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THE p-GLUCOSIDASE SYSTEM OF
THE THERMOPHILIC FUNGUS
CHAETOMIUM THERMOPHILE

I. GENERAL INTRODUCTION

Objectives

This study is concerned with the characterization of the p-

g luc o s ida s e system of the thermophilic fungus Chaetomium thermo-

phile var. coprophile. First, the p-glucosidases of the fungus have

been partially purified and examined with respect to certain kinetic

and physical parameters. Second, the control of the biosynthesis of

the enzymes has been studied, especially in response to the natural

substrates cellobiose and cellulose. Third, one of the p-glucosidases

of C. thermophile has been purified and characterized in detail.

It was thought worthwhile to investigate the p-glucosidases of

C. thermophile for the following reasons: (1) Since the fungus can

grow at temperatures up to 58° C (Cooney and Emerson, 1964), it is

of interest to examine some of its enzymes with respect to thermal

stability. Eukaryotic thermophiles have been largely ignored in

detailed studies of thermophily. Yet, due to the large evolutionary

separation of prokaryotes and eukaryotes, conclusions based on the

study of one cannot necessarily be generalized to the other. Since

the thermal stabilities of the p-glucosidases of several mesophilic
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fungi have been examined, a good comparison of the enzymes from

mesophiles and from thermophiles can be made. (2) The (-

glucosidases of fungi have been widely studied. Despite this, few

unifying principles concerning their functions and properties have

emerged. The situation is complicated by the fact that fungi gener-

ally possess multiple f3- glucosidases, very often with overlapping

specificities. In addition, there is diversity among fungi as to the

number and characteristics of the f3- glucosidases which they contain.

Because of this diversity of fungal p- glucosidases, the elucidation of

the enzyme systems of various fungi is of value in the construction

of a unified picture of their function. Of particular interest is the

characterization of the cellobiase component of a p-glucosidase

system, since this enzyme has not been examined in detail. (3)

Thermophilic fungi could perhaps be employed in the degradation of

waste cellulose (Hancock, 1971). Some f3- glucosidases are thought

to have a role in cellulose decomposition; hence, their study in the

thermophilic fungi is of possible practical importance.

Chaetomium thermophile var. coprophile

The life cycle, morphology, taxonomy and temperature range

of growth of C. thermophile were investigated by Cooney and

Emerson (1964). C. thermophile has been observed growing on

horse dung and on straw incubated at 50° C. The fungus has a growth
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range of 27 58° C, making it one of the most extreme eukaryotic

thermophiles (Cooney and Emerson, 1964). In other respects, C.

thermophile is virtually an unstudied organism.

C. thermophile is closely related to N. crassa, both fungi

being members of the order Sphaeriales of the class Ascomycetae.

N. crassa (including its (3-glucosidase system) has been more

thoroughly studied than any other fungus. Therefore, in the course

of this inquiry, frequent comparisons will be made with analagous

studies of N. crassa.

Catalytic Activity of 0-glucosidases

p-glucosidases (p-D-glucoside glucohydrolase, EC 3. 2. 1. 21. )

catalyze the hydrolytic breakdown of p-glucosides. The name

"glycosidase" generally refers to an enzyme which cleaves glycos-

ides or oligosaccharides rather than polysaccharides. But the

distinction is not sharp, as some polysaccharidases hydrolyze dis-

sacharides while some glycosidases hydrolyze polysaccharides

(Nisizawa and Hashimoto, 1970). Often p-glucosidases possess

glucosyl transferase activity -- that is, certain substances in addi-

tion to water can act as acceptors of the glucosyl residue. Trivial

names are frequently used to distinguish p-glucosidases of differing

substrate specificities; most often, the names "cellobiase" and

"aryl-p-glucosidase" are used. As a matter of convenience and in
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accord with the literature, these common names will be employed in

this thesis. These names indicate only the type of substrate attacked

most effectively by the particular enzyme.

Fungal 3- glucosidases

Few generalizations about fungal p-glucosidases can be drawn

at this time. In all but a few instances only a single p-glucosidase of

a fungus, generally the extracellular one, has been studied in detail.

The literature concerning fungal p-glucosidases has been reviewed

briefly by Pigman (19 44), Jermyn (1957), Crook and Stone (19 57),

Larner (1960), Gascoigne and Gascoigne (1960), and Nisizawa and

Hashimoto (1970). p-glucosidases from the following fungi have been

studied in some detail: Aspergillus niger (Bruchman and Markianos,

1969), Aspergillus oryzae (Jermyn and Thomas, 1953; Legler and

Osama, 1968), Aspergillus wentii (Legler, 1968; Legler and Giles,

1970), Botryodiplodia theobromae (Umezurike, 1969; 1971a, 1971b),

Fusarium solani (Wood, 1971), Neurospora crassa (Eberhart and

Beck, 1970; Mahadevan and Mahadkar,, 1970; Urey, 1971), Myro-

thecium verrucaria (Hash and King, 19 58a, 19 58b), Poria vaillantii

(Sison and Shubert, 1958), Saccharomyces cerevisiea (Duerksen and

Halvorson, 1958; Inamdar and King, 1966; Kaplan and Tacreiter,

1966), Saccharomyces fragilis x Saccharomyces dobzhanskii (Hu,,

et al., 1960; Duerksen and Fleming, 1963; Fleming and Duerksen,
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1967a, 1967b), Saccharomyces lactis (Marchin and Duerksen, 1968a,

1968b; Tingle and Halvorson, 1971, 1972), Schizophyllum commune

(Wilson and Niederpruem, 1967a, 1967b), Stachybotrys atra (Youatt,

1957; Jermyn, 1969), Stereum sanguinolentum (Bucht and Eriksson,

1969). The p-glucosidase systems of N. crassa and S. atra have

been most completely studied; therefore, this survey will concentrate

on the p-glucosidases of these two fungi.

System of N. crassa

This fungus contains two major p-glucosidases (Eberhart, et al.

1963; Mahadevan, 1964a, 1964b). Both of the p-glucosidases can

hydrolyze cellobiose and certain aryl-p-glucosides. One of the

enzymes is more active against cellobiose while the other is more

active against aryl-p-glucosides; hence, one is labelled "cellobiase"

and the other is labelled "aryl-p-glucosidase. " These common

names do not necessarily reflect the in vivo functions of the p-

gluc o sida s e s . The enzymes have been at least partially purified and

characterized. The aryl-p-glucosidase has a molecular weight of

168, 000 and a pH optimum of 5.0, while the cellobiase has a mole-

cular weight of approximately 80, 000 and a pH optimum of 6. 1. The

enzymes do not appear to be multimers of the same polypetide chain

(Eberhart, et al., 1963; Mahadevan and Eberhart, 1964a; Eberhart

and Becti, 1970). Both the cellobiase and aryl-p-glucosidase possess
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transglycosidase activity, the main transglycosylation products from

cellobiose being, respectively, gentiobiose (p- I, 6) and laminaribiose

(p- 1, 3).(Burger and Eberhart, 1961; Eberhart and Beck, 1970).

In N. crassa the aryl-f3- glucosidase is produced constitutively

while the cellobiase is not present in significant quantities unless

induced by certain p-glucosides. Cellobiose is a good inducer of

both enzymes. A mutant of N. crassa, cell-I, exhibits constitutive

production of cellobiase and of cellulase, neither of which are nor-

mally constitutive. This suggests that cellobiase and cellulase are

in some manner coordinately regulated. The levels of aryl-p-

glucosidase in cell-1 are normal (Myers and Eberhart, 1966).

Another mutant of N. crassa, gluc- 1, exhibits very low levels of

aryl-p-glucosidase activity, with normal levels of cellobiase and

cellulase activity (Eberhart, et al., 1964).

Eberhart and Beck (1970) investigated the locations of the

p-glucosidases of N. crassa in the conidia and mycelia. Using heat

inactivation to differentiate between the p-glucosidase activities,

they determined that cellobiase was localized almost entirely within

the cell membrane while aryl-p-glucosidase was divided between the

extracellular medium and the cell wall, external to the cell mem-

brane. The bound aryl-p-glucosidase was more thermostable and

had a slightly different affinity for substrate than the enzyme in

cell extracts.
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System of S. atra

The p-glucosidase system of this fungus is similar in many

respects to that of N. crassa. Like N. crassa S. atra contains

two p-glucosidases, an inducible cellobiase which is cell-bound and

an inducible aryl-p-glucosidase which is divided between the cells

and extracellular medium. Again, "cellobiase" and "aryl-p-

glucosidase" refer only to substrate specificities. Youatt (1957) has

briefly characterized the cellobiase while Jermyn (1953, 1955a,

1955b, 1955c, 1958, 1959, 1962a, 1962b, 1965a, 1965b, 1965c,

1966, 1968, 1969) has studied the kinetics and induction of the aryl-p-

glucosidase in great detail.

The p-glucosidases of S, atra have the following specifities in

splitting glycosides (Gly-O-R): Aryl-j3- glucosidase requires that the

Gly is glucose or 6-methyl-glucose, that the R is an aryl (preferably)

or alkyl group, but not a glucose, and that the linkage is p. The

cellobiase, on the other hand, requires that Gly is a terminal glucose

and that the linkage is R. Cellobiase is very unspecific in regard to

the R group (Youatt and Jermyn, 1959).

The S. atra aryl-p-glucosidase is constitutive and can be

induced by a variety of p-glucosides, the most potent of which is

phenyl-p-thioglucoside. Upon induction of young mycelia, the activity

rises sharply in the mycelia and then is gradually released into the



8

extracellular medium, The aryl-p-glucosidase possesses trans-

glycosidase activity and has two types of binding sites. One site

binds a donar molecule (a (3-glucoside) while another site binds an

acceptor molecule, which can be water or certain other molecules

with hydroxyl groups (Jermyn, 1955c, 1966, 1969). An interesting

feature of the enzyme is that it is complexed with a large amount of

polysaccharide. This carbohydrate can be removed by treatment

with borate buffer to give an active but much less stable enzyme.

The carbohydrate also affects slightly the Km of the enzyme (Jermyn,

1962b).

The cellobiase of S. atra is not constitutively produced and can

be induced by certain p-glucosides, including cellobiose and cellulose

(Youatt, 1957). Once the inducer is removed the activity of the

cellobiase rapidly decreases. On the basis of specificity of induction,

Jermyn (1965c) concludes that the cellobiase and aryl-p-glucosidase

are independently induced. The cellobiase hydrolyzes t - 1, 4 glucose

oligosaccharides (from cellobiose to cellopentaose) at nearly equal

rates (Youatt, 1957),

Grouping of Properties

The p-glucosidase systems of other fungi have not been studied

in as much detail as the systems of N. crassa and S. atra. Still,

some comparisons of the various systems can be made. Using the
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trivial names "cellobiase" and "aryl-p-glucosidase" I have grouped

fungal p-glucosidases as follows:

Fungi generally possess multiple p-glucosidases, often with

overlapping specificities. Of the fungi which have been examined

in fair detail (see above list) multiple p-glucosidases have been

demonstrated in all but the following species: B. theobromae

(Umezurike, 1970), F. solani (Wood, 1971), P. vaillantii (Sison

and Shubert, 19 58). However, only the culture filtrates of these

fungi were examined.

Many fungi possess two (or more) major p- gluc o s ida s e s , one

a cellobiase and the other an aryl-p-glucosidase. The fungi in which

such a system has been demonstrated include N. crassa (Eberhart and

Beck, 1970), M. verrucaria (Hash and King, 1958b), S. cerevisiea

(Kaplan, 1965; Inamdar and Kaplan, 1966), S. lactis (Herman and

Halvorson, 1962), S. atra (Youatt, 1957; Jermyn, 1969), S. sanguin-

olentum (Bucht and Eriksson, 1969), A. oryzea (Jermyn and Thomas,

1953). Since many studies have involved an examination of only the

extracellular enzymes or of only the uninduced fungus, the above

list is undoubtedly incomplete.

The properties of some aryl-p-glucosidases are summarized in

Table 1. The following generalizations can be drawn:

(a) Aryl-p-glucosidases have large molecular weights

(168, 000 - 400, 000).



Table 1. Summary of the properties of aryl-B-glucosidases.

Molecular
Organism Weight

pH Transglycosidase
Optimum Activity

Inducible by Constitutive
Various B-glucosides Synthesis

Km toward Ki of
PNPS Cellobiase

Extracellular (Mx10 ) (Mx105) References

N. crassa 168,000 5.0 yes yes yes yes 150 610 Eberhart and Beck,
1970

B. theobromae 331,600 5.0 yes yes no yes 33 300 Umezurike 1970,
1971a, 1971b

F. solani 400,000 4.0 yes

yes

yes

yes

Wood, 1971

Hash and King, 1958bM. verrucaria

S. cerevisiae 313,000 6.5 yes yes 9 not inhibited Inamdar and Kaplan,
1966

(yeast)

Duerksen and
Halvorson, 1959

S. fragilis x 330,000 6.0 yes yes 9 Hu, et al. 1960;
S. dobzhanskii MacQuillan and

S. lactic 6.2-6.8 ayes yes 10 14,300

Halvorson, 1962

Marchin and Duerksen,
(yeast) 1968

Fleming and Duerksen,
1966

S atra 4.7 yes yes yes yes 3 5,900 Jermyn, 1955, 1965b
S. sanouinolentum yes yes no yes Bucht and Eriksson,

1968,1969
A. Oryzae 5.0 yes yes yes yes Jermyn and Thomas,

1953
a
cellobiose is a very poor inducer
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(b) They have pH optima of 4.0-5.0 for filamentous fungi,

6.0-6.8 for yeasts.

(c) They possess transglycosidase activity.

(d) They can be induced by certain p-glucosides.

(e) They are at least partially extracellular.

(f) They are often produced constitutively.

Very few cellobiases have been characterized. Table 2 sum-

marizes the properties of some cellobiases. The generalizations

which can be drawn, necessarily weak, are as follows:

(a) Cellobiases possess transglycosidase activity.

(b) They are inducible by cellobiose.

(c) They are not constitutively produced.

The molecular weight of N. crassa cellobiase, approximately 80,000,

is considerably less than those of the aryl-p-glucosidases.

In summary, fungi generally contain multiple p-glucosidases,

and often one enzyme can be classified as "cellobiase" and another

as an "aryl-p-glucosidase. " Numerous "aryl-p-glucosidases" have

been characterized, and they have several properties in common,

The only cellobiase which has been examined in fair detail is that of

N. crassa.

Functions of the Enzymes

The precise roles of p-glucosidases in fungal metabolism are
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Table 2. Summary of the properties of cellobiases.

Organism

S.
N. sanguin- S. M.

crassa olentum atra verrucaria

Molecular weight

pH Optimum

Transglycosidase
Activity

Inducible by
Cellobiose

Location

Constitutive

Activity against
PNPG

Km (PNPG)
(M x 104)

Km (cellobiose)
(M x 104)

approx.
80, 000

6. 1

yes

-- 5. 4

yes

yes yes yes yes

cell-bound extra- cell- extra-
cellulara bound cellulara/

no no no no

yes no yes yes

5. 5 3. 9

2. 5 2. 0

References: Eberhart and Beck, 1970; Bucht and Eriksson, 1969;
Youatt, 1957; Hash and King, 1958a.

a/ Only culture filtrates were examined. The activity could have
been released by autolysis.
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as yet unclear. It has been proposed that p-glucosidases function

in the degradation of cellulose by cellulolytic fungi (Stone, 1968).

A hypothesis states that cellulose is degraded to cellobiose by one

or more extracellular cellulases. The cellobiose then induces the

enzymes of cellulose metabolism and is itself hydrolyzed by p-

g lu cosi da s e ( s ) (Gascoigne and Gascoigne, 1960). An attractive

feature of this hypothesis is that it explains the induction of cellu-

luses by cellulose, which is an insoluble substance. A considerable

body of evidence supports such a multienzyme scheme (Mandels and

Reese, 1960; Norkrans, 1963; Nisizawa and Hashimoto, 1970).

It appears that some fungal cellobiases may be involved in the

degradation of cellulose. The evidence is summarized as follows:

(a) Cellobiases have the ability to hydrolyze cellobiose (!).

(b) Cellobiose induces cellulase(s) as well as cellobiase in

most cellulolytic fungi (Mandels and Reese, 1960;

Norkrans, 1963).

(c) Cellobiose is often found in the medium when fungi are

grown on cellulose (Ward and Seflo, 1970).

(d) Cellobiases are not constitutive and are induced by

cellulose or certain p-glucosides (Table 2).

(e) Cellobiase and cellulase syntheses are coordinately

controlled in N. crassa (Myers and Eberhart, 1966).

The function of the transferase activity of cellobiases is not known.
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Heale and Gupta (1971a) have suggested that it is a means of main-

taining a reserve pool of simple carbon compounds which could be

utilized when external nutrients become depleted.

The function of aryl-p-glucosidases is less certain. The extra-

cellular nature of many aryl-p-glucosidases and the fact that the

enzymes are often induced by certain p-glucosides (Table 1) leads

one to suspect that they are involved in cellulose utilization. Never-

theless, some evidence appears to contradict such an involvement:

(a) Aryl-p-glucosidases are usually synthesized in the absence

of cellulosic material, very often in appreciable quantities

(Table 1). If the sole function of aryl-p-glucosidases was

cellulose degradation, it would seem more economical to

regulate their synthesis (e.g., in the manner of cellobiase).

(b) The aryl-p-glucosidases of S. atra (Jermyn, 1955c) and

M. verrucaria (Hash and King, 1958a) cannot hydrolyze

cellobiose.

(c) A mutant of N. crassa with greatly reduced aryl-p-

glucosidase activity has unimpaired growth on cellulose or

cellobiose as the sole carbon source (Eberhart, et al.,

1963; Mahadevan and Eberhart, 1964).

One possible function of aryl-p-glucosidases is an involvement in

cell wall metabolism. Studies with N. crassa have shown that the

aryl-p-glucosidase is localized in the cell wall (Eberhart and Beck,
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1970). Also, the enzymes exhibit transferase as well as gylcosidase

activity and could conceivably perform functions in either cell wall

synthesis or degradation (Table 1). The nearly universal presence

of aryl-p-glucosidases in fungi argues for a function basic to fungal

metabolism. The fact that a N. crassa mutant with less than one per-

cent of the wild-type activity grows and develops normally (apparently)

is therefore confusing (Urey, 1971).

It should be noted in this discussion that Heale and Gupto (1971)

have presented evidence for the phosphorylytic cleavage of cellobiose

by the fungus Verticillium albo-atrum. The fungus grows much more

rapidly on cellobiose than on glucose, and it has been proposed that

this is due to the production of glucose-l-phosphate from cellobiose

by cellobiose phosphorylase. This is the only demonstrated example

of such a mechanism in fungi. Whether this is a more general phen-

omenon which has been overlooked in other systems is not certain.

In any case, not all fungi grow more rapidly on cellobiose than on

glucose (e.g., C. thermophile).

Proteins of Thermophiles

The most likely mechanisms of thermophily, with respect to

proteins, are summarized as follows (Koffler and Gale, 1957):

(a) The turnover of the proteins is relatively great, as com-

pared to mesophiles.
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(b) The proteins are stabilized by a factor(s).

(c) The proteins are inherently stable.

Proteins of thermophilic prokaryotes have been studied in

great detail, and their thermostability appears to be a function of

their primary structure (Stoll, et al., 1972; Charlier and Grosjean,

1972; Ulrich, et al., 1972; Yoshida, 1972; Sundarum, 1973;

Stellwagen, et al., 1973; Cavari and Grossowicz, 1973). In general,

proteins isolated from thermophiles have shown few physical dif-

ferences, with the exception of thermostability, when compared with

the analagous proteins isolated from mesophiles. Aspects of protein

functioning such as control of synthesis (Ulrich, et al., 1972) and

allosteric phenomena (Yoshida, 1972) are similar in thermophilic

and mesophilic prokaryotes.

In contrast to the numerous detailed studies on the proteins of

prokaryotic thermophiles, little has been done with the proteins of

eukaryotic thermophiles. Several studies have been performed on

the production of various extracellular enzymes by thermophilic

eukaryotes, but these studies do not deal specifically with the

thermostability of the enzymes (Fergus, 1969a, 1969b; Ramabadran,

1969; Hashimoto, 1973). Chapius and Zuber (1970) purified an

aminopeptidase from the thermophilic fungus Talaromyces duponti

and found that it was quite stable at 65° C. Sokmuti and Babel (1968)

purified and characterized in some detail the protease of the
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thermophilic fungus Mucor pusillus. The optimum activity occurred

at 55°C, and the enzyme was rapidly and irreversibly denatured at

65°C. Ong and Gaucher (1972) investigated the proteases of several

thermophilic fungi and found that in the crude extract the maximum

temperature of enzyme stability for one hour ranged from 50° C to

70° C. The proteases of mesophilic fungi, on the other hand, have

half-lives of 10-20 minutes at 40° C to 60°C. These studies indicate

that generally thermophilic eukaryotes may contain proteins of

greater thermostability than mesophilic eukaryotes. However,

since only some proteases have been examined in detail, the evidence

is not conclusive.
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II. PARTIAL PURIFICATION AND CHARACTERIZATION
OF THE GLUCOS ID ASES

Introduction

Since fungi contain multiple p-glucosidases, it is first necessary

to separate and classify the enzymes of C. thermophile. In accord-

ance with the previous literature, the enzymes are classified

according to the type of substrate (cellobiose or PNPG) attacked

most effectively by the particular enzyme. The enzymes are then

characterized with respect to certain other kinetic parameters, per-

mitting a comparison of the enzymes of C. thermophile with the

respective enzymes of other fungi. The thermostabilities of the

partially purified p-glucosidases of C. thermophile are studied, and

conclusions are drawn on the basis of thermophily in eukaryotes with

respect to proteins.

Materials and Methods

Materials

Grade A cellobiose was purchased from Calbiochem. Dithio-

threitol (DTT), all p-nitrophenyl- glycosides (PNP-glycosides), and

Tris were from Sigma Chemical Company. DEAE cellulose (What-

man DE-52 and DE-23) was from H. Reeve Angel Inc. Biogel A
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1.5 m was from Bio-Rad Laboratories. Bacto-Yeast Extract was

from Difco. Other chemicals were of reagent quality. Except in the

culture of the organism, glass distilled water was used throughout.

Organism and Growth

A culture of C. thermophile var. coprophile was obtained from

the American Type and Culture Collection. The fungus was grown in

a moist chamber at 45° C, using YpSp medium (Cooney and Emerson,

1964). This medium is composed of 4.0 g Difco powdered yeast

extract, 1.0 g K2HPO4, 0.5 g MgSO4 ° 7 H2O, 15.0 g starch, 20.0

g Agar and 1 liter water (1/4 tap, 3/4 distilled). The YpSp medium,

without agar, was also found useful for rapid liquid medium growth.

Two-liter erlenmeyer flasks with 400 ml of growth medium were

inoculated with conidial suspensions and placed in an incubator-

shaker bath. The mycelia were allowed to grow for 24-48 hours at

50° C. Aliquots of the rapidly growing mycelia were then used to

inoculate other cultures. The mycelia were harvested by filtration

on Whatman No. 1 paper, washed twice with distilled water, and

stored frozen.

Enzyme Assay

Unless otherwise stated, 3- glucosidase activity was assayed

by means of a discontinuous method with p-nitrophenyl-(3D-glucoside
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(PNPG) as the substrate. Into a 10 x 75 mm test tube was pipetted

0.9 ml of 50 mM sodium acetate buffer, pH 5.5, containing 1 mg

PNPG per ml. Parafilm was placed over the mouth of the tube and

the solution was brought to 45° C in a water bath. Enzyme solution

(0. 1 ml) was added and the solution was incubated at 45° C for a given

period of time, generally 10 minutes. The incubation was terminated

by the addition of 0.5 ml 1.0 M Tris, pH 10.8. The absorbance of

the solution was measured at 410 nm against a blank, containing

water in the place of enzyme solution. One unit of activity is defined

as that amount of enzyme required to hydrolyze one iimole of PNPG

per min in the assay mixture.

Spectrophotometric Analyses

Spectrophotometric analyses were performed with either a

Beckman DU-2 or Beckman DB spectrophotometer.

Protein Concentration Measurements

Protein concentration was estimated by measuring the absorb-

ance at 280 nm.

Glucose Determinations

The analyses were made with a Beckman Glucose Analyzer.
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Specific Activity

Specific activity is reported as units per ml per absorbance

at 280 nm.

Chromatography

The chromatography was performed at 4°C in all cases.

Polyacrylamide Disc Gel Electrophoresis

Gel electrophoresis was performed as described by Davis

(1964) and Ornstein (1964). Reagents were from Cana lco. The

experiments were run at room tempreature. Densitometric scans

of the gels were made with a Gilford Linear Transport system and

a Beckman DU power supply and light source.

pH Measurements

All pH measurements were made with a Corning Model 12 pH

meter equipped with a Corning semimicro combination electrode

(No. 47050).

Results

Number of 0-glucosidases

The extracellular medium of a mycelial culture of C.
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thermophile contains p-glucosidase activity. On the basis of DEAE

chromatography, a single enzyme appears to be responsible for the

activity. The mycelial homogenate (see below) contains two p-

glucosidases, separable on DEAE cellulose with a salt gradient.

Purification of the Cellobiase

Mycelia (60 g) were homogenized for 15 minutes in a Sorvall

Omnimixer with 150 ml of 10 mM potassium phosphate, pH 6. 4, and

15 g of 0. 2 mm glass beads. Potassium phosphate buffer, 10 mM,

pH 6. 4, will be referred to as Buffer A. The homogenate was

centrifuged at 4, 000 x g for 20 min. The supernatant solution was

then recentrifuged at 10, 000 x g for 30 min (Fraction 1, 150 ml).

The supernatant solution was applied to a 2 x 15 cm column of

DE-52 DEAE cellulose, previously equilibrated with Buffer A. The

column was then washed with about 500 ml of Buffer A. A linear

increasing KC1 gradient was applied by means of two reservoirs:

one contained 250 ml of Buffer A and the other contained 250

ml 0.3 M KC1 in Buffer A. Fractions of 8. 5 ml were collected.

The activity was eluted at O. 2 M KC1 and the fractions with

spec, act, greater than 0.07 were pooled (Fraction 2, 60 ml).

Fraction 2 was diluted with 3 volumes of water and then adjusted

to pH 7. 25 with 10 mM NaOH. This was applied to a 0.9 x 14 cm

DE-52 DEAE cellulose column which had previously been equilibrated



23

with Buffer A. A decreasing pH and linear salt gradiant was applied

by means of two identical reservoirs: one contained 150 ml of 20 mM

potassium phosphate, pH 6. 4 and the other contained 150 ml 80 mM

sodium acetate, pH 5. 2. The p-glucosidase activity was eluted after

160 ml and the fractions (4. 5 ml each) with spec. act. greater than

0.98 were pooled (Fraction 3, 42 ml). Fraction 3 was made 1 mM in

dithiothreitol, and ammonium sulfate was added with stirring to 80%

saturation at 0°C. After stirring for 1 hour, the, solution

was centrifuged at 0° C and 25, 000 x g for 30 min. The pellet was

dissolved in 2.6 ml water and then applied to a 1. 2 x 200 cm Bio-Gel

A 1. 5 m column, previously equilibrated with 50 mM potassium

phosphate, pH 7. 5, 1 mM EDTA and 1 mM dithiothreitol. The

column was eluted with the equilibration, buffer at 4 ml per hour

and 1.3 ml fractions were collected. The activity peak was sym-

metrical and the Kay (Gelotte and Porath, 1967) was 0.33. 1 The

fractions with spec, act, greater than 8. 0 were pooled (Fraction 4,

6 ml). A summary of the purification is given in Table 3.

1 Kay is a distribution coefficient used as an index of solute
migration in gel chromatography. It is defined as

Kay
Ve V

o

Vt - V
o

where Vo = void volume, Vt = total bed volume, and Ve = elution
volume.



Table 3. Purification of cellobiase.

Fraction
Total
Units

Total
A

280

Units per
A

280
Yield

Purification

1. Supernatant 26.60 2370 0.011 100

2. DEAE, Salt elution 16. 70 192 O. 087 63 8

3. DEAE, pH elution 5.96 3. 8 1. 58 22 144

4. Agarose 2. 55 O. 3 8. 50 9. 6 770
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Disc gel Electrophoresis of Purified Cellobiase

Disc gel electrophoresis experiments were performed accord-

ing to Davis (1964). The applied sample contained about 10p,g of

purified enzyme. After electrophoresis, the gels were either stained

for protein or sliced and assayed for 13-glucosidase activity, The

protein was stained by soaking the gels in 1% Amido schwartz. 7. 5%

acetic acid for 60 minutes. After destaining by diffusion, one major

and two faint bands were present. The activity assay involved slicing

the gel, grinding the slice in phosphate buffer and adjusting the pH

of the solution to 6.0 with 0.5 M KH2PO4. This solution was then

assayed in the standard manner. The major band contained the (3-

glucosidase activity.

Purification of the Extracellular
Aryl-13- gluco sida se

Four hundred (400) ml of culture filtrate (Fraction 1) were

applied to a 0.9 x 15 cm DE-23 DEAE cellulose column equilibrated

with Buffer A. The column was washed with 50 ml of Buffer A, and

a linear increasing KC1 gradient was applied by means of two reser-

voirs: one contained 100 ml of Buffer A and the other contained 100

ml of 0. 5 M KC1 in Buffer A. The activity was eluted at 0.15 M

KC1 and the fractions with spec. act, greater than 3.0 x 10-3 were

pooled (Fraction 2, 14. 5 ml). Fraction 2 was concentrated to 1 ml
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using an Amicon Ultrafiltration apparatus with a PM 10 membrane.

This was applied to a 1. 5 x 90 cm Bio-Gel A 1. 5 m column equili-

brated with Buffer A. The column was eluted with Buffer A at 4 ml

per hour and 2. 7 ml fractions were collected. The fractions with

spec. act, greater than 0. 28 were pooled (Fraction 3, 11 ml). The

Kay was 0. 20. A summary of the enzyme purification is given in

Table 4.

Purification of the Cell-bound
glucosida se

Mycelia (20 g) were homogenized with 50 ml Buffer A and 5 g

0. 2 mm glass beads for 15 min in a Sorvall Omnimixer, The homo-

genate in an ice bath was sonicated at full power for 20 min with a

Branson Model S75 Sonifier. This mixture was centrifuged at

10, 000 x g for 15 min. The supernatant solution was then recentri-

fuged at 25, 000 x g for 2 hours (Fraction 1, 50 ml). Fraction 1 was

diluted to 250 ml with Buffer A and applied to a 0.9 x 15 cm DE-23

DEAE cellulose column. A linear increasing salt gradient was

applied by means of two reservoirs: one contained 100 ml of Buffer

A and the other contained 100 ml Buffer A containing 0. 6 M KC1.

The activity was eluted at 0. 05 M KC1 and the fractions with greatest

spec. act, were pooled (Fraction 2, 28 ml). Fraction 2 was concen-

trated to 1. 5 ml using an Amicon Ultrafiltration apparatus with a



Table 4. Purification of extracellular aryl-p-glucosidase.

Fraction
Total

Units x 102

Total Units
A280 x 10t Yield

Purification

1. Filtrate 41.0 1390 0.029 100

2. DEAE 16.4 51 0.324 40 11

3. Agarose 9.4 0.31 30.4 23 1050

Table 5. Purification of the cell-bound aryl-p-glucosidase.

Fraction
Total

Units x 102

Total Units per
A280 A280 x 102 Yield

Purification

1. Homogenate 9.6 250 0.39 100

2. DEAE 7.3 36.4 2.0 76 5

3. Agarose 4.1 2.5 16.4 43 42
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PM 10 membrane. The concentrated solution was applied to a 1.5 x

90 cm BioGel A 1. 5 m column equilibrated with Buffer A and eluted

at 4 ml per hour. Fractions of 2.7 ml were collected. The fractions

with spec. act, greater than 0. 015 were pooled. The Kay was 0.34.

The pooled solution was concentrated with the Amicon Ultrafiltration

apparatus, using a PM 10 membrane (Fraction 3, 5 ml). The purifica-

tion is summarized in Table 5.

Effect of pH

The pH versus activity curves for the p-glucosidases are shown

in Figure 1. The optimum pH is about 5.5 for the cellobiase and

4. 8 for both aryl -13-glucosidases.

Catalytic Activity

Cellobiase exhibits Michaelis-Menten kinetics toward PNPG,

with a K of 1. 1 x 10-3 M. These experiments were performed atm

45° C in 0.05 M sodium acetate, pH 5.5, with PNPG concentrations

ranging from 1. 8 x 10-3 to 1.8 x 10-4 M.

The aryl-p-glucosidases are inhibited by high substrate con-

centrations. At lower substrate concentrations they exhibit

Michaelis-Menten kinetics (Figure 2). K values were calculatedm

from the linear portion of Lineweaver-Burk (Lineweaver and Burk,

1934) plots. The K of extracellular aryl-p-glucosidase towardm
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Figure 1. Effect of pH on the activities of the purified 13-
glucosidases, All assays were performed at 45° C
with 1 mg PNPG per ml. Mcllvanine's sodium
phosphate-citric acid buffers (Mcllvaine, 1921),
diluted two fold, were used throughout.
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Figure 2. Substrate (PNPG) inhibition of aryl-p-glucosidases.
The experiments were performed at 45° C in 50
mM sodium acetate, pH 4.84.
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PNPG is 7.5 x 10-5 M; that of cell-bound aryl-p-glucosidase is 9. 2 x

10-5 M. All Km values are the average of three determinations.

All three enzymes are capable of hydrolyzing cellobiose. To

0.9 ml of cellobiose solution at 45° C was added 0.1 ml of purified

p-glucosidase solution. At intervals, aliquots were withdrawn and

analyzed for glucose using a Beckman Glucose Analyzer. The assay

solution for the aryl-p-glucosidases contained 5.0 x 10-4 M cellobiose

in 10 mM sodium acetate, pH 4.84. The assay solution for the cello-

biase contained 3.3 x 10-3 M cellobiose in 10 mM sodium acetate,

pH 5.5. The rate of hydrolysis of PNPG under identical conditions

was determined, and approximate activity quotients (rate of cellobiose

hydrolysis divided by rate of PNPG hydrolysis) were calculated: cello-

biase, 1. 2; extracellular aryl-p-glucosidase, 0. 3; cell-bound aryl-

p-glucosidase, 0.5.

Specificity of Enzymes

The purified p-glucosidases were assayed for their ability to

hydrolyze the following p-nitrophenol (PNP) derivatives: PNP-N-

acetyl-p-D-glucosaminide, PNP-a-D- gluco side, PNP-p- galactoside,

PNP-p-D-mannoside, and PNP-p-xylopyranoside. Cellobiase was

assayed at 45°C in 50 mM sodium acetate, pH 5. 5, containing 3 x

10-3 M derivative. The aryl-p-glucosidases were assayed at 45°C

in 50 mM sodium acetate, pH 4.84, with 3 x 10-4 M derivative. The

extracellular aryl-p-glucosidase has no activity toward any of these

derivatives. The cell-bound aryl-p-blucosidase preparation displays

activity toward PNP-N-acetyl-p-glucosanainide and PNP-a-D-

blucoside, with the activity quotients being 0.18 and 0.14,
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respectively. (The activity quotient is defined as the rate of hydroly-

sis of the PNP derivative divided by the rate of hydrolysis of PNPG).

Since the cell-bound aryl-p-glucosidase is undoubtedly still quite

impure, the activity toward the derivatives may be due to the pres-

ence of contaminating enzymes. Of the derivatives tested, the cello-

biase displays significant activity only toward PNP-p-D-galactoside,

with an activity quotient of 0.13. It is perhaps significant that

galactose is an inhibitor of the enzyme. The presence of 10-1 M

galactose inhibits by 30% the activity of cellobiase toward 4 x 10-3

M PNPG.

Inhibition

Glucose and cellobiose competitively inhibit the hydrolysis

of PNPG by all three p-glucosidases. The K. values are given in
i

Table 6, and are the average of two determinations. These experi-

ments were performed under conditions identical to those employed

in the determination of the K values.m

At a concentration of 10-4 M PCMB, at 45°C, pH 5.5, the

activity of cellobiase is completely inhibited within one minute.

Under similar conditions, both aryl-p-glucosidases retain full

activity.



Table 6. Summary of the properties of the p-glucosidases of C. thermophile.

Property Cellobiase
Cell-bound Aryl-

p-glucosidase
Extracellular Aryl-

p-glucosidase

Optimum pH

Kav on 1. 5 m agarose

Molarity of KC1 at which
enzyme is eluted from
DEAE-cellulose, 10 mM
potassium phosphate,
pH 6. 4

PCMB sensitive

K toward PNPG (M)
m

K. of cellobiose (M)

K. of glucose (M)

5. 5

0.33

O. 20

yes

1.1 x 10-3

3.1 x 10-4

9.1 x 10 -2

4.8

0.34

0.05

no

8.9 x

7 .2 x

5.3 x

10-5

10
-4

10
-4

4.8

0. 20

O. 15

no

7.6 x 10-5

5.6 x 10-4

3.4 x 10 -4
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Thermal Stability

The effect of incubation at various temperatures on the activity

of purified p-glucosidase preparations was determined (Figures 3, 4,

5). Only the cellobiase decay exhibits first order kinetics at all

temperatures tested. At 54.5°C and 62.0°C, a fraction (about 20%))

of the extracellular aryl-p-glucosidase appears to be considerably

more temperature labile than the remainder of the enzyme. The

fact that neither aryl-p-glucosidase decays by first order kinetics

suggests the possibility that more than one molecular species is

involved in the catalysis.

Discussion

The trivial names "cellobiase" and "aryl-p-glucosidase" have

been givento the p-glucosidases of C. thermophile on the basis of

substrate preference. The affinities of the enzymes toward

cellobiose and PNPG are given in Table 6. The p-glucosidase

system of C. thermophile resembles in several respects the well-

characterized system of Neurospora crassa. The cellobiase of N.

crassa is intracellular, while the aryl-p-glucosidase is localized

in both the cell wall and in the extracellular medium. The aryl-

p- glucosidase of N. crassa has a lower pH optimum, greater tempera-

ture stability and larger molecular weight than the cellobiase. Both
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enzymes hydrolyze cellobiose as well as PNPG (Eberhart and Beck,

1970). The cell bound aryl-p-glucosidase of C. thermophile, in its

low temperature stability and low molecular weight, 2 does not fit

this pattern. The extracellular aryl-p-glucosidase of C. thermophile

is also similar to the aryl-p-glucosidases of Botroydiplodia theo-

bromae (Umezueike, 1971) and Stachybotrys atra (Jermyn, 1955).

These enzymes are of high molecular weight, are inhibited by

glucose and cellobiose, and have pH optima of 4.8 - 5.0. Cellobiose

is a substrate of the enzyme from B. theobromae but not of the

enzyme from S. atra.

Previous studies, with a variety of fungi, indicate that a single

aryl-p-glucosidase is distributed between the cell and the extra-

cellular medium (Eberhart and Beck, 1970; Jermyn, 1967; Jermyn,

1965). The extracellular and cell-bound aryl-p-glucosidases of C.

thermophile, however, appear to be two distinct enzymes. On the

basis of elution from agarose gel and DEAE cellulose, they differ

in molecular weight and charge. Also, the thermal stabilities of the

2The molecular weights of C. thermophile aryl-p-glucosidases
were estimated from the elution volumes on Bio-Gel A 1. 5 m, using
very approximate plots of Kay versus molecular weight given in
the BioRad Laboratories handbook Gel Chromatography. The cell-
bound aryl-p-glucosidase (Kay = 0. 34) had an elution volume quite
similar to that of C. thermophile cellobiase (Kay = 0.33) and was
thus estimated to have a molecular weight in the neighborhood of
50, 000 (see Chapter IV for the molecular weight of cellobiase).
The extracellular aryl-p-glucosidase (Kay = 0. 20) was estimated to
have a molecular weight well above 100, 000.
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enzymes are very different. On the other hand, in a number of

properties, such as K toward PNPG, inhibition by cellobiose andm

glucose, substrate inhibition, resistance to PCMB inactivation, and

the pH-activity curve above pH 4.5, the enzymes are similar (Table

6). The possibility exists that the differences between the enzymes

are due to polymerization or modification. Since the aryl-p-

glucosidases from C. thermophile do not decay by first order kinetics,

more than one catalytically active species is suggested. Hetero-

geneity in the degree of any modification or polymerization could

produce the observed kinetics of temperature inactivation. Aryl-p-

glucosidases purified from other fungi appear to be composed of sub-

units (Umezurike, 1971). Also, at least some contain a large amount

of noncovalenty bound carbohydrate (Jermyn, 1962). The

carbohydrate-enzyme interaction of the extracellular aryl-p-

glucosidase of S. atra is partially specific, and if the carbohydrate is

removed the enzyme becomes considerably less stable (Jermyn,

1962). Such interactions could conceivably account for the differences

in molecular weight, charge and stability between the cell-bound and

extracellular aryl-p-glucosidases of C. thermophile.

The extracellular aryl-p-glucosidase and cellobiase of C.

thermophile are considerably more thermostable than the analagous

enzymes from mesophilic fungi. Table 7 summarizes the thermal

stabilities of p-glucosidases purified from some mesophilic fungi



Table 7. The temperature stabilities of some purified fungal p-glucosidases.

Organism (type of
p-glucosidase)

Time of
Temp of incubation % Activity

incubation (min) remaining Reference

Neurospora crassa 60° 0. 5 50 (Eberhart and Beck, 1970)
(cellobiase) 46° 17-50 50

Neurospora crassa 60° 14-15 50 -(Eberhart and Beck, 1970)
(Aryl-p-glucosidase) 46° 600 50

Stachybotrys atra 45° 40 10 (Jermyn, 1955)
(aryl-p-glucosidase) 55° 20 50

Saccharomyces
56° 7 50 (Duerksen and Halvorson,

19 58)

cerevisiae
(aryl-p-glucosidase)
Saccharomyces fragilis 48° 4 50 (Fleming and Duerksen, 1967)
(aryl-p-glucosidase)
Saccharomyces dobzhanskii 53° 18 50 (Fleming and Duerksen, 1967)
( a ryl-p- glucosida se)

Chaetomium thermophile 62° 5 50 This thesis
(cellobiase) 59. 5° 18 80

Chaetomium thermophile 62° 60 50 This thesis
(extracellular aryl-p-
glucosidase)

Chaetomium thermophile 54. 5° 13 50 This thesis
(cell-bound aryl-p-glucosidase)
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and from C. thermophile, These findings are in agreement with the

studies on prokaryotes, and suggest that thermophilic eukaryotes

may generally possess proteins of greater thermal stabilities than

mesophilic eukaryotes. The purified cell-bound aryl-p-glucosidase

does not possess exceptional thermal stability. The possibility

exists that it is stabilized in the cell by binding to a cellular com-

ponent, such as the cell wall. It has been shown that the aryl-p-

glucosidase of N. crassa is more temperature stable when bound

to the cell-wall than when solublized (Eberhart and Beck, 1970).
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III. CONTROL OF THE BIOSYNTHESIS
OF THE p-GLUCOSIDASES

Introduction

In order to clarify the roles of the aryl -13-glucosidases of C.

thermophile, it was thought useful to study the regulation of their

synthesis, especially in response to the natural substrates cellulose

and cellobiose. A difficulty in studying the control of fungal (3-

glucosidases is differentiation between the activities of the various

enzymes, due to their overlapping specificities. In N. crassa the

activities were differentiated by means of selective temperature

inactivation, the cellobiase being much more thermolabile than the

aryl-p-glucosidase (Beck and Eberhart, 1970). In C. thermophile,

on the other hand, the cellobiase component can be selectively

inactivated with PCMB. This makes it possible to assay easily for

the various p-glucosidases.

Materials and Methods

Materials

Cellulose powder (Whatman CF-11) was from H. Reeve Angel

Inc. Cycloheximide and chloramphenicol were from Sigma Chemical

Company. Other materials were as described in Chapter II.
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Growth of Organism

The fungus was grown on YpSp medium as previously described

(Chapter II). Two-liter erlenmeyer flasks containing 400 ml of

growth medium were inoculated with 20 ml of rapidly growing

mycelial culture. The inoculum contained about 200 mg wet weight

mycelia. Cultures were grown at 50°C and shaken at 100 cycles per

minute in an incubator-shaker bath. After a given growth period, the

mycelia were harvested by vacuum filtration on Whatman No. 1

filter paper, washed twice with water, pressed dry and stored frozen.

Extraction of Enzymes

Using a drill press, 0.1 to 1.0 g of mycelia were ground for 5

minutes at about 1000 rotations per min in a 10 ml Kontes glass

tissue grinder with 10 ml of buffer and 0.5 g of glass chips. The

buffer was Mcllvaine's citrate-phosphate (McIlvaine, 1972), pH 5.5,

1 mM in EDTA. During homogenization, the tube was immersed in

ice water. The homogenate was then centrifuged at 20, 000 x g for

20 minutes. The supernatant solution contained the activity. It was

shown that with this procedure the activity in the supernatant was

directly proportional to the weight of mycelia homogenized (Figure

6).
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Figure 6. p - glucosidase activity versus wet weight of mycelia
homogenized. Mycelia were harvested by filtration,
packed dry enough to handle and weigh by suction,
and frozen until use.
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Enzyme Assay

To 0.9 ml of Mcllvaine's citrate-phosphate buffer, pH 5.5,

containing 1 mg PNPG per ml was added 0.1 ml of enzyme solution.

The solution was incubated at 45° C for a period of time, generally

20 minutes. The reaction was terminated by the addition of 1 M

Tris, pH 10.8. The absorbance of the solution was measured at

410 nm against a blank (the assay mixture without enzyme) using a

Beckman DB spectrophotometer. One unit of activity is defined as

that amount of enzyme required to release one .,mole of p-nitrophenol

per min in the assay mixture.

Induction Procedure

"Young" mycelia (from a 15 hour culture) at a cell density of

about 10 mg wet weight mycelia per ml of culture medium, were used

in all induction experiments. The mycelia, grown on YpSp medium

at 50° C, were harvested by vacuum filtration on Whatman No. 1

filter paper and washed four times on the funnel with one volume of

sterile distilled water. The cells were then packed dry enough to

handle and weigh by suction. The weighing and handling was com-

pleted within five minutes to prevent the mycelia from drying. The

cells were transferred to an Erlenmeyer flask containing a volume

of induction medium equal to that of the growth medium, and the
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mixture was stirred with a glass rod to give a homogeneous suspen-

sion. The flask was shaken at 100 cycles per minute at 50° C for

the period of induction. The mycelia were harvested on Whatman

No. 1 paper by vacuum filtration, washed with distilled water,

pressed dry with a flat spatula, weighed and frozen.

Differentiation of the p-glucosidase Activities

The p-glucosidases of C. thermophile have overlapping sub-

strate specificities. Therefore, to measure the activities of the

individual enzymes in the crude homogenate or growth medium, a

means of differentiating the activities is necessary. When purified,

the two aryl-p-glucosidases of C. thermophile are resistant to inactiva-

tion by the sulfhydryl reagent PCMB, while cellobiase is rapidly

inactivated. As a convenient assay for the individual p-glucosidases

of the mycelia, the homogenate was treated with 5 x 10-4 M PCMB

for 10 min at room temperature. This resulted in the complete

inactivation of the cellobiase while leaving the aryl-p-glucosidase

activity intact. The validity of this method was demonstrated by

adding purified enzymes individually to a homogenate and measuring

the activity before and after PCMB treatment. In addition, a five-

fold increase in PCMB concentration resulted in no further [3-

glucosidase inactivation.
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Incubation of mycelia with 1 mM cellobiose at 50° C resulted in

a 25-fold increase in cellobiase activity (Figure 7). Maximum

cellobiase activity occurred after about 5 hours of incubation. Both

cell-bound and extracellular aryl-p-glucosidase activities were

unaffected by incubation with cellobiose. Prior to assay for extra-

cellular aryl-p-glucosidase, the incubation buffer was dialyzed to

remove cellobiose and glucose, which are inhibitors of the p-

g luc o s id ases. The dialysis was performed with an Amicon Untra-

filtration apparatus using a PM 10 membrane. The p-glucosidase

activity of mycelia incubated in buffer alone remained constant

(Figure 7). When well washed CF-11 cellulose (0.5 mg per ml of induc-

tion medium) was employed as the inducer, the cellobiase activity

increased 5-fold after 7 hours of incubation at 50°C. The cellulose

did not affect the activity of either aryl-p-glucosidase. Incubation

with 1 mM methyl-p-D-glucoside, 1 mM methyl-a-D-glucoside, 1 mM

methyl-D-xylopyranoside, or 1 mM glucose did not affect the p-

glucosidase activities of the mycelia.
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Figure 7. Time course for the induction of p-glucosidase by
cellobiose. Washed "young" (from a 15 hour culture)
mycelia were equally divided and placed into 50 ml
Erlenmeyer flasks, half containing 15 ml buffer with
1 mM cellobiose and half containing buffer alone.
The buffer was 20 mM potassium phosphate, pH 6.4.
The flasks were incubated for varying periods of time
at 50°C in an incubator-shaker. The mycelia were
harvested, weighed and stored frozen until homogeniza-
tion and assay.

cellobiase activity of mycelia incubated in
1 mM cellobiose;
aryl-p-glucosidase activity of mycelia incu-
bated with 1 mM cellobiose;
total cell-bound p-glucosidase activity of
mycelia incubated in buffer alone.
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Effect of Various Substances on the Induction
of Cellobiase by Cellobiose

The induction of cellobiase was performed in the presence of the

following substances: 2, 4 dinitrophenol and sodium azide (inhibitors

of metabolism), glucose, chloramphenicol (an inhibitor of protein

synthesis in prokaryotes), and cycloheximide (an inhibitor of protein

synthesis in eukaryotes). The results are given in Table 8.

Cellobiose as a Paramorphogen

It has been observed that when Schizophyllum commune is

grown on cellobiose as the sole carbon source, the colonies are

dense and restricted in diameter, and the hyphae are unusually short

and highly branched (Wilson and Niederpruem, 1967a). When C.

thermophile is grown on cellobiose the effects are very similar

(Figure 8). C. thermophile was grown on solid Trione Dwarf Bunt

Synthetic medium (Chung and Trione, 1967) in petri dishes with

either cellobiose or sucrose (2. 4 g per 100 ml medium) as the sole

carbon source. The media were inoculated with mycelia and the

cultures were allowed to grow in a moist chamber at 45° C. The

colonies grown on sucrose were less dense and had diameters 3-4

times greater than those grown on cellobiose. The hyphae of the

mycelia grown on cellobiose were thicker, shorter, and more highly

branched than those grown on sucrose. When colonies were grown
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Table 8. The effects of inhibitors of protein synthesis and
metabolism on the induction of cellobiase by cellobiose.a

Inhibitor
Cellobiase Activity

(units per ml homogenate x 105)

None 970

Sodium Azide (10-4M) 56

Cycloheximide (300 µg /ml) 51

Chloramphenicol A 10-3M) 910

2,4 Dinitrophenol (10-4M) 63

Glucose (10-2M) 650

aWashed "young" (from a 15-hour culture) mycelia were evenly
suspended in 10 mM potassium phosphate, pH 6.4, containing
mM cellobiose. Twenty (20) ml portions of the suspension were
pipetted into 50 ml Erlenmeyer flasks containing the various
inhibitors at the concentrations shown. The flasks were shaken
at 100 cycles per min at 50°C for 6 hours in an incubator. The
mycelia were washed and stored frozen until homogenization and
assay. The activity of aryl-p-glucosidase was essentially con-
stant (about 2.6 x 10-3 units per ml homogenate) in all of the
samples.
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Figure 8. The effect of cellobiose on the morphology of C.
thermophile mycelia. The mycelia were grown on
synthetic medium with either glucose (top) or
cellobiose (bottom) as the carbon source. The
magnification is approximately 200 x.
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on media containing both sucrose and cellobiose (1. 2 g each per

100 ml) the diameters of the colonies and morphology of the mycelia

were intermediate between those grown on cellobiose and those grown

on sucrose.

p-glucosidase Activity of Mycelia Grown
on Various Media

C. thermophile mycelia were grown on variations of the YpSp

medium containing a variety of carbon sources, The mycelia were

then assayed for cellobiase and cell-bound aryl-p-glucosidase

activities. The results are summarized in Table 9.

B-glucosidase Activities During Growth
on YpSp Medium

Mycelia were grown on YpSp medium, and the p-glucosidase

activities at various times after inoculation were determined (Figure

9). The logarithmic growth phase was completed after about 23

hours of incubation. Slight conidation was observed after 80 hours

of incubation.

Discussion

Cellulose and cellobiose are inducers of the cellobiase but
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Table 9. p-glucosidase production during growth on various media. a

Cell-bound
aryl-p-glucosidase

Cellobiase activity activity
Medium (units/g mycelia) (units/g mycelia)

( 1) Starch, cellulose 0.66 0

(2) Starch 0.13 0.10

(3) Starch, cellobiose 0.77 0.09

(4) Cellulose 3.84 0

a The following media were prepared: (1) YpSp + 10/0Aw/v) Whatman
CF-1 cellulose; (2) YpSp; 3) YpSp + 1 mg/ml cellobiose; 64)
YpSp with 15 g/1 cellulose and no starch. Fifty (50) ml of the
media in 250 ml Erlenmeyer flasks were inoculated with 5 ml of
rapidly growing mycelial culture. These were shaken at 100
cycles per min at 50°C for 20 hours on an incubator-shaker. The
mycelia were then harvested and assayed for p-glucosidase as
previously described. The yield of mycelia was quite similar for
all the growth media.
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Figure 9. Changes in p-glucosidase activities during growth in YpSp medium. A 2-1 Erlenmeyer

flask containing 400 ml YpSp medium was inoculated with 20 ml of a culture of rapidly
growing mycelia. The flask was shaken on an incubator-shaker at 50° C and 100 cycles
per minute. At intervals aliquots were removed and assayed for p-glucosidase activity.
A A , wet weight of pressed mycelia per liter culture;-ee- , cellobiase activity

in units per g mycelia; , cell-bound aryl-p-glucosidase activity in units per g
mycelia; D 0 , extracellular aryl-p-glucosidase activity in units per liter culture.



53

apparently not of the aryl-(3
3-glucosidases of C. thermophile, The

induction of cellobiase by cellobiose in C. thermophile is genuine;

that is, it is due to de novo synthesis of the enzyme and not to some

form of activation. Cycloheximide, an inhibitor of protein synthesis

in eukaryotes, completely prevents induction of cellobiase. Sodium

azide and 2, 4-dinitrophenol, inhibitors of metabolism, also prevent

the induction of the enzyme. Glucose represses the induction of

cellobiase. The induction of cellobiase is not dependent upon the

growth of the fungus.

When C. thermophile mycelia are grown on a starch and yeast

extract medium at 50° C, all three p-glucosidases are produced con-

stitutively. The activities of the three enzymes increase sharply

immediately after the completion of the exponential phase of growth.

Such a pattern of p-glucosidase synthesis suggests a function for the

enzymes in autolysis or conidiation. The activities of the cellobiase

and aryl-p-glucosidase of N. crassa also increase during conidio-

genesis (Urey, 1971). The aryl-p-glucosidase of N. crassa does not,

however, appear to be necessary for the formation of conidia, since

a mutant which makes less than one percent of the wild-type quantity

3 The effect of cellulose and cellobiose on the activity of
extracellular aryl-p-glucosidase during growth was not determined
in this study.
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of the enzyme undergoes normal growth and conidiation (Urey, 1971).

When C. thermophile is grown on cellobiose as the sole carbon

source, the morphology of the hyphae is quite different than when

grown on sucrose or starch. The reason for this paramorphogenic

effect of cellobiose is uncertain and cannot necessarily be ascribed

to cellobiase induction. Cellobiose is also a paramorphogen of S.

commune. Cellobiose induces the p-glucosidases of S. commune and

when the fungus is grown on cellobiose the composition of the glucan

portion of the cell wall is altered. It has been suggested that p-

glucosidases could hydrolyze certain portions of the cell wall,

thereby affecting morphology (Wilson and Niederpruem, 1967).

The p-glucosidase system of C. thermophile resembles in

several respects the systems of N. crassa and S. atra, but there

are some differences (Table 10). A very important difference, of

course, is that C, thermophile apparently possesses two distinct

aryl-p-glucosidases, while N. crassa and S. atra possess only one.



Table 10. A comparison of the control of the synthesis
N. crassa, and S. atra.

of the 13-glucosidases of C. thermophile,

Property C. thermophile S. atra N. crassa

Location of cellobiase cell-bound cell-bound cell-bound

Location of aryl-p- cell-bound and cell-bound and cell-bound and
glucosidase(s) extracellular extracellular extracellular

Cellobiase induced by
cellobiose yes yes yes

Aryl-p-glucosidase induced
by cellobiose no no yes

Aryl-p-glucosidase
constitutive yes yes yes

Cellobiase constitutivea yes no no

Reference s This thesis Youatt, 1958 Eberhart and
Jermyn, 1965 Beck, 1970

a
iThis is a matter of degree. Slight activities of N. crassa cellobiase could be detected during growth

on noncellulosic media. As with C. thermophile, the activity of N. crassa cellobiase undergoes an
increase after the exponential phase of growth has been completed.
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IV. PURIFICATION AND CHARACTERIZATION
OF CELLOBIASE

Introduction.

The cellobiase components of fungal p-glucosidase systems have

not been studied in detail (see Chapter I General Introduction). There-

fore, it is of interest to determine the characteristics of cellobiases

and to relate these characteristics to the functions of these enzymes.

I have purified the cellobiase of C. thermophile, making use of

the fact that mycelia grown on cellulose are enriched in cellobiase

activity. I have then characterized the enzyme with respect to

molecular weight, amino acid composition and certain other para-

meters.

Materials and Methods

Materials

The materials used in the enzyme assay and enzyme purifica-

tion were as described in Chapter II. Cellulose powder (Whatman

CF-11) was from H. Reeve Angel Inc. Ultra pure guanidine HC1

(GuHC1) and enzyme grade ammonium sulfate were from Mann

Research Laboratories. Other chemicals were of reagent quality.

Enzyme assay, polyacrylamide disc gel electrophoresis and
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pH measurements were as described in Chapter II.

Spectrophotometric Analyses

The analyses were performed with either a Beckman DU-2 or

Beckman DB spectrophotometer. Absorption spectra of purified

cellobiase in buffer and GuHC1 were determined with a Cary 15

recording spectrophotometer.

Chromatography

The chromatography was performed at 4° C in all cases.

Growth of Mycelia

The medium was the same as the YpSp medium previously

described (Chapter II) with the modification that powdered cellulose

(Whatman CF-11) was substituted for an equal weight of starch. The

mycelia were grown in a 12-liter jar in a water bath at 50° C. The

culture was aerated by blowing cotton-filtered air into the culture

through a sparging tube.

To ten liters of the above medium was added 500 ml of rapidly

growing mycelial culture (at about 10 g wet weight mycelia per liter

of culture). After 30 hours of growth the mycelia were harvested

by filtration on Whatman No. 1 filter paper. The mycelia were

washed once with distilled water, pressed dry and frozen. The yield
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was 450 g, although the cellulose, being insoluble, may have

accounted for a considerable portion of the weight. Comparisons of

absorption at 280 nm with mycelia grown on starch indicate that the

yield of mycelia was only about 150 g wet weight, The figure given

for the weight of mycelia in the enzyme purification includes residual

cellulose.

Protein Determinations

Protein concentration was estimated during the purification by

measuring the absorbance at 280 nm. Specific activity will be

reported as units per absorbance at 280 nm. The extinction coeffici-

ent of the purified cellobiase was determined from amino acid analy-

sis 0
sis and absorption at 280 nm. A value of E = 20. 9 was

calculated.

Sedimentation Experiments

These were conducted with a Spinco Model E analytical ultra-

centrifuge equipped with interference optics and an AN-D rotor.

Double sector, 12 mm cells were used. The fringe patterns were

read with a Nikon Model 6C micro comparator equipped with a

digitizer. The data were analyzed by computer, using a program

developed by Dr. Robert Dyson, Department of Biochemistry and

Biophysics, Oregon State University, Corvallis, Oregon.
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Amino Acid Analysis

The method of Moore and Stein (1963) was used. The sample

was taken to dryness in an ampoule, and one ml constant boiling HC1

was added. This was repeatedly (ten times) and alternately evacu-

ated and flushed with nitrogen. The ampoule was sealed while

evacuated, and the sample was hydrolyzed at 110°C. The analysis

was performed with a modified Beckman-Spinco model 120 B amino

acid analyzer. Tryptophan, which was destroyed by the hydrolysis

procedure used, was determined from the absorption spectrum of a

known concentration of cellobiose in 6.0 M GuHC1 and 20 mM

potassium phosphate, pH 6. 5 (Edelhoch, 1967). Calculations from

the results of the amino acid analysis were made with computer,

using a program developed by Mr. Robert Howard, Department of

Biochemistry and Biophysics, Oregon State University, Corvallis,

Oregon.

Re sults

Purification of Cellobiase

The purification of cellobiase was performed essentially as

previously described (Chapter II), with the following modifications:

(a) The mycelia were grownon cellulose.

(b) All buffers contained 1. 0 mM DTT and 1. 0 mM EDTA.
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Mycelia (400 g) grown on cellulose were homogenized for 15

minutes in a Sorvall Omnimixer with 800 ml of 10 mM potassium

phosphate, pH 6. 4 (Buffer B), and 100 g 0. 2 mm glass beads. The

homogenate was centrifuged at 12, 000 x g for 30 minutes, and the

supernatant solution was recentrifuged at 12, 000 x g for 30 minutes.

The supernatant contained the activity (Fraction 1, 1020 ml).

Fraction 1 was applied to a 2 x 33 cm column of DE-23 which

had previously been equilibrated with Buffer B. The protein was

eluted with a 1000 ml linear KC1 gradient from Buffer B to Buffer

B containing 0. 5 M KC1. The rate of elution was 45 ml per hour

and 7.7 ml fractions were collected. A plot of absorbance at 280

nm and activity (the change in absorbance at 410 nm per min per

0.1 ml enzyme in the standard assay mix) is shown in Figure 10.

Fractions 48 through 70, with specific activities greater than 0. 47

units per A280, were pooled (Fraction 2, 240 ml).

Cellobiase was precipitated by adding 115 g of ammonium

sulfate (75% saturation), at 0°C and over a 30 minute period, to

Fraction 2. The solution was allowed to stir for another 30 minutes

at 0°C and was then centrifuged at 0°C and 12, 000 x g for 30 minutes.

The pellet was dissolved in an appropriate amount of 10 mM

potassium phosphate, pH 7. 5, to give a conductivity about equal to

that of 20 mM potassium phosphate, pH 6.1 (Fraction 3, 600 ml).

Fraction 3 was applied to an 1 x 17 cm DE-52 column,
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previously equilibrated with 10 mM potassium phosphate, pH 7. 5.

The column was eluted with a decreasing pH and linear, increasing

salt gradient, from 20 mM potassium phosphate, pH 6. 1, to 80 mM

sodium acetate, pH 5. 2. The total volume of the gradient was 500

ml. The rate of elution was 20 ml per hour, and 3. 3 ml fractions

were collected. An elution profile of absorbance at 280 nm and activ-

ity is shown in Figure 11. Fractions 71 through 91, with specific

activities greater than 5. 4 units per A280, were pooled (Fraction 4,

66 ml).

Fraction 4 was concentrated by ammonium sulfate precipitation.

Ammonium sulfate,(34. 5 g, 80% saturation) was added with stirring

at 0° C over a period of 20 min. The solution was allowed to stir at

0°C for an additional 30 minutes and was then centrifuged at 12, 000

x g and 0° C for 30 min. The pellet was dissolved in 2. 5 ml, 50 mM

potassium phosphate, mM DTT, mM EDTA, pH 6.1. The solution

was applied toa I. 2x 200 cm Bio-Gel A 1.5 m column, previously

equilibrated with 50 mM potassium phosphate, pH 6.1. The protein

was eluted with the equilibration buffer at 4. 0 ml per hour, and 1. 1

ml fractions were collected. The elution profile of absorbance at

280 nm and activity are shown in Figure 12. Fractions 139 through

143, with a specific activity of about 21 units per A280, were pooled

(Fraction 5, 5. 5 ml).

The purification of cellobiase is summarized in Table 11.
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Table 11. Purification of cellobiase.

Fraction Total units
Absorbance Units per

at 280 nm A280
Yield

% Purification

1. Supernatent 462 3000 0.15 100

2. DEAE, salt elution 381 380 1.00 83 6.6

3. Ammonium sulfate 338 118 2.86 73 19

4. DEAE, pH elution 97 13.8 7.07 21 47

5. Agarose 42.5 2.0 (0.96)a 21.3 (44. 2)a 9.2 142

aThese values were calculated from the extinction coefficient of cellobiase.
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Criteria of Purity

The most purified fractions eluted from Bio-Gel A 1.5 m had,

within experimental error, the same specific activity (Figure 12).

This suggests that the cellobiase preparation is homogeneous.

Disc gel electrophoresis, performed according to Davis (1964),

indicates that cellobiase is the only major protein component in the

preparation. The applied samples contained about 20 mg of purified

enzyme. After electrophoresis, the gels were either stained for

protein or cut into sections for enzyme assay. The protein was

stained by soaking the gels in 1% Amido schwarz, 7. 5% acetic acid.

The gels were then destained by diffusion. The activity was detected

by slicing the gels into 2 mm sections, grinding each section with

one ml 50 mM sodium acetate, pH 5. 5, and allowing the mixture

to sit overnight at 4° C. The solutions were then assayed in the

standard manner. The gels stained for protein contained a single

significant band, which coincided with the p-glucosidase activity. A

densitometric scan of a gel stained for protein is shown in Figure

13. These results indicate that any protein contamination of the

cellobiase preparation is slight.

Another criterion of purity is the plot of In c versus R2 -R2a

obtained in sedimentation equilibrium experiments (Figures 14 and

15). The plots are fairly linear, indicating homogeneity. However,
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the GuHC1 plot shows slight upward curvature at low concentrations.

This indicates the possible presence of a small amount of lower

molecular weight contaminant. Nevertheless, the preparation was

thought to be of sufficient purity to allow meaningful molecular

weight determination (by sedimentation equilibrium) and amino acid

analysis.

Sedimentation Equilibrium

Sedimentation equilibrium experiments were performed accord-

ing to Yphantis (1964). The purified cellobiase was centrifuged to

equilibrium in buffer and in buffer containing 6.0 M guanidine HC1.

The partial specific volume of cellobiase was estimated from the

amino acid composition (Table 12) to be 0.733 cc per g (Cohn and

Edsall, 1943).

A solution containing about 0.35 mg protein per ml was

dialyzed for 15 hours against the buffer (50 mM potassium phosphate,

pH 6.1, mM DTT, mM EDTA) or against the buffer containing 6.0 M

GuHC1. The solutions were then centrifuged at 20,020 RPM (buffer)

or 30,045 RPM (buffer-GuHC1). Equilibrium was assumed when the

fringe patterns remained constant over a five hour period. The

results of the sedimentation equilibrium experiments are given

in Figures 14 and 15. In buffer, the weight average molecular

weight of cellobiase was calculated as 51,600. The apparent partial
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Table 12. Amino acid composition of cellobiase.

Amino Acid

Residues per
50, 000 grams

protein

Nearest integer
per 50, 000 grams

protein

Alanine

Arginine

Aspartic acid

36.3

21. 1

60.0

36

21

60

Cystine/2 4. 6 5

Glutamic acid 44. 4 44

Glycine 40.5 41

Histidine 9.9 10

Isoleucine 25. 8 26

Leucine 36. 0 36

Lysine 32. 6 33

Methionine 4. 5 5

Phenylalanine 27. 3 27

Proline 27. 1 27

Se rine 17.4 (23. 1)a 17 (23)a

Threonine 19.4 (22. 3)a 19 (22)a

Tryptophan 13. 2
b

13
b

Tyrosine 20. 2 (21.9)b 20 (22)b

Valine 24. 3 24

aValues extrapolated to zero hydrolysis time. Based on the aver-
age rates of decay during the hydrolysis of several different
proteins (R. L. Howard, unpublished results).

bDetermined by the method of Edelhoch (1967).
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specific volumes (V ) of some proteins have been shown to decrease

upon going from dilute buffer to 6 M GuHC1 (Reisler and Eisenberg,

1969); therefore, two values of V were used in calculating the mole-

cular weight in GuHC1. With a V of 0.733 cc per g, the weight

average molecular weight of cellobiase in GuHC1 was 51, 500. With

*a V of 0.723, it was 48, 000.

Amino Acid Composition

The analysis was performed on a sample containing about 0. 2

mg of purified cellobiase, and the time of hydrolysis was 70 hours.

The amino acid composition of cellobiase is given in Table 12.

Because of the limited quantity of protein available, the experiment

was not repeated; therefore, the results must be considered pre-

liminary. Tyrosine content was determined by the spectrophoto-

metric method of Edelhoch (1967) as well as by amino acid analysis.

The results, given in Table 12, are in good agreement.

The Effect of Temperature on Activity

The K and maximum velocity of hydrolysis of substratem

(PNPG) for cellobiase were determined at various temperatures

(Lineweaver and Burk, 1934). The logarithm of the maximum

velocity versus the reciprocal of the absolute temperature is plotted
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in Figure 16. The activation energy, using the linear portion of

Figure 15 (24° - 52° C), is 9. 4 Kcal per mole. The slope of the

curve decreases above 52° C, suggesting that cellobiase is inactivated

above this temperature. The effect of temperature on K is pre-m

sented in Table 13.

Table 13. The effect of temperature on the Km of ceilobiase.a

Temperature (°C) Km (mM)

24. 0

31. 5

37. 2

45.0

52. 0

57. 6

a The experiments were performed in 50 mM sodium acetate, mM
EDTA, mM DTT, pH 5. 5, with PNPG concentrations ranging
from 0. 2 mM to 0. 9 mM. Values were calculated by the method
of Lineweaver and Burk (1934).

Substrate Inhibition

Cellobiase activity was determined at various PNPG concen-

trations, ranging from 0. 2 mM to 18. 0 mM. Figure 17 shows the

inhibition of the enzyme at high substrate concentrations.
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Figure 16. Plot of temperature versus activity of cellobiase. The
activity of cellobiase in 50 mM sodium acetate, 1. 0
mM EDTA, 1.0 mM DTT, pH 5. 5, was measured at
various concentrations of substrate at the above temp-
eratures. The maximum velocity (p,moles PNPG hydro-
lyzed per minute per ml enzyme) was then determined by
the method of Lineweaver and Burk (1934).
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Figure 17. Substrate (PNPG) inhibition of cellobiase. The experiments were performed at
45° C in 50 mM sodium acetate, mM DTT, mM EDTA, pH 5.5. All values are
the average of two determinations.
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Discussion

Cellobiase from C. thermophile was purified, using induced

cells as the source of the enzyme. The specific activity of the crude

homogenate was approximately twenty fold greater than when

uninduced cells were used as starting material. Approximately

0. 6% of the total soluble protein of induced cells is cellobiase. On

the basis of chromatography, substrate affinity, PCMB inactivation

and activation energy, the induced cellobiase does not differ from

the enzyme produced on starch medium.

The cellobiase preparation is relatively homogeneous as

judged by disc gel electrophoresis and sedimentation equilibrium

analysis. Its specific activity is 44. 2 units per mg protein.

Cellobiase has a molecular weight of about 50, 000 on the

basis of sedimentation equilibrium analysis. The protein appears

to be a single polypeptide, as sedimentation equilibrium experiments

in buffer and in GuHC1 yielded about the same molecular weight.

The molecular weight of C. thermophile cellobiase is considerably

less than those of the aryl-p-glucosidases, which have molecular

weights ranging from 168, 000 to 400, 000 (Table 1). The molecular

weight of only one other cellobiase has been determined. N. crassa

cellobiase has an approximate molecular weight of 80, 000, resembl-

ing more closely the molecular weight of C. thermophile cellobiase
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(Eberhart and Beck, 1970).

Cellobiase has a fairly high content of tryptophan and tyrosine

(13 and 20 residues, respectively, per 50, 000 daltons). Its E12.°78°0

is considerably higher than that of most proteins.

The energy of activation of cellobiase is ordinary. The Km

toward PNPG remains approximately constant over a temperature

range of 24° - 57°C. Above 52°C, the maximum velocity begins to

fall below that predicted by the Arrhenius equation. The enzyme is

inhibited by high concentrations of substrate.
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V. GENERAL DISCUSSION

Primary discussion of the results was covered in Chapters

II, III and IV. In this section, consideration of some points is

extended.

Relation to the 13-glucosidases
of Other Fungi

In accord with the literature, the p-glucosidases of C. thermo-

phile have been classified on the basis of substrate preference.

However, the labeling of p-glucosidases as "cellobiases" or "aryl-

p- g luc o s id ases" is somewhat arbitrary, since it has not been con-

clusively demonstrated that the members of each of these classes

are either analagous in function or homologous in origin. Therefore,

in order to establish relationships between the p-glucosidases of

fungi, it is necessary to group other properties of the enzymes in

addition to substrate preference.

It has been shown that there are several parallels between the

p- glucos id ases of C. thermophile and the respective enzymes of

various other fungi (Chapters II, III, IV). Properties such as pH

optimum, substrate affinity, regulation of synthesis, location,

inhibition and molecular weight were compared. The parallels are

a good indication that the cellobiase and extracellular
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aryl-p-glucosidase of C. thermophile are analagous,to the respective

enzymes of N. crassa, S. atra and perhaps other fungi. The cell-

bound aryl-p-glucosidase of C. thermophile has a substantially lower

molecular weight than that of other aryl-p-glucosidases (Table 1).

In addition, unlike other aryl-p-glucosidases, it is not present in the

extracellular medium (Table 1). Thus, although it is possible that

the extracellular aryl-p-glucosidase is a polymer of the cell-bound

enzyme, the cell-bound aryl-p-glucosidase of C. thermophile cannot,

without further evidence, be considered analagous to other aryl-p-

glucosidases. No unique features of the p-glucosidase system of

C. thermophile, with the exception of the thermostability of the

enzymes and the presence of two aryl-p-glucosidases, have been

demonstrated.

Speculation on the Roles
of the 13- glucosidases

The evidence with respect to possible functions of p-glucosidases

in fungal metabolism has been summarized in Chapter I. From this,

it appears quite certain that the cellobiases of at least some fungi

are involved in the breakdown of cellulose. This also seems to be

the case with the cellobiase of C. thermophile. The cellobiase of

C. thermophile is induced by cellulose and cellobiose. When the

mycelia are grown on cellulose, cellobiase accounts for 0. 6% of the
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total soluble protein, indicating that it probably has a major role in

the metabolism of the fungus during growth on cellulose. 4 The

reason for the large increase in cellobiase activity after the comple-

tion of the active phase of growth is not understood. A similar

increase in N. crassa cellobiase has been noted during the conidia-

tion of the fungus (trey, 1971).

The role(s) of the aryl-p-glucosidases of C. thermophile can-

not be inferred from this study. Neither enzyme is induced when the

mycelia are incubated with cellobiose. During growth on cellulose,

the activity of the cell-bound aryl-p-glucosidase actually decreases

(the activity of the extracellular aryl-(3-glucosidase during growth on

cellulose was not determined). This is similar to the finding of

Youatt (1957) that the aryl-p-glucosidase of S. atra is not produced

when the fungus is grown on cellulose. Thus, it appears that at

least some aryl-p-glucosidases are not involved in cellulose break-

down. As was discussed in Chapter I, the evidence concerning pos-

sible functions of aryl-p-glucosidases is confusing. Expecially dis-

tracting is the fact that a N. crassa mutant with less than one

4An estimate indicates that the activity of cellobiase
in myc lia growing on cellulose is sufficient to account for the
observed rates of cellulose breakdown, assuming a breakdown
route of

cellulase cellobiase
cellulose cellobiose glucose .
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percent of the wild-type activity grows and develops normally, on

cellulose as well as on other media (Urey, 1971). A possible

explanation consistant with these results is that aryl-p-glucosidases

perform a function(s) which is unimportant during growth in laboratory

cultures. For example, the enzymes could convert carbohydrates

(by means of their transferase activity) to forms less readily

utilized by competing organisms.

Interpretation of Protein Stability Studies with Respect
to the Mechanism of Thermophily of C. thermophile

The extracellular aryl-p-glucosidase and cellobiase of C.

thermophile, when partially purified, are fairly stable at the maxi-

mum growth temperature of the fungus (58° C). Thus, reasoning

from the possible mechanisms of thermophily as outlined in Chapter

I (Koff ler and Gale, 1957), the enzymes are either inherently stable

or a stabilizing factor remains bound to the enzymes. I wish to

argue that the alternative of a stabilizing factor for the adaptation

of proteins in general to higher temperatures is not a likely pos-

sibility as a basis of thermophily. Since the ease of undergoing

conformational transitions is important in the functioning of proteins

and is a function of temperature, it is an element in the adaptation

of organisms to higher temperatures (Alexandrov, 1969). Thus, any

factors which confer on proteins the ability to function at elevated
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temperatures, would have to both stabilize the proteins and adjust

their "conformational flexibility". It seems unreasonable to expect

general factors to accomplish these tasks. Therefore, one can con-

clude with fair certainty that at least some of the enzymes of C.

thermophile are inherently stable at the elevated growth temperatures

of the fungus.
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APPENDIX

Abbreviations

A Abs orbance

DEAE -cellulose Diethylaminoethyl cellulose

DTT Dithiothreitol

EDTA Ethylenedinitrilotetraacetic acid

GuHC1 Guanidine hydrochloride

v Partial specific volume

PNPG p-Nitrophenyl-p -D-glucos ide

PNP-glycoside p-Nitrophenyl-glycoside

R Radial position

Ra Radial position of meniscus

Tris Tris(hydroxymethyl)aminomethane


