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ABSTRACT

The following enzyme activities were detected in a Trichoderma viride
cellulase (R6hm 2230 B): 1,4-B-D-glucan cellobiohydrolase (C,), 1,4--
D-glucan 4-glucanohydrolase (C.), p-glucosidase, p-galactosidase,
polygalacturonase, proteinase, xylanase, amylase, esterase and ‘poly-
phenoloxidase’. Isolation of cellulolytic enzymes was performed starting
with adsorption chromatography on Avicel SF, leading to separation of
more than 90 %, of non-cellulolytic enzymes and 96 %, of p-glucosidase
activity (= fraction A). In fraction A, 307, of the C, activity was
determined whereas, in a separated fraction, B, the remaining C, and
the total C, activity was established. Further fractionation of B using
ion-exchange and gel chromatography resulted in the separation of three
purified enzyme fractions, PI to PIII, with endo C, activities.
_ Additionally, C, activity was found in PII1. PI-PIII were characterized
by means of their pH optima, isoelectric points and molecular weights.

INTRODUCTION

Some years ago, Pilnik ez al. (1975) extended fruit processing methods

by introducing the liquefaction of fruit pulps by means of technical

pectinolytic and cellulolytic enzymes. Recently, we described the results
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obtained with this technique in tropical fruit processing (Kittsteiner-
Eberle, 1984; Schreier & Idstein, 1984). In these studies, the importance
of cellulolytic activities for the liquefaction of pulps has been clearly
demonstrated. As our knowledge about the enzyme activities used for the
liquefaction of fruit pulps is still limited, we investigated a technical
cellulase preparation we had successfully employed in our previous study
(Kittsteiner-Eberle, 1984; Schreier & Idstein, 1984). In this paper, the
results of these investigations are described.

MATERIJALS AND METHODS

s
Enzyme

Cellulase 2230 B was kindly provided by R6hm GmbH, Darmstadt.

Protein determinations

Protein concentrations were measured by the method of Lowry et al.
(1951) with crystalline serum albumin as standard. Protein con-
centrations in column effluents were estimated from the absorbance at
280 nm.

Qualitative enzyme assays

Except for the assays of p-glucosidase (Bailey & Nevalainen, 1981), §-
galactosidase (Kuby & Lardy, 1953), esterase (Jacks & Kircher, 1967),
lipoxygenase (Heimann et al., 1973), peroxidase (Délincée & Radola,
1972) and catalase (Hale & Renwick, 1981) qualitative enzyme assays
were carried out using agar diffusion plate tests (Haberman & Hardt,
1972), as already described in detail elsewhere (Hofelmann et al., 1983).

Quantitative determinations of cellulolytic activities

C, and C, activities were determined using the dinitrosalicylic acid (DNS)
method (Miller, 1959). DNS reagent: A solution was prepared using 1 g of
DNS in 30 ml of distilled water and dropwise addition of 20 ml 2N NaOH.
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Thirty grams of K-Na-tartrate were added to this solution, which was
finally adjusted to 100 ml with distilled water.

C, activity

A mixture of 9ml of substrate solution (0-5 g carboxymethylcellulose
dissolved in 25 ml 0-3m acetate buffer (pH 5-0) and 65-0 ml distilled water)
with 1 ml of enzyme solution (appropriately diluted) was incubated at
40°C. After 0, 2, 4, and 6 min, two 1-ml samples were withdrawn and the
content of reducing sugars determined by the DNS method at 530 nm
with glucose as a reference (Miller, 1959). Determinations of v, were
performed by graphical extrapolation drawing uMol glucose/ml enzyme
solution against reaction time. Definition of activity: U/ml= uMol
reducing groups formed per minute by 1 ml enzyme solution.

C, activity

For the determination of C, activity, a mixture of 18 ml of substrate
solution (1 g of Avicel SF dissolved in 25 ml of 0-3M acetate buffer (pH 5-0)
and 65ml of distilled water), 1 ml of enzyme solution (appropriately
diluted) and 1 ml of acetate buffer (pH 5-0) was incubated at 40°C. After
0, 4, 8 and 12 min, three I-ml samples were withdrawn and heated for
15min at 100°C. After cooling to ambient temperature and filtration on
Avicel SF, 2-ml samples were each used for the determination of
reducing groups by the DNS method as described above. Definition of
activity: U/ml = uMol reducing groups formed per minute by 1ml
enzyme solution.

p-Glucpsidase

The substrate for the determination of f-glucosidase activity was 4-
nitrophenyl-§-D-glucopyranoside and the spectrophotometric method
(Bailey & Nevalainen, 1981) was used. Definition of activity:
U/ml = uMol 4-nitrophenolate formed per minute (at 405nm; ¢ =185
1mMol ™! cm™!) by 1 ml of enzyme solution.

Ultrathin-layer Isoelectric Focusing (UDIEF)

UDIEF was carried out using 50 um polyacrylamide gels (Radola, 1980).
The experimental details for the preparation of ultrathin gels and
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ultrathin-layer agar gels (for enzyme print technique) have been
previously described elsewhere (Hofelmann et al., 1983).

Adsorption Chromatography on Avicel SF

A modification of the method of Li et al. (1965) was used consisting of a
twofold increase of the amount of Avicel SF in relation to protein content
of raw enzyme employed. The adsorbent was equilibrated in 0-05M
acetate buffer (pH 5-0) and a column (2:6 x 18cm) was packed. As
sample, 10 ml cellulase 2230 B solution (1 g + 9 ml 0-05M acetate buffer
(pH 5-0)) was applied. The flow rate was 50 ml/h and 5-ml fractions were
collected (4°C) by washing with 0-05M acetate buffer (pH 5-0) and (after
fraction 40) by eluting with distilled water. Two fractions were separated
by combining eluates 15-54 (A) and 55-100 (B).

Ton-exchange chromatography of fraction B

Further fractionation of B was achieved by ion-exchange chromatog-
raphy on DEAE-Trisacryl M (Pharmacia). The adsorbent was equilib-
rated in 0-05M acetate buffer (pH 5-0) and a column (2:6 x 22cm) was
packed. Twenty-two millilitres of ultrafiltered fraction B were applied.
The flow rate was 50 ml/h and 10-ml fractions were collected (4°C) by
washing with 200 m1 0-05M acetate buffer (pH 5-0) and then eluting with
500 ml of a linear NaCl gradient (0-0-5m in 0-05M acetate buffer (pH 5-0)).

Gel chromatography

The ultrafiltered (5ml) combined fractions 32-45 of Avicel SF
chromatography (PI), 28-39 (PII) and 7-11 (PIII) of ion-exchange
chromatography were applied to a column (1-6 x 70cm) packed with
Ultrogel ACA 54 (LK B), which had been equilibrated with 0-05M acetate
buffer (pH 5:0). The flow rate was 10ml/h and 10-ml fractions were
collected (4 °C). Determinations of molecular weights were achieved using
a mixture of protein markers (MS II, Serva).

Thin-layer chromatography (TLC) of carbohydrates

Three millilitres of carboxymethylcellulose substrate (¢f. determination
of C, activity) were incubated for 1 h with each of 100 ul of PI, PII and
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PIII. The reaction products were studied by TLC using precoated plates
(20 x 20cm, Merck) with a 0-25mm layer of Kieselgel 60. The
chromatograms were developed with n-butanol + acetic acid + diethyl
ether + water (9 +6 + 3 + 1). After developing, the plate was sprayed
with anisaldehyde—sulfuric acid reagent and heated at 105°C for 10 min.

Ultrafiltration

Ultrafiltrations were carried out at 4°C and 3-5 bar N, using a TU-AN
4045. 380 membrane (8000d, Kalle) in an Amicon cell.

RESULTS AND DISCUSSION
Isolation and purification of cellulolytic enzymes

The technical Trichoderma viride cellulase under study (2230 B, R6hm)
showed a protein content of 25 9. The qualitative investigation of enzyme
activities in the raw enzyme revealed that 1,4-B-p-glucan cellobio-
hydrolase (C,), 1,4-f-D-glucan 4-glucanohydrolase (C,), B-glucosidase, B-
galactosidase, polygalacturonase, proteinase, xylanase, amylase, esterase
and ‘polyphenoloxidase’ were present in the preparation. Using ultrathin-
layer isoelectric focusing (UDIEF), six C, activities were detected
exhibiting isoelectric points (IEP) at pH 3-6, 3-8, 4-0, 4-4, 4-6 and 5-5/56,
respectively. The quantitatively determined cellulolytic activities are
outlined in Table 1.

The isolation of cellulolytic enzymes from the technical cellulase
preparation was performed starting with adsorption chromatography on
Avicel SF (Li ez al., 1965), leading to the separation of more than 90 %/ of

TABLE 1
Specific Activities of B-Glucosidase, C, and C,
Activities in the Technical Cellulase Preparation
(2230 B, R6hm)

Specific activity (Ulmg)

B-glucosidase 06
C, activity 34
C, activity 0-7
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Fig. 1. Separation of cellulolytic enzymes from cellulase 2230 B (R6hm) by adsorption

chromatography on Avicel SF. Column, 2-6 x 18cm. Sample, 10ml enzyme solution

(1-0g + 9 ml 0-05M acetate buffer (pH 5-0)). 5-ml fractions (50 ml/h). Elution with 0-05M

acetate buffer (pH 5-0) and, after fraction 40, with distilled water. A: ‘buffer fraction’
(fractions 15-54). B: ‘water fraction’ (fractions 55-100).

the above-mentioned non-cellulolytic enzymes and 96 9/ of f-glucosidase
activity (Fig. 1, fraction A; Table 2).

The fractions in A showing C, activity (Fig. 1, 32-45= PI) were
combined and concentrated by ultrafiltration before further study by gel
chromatography. The separation of enzymes in B was performed by ion-
exchange chromatography and subsequent gel chromatography. The
fractionation of cellulolytic enzymes by DEAE-Trisacryl M chromatog-
raphy is shown in Fig. 2. The unbound active protein (Fig. 2, PIII)

TABLE 2
Separation and Purification of Cellulolytic Enzymes in Cellulase 2230 B (R6hm) by Avicel
SF Adsorption Chromatography

Volume Total Protein C, C, B-Glucosidase

(m) (mg) (%) U, Yield U,, Yied U,, Yield

(%) (%) (%)

Cellulase 2230 B 10 2500 100-0 857-0 100-0 179-0 100-0 172:0 100-0

A (fraction 15-54)° 200 1580 632 1420 166 00 00 2000 117-0
B (fraction 55-100)* 276 745 298 4190 489 1410 788 70 40

“¢f. Fig. 1.
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Fig. 2. Separation of cellulolytic enzymes in the ‘water fraction’ B (fractions 55-100 of

Avicel SF chromatography (¢f. Fig. 1) by DEAE-Trisacryl M ion-exchange chromatog-

raphy. Column, 2-6 x 22 cm;0-05M acetate buffer (pH 5-0). Sample, 22 ml. 10-ml fractions

(50 ml/h). Washing with 0-05M acetate buffer (pH 5-0) and elution with a linear NaCl
gradient (0-0-0-5M in 0-05M acetate buffer (pH 5-0)).

contained C, and C, activities. A bound C, activity could be eluted by
0-1M NaCl (Fig. 2, PII). The major portion of protein (80%) (Fig. 2,
52-57), eluted by 0-3m NaCl did not show any cellulolytic activity. In
these fractions the remaining activities of p-glucosidase, xylanase,
proteinase, polygalacturonase and amylase were eluted.

The fractions PII (Fig. 2, 28-39) and PIII (Fig. 2, 7-11) were combined
and, after ultrafiltration, further purified by gel chromatography. The
purification of fractions PI-PIII achieved by the three above-mentioned
chromatographic steps is summarized in Table 3. Table 4 shows the
corresponding data for the C, activity in PIII. As can be seen from the
results outlined in Tables 3 and 4, the C, activities could be enriched 5-,
29- and 37-fold, whereas, for the C, activity, an enrichment factor of 25
was achieved. These enrichment factors are similar to results obtained in
studies on cellulolytic enzymes from Aspergillus aculeatus (Murao et al.,
1979).

Purity and characterization

The purified enzyme fractions PI-PIII were characterized by means of
their pH optima, molecular weights and IEP. PI-PIII did not differ in
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TABLE 3
Purification Scheme of C, Activities (P1, PII, PIII) in Cellulase 2230 B (R6hm)

Purification Volume  Total Total  Specific Enrichment Yield
(ml) protein  activity  activity %)
(mg) )y  (Uimg)

Raw enzyme 10-0 250-0 8570 34 1-0 100-0
Avicel SF
B 276:0 74-5 419-0 56 16 489
PI (32-45) 70-0 5-5 90-3 16-4 48 10-5
PI (used for

purification) 35-0 2-8 452 16-4 4-8 52
Ultrafiltration
B-UF 50-0 665 3335 5-0 1-5 389
B-UF (used for

purification) 22-0 29-3 146-7 5-0 1-5 17-1
DEAE-Trisacryl M
PII (28-39) 120-0 31 85-2 27-3 80 99
PII (used for

purification) 875 2-3 62-1 273 80 7-2
PIII (7-11) 50-0 1-1 845 76-8 22-6 9-8
PIII (used for

purification) 340 0-7 57-5 76-8 22-6 6-7
Ultrafiltration
PI-UF 60 0-8 40-1 50-1 14-7 4.7
PI-UF (used for

purification) 50 0-7 334 50-1 14-7 39
PII-UF 50 1-6 30-4 19-1 56 35
PII-UF (used for

purification) 45 1-4 27-4 19-1 56 32
PIII-UF 45 0-6 54-0 90-0 26-5 63
PH-UF (used for

purification) 40 0-5 48-2 80-3 26'5 56
Gel chromatography
PI 20-0 02 310 129-1 376 36
PlI 300 1-5 27-0 18-0 53 32

PIIL 30-0 0-5 49-8 99-6 293 5-8
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TABLE 4
Purification Scheme of C, Activity (PIII) in Cellulase 2230 B
Purification Volume  Total Total  Specific Enrichment Yield
(ml) protein  activity  activity (%)

(mg) ()  (Umg)

Raw enzyme 10-0 250-0 179-0 0-7 10 100-0
Avicel SF
B 2760 74-5 141-0 1-9 2-7 78-8
Ultrafiltration
B-UF 50-0 66-5 1311 1-9 2-7 732
B-UF (used for

purification) 22-0 293 577 1-9 2:7 32:2
DEAE-Trisacryl M
PIII (7-11) 50-0 1-1 22-0 20-0 286 12-3
PIII (used for

purification) 34-0 0-7 15-0 20-0 28-6 84
Ultrafiltration
PI1I-UF 4-5 0-6 13-1 21-8 31-2 7-3
PIII-UF (used for

purification) 40 0-5 117 21-8 312 65

Gel chromatography
PIII . 10-0 04 7-1 17:7 253 4-0

their pH optima and molecular weights. Each showed maximal activity at
pH 5-0 and a molecular weight of about 42000d (determined by gel
chromatography). In the literature, molecular weights between 12 500d
and 76000d can be found for C, activities from Trichoderma viride;
mostly, molecular weights between 40000d and 50000d have been
described (Lee & Fan, 1980). As to C, activity of Trichoderma sps.,
molecular weights between 42000d and 62000d have been reported
(King, 1965; Emert et al., 1974; Gum & Brown, 1976; Ogawa et al., 1982).

The results of UDIEF analyses of PI-PIII are outlined in Figs 3 and 4.
From these Figures it is obvious that only PHI was obtained as UDIEF
homogeneous enzyme. Thus, except for the major protein band showing
cellulolytic activity, in PI non-active protein bands were detected at pH
3-5-3-8 (Fig. 3). Furthermore, low C, activity was found at pH 4-5. In PII
C, activities were visualized at pH 3'5 and 4-2 besides five non-active
protein bands with IEP between 3-5 and 4-2. PIII showed three
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Fig. 3. Ultrathin-layer isoelectric focus-
ing of PI with visualization of C, activity. a:
C, activity; b: protein staining; c: staining
of marker proteins. Experimental data, see

Fig. 4. Ultrathin-layer isoelectric focus-
ing of P1I and PIII with visualization of C,
activity. a: C, activity in PIII; b: C, activity
in PII; c: protein staining of PIII; d:

*Material and Methods’ section. protein staining of PII; e: staining of

marker proteins. Experimental data, see
‘Material and Methods’ section.

enzymatically active protein bands at IEP 3-6, 3-8, and 4-0, respectively.
Non-active proteins could not be detected in this enzyme fraction. IEP
data of cellulolytic enzymes are rather scarce in the literature. Berghem et
al. (1976) described an IEP of 3-79 for a cellulolytic enzyme from
Trichoderma viride, whereas IEP of 4-32 and 5-09 have been reported for
the enzymes from Aspergillus aculeatus (Murao et al., 1979).

Finally, thin-layer chromatographic studies of the reaction products
formed by the catalysis of enzyme fractions PI-PIII revealed that, with
carboxymethylcellulose as substrate, these enzymes mainly catalyzed the
formation of cellobiose, cellotriose and cellotetrose. Thus, P1-PIII can be
included in the series of endo C, cellulases (Mandels, 1982).
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