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Abstract: A distinct endo -cellulase component derived from Acremonium cellulase, a commercial cellulase ma-
terial from Acremonium cellulolyticus, was extensively purified by consecutive column chromatography and
was designated as cellulase I. Cellulase I was homogeneous on both Native- and SDS-PAGE, and was com-
pletely free from [-glucosidase. The enzyme showed high specific activity for Avicel and extremely low spe-
cific activity for CMC, 0.69 and 0.40 U/mg of protein, respectively. The molecular mass (SDS-PAGE) and pl
value of cellulase I were about 61 kDa and 5.0, respectively. The purified enzyme contained 19.8% carbohy-
drate as glucose. The N-terminal amino acid sequence from the 2nd up to the 20th residue of the enzyme was
Q- *-V-W-G-Q- * -G-G-Q-G-W-S-G-A-T-(S)- * -A-. The optimum pH and temperature for cellulase I were 5.0
and 55°C, respectively. Cellulase I was completely stable over the range of pH 3.0-6.0 at 4°C for 24 h and at
temperatures below 55°C. The activity of cellulase I was partially inactivated by 5 mmM Mn**, Fe’*, Hg** and
KMnO: to various inhibition extents. Cellulase I split various cellulosic substrates to produce predominant cel-
lobiose and a small amount of glucose as the final hydrolysis products. The enzyme was characterized as an
exceedingly low endo-type cellulase on the basis of its actions on both CMC and cellooligosaccharides.
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The biological degradation of native cellulose is an ex-
tremely important process for the carbon cycle in nature,
both ecologically and commercially. It is generally ac-
cepted that most cellulolytic microorganisms produce sev-
eral cellulase [1,4-(1,3;1,4)-53-D-glucan 4-glucanohydro-
lase, EC 3.2.1.4] components, which together constitute a
“cellulase system” that solubilizes highly ordered native
cellulose by their synergistic actions.

Okada et al. have reported several papers on the cellu-
lase system of Trichoderma viride.”” We are presently
focusing our research efforts on the complete elucidation
of the cellulase system of a filamentous fungus, Acremo-
nium cellulolyticus, which possesses exceedingly potent
activity toward native cellulose.

In previous papers,*” we reported that Acremonium cel-
lulase, a commercial cellulase preparation from A. cellu-
lolyticus, could be resolved into three cellulase peak frac-
tions (Peaks I, III and IV) upon chromatography on a
QAE-Toyopearl 550C column. The highly purified cellu-
lases III-A, III-B and IV, were obtained from the Peaks
III and IV cellulase fractions, respectively, and were char-
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Abbreviations: QAE, quaternary amino ethyl; DEAE, diethyl
amino ethyl; PAGE, polyacrylamide gel electrophoresis; SDS, so-
dium dodecyl sulfate; CMC, sodium carboxymethyl cellulose;
PNPG, p-nitrophenyl 3 -D-glucoside; Gi, D-glucose; Go—Gs, cello-
oligosaccharides from cellobiose to cellohexaose; NBS, N-
bromosuccinimide; EDTA, ethylendiaminetetraacetic acid; FPLC,
fast-protein liquid chromatography; HPLC, high-performance lig-
uid chromatography.

acterized physicochemically and enzymologically.

In this paper, we describe the purification and charac-
terization of a distinct cellulase component with a high
level of Avicel-saccharification activity from the Peak I
fraction, and also the comparisons of some of its proper-
ties with those of the other three purified cellulases stud-
ied previously.*”

MATERIALS AND METHODS

Crude enzyme material. A spray-dried cellulase pow-
der from the culture filtrate of Acremonium cellulolyticus
(Acremonium cellulase, Lot No. AUS-0301) was kindly
supplied by Meiji Seika Kaisha, Ltd., Japan, and was used
in this study. '

Materials. CMC, Avicel, filter paper, absorbent cot-
ton and PNPG were the same products as described previ-
ously,*” and were used as substrates. QAE-Toyopearl
550C and DEAE-Toyopearl 650S were the products of
Tosoh, Japan, Bio-Gel P-100 was from Bio-Rad Laborato-
ries, USA, and Alkyl-Superose was from Amersham Phar-
macia Biotech, Sweden. All other reagents were of ana-
lytical grade.

Enzyme assays. CMC-, Avicel- and other cellulosic
substrate-saccharification activities, and aryl 3-glucosidase
activity were measured as described previously.*” Each
enzyme unit (U) was defined in the same way as reported
previously.*”

Protein assays. Protein content was measured by the
method of Lowry et al.' with crystalline bovine serum
albumin as the standard. Absorbance at 280 nm was used
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for monitoring the protein in column effluents.

Measurement of carbohydrate. The total carbohy-
drate in the purified enzyme was determined by the
phenol-sulfuric acid method'"” with D-glucose as the stan-
dard.

Electrophoresis. Polyacrylamide gel electrophoresis
(Native-PAGE), SDS-PAGE and isoelectoric focusing
were done as described previously.*” In all cases, the gels
were stained with a silver staining kit (Silver Stain II kit,
Wako)'>"™ or 0.2% Coomassie Brilliant Blue R-250.

Analysis of N-terminal amino acid sequence. The N-
terminal amino acid sequence of the purified enzyme was
determined by repetitive Edman degradation'¥ employing
a protein sequencer, PE Model 492 (Perkin-Elmer Co.,
USA).

Viscometry. The changes in viscosity during the enzy-
matic hydrolysis of CMC were measured at intervals with
a Cannon-Fenske viscometer (¢ =0.0369). The enzyme
activity was expressed in terms of specific fluidity (@sp).

High -performance liquid chromatography (HPLC).

Cellooligosaccharides (G.—Gs) were prepared and identi-
fied by HPLC on a Shimadzu LC-10 system (Shimadzu
Corporation) as described previously.*”

RESULTS

Purification of the enzyme.

Unless otherwise stated, all purification procedures for
the enzymes were carried out in a cold room (4°C). The
operations of FPLC were done at room temperature (25° C).
The enzyme solution collected in each purification step
was concentrated and dialyzed using a Diaflo ultrafiltra-
tion apparatus with a PM-10 membrane (Amicon Corp,
USA).

A commercial cellulase powder (5 g) was fractionated
into three cellulase fractions, named Peaks I, III and IV,
by QAE-Toyopearl 550C column chromatography accord-
ing to procedures reported in our preceding paper.” Of
these three cellulase fractions, Peak I was subjected to
chromatography on a DEAE-Toyopearl 650S column for
further purification.

(1) DEAE-Toyopearl 650S column chromatography.

The dialyzed sample was put on a DEAE-Toyopearl
650S column (2X35 cm) pre-equilibrated with 20 mm
acetate buffer (pH 6.0). Elution was done stepwise with
20 mM acetate buffer (pH 5.5) containing 0 and 200 mm
NaCl at a flow rate of 0.3 mL/min. The elution profiles
are shown in Fig. 1. Peak I was fractionated into four
protein fractions (F-1 to F-4). Among them, F-1 showed a
high level of CMC-saccharification activity, while F-2
was rich in Avicel- but poor in CMC-saccharification ac-
tivity. The F-2 fraction (fraction Nos. 13-20) were
pooled, concentrated and dialyzed overnight against 50
mM acetate buffer (pH 5.5).

(2) Gel filtration on Bio-Gel P-100. The dialyzed F-
2 fraction was applied to a Bio-Gel P-100 column (2X80
cm) pre-equilibrated with 50 mM acetate buffer (pH 5.5),
and the column was then eluted with the same buffer at a
flow rate of 0.04 mL/min. Eluate was collected in 3 mL
volumes. Two protein peaks were separated by this chro-
matography. The active fractions were pooled, concen-
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Fig. 1. Elution profiles of the Peak I fraction on DEAE-Toyopearl

650S column chromatography.
O, Protein (Az0nm X 107"); @, CMC-saccharification activity (U/

mL) ; A, Avicel-saccharification activity (U/mL); X, Aryl-f3-
glucosidase activity (U/mL).

(kDa)

97.4 —
662 —
450 —|

31.0 —

21.5 —

Tt 1 11

144 —

Fig. 2. Native- and SDS-PAGE of the purified cellulase.

Lane a, standard protein mixture containing phosphorylase b
(97.4 kDa), bovine serum albumin (66.2), ovalbumin (45.0), car-
bonic anhydrase (31.0), soybean trypsin inhibitor (21.5) and ly-
sozyme (14.4) ; lane b, cellulase I on SDS-PAGE ; lane c, cellulase
I on Native-PAGE.

trated and dialyzed against 50 mM acetate buffer (pH 5.5)
containing 2 M (NH.),SO..

(3) Alkyl-Superose column chromatography. The
dialyzed sample was applied to a hydrophobic interaction
chromatography using an Alkyl-Superose FPLC column
(0.5X5 cm) pre-equilibrated with 50 mM acetate buffer
(pH 5.5) containing 2 M (NH.).SOs. The column was then
eluted by a linear gradient of 2 to 0 M (NH.).SO. in the
same buffer at a flow rate of 0.5 mL/min. Fractions were
collected in 1 mL volumes and assayed for cellulase ac-
tivity. A symmetrical protein peak containing both Avicel-
and CMC-saccharification activities was obtained. The ac-
tive fractions were combined as the purified enzyme. The
purified enzyme was designated as cellulase I, and it gave
a single protein band on both Native- and SDS-PAGE
(Fig. 2).

Table 1 summarizes the yield and specific activity of
cellulase I during the purification procedure. Cellulase I
had a high level of specific Avicel-saccharification activ-
ity, 0.69 U/mg of protein, but an extremely low level of
specific CMC-saccharification activity, 0.40 U/mg of pro-
tein, and was used in the subsequent characterization.
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Table 1. Summary of the purification of cellulase I from A. cellu-

lolyticus.
Enzyme activity**
Total” - Purification
Purification step  protein i1 yieg SPecific
! tivit (fold)
(Mg)  ynit %) VY
(U/mg)
1. Crude cellulase 5,5 7875 1000 021 1.0
extract
2. QAE-Toyopearl
s 1983.8 4761  60.5 024 1.1
3. Dg?(fs'T"y"peaﬂ 5784 1735 220 030 1.4
4. Bio-Gel P-100 3206 1347 171 042 20
5. Alkyl-Superose 1,0 4 1031 156 069 33

(cellulase I)

*Measured by the method of Lowry et al.' **Avicel was used
as a substrate.

Physicochemical properties of the purified enzyme.

The molecular mass of cellulase I was estimated to be
about 61 kDa by the comparison of relative mobilities on
SDS-PAGE with those of standard proteins (Fig. 2). The
isoelectric point of cellulase I was determined to be about
5.0 by isoelectric focusing. Cellulase I contained 19.8%
carbohydrate (as glucose).

Concerning the N-terminal amino acid sequence of the
purified enzyme, the first amino acid was not detected by
Edman degradation, indicating the presence of a modified
amino acid residue at the N-terminus. Therefore, the N-
terminal amino acid sequence was analyzed by Edman
degradation after the purified enzyme was subjected to the
pyroglutamate aminopeptidase treatment by the method of
Podell and Abraham' The N-terminal amino acid se-
quence from the 2nd up to the 20th residue of cellulase I
is shown in Fig. 3.

Effects of pH and temperature on the activity of the

purified enzyme.

The effects of pH and temperature on the activities of
the purified cellulase were studied under the standard as-
say conditions toward 2% Avicel at 40°C for 20 min us-
ing 50 mM Mcllvaine buffers (pH 2.5-8.0) and at differ-
ent reaction temperatures for 10 min. The optimum pH
and temperature for cellulase I was 5.0 and 55°C, respec-
tively.

Stability of the purified enzyme toward pH and tem-

perature.

Two series of enzyme solutions were prepared, each so-
lution containing an equal amount of the purified enzyme
(0.15 U each) individually adjusted to a pH value from
2.5 to 12.0 by adding 50 mM Mcllvaine or Britton-
Robinson buffer. After one set of solutions of each en-
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Fig. 3. N-terminal amino acid sequences of the purified cellulase.
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For comparison, the data obtained for cellulases III-A,” III-B
and IV® are also shown.

zyme had been kept at 4°C for 24 h and the other set at
45°C for 2 h, both series of buffered enzyme solution
were diluted with a suitable volume of 50 mm Mcllvaine
(pH 5.0). Each 250 #L enzyme sample was then exam-
ined for remaining Avicel-saccharification activity by the
standard assay at 40°C for 20 min. Cellulase I was stable
over the ranges of pH 3.0-6.0 at 4°C for 24 h and of pH
4.0-6.0 at 45°C for 2 h.

The purified enzyme (0.03 U, pH 5.0) was heated at
various temperatures for 10 min and then cooled immedi-
ately in an ice-bath. The remaining Avicel-saccharification
activity was then measured by the standard assay at 30°C
for 10 min. Cellulase I was completely stable at tempera-
tures below 55°C.

Effects of various metal ions and several enzyme in-

hibitors on enzyme activity.

The purified enzyme was incubated with an equal vol-
ume of each metal ion or enzyme inhibitor solution (10
mM, pH 6.0) at 30°C for 30 min. Then the mixtures were
diluted 10-fold with 50 mM acetate buffer (pH 5.0) and
the remaining enzyme activity of each reaction mixture
containing 0.03 U of enzyme was examined by the stan-
dard assay at 30°C for 10 min. Inactivations of cellulase I
were found to be partial with 5 mm Mn**, Fe’*, Hg"" and
KMnO..

Mode of action of the purified enzyme toward CMC.

The mode of action of the purified enzyme toward
CMC was analyzed by viscometry as described previ-
ously.*” The reaction mixture was composed of 6 mL of
50 mM acetate buffer (pH 5.0) containing 0.5% CMC and
6 mL of the enzyme solution (0.25 U). The results are
shown in Fig. 4. For comparison, the data obtained for
cellulases III-A,” III-B” and IV® are also shown in this
figure.

Action of the purified enzyme on cellooligosaccha-
rides.
The reaction mixture was comprised of 4 mM of each

Specific fluidity (¢,,)

0 10 20 30 40 50
Reducing power as glucose ( pg/mL )

Fig. 4. Relationship between increases in specific fluidity and re-
ducing power during the hydrolysis of CMC using the pu-
rified cellulase.

For comparison, the data obtained for cellulases III-A,” III-B”
and IV,” and a crude enzyme preparation are also shown. 4, cellu-
lase I ; M, cellulase III-A ; @, cellulase III-B ; 4, cellulase IV ; O,
crude enzyme preparation.
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Table 2. Degree of hydrolysis and product distribution for cellooligosaccharides due to the action of cellulase I

at the initial and late stages of incubation.

Product distribution (mMm)

Substrate  Degree of hydrolysis* Time
(4 mM) (%) (mm) Ge Gs G, Gs G, G
Cellohexaose { 97.3 2 1.59 <0.01 0.11 4.24 4.78 0.03
98.3 240 0.07 <0.01 <0.01 2.94 6.24 1.42
Cellopentaose [ 98.8 2 — 0.05 0.04 4.08 3.46 0.06
100.0 240 — — <0.01 2.78 492 1.26
Cellotetraose [ 45.8 2 — — 2.17 0.19 3.90 <0.01
99 0 240 — — 0.04 0.16 7.44 0.48
Cellotriose [ 10 — — — 3.70 0.29 0.29
60_5 240 — — — 1.58 2.40 222

*Calculated from the amount of residual substrate.

Amount of product (mg/mL)

Time (day)

Fig. 5. Courses of reducing sugar and glucose formation due to
the action of cellulase I on insoluble substrates.

@, reducing sugar from absorbent cotton ; O, glucose from ab-
sorbent cotton ; M, reducing sugar from filter paper ; OJ, glucose
from filter paper ; A, reducing sugar from Avicel ; &, glucose
from Avicel.

cellooligosaccharide (G:—Gs) and cellulase solution (0.005
U) in 0.4 mL of 10 mM acetate buffer (pH 5.0). The reac-
tion mixture was incubated at 30°C for an appropriate pe-
riod. The hydrolysis products derived from cellooligosac-
charides using cellulase I were analyzed by HPLC.
Table 2 shows the degree of hydrolysis and product distri-
bution due to the action of cellulase I at the initial and
late stages of incubation. Cellulase I hydrolyzed Gs, Gs
and G. to give G, as a major end product. The enzyme
preferred to attack the middle [3-1,4-glucosidic linkage in
the G. molecule to give G as a major product. Cellulase I
did not act entirely on Go..

Action of the purified enzyme on insoluble substrates.

Avicel, filter paper and absorbent cotton were used as
insoluble substrates. The reaction mixture contained 40
mg of each substrate and 2 mL of the purified enzyme
(60 1g) in 50 mM acetate buffer (pH 5.0). Other assay
conditions were identical as described previously.*”

As shown in Fig. 5, it is clear that cellulase I is capable
of producing a high level of reducing sugar (mostly cello-
biose) and a small amount of glucose from both Avicel
and filter paper. On the other hand, it was difficult to hy-
drolyse absorbent cotton using this enzyme in a short-term
incubation.

DISCUSSION

A purified cellulase component was separated from

Acremonium cellulase, a crude cellulase preparation of A.
cellulolyticus, by consecutive column chromatographies of
QAE-Toyopearl 550C, DEAE-Toyopearl 650S, Bio-Gel
P-100 and Alkyl-Superose, and was designated as cellu-
lase I. Cellulase I was homogeneous on both Native- and
SDS-PAGE, and was completely free from 3-glucosidase.

Of the purified cellulases I, III-A,” III-B” and IV,® cel-
lulases I and IV showed the lowest and highest value of
specific activity for CMC, respectively. On the contrary,
cellulases I and IV showed the highest and lowest value
of specific activity for Avicel, respectively.

The molecular mass of cellulase I (61 kDa) showed the
largest value compared to those of cellulases III-A (58
kDa), III-B (49 kDa) and IV (38 kDa) reported in previ-
ous papers.*” As is the case of other purified cellulases,
cellulase I was an acidic protein judging from its p/ value
(5.0). Cellulase I contained a considerable amount of car-
bohydrates (19.8% as glucose). This suggests that the pu-
rified enzyme seems to be a glycoprotein, as most extra-
cellular enzymes from fungi are. As described in Results,
the N-terminus amino acids of cellulases I, III-A, III-B
and IV were all modified. Pyroglutamic acid was sug-
gested as the N-terminal amino acid in all purified cellu-
lases judging from the results by pyroglutamate amino-
peptidase treatment. As shown in Fig. 3, only one identi-
cal amino acid at the position of the 2nd residue from
each N-terminus is conserved among these four cellulases.
Furthermore, cellulase I showed homologies of 40 and
25% with cellulases III-B and IV, respectively, from the
N-terminus up to the 20th residue. According to the data
of amino acid sequences by BLAST,"*™"® cellulases I and
III-B showed a high level of homology with Penicillium
Jjanthinellum endo-glucanase II (80%)" and Phanero-
chaete chrysosporium cellulose binding protein (88%)™
from the N-terminus up to the 20th residue.

The activity expressions of the four purified cellulases
(I, 1I-A, III-B and IV) showed similar behavior toward
various metal ions and several enzyme inhibitors. Inacti-
vations of these cellulases were found to be partial with 5
mM Mn**, Fe’*, Hg’* and KMnO: to various inhibition
extents. On the other hand, EDTA, NBS and other metal
ions tested had no inhibitory effect on the activities of
these cellulases. This suggests that metals and sulfhydryl
groups are not essential for the cellulolytic actions of the
enzyme, as is the case of highly purified cellulases from
Trichoderma viride **

The degree of endo-lytic action in the hydrolysis of
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CMC by the four purified cellulases from A. cellulolyticus
is shown in Fig. 4. There are significant differences in the
slopes (¢sp,/ R.P.) of the lines obtained for the four cellu-
lases. This indicates that the mode of degradation by cel-
lulase I is the lowest endo-lytic, and cellulase IV is by far
the most endo-lytic among these four cellulases.

To investigate substrate specificity of the enzyme, sac-
charification capacities of the purified cellulases were ex-
amined using various cellulosic substrates. The enzyme
was incapable of attacking either G, or PNPG; however, it
hydrolyzed many other substrates, such as cellooligosac-
charides (Gs—Gs), CMC, Avicel, filter paper and absorbent
cotton, to various extents.

At first, cellulase I was thought to be a so-called CBH,
because it showed the lowest endo-lytic fashion toward
CMC compared to the other purified cellulases (Fig. 4).
However, cellulase I released a large amount of cellobiose
and a small amount of glucose from the insoluble cellu-
losic substrates tested. When a low concentration of the
enzyme was briefly incubated with various kinds of cellu-
losic substrates, the existence of a small amount of glu-
cose was also confirmed in every case, and cellotriose
was definitely primarily released from cellohexaose.
Therefore, cellulase I was characterized as an exceedingly
low endo-type cellulase just like cellulase III from 7. vi-
ride,” this being based on its actions on both CMC and
cellooligosaccharides.

The authors wish to express their gratitude to Ms. Naomi Sumida
of the Pharmaceutical Technology Laboratories of Meiji Seika
Kaisha, Ltd. for her help in conducting amino acid sequence analy-
ses.
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