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Abstract—Cotyledons of germinating kidney beans contain two forms of a carboxy methyl cellulase which can
be separated by ammonium sulfate fractionation and 1soelectric focusing The two cellufases are similar 1n their
molecular weight but differ 1n 1soelectric points, pH and temperature optimum, pH and temperature stability
and sensitivity to thiol nhibitors and metal 1ons One celfulase (isoelectric point 4 8) has been purnified [00-foid
to give a major protein band on acrylamide gel electrophoresis

INTRODUCTION

PLANT cellulases (E.C.3.2.1.4.) probably play an important role in cell development and
differentiation, and in the hormonal regulation of these phenomena.'~® Recently it was
shown that plant cellulase 1s capable of hydrolyzing plant cellulose and functions as a true
cellulase 1n the plant.” Detailed studies on the properties of plant cellulase are not avail-
able but are essential to establish the role of this enzyme. Several reports have suggested
that plants may possess more than one form of cellulase, but a thorough comparison of
the properties of various forms is lacking. Plant cellulases are present in low con-
centrations and are difficult to obtain 1n a highly purified form. To our knowledge, the
only MW estimations reported for plant cellulases are those by Lewss et al.,® on the two
cellulases isolated from the abscission zone of Phaseolus vulgaris.

In this paper, we report the isolation, purification and characterization of two forms of
cellulase in the germinating cotyledon of P. vuigaris, cv. Red Kidney, which contains a
relatively high level of cellulase activity.
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RESULTS
Separation of the two molecular forms of cellulases

The distribution of cellulase activities in different enzyme fractions 1s shown in Table
1. The 10° g supernatant retained nearly all the cellulase activity present in the 12 x 10 ¢
supernatant. About 90% or more of the cellulase was in the supernatant after pH 5 5 treat-
ment, with a 3- to 4-fold gain m specific activity On ammoniwum sulfate precipitation. cel-
lulase activity was distributed in three of the four fractions The 35-45¢, fraction contamed
a cellulase (4 5) with a pl of 4-5 on isoelectric focusing (IEF). The cellulase {4-8) in the 55
859, fraction had a pl of 4 8§ on IEF. Cellulase activity 1in the 45-55°, fraction was attribu-
table to the cellulases, 4:5 and 4 8 A similar separation of cellulases with ammonium sul-
fate has been reported 1n barley and rye ° '° IEF treatment of the 10 ¢ supernatant solu-
tion shows both peaks of activity, in the ratio of about 1.3 for cellulase 4 5 and 4 8 respect-

vely.

TasLe | THE DISTRIBUTION OF CELLULASE ACTIVITIES IN ENZYME SOLUTIONS AFTER DIFFERINT TREAIMENT OF [H:
CRUDE EXTRACT

Conc
Vol Total activity of protemn Sp act Yield

Step (ml) (unit/mlhr) (mg/ml) (units'mg protein) ()
12 x 10%¢g
supernatant 680 33000 485 10 100
10% ¢
supernatant 570 32000 21 27 97
pHSS
supernatant 590 30000 83 60 90
(NH,),SO,

0 35%, 0 0

25-45¢, 42 9830 24 07 30
45 55°, 95 7800 14 5K 24
55 85", 390 12480 4 8 38

Purification of cellulase 4 8

Cellulase 4-8 was further purified about 100-fold by the steps summarized 1n Table 2
Cellulase 4-8 did not adsorb on CM-Sephadex equilibrated with 10 mM phosphate buffer.
pH 6 0. Nearly all the activity was recovered 1n the filtrate with about 2-fold punification
in this step. Cellulase 4-8 completely adsorbed to DEAE-Sephadex equilibrated with
10 mM Tris-HCI, pH 8 1 The enzyme activity was eluted from the Sephadex gel by a step-
wise increase in NaCl concentration from 0-1-0-5 M 1n this buffer About 70%, of the total
adsorbed activity was eluted 1n 0 2 and 0:3 M NaCl Specific activity increased 5- to 6-fold
over the CM-Sephadex step The 0-2and 0-3 M eluates were combined for further purifica-
tion by two IEF runs in 1°, ampholine, pH 4-6. The fractions containing cellulase activi-
ties were pooled, sucrose and ampholine were removed and the sample was subjected to
electrophoresis on acrylamide disc gel at pH 9-2 Three protein bands were visible after
staining with Coomassie Blue. The cellulase activity was detected in a region which coin-
cided closely to the front running band of bromophenol blue R, = 0-5 To obtain highly

Y PriLcr.l AL AITKIN, R A and Dick, J A (1954} J Inst Biew 60, 497
Y MANNERS D J oand MarsHALL T 1 (1973) Phtochenusty 12, 547
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purified cellulase 4-8, 400 ug protein from the second IEF run was subjected to preparative
electrophoresis. A 5 mm gel segment corresponding to R, = 0-5 was removed, and the pro-
tein was eluted with 0-5 ml of 0-2 M NaH,PO,, pH 4-3. The eluate was subjected to elec-
trophoresis at pH 9-2. One major protein band was detected at R, = 0-5.

TABLE 2 PURIFICATION OF THE CELLULASE 4 8

Conc
Vol Total activity of proten Sp act Yield

Step (ml) (umit/ml/hr) (mg/ml) (units/mg protein) (%)
(NH,),50,
(55-85%) 390 12480 4 8 100
CM-Sephadex 465 12090 23 113 95
DEAE-Sephadex
(02 + 03 M NacCl) 100 10200 17 60 81
Isoclectric
focusing (1 x) 18 6080 18 187 48
Isoelectric
focusing (2x ) 10 2400 0295 814 19

Purification of cellulase 45

Cellulase 4-5 was partially purified by the steps summarized in Table 3. There was essen-
tially no increase in specific activity. The overall recovery was also very low, about 19.
Unlike cellulase 4-8, the 4-5 enzyme lost activity gradually at 2° in 20 mM phosphate buffer
containing 0-1 M NaCl, pH 7. The enzyme lost considerable activity following lyophiliza-
tion, dialysis and freezing and thawing. Attempts to reactivate or to stabilize this enzyme
by addition of 1073 M dithiothreitol (DTT) with or without 1073 M EDTA were unsuc-
cessful.

TABLE 3 PURIFICATION OF THE CELLULASE 4 5

Conc
Vol Total activity of protein Sp act Yield

Step (ml) (unit/ml/hr) (mg/ml) (untts/mg protein) (%)
(NH,),50,
35-45% 42 9828 24 97 100
CM-Sephadex 85 5908 6 Its 70
(NH,),SO,sat
35-45% (2% ) 145 774 17 31 8
Bio-Gel p-150 22 275 122 101 3
Isoelectric
focusing 175 114 0375 17 11

The enzyme fraction from isoelectric focusing was subjected to electrophoresis on a disc
gel at pH 9-2. One major protemn band (R, = 0-49) and a few minor bands were observed
in the gel. A small but definite amount of cellulase activity was also recovered 1n the region
corresponding to this major protein band. A large amount of the cellulase activity was
found at the origin of the gel, suggesting that cellulase 4-5 did not migrate into the gel.
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Properties of the partially purified cellulases 4 5 and 4-8 optimum pH

The enzymes used 1n the present study were purified through the 10n exchange Sephadex
treatments shown in Table 2 or 3 The two forms of cellulase differ 1n theirr pH require-
ments for maximal enzymic activities. The optimal pH for cellulase 4 5 was 57 6 2. while
that for the cellulase 48 was 48-56 Others have found pH optimal for plant cellu-
lases.! !+

pH Stability

In contrast to its relatively unstable nature, cellulase 4-5 had a broader pH stability
curve than cellulase 4 8 The former was relatively stable n the pH range from 6 to 9, while
the latter 1s stable only from 6 5to 8 Cellulase 4 5 was most stable at pH 8 and half activity
was lost at pH 5-5 and 9-5, while cellulase 4-8 was not stable at pH 7 and half activity was
lost at pH 6 and -8

Optimal temperatures

The optimal temperature for hydrolysis of CMC for cellulase 4 8 was from 35 to 43",
The optimal temperature for cellulase 4-5 was about 45-60°

Temperature stability

Enzyme activity decreased for both cellulases at temperatures above 30 when mcubated
at various temperatures for 30 min in the absence of substrate, then cooled and assayed
at 38-40°. Cellulase 4 8 loses about half of its imitial activity after 30 min at 36 On the
contrary, cellulase 4-5 retains at least 75% of 1ts original activity under the same condition
These data also demonstrate the protective effect of the CMC substrate on the stabihity
of cellulase at high temperatures

Taplr 4 EFFECT OF THIOL INRIBITORS OK THE CEELUEOSE ACTIVILY. AS Y OF CONTROL

Conc Cellulase 4 5 Cellulase 4 8
(Molar) NEM p-CMB NEM p-CMB
1o-° 100 90 100 100
107° 90 65 100 90
107+ 60 15 100 55
1973 40- - 98-
1972 30 — 90-

The reaction mixture of cellulase 4 5 contained about 10 umits of purified enzyme, 0 2 M citric-phosphate buffer
pH 59, CMC and NEM at 107% 1072 M The reaction mixture for cellulase 4 8 was the same except the pH
was 5 Reaction muxtures without the thiol inhibitor were included as controls Enzyme activity was measured
after incubations at 39-40" for 20 min

Effect of thiol reagents
The thiol mhibitors N-ethylmaleimide (NEM) and p-chloromercuribenzoate (p-CMB)

have previously been reported to inhibit some fungal, microbial and plant cellulases ©-'*
NEM had essentially no effect on cellulase 4-8 but 1t caused 10, 40, 60 and 70°, inhibition

'! SANDEGREN, E and ENeBo, L (1952) J Inst Brew 58, 198

12 Morra, D J and LucHsINGER, W W (1970) Cereal Chem 47, 54

U Manpts M and. Rerse. B T (19630 In. Adnances. . Enzymatie Hydeolysis.of Callulose and Related. Maserials,
(Reese . T _ed).pp. 115- 158 Macnullan. New. York.
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of the 4-5 enzyme when included in the assay medium at a concentration of 1073 1074,
1077 and 102 M respectively (Table 4).

p-CMB inhibited both enzymes but to a different degree. At 10™* M, the highest con-
centration used, p-CMB decreased the cellulase 4-5 activity by 90% but cellulase 4-8 was
reduced only 509 (Table 4).

When DTT was included with the thiol reagents at concentrations from 1077 to
1072 M, 1t had no effect on the activities of either form of the enzyme. But when the cellu-
lase 4 5 was pre-incubated with 1073 M DTT for 72 hr, then assayed in the presence of
107 * M p-CMB, the enzyme activity was decreased by only 50% instead of 90%, as in the
previous case.

Effect of metal 10ns and cellobiose

Both enzymes were strongly inhibited by Ag* and Hg?* ions at concentrations of 10™*
and 1073 M (Fig. 1). At 1075 M, these heavy. metal ions caused a 50% inhibition of the
cellulase 4-8 while their effect on the cellulase 4-5 was nil.
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FiG | EFFECT OF Ag™ AND Hg?* ON THE ACTIVITIES OF CELLULASES 45 AND 4 8.
The reaction mixture of the cellulase 4 5 (solid symbols) contained about 10 units of enzyme n 02 M
citric-phosphate, pH 59, CMC and Ag™ (solid hne) or Hg?* (dashed line) 1ons at 107° ro 1072 M The
reaction mixture of cellulase 4 8 (open symbols) was the same except the pH was 5 Reaction mixtures
without Ag™ or Hg?* 10ns were included as controls Enzyme activity was measured after incubations
at 39-40° for 30 min.

Of the four other divalent ions tested (Table 5) only Cu?* at 10”3 M showed appreci-
able inhibition of the cellulase 4-8. The other metal ions showed no effect. All four divalent
metal 1ons, however, caused appreciable inhibition of the cellulase 4-5 activity. The Cu**
and Zn?™* 1ons reduced this enzyme activity by 84 and 73% respectively, while Mg?™ and
Mn?* diminished 1ts activity to a lesser extent. Such effects of metal ions should be consi-
dered in establishing in vitro conditions for cellulase enzyme studies.
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Cellobiose has been reported as an end-product mhibitor 1n some fungal cellulases.'?
The effect of this sugar on plant cellulase 1s not well documented. Preliminary experiments
indicated that cellobiose caused a 40% inhibition of cellulases 4-5 and 4-8 when this sugar
was mcluded 1n the assay medum at a concentration of 19, or more. This concentration
1s greater than can be obtained from our assay mixture and so did not interfere with our
enzyme assay.

TABLE 5 EFFECT OF DIVALENT METAL IONS ON THE ACTIVITIES OF CELLULASES 4'5 AND 4 8

Metal 10ns Inhibition © | compared to control
(5 x 107°M) 45 48
0 0 0
Zn** 73 0
Mg?* 10 0
Mn?* 20 0
Cu??* 84 28

Reaction muxtures for cellulase 4 5 assay contained 8 umts of the purified enzyme 1n
01ml 1ml121% CMC, 04ml 02M citric-phosphate buffer, pH 59 and 5 x 107> M
of the metal 1ons The reaction mixture for cellulase 4 8 were as above, except that the
buffer was 04 ml of 02 M citric-phosphate pH 50 Incubated at 39-40 for [ hr

Molecular weight of cellulases 4 5 and 4-8

A semi-log plot of MW against elution volume using three marked enzymes showed that
the cellulases 4 5 and 4 § had a MW of about 7 x 10*

DISCUSSION

Cotyledonary cellulase exists in two forms designated cellulases 4 5 and 4 8 with 1soelec-
tric points of 45 and 4-8 respectively These two forms are similar in molecular weight
and 1 catalytic action on carboxymethyl cellulose; in other properties tested, however,
they are different In addition to isoelectric ponts, the difference 1s mamifested in pH and
temperature optimum, pH and temperature stabilities, solubility in ammonum sulfate,
sensitivity toward thiol group inhibitors and sensitivity to metal 1ons such as Ag”’, Hg?",
Cu?® and Zn**

Although the cellulase 4-5 is stable 1n broader ranges of pH and temperature than the
4-8 enzyme, 1t 1s much less stable than the latter during storage. dialysis. CM-Sephadex
treatment, gel filtration and isoelectric focusing.

Cellulase 4-5 1s also more sensitive to NEM and p-CMB. Both forms of the enzyme are
more sensitive to p-CMB than NEM Since p-CMB 18 more effective on sulfhydryl groups
in the interior of the molecule than NEM, '# this suggests that enzymic activity 1s dependent
upon internal sulfhydryl groups in both forms of cotyledon celtulase.

Cellulase 1s not known to require any metal 1on for 1ts enzymic activity, but metal ions,
especially those of heavy metals, are mhibitory to many of the fungal cellulases.!>!® The
heavy metal 1ons, Ag* and Hg”* at 107* M 1nhibit both forms of cotyledonary cellulases
by 80°, Cellulase 4-5 was the more sensitive form to the divalent metals. Zn** and Cu’™.

' FRAENKLL-CONRAT, H (1957) In Methads in Enzymology (CoLowick, S P and KapLan N O, eds) Vol 1V,
p 268, Academic Press, New York

"“Iwasakt. T Iatpa R.Havasmi K and FuNatsu. M (1965) J Biochennsiry 57, 478

O Maxpits M oand Rirst £ T (1966) Ann Rer Pinvtopathol 3, 85
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EXPERIMENTAL

Assay Cellulase was assayed by measuring the reduction in viscosity of a 121%, solution of CM-cellulose
(CMC) type 7THF as described earlier ° The assay mixture contained 2 parts of CMC soln 1n 20 mM sodium
phosphate buffer, pH 6 1 and 1 part of the enzyme soln The reaction mixture was usually incubated 1n a 38-39°
bath for 30-60 min Viscosity was measured after equilibration to room temp Viscosity data were converted to
relative units of activity as described 1n Almin et al !7 Assays were replicated 2 or 3 x

Germination. Red kidney beans were surface sterilized for 15 mun with 1% (v/v) Clorox (sodium hypochlorite)
m tap H,O The seeds were soaked 1n H,O for 30 min and placed on H,O saturated filter paper 1n a pre-sterilized
plastic box The beans were allowed to germunate m the dark at 23-24° for 2-3 days before harvesting

Preparation of enzyme Step | Extraction The cotyledons were ground in a Waring blender with 20 mM phos-
phate buffer, pH 6 1. The homogenate was pressed through several layers of nylon cloth and the residue was
washed 3 x with the same buffer The amount of buffer used for initial extraction was usually 2x that of the
cotyledon fresh weight and, tor each washing, was halt"that used for mitial extraction The imtial extract plus
the washings were combined and centrifuged at 12 x 10* g for 20 min The supernatant solution was subse-
quently centrifuged at 10° g for 1 hr

Step 2 pH 5 5 precipitation Citric acid was stirred slowly mto the 10%g supernatant soln until the desired pH
was obtaimned After standing at this pH for 30 min, the ppt was collected by centrifugation at 12 x 10* g for
20 min

Step 3 Ammomum sulfate fractionation The supernatant soln obtained for pH 55 precipitation was frac-
tionated by (NH,), SO, When the salt had dissolved, the soln was allowed to stand undisturbed for about 2 hr,
and the ppt was collected by centrifugation at 12 x 103¢g for 20 mmn. Four protein fractions were made with
(NH,), SOy, 1e 0-35%, 35-45%, 45-55% and 55-85%, Each ppt was dissolved in 20 mM phosphate, pH 7, con-
taming 0 { M NaCl and dialyzed against the same buffer

Step 4 CM-Sephadex treatment CM-Sephadex, C-50, was equilibrated with 10 mM phosphate, pH 6 0 The
enzyme soln containing cellulase activity was dialyzed against the same buffer and then added to the gel slurry
After 30 min mixing, the gel was filtered and washed with a small amount of the same buffer The filtrate plus
the washing was analyzed for cellulase activity

Step 5 DEAE-Sephadex treatment DEAE-Sephadex A-50 was equilibrated with 10 mM Tris-HCl, pH 8 1 The
enzyme soln containing cellulase activity was dialyzed against the same buffer and added to the gel slurry After
30 min mixing, the gel slurry was filtered and washed with a small amount of the same buffer Cellulase activity
was eluted by increasing the concentration of NaCl from 01 to 0 5M 1 001 M Tris-HCl buffer, pH 8 1

Step 6 Isoelectric focusing This was carried out according to the procedure described by Haglund '® Samples
were first dialyzed against 1% glycine and applied to 1% ampholine soln, pH 3-10 or pH 4-6 1n a sucrose density
gradient For pH 3-10, samples were focused at 300V, and for pH 4-6, at 700V for 34-40 hr In some exper-
iments, samples were focused at the above voltages for only 24 hr No difference 1n results was observed 1n these
two experimental conditions The IEF column was draimned at a flow rate of 1 ml/t min and 2 ml fractions were
collected The pH of each fraction was measured at 4-8° and neutralized to pH 5 8-6 for cellulase assay

Physical methods The MWs of the 1soenzymes were estimated by gel filtration,'®-?¢ through a calibrated
column (21 x 73 cm) of Bio-gel P-150, which was equilibrated and developed with 20 mM Tris-HC, pH 7, con-
taining 0 1 M NaCl The enzyme preparation (3 ml) was applied to the column Fractions (2 ml) of the eluate
were collected at a flow rate of 11 ml/hr Marker enzymes used for calibration were* liver alcohol dehydrogenase
(MW = 84000), bovine hemoglobin (MW = 67000) and heart cytochrome C (MW = 12500) The enzyme acti-
vity of the dehydrogenase was measured spectrophotometrically by following an increase mn absorption of
NADH at 340 nm using 95% EtOH as substrate Hemoglobin and cytochrome C were followed by their charac-
teristic absorption at 410 nm

Disc gel electrophoresis was performed according to a modified method of Davis?! in which 50 mM Tris—gly-
cine, pH 9 2, was used as the buffer Acrylamide (5%) plus bisacrylamide gels of (7 x 70 mm) were polymerized
chemically by ammonium persulfate and aged for 1 hr before use Prior to addition of protein solns, gels were
pre-run at 200 V for 50-60 min Sample solns mn 10 to 50 ul containing 20%, sucrose were layered directly over
the gel surface 50V was used mntially giving a current of 1 mA/gel After 30 min this was ncreased to 200V
(4 mA/gel) for another 90 min Bromophenol blue soln (0 01%) was used as a tracking dye Protein bands n gel
were detected by staining with 0 05%, Coomasste Blue in 12 5% TCA as described by Chrambach et al 22 For
recovery and assay of cellulase activity after electrophoresis, the gel was shced into { mm shces from the cathode
end Two gel slices were combined and transferred to a test tube containing 0 5mi of 02M NaH,PO,, pH43

7 ALMin, K E AND ERICKSsON, K E (1967) Biochem Biwophys Acta

18 HagLuND, H (1967) Science Tools 14, 17

19 Ackers, G K (1964) Biochenustry 3, 723

20 TinG, T P (1968) Arch Biochem Biophys 126, 1

2L Davis, B J (1964) Ann NY Acad Sci 121, 404

22 CHRAMBACH, A R, REISFELD, A, WYCKOFF, M and ZAccaRrl, J (1967) Anal Biochem 20, 150



1366 FT Liwand L N Liwis

The gel shces were left in this buffer for 18 34 hr then | ml CMC was introduced ito the soln Reduction m
viscosity was measured after incubation at room temp Protein solns were concentrated either by Iyophilization
or by dialysis against powdered polyethylene glycol (Carbowax)

The amount of protemn in soln was measured either by biret or spectrophotometric methods 2* Desalting of
sucrose, and ampholine was achieved by dialysis and by gel filtration on a Bro-gel P-2 or P-10 column All oper-
ations were carried out at 2° unless otherwise mentioned n text
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