides in the evidence that
chitosan was found to stabilize the enzyme at
70 C.

Cellulases and f-1,4-glucanases generally
have a pH optimum of 5.0. The only pH
optimum reported for a chitosanase is 7.6,
which was obtained with growth liquor of a

streptomycete with Mucor rouxii cell walls as a

substrate (22). Two pH optima were found for
the myxobacter enzyme, one at pH 5.0 with
both CMC and chitosan as substrates and
another at pH 6.8 with chitosan as the sub-
strate. Tris-maleate buffer was used with both
substrates at pH 6.8, indicating that the phe-
nomenon at pH 6.8 was not an effect of the
buffer. The two pH optima of the myxobacter
enzyme may be due to the chitosan substrate.
Above pH 6.8, the chitosan precipitates due to
the loss of protons from the glucosamine mono-

mers of the polymer. This change in the charge
of the substrate may affect the formation of the
enzyme-substrate complex and the release of
the product after bond hydrolysis. The increase

in Km and Vmax observed at the higher pH
optimum is consistent with this hypothesis.
The effect of salts upon the myxobacter

enzyme activity is similar to those found for
other cellulases and fl-1,4-glucanases. The
streptomycete chitosanase activity reported by
Ramirez-Leon and Ruiz-Herrera (22) was inhib-
ited by divalent cations at pH 7.6 with cell walls
as the substrate. Muzzarelli and Sipos (19)
found that at pH 7.6 chitosan would bind some
divalent cations.

Since gel filtration techniques yield a molecu-
lar weight estimation within a 10% error (1), the
molecular weight estimation obtained by this
method is in agreement with that calculated
from the amino acid composition. Molecular
weight studies performed with the analytical
ultracentrifuge were unsatisfactory because of
the rapid diffusion and slow migration of the
enzyme during the sedimentation velocity stud-
ies. The enzyme contained 1.3% carbohydrate;
homogeneous preparations of cellulases from
bacteria and fungi contain carbohydrate. Cellu-
lase B from Pseudomonas flourescens var.
cellulosa contains more carbohydrate than cel-
lulases A or C from the same organism and also
has the broadest sedimentation velocity peak of

TABLE 3. Comparison of extracellular
,0-1,4-glucanase and chitosanase activities from

various organismsa

Reducing sugar
En- released

Organism zyme (nmol/ml)Organismprepa-CMrparteiOn type Chitosan
4M

Myxobacter strain AL-1 ........ H 1,060 650
Pseudomonas fluorescens var.

cellulosa (cellulase A) ........ H 1,660 0
Ruminococcus albus strain 7 .... GL 648 0
Sorangium cellulo8um ......... GL 680 2
Cellulomonas sp ............... GL 480 0
Clostridium thermocellum ..... GL 630 0
hrichoderma viride (Miles Lab-
oratory) ..................... H 1,600 0

Aspergillus niger .O.........CP 1,470. 1
Rhizopus ...................... CP 250 3
7Tchoderma viride QM 9123 CP 560 2
Basidiomycete QM 806 ......... CP 670 0
Chrysosporium pruinosum QM
826. CP 792 3

Streptomyces sp. B 814 ......... CP 756 0
Myrothecium verrucaria QM 460 CP 1,750 0
Isolate A ...................... GL 8 1,700
Isolate B ...................... GL 226 112

"Enzymes were dissolved in water and used in the stan-
dard assay for ,-1,4-glucanase and chitosanase activity.

" H, Homogeneous; GL, growth liquor; CP, crude prepara-
tion.
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TABLE 4. Lysis of fungal cell walls by myxobacter enzyme

Reducing sugar (nmol) released per milligram of cell wall

Myxobacter enzyme

4h 24 h

Myxobacter growth
liquor

4h 24 h

Rhizopus oligosporous NRRL 2710 .... 234 344 161 165 0
Rhizopus rhizopodiformis QM 9395 ... 11 11 52 54 0
Geotrichium candidum ........ ...... 3 3 112 122 0
Trichoderma viride QM 9123 ......... 4 19 34 53 0
Aspergillus niger .................... 24 63 25 71 0
Penicillium digitatum NRRL 1202 .... 0 0 0 0 0
Alternaria sp ........................ . 0 0 206 965 0

these three enzyme fractions (27). The myx-

obacter enzyme was found to be capable of
attacking some fungal cell walls to release
glucosamine. The enzyme may be useful as a

tool for the classification of fungi and for the
characterization of fungal cell walls.
No name has been given to the enzyme

studied. It is the first enzyme with both B-
1,4-glucanase and chitosanase activities to be
purified to homogeneity. It is also the first
enzyme with chitosanase activity to be purrified
to homogeneity. Growth liquors with both ,@-
1,4-glucanase and chitosanase activities do ex-

ist. In addition to isolate B reported here, D. E.
Eveleigh and R. L. Monaghan (personal com-

munication) report that several of their chitosa-
nase-producing organisms also produce ,B-
1,4-glucanase activity. Until more enzymes are

purified, it will not be known if the enzyme
reported here is one of a kind or one of a class of
enzymes having both ,B-1,4-glucanase and chito-
sanase activities.

ACKNOWLEDGMENTS
We thank Z. J. Ordal, M. Mandels, E. T. Reese, M. P.

Bryant, H. Suzuki, J. E. Peterson, V. R. Srinivasan, and J. K.
Alexander for kindly providing enzymes and organisms for
this work. The aide of Charles McMullen, Marilyn Wingard,
and Gloria Ding in the mass production and purification of
the enzyme is gratefully appreciated. We thank H. E. Conrad
for helpful discussions during the course of the investigation.

This work was supported by Public Health Service grant
AI 10031 from the National Institute of Allergy and Infectious
Diseases.

LITERATURE CITED

1. Andrews, P. 1964. Estimation of the molecular weights of
proteins by Sephadex gel filtration. Biochem. J.
9l:222-233.

2. Arnott, M. S., and D. N. Ward. 1967. Separation of
dansyl amino acids in a single analysis. Anal. Biochem.
21:50-56.

3. Dubois, M., K. A. Gilles, J. K. Hamilton, P. A. Rebers,
and F. Smith. 1956. Colorimetric method for determi-
nation of sugars and related substances. Anal. Chem.
28:350-356.

4. Ensign, J. C., and R. S. Wolfe. 1965. Lysis of bacterial cell
walls by an enzyme isolated from a myxobacter. J.
Bacteriol. 9b:395-402.

5. Ghuysen, J., D. J. Tipper, and J. L. Strominger. 1966.
Enzymes that degrade bacterial cell walls, p. 685-699.
In E. F. Newfield and V. Ginsberg (ed.), Methods in
enzymology, vol. 8. Academic Press Inc., New York.

6. Goodwin, T. W., and R. A. Morton. 1946. The spectro-
photometric determination of tyrosine and tryptophan
in proteins. Biochem. J. 40:628-632.

7. Gross, C., and B. Labouesse. 1969. Study of the dansyla-
tion reaction of amino acids, peptides, and proteins.
Eur. J. Biochem. 7:463-470.

8. Hirs, C. H. W. 1967. Determination of cystine as cysteic
acid, p. 59-62. In C. H. W. Hirs (ed.), Methods in
enzymology, vol. 11. Academic Press Inc., New York.

9. Horton, D., and D. R. Lineback. 1965. N-deacylation.
Chitosan from chitin, p. 403-406. In R. L. Whistler
(ed.), Methods in carbohydrate chemistry. General
polysaccharides, vol. 5. Academic Press Inc., New
York.

10. Huber, C. N., H. D. Scobell, H. Tai, and E. E. Fisher.
1968. Thin layer chromatography of the malto-oligo
and megalosaccharides with mixed support and multi-
ple irrigations. Anal. Chem. 40:207-209.

11. Jackson, R. L., and R. S. Wolfe. 1968. Composition,
properties and substrate specificities of myxobacter
AL-1 protease. J. Biol. Chem. 243:879-888.

12. King, K. W., and M. I. Vessal. 1969. Enzymes of the
cellulase complex, p. 7-25. In G. J. Hajny and E. T.
Reese (ed.), Cellulases and their applications. Ameri-
can Chemical Society, Washington, D.C.

13. Lowry, 0. H., N. J. Rosenbrough, A. L. Farr, and R. J.
Randall. 1951. Protein measurement with the Folin
phenol reagent. J. Biol. Chem. 13:265-275.

14. McPhie, P. 1971. Dialysis, p. 23-32. In W. B. Jacoby
(ed.), Methods in enzymology, vol. 22. Academic Press
Inc., New York.

15. Miller, G. M. 1963. Cellodextrins, p. 134-139. In R. L.
Whistler (ed.), Methods in carbohydrate chemistry,
vol. 3. Academic Press Inc., New York.

16. Monaghan, R. L., D. E. Eveleigh, R. P. Tewari, and E. T.
Reese. 1973. Chitosanase, a novel enzyme. Nature N.
Biol. 245:78-80.

17 Monreal, J., and E. T. Reese. 1969. The chitinase of
Serratia marcescens. Can. J. Microbiol. 15:689-696.

18. Moore, S., and W. H. Stein. 1963. Chromatographic
determination of amino acids by use of automatic
recording equipment, p. 819-831. In S. P. Colowick and
N. 0. Kaplan (ed.), Methods in enzymology, vol. 6.
Academic Press Inc., New York.

19. Muzzarelli, R A. A., and L. Sipos. 1971. Chitosan for the
collection from seawater of naturally occurring zinc,

(Organism)
T. viride
Cellulase

4h

852 J. BAC-IOL.



MYXOBACTER -1,4-GLUCANASE-CHITOSANASE

cadmium, lead, and copper. Talanta 18:853-858.
20. Park, J. T., and M. J. Johnson. 1949. A submicro

determination of glucose. J. Biol. Chem. 181:149-151.
21. Pramer, P., and E. L. Schmidt. 1964. Experimental soil

microbiology, p. 29. Burgess Publishing Company,
Minneapolis.

22. Ramirez-Leon, I. F., and J. Ruiz-Herrera. 1972. Hydrol-
ysis of walls and formation of apheroplasts in Mucor

rouxii. J. Gen. Microbiol. 72:281-290.
23. Trevelyan, W. E., D. P. Procter, and S. S. Harrison. 1960.

Detection of sugars on paper chromatograms. Nature
(London) 166:444-446.

24. Whitaker, D. RI 1957. The mechanism of degradation of

cellulose by Myrothecium cellulase. Can. J. Biochem.
Physiol. 35:733-742.

25. Wingard, M., G. Matsueda, and R. S. Wolfe. 1972.
Myxobacter AL-1 protease II: specific peptide bond
cleavage on the amino side of lysine. J. Bacteriol.
1123940-949.

26. Wolfrom, M. L., D. L. Patin, and R. M. DeLederkremer.
1965. Thin-layer chromatography on microcrystalline
cellulose. J. Chromatogr. 17:488-494.

27. Yamane, K., H. Suzuki, and K. Nisizawa. 1970. Purifica-
tion and properties of extracellular and cell-bound
cellulase components of Pseudomonas fluorescens var.
cellulosa. J. Biochem. 67:19-35.

VOL. 120, 1974 853


