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INTRODUCTION
Cellulose degrading enzymes have attracted a great deal of attention in recent years, because they can convert cellulose, the world's
most plentiful renewable resource, to fermentable sugars.

Attention has

been particularly focused on the enzymes of the cellulase system of
Trichoderma reesei, since these enzymes are very stable and highly
active on crystalline cellulose.

Although most of the enzymes produced

by the related organism, Trichoderma viride

have been isolated from

commercial preparations in pure form, and characterized to various
extents by different investigators, little is known about their biosynthesis.

In view of the importance of these enzymes as tools in the

beneficial process of rendering cellulose utilizable as a source of
foodstuffs, the exploration of the limits of the biosynthetic capacity
of Trichoderma reesei with respect to these enzymes becomes a question
of special interest.
describe the exact

In seeking answers to it, it is necessary to

molecul~r

nature of the processes which cause the

organism to elaborate these enzymes.

For example, it is important to

know what initiates the biosynthesis; what may enhance its productivity;
what terminates the process, how this cessation of enzyme production can
be reversed, and how the transport of enzymes to the extracellular
environment is effected.
It is generally thought that the "messengers" for the need to
synthesize more enzyme when the organism is grown on cellulose are the
soluble products arising from cellulose degradation by the low levels of
preexisting enzymes.

This hypothesis
1

to studies in which
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cellulolytic organisms were incubated with soluble carbohydrates in replacement culture, in an effort to reveal the "inducer".

Since compon-

ents of cellulose degrading enzyme systems are known to adsorb on the
cellulose surface to different extents, there is an obvious advantage
to causing these enzymes to be elaborated in a soluble environment, in
the absence of cellulose.

However, the majority of the investigat10ns

in this area have described cellulase activity "induced" during either
growth on cellulose or incubation with soluble sugars, in terms of the
reduction in viscosity of carboxymethyl c3llulose, a derivatized
soluble substrate.

A few studies have

in~luded

measurement of aryl-S-D-

glucosidase activity, which is considered responsible for the production
of glucose from cellobiose.

Studies of tile enzymes produced in the

presence of soluble carbohydrates may eventually explain the biosynthesis
of the enzymes if (a) activity can be shown on crystalline cellulose,
thus verifying the identity of these enzymes as true cellulases; (b) the
increase in enzymic activity can be correlated with a sizable increase
in extracellular protein; and (c) the identity between these enzymes and
those produced in the presence of the natural substrate, i.e., cellulose, can be shown by comparison of the properties of purified components
from each of the above sources.

LITERATURE REVIEW
Although a number of enzymic components of cellulase systems are
now recognized (1,2,3,4,5), the control mechanisms involved in the biosynthesis of cellulolytic enzymes are poorly understood.

From studies

of many different cellulose degrading organisms it is unclear whether
these enzymes are inducible, or constitutive and subject to catabolite
repression.

The term induction commonly is used to refer to the

apparent stimulation of production of these enzymes in the presence of
certain compounds; in only one case has de novo protein synthesis
actually been demonstrated.
In one of the earlier investigations on the induction of cellulase
in Trichoderma viride during growth on a large number of mono- and
oligosaccharides, Mandels and Reese (6) reported enzyme production only
with cellobiose, glucose, and lactose as the growth substrates.

Al-

though cellobiose may be the natural inducer of cellulase, cells grown
on cellobiose produced less enzyme than cells grown on glucose, whereas
lactose was reported to be as effective an inducer as cellulose.

To

test the possibility that when the organism is grown on cellulose, cellulase may be derepressed during the slow release of glucose from the
substrate, these investigators added glucose to the fungal cultures in
small increments, rather than adding the entire amount at the beginning
of the incubation period.

Less enzyme was obtained by this method than

by a single addition of an equivalent amount of glucose.

Addition of

trace minerals to the medium was reported to greatly enhance enzyme

3
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production.

The production of amylase, an apparently constitutive

enzyme, was found to be equal in the presence of all sugars which supported good growth.

In a subsequent study (7), the same authors rein-

vestigated the role of cellobiose in cellulase induction in a number of
cellulolytic fungi.

Although enzyme yields were still low in comparison

to yields obtained on cellulose as the growth substrate, it was possible
to improve enzyme production by slowing down the growth rate of the
organism through addition of cellobiose octaacetate, a much less rapidly
consumed cellobiose derivative.

In the case of

~

viride, unfavourable

incubation temperatures which did not support optimal growth on cellobiose, had a dramatically positive effect on enzyme production; yields
under these conditions were comparable to those obtained on cellulose.
In addition, it also was found that adding cellobiose to cellulose cultures of cellulolytic organisms results in an apparent inactivation of
eM-cellulose hydrolyzing activity.

On the basis of these results the

authors concluded that cellobiose is indeed the natural inducer of cellulase, and that the low enzyme levels obtained from cellobiose cultures
when compared to cellulose cultures, are due to the very rapid growth
of the organism on cellobiose.
The induction of eM-cellulase activity in the fungus Verticillium
albo-atrurn was studied by Gupta and Heale (8), in the presence of a
number of mono- and disaccharides, as well as cellulose.

Enzyme pro-

duction was highest in eM-cellulose cultures, but eM-cellulose was a
poor substrate for growth.

Excellent yielcs of both mycelial dry weight

and enzyme were obtained from cultures grO\'tn on cellobiose, where total
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eM-cellulose hydrolyzing activity per ml of culture equalled that
obtained on insoluble cellulose.

Glucose suppressed enzyme production

when added to cultures grown in the presence of eM-cellulose or cellobiose.

These workers concluded that cellobiose is the natural inducer

of cellulase in this organism; the inhibitory effect of several monoand disaccharides on enzyme production was attributed to rapid growth
of the organism in the presence of those substances, although the excellent growth on cellobiose does not support these conclusions.
production in this organism, unlike -T. viride

Enzyme

is reported to occur

while the cellobiose is being consumed, and not after it has disappeared
from the medium.

The results of Gupta and Heale are difficult to

interpret; extracellular protein yields throughout the study were very
low (20-25

~g/ml

culture), and incubation times of the organism with

cellobiose unusually long.

Although all of the cellobiose had been con-

sumed and eM-cellulose hydrolyzing activity had reached a maximum at the
end of six days, fourteen-day incubations were routinely used.

Enzyme

levels were reported to decrease after the ninth day, reaching zero by
the fourteenth day.

Proteolysis of the extracellular enzymes is a very

likely explanation for these observations.
The inducibility of CM-cellulase in mycelia of Neurospora crassa
was studied by Eberhart et al (9).

The mycelia were washed and sus-

pended in 0.1 M potassium phosphate buffer, pH 7.0, in the presence of
mono- and disaccharides which were being tested as possible inducers.
Cellobiose was the only compound which yielded any significant induction.

Berg (10) also found that significant CM-cellulase could be
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detected when Cellvibrio fulvus was grown on cellobiose; however, all
of the enzyme was cell-bound under these conditions.

On the contrary,

when the organism was grown on cellulose, all of the enzyme activity
was extracellular.

Treatment of the cells with detergents, and forma-

tion of spheroplasts, released all of the activity from the cellobiosegrown cells, whereas it did not release any activity from the cells
grown on cellulose.

Since, in general, much greater enzyme production

was observed on cellulose than on cellobiose, it was hypothesized that
the presence of cellulose might be causing release of the already existing enzyme, thus stimulating further enzyme synthesis.

Similar results

were obtained by Berg and Pettersson (11), when they studied the location and formation of cellulolytic enzymes in

~

viride grown on differ-

ent carbon sources; no extracellular enzyme was found during the
exponential phase of growth on cellulose, but a significant amount of
cell-free CM-cellulose-hydrolyzing activity could be detected when the
culture reached the stationary phase.

Microscopic examination revealed

that during the latter phase many cells appeared to have lysed.

When

the organism was grown on CM-cellulose, all of the CM-cellulase was
extracellular both during the exponential and stationary phase of growth;
whereas growth on cellobiose resulted only in cell-bound enzyme.

No

Avicelase activity could be determined in cultures grown on CM-cellulose
or cellobiose.

Since repression was observed when glucose was added to

cellulose cultures, the presence of cellulose was not a sufficient
condition for enzyme production.
Cellobiose did not stimulate Cellvibrio gilvus (12) to produce
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cellulase as measured by the release of reducing sugars from Cl\1cellulose.

When cellobiose or glucose was added to the culture medium,

the activity was reduced to zero.

Addition of glucose or cellobiose

in small controlled amounts did not "derepress" cellulase formation,
unlike results reported with other organisms (20,23,24).
Horton and Keen (13) found that OM-cellulase activity of Pyrenochaeta terrestris in replacement culture was inducible to different
extents (up .to sixfold differences in enzyme levels) by different cellulosic substrates.

Enzyme production on different substrates correlated

inversely with their ease of digestibility; easily digestible substrates
led to high hydrolysis rates,which were considered to have resulted in
catabolite repression.

Thus, enzyme production was found to be greatest

on crystalline cellulose.
Gupta et al (14) investigated the effect of cultural conditions on
enzyme production in T. viride.

The highest enzyme yields were obtained

when the organism was grown on cellulose and enzyme production on cellulose was repressed maximally by the addition of maltose or lactose, and
minimally by the addition of glucose.

However, when maltose or lactose

was used as the sole carbon source, in the absence of cellulose, they
were found to have an inductive effect on enzyme formation.

The authors

observed marked stimulation of enzyme production when acetate or
ascorbate was added to the cellulose-containing medium; these compounds
were found to exert a cumulative effect when used in combination.
reason for this effect remains obscure.
In 1960, an impurity was discovered in reagent grade glucose

The
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which was found to be responsible for the relatively high levels of
enzyme produced during growth on this substrate (15).

The impurity,

which could be removed by adsorption on charcoal and elution with
ethanol, was identified as sophorose
glucopyranose).

(~-8-D-glucopyranosyl- (1-+2)~-

a-

Since sophorose is a very powerful inducer of T.

viride cellulase (2500 times as active as cellobiose), Mandels et al
(16) attempted to elucidate the possible structural requirements for
a cellulase inducer in that organism, by testing a number of compounds
structurally related to sophorose for inducing ability.

Resting fungal

cells, suspended in 0.1 M potassium phosphate buffer, pH 2.7, were used
throughout this study.

Only nigerose

(~-a-D-glucopyranosyl-(1-+3)~-~

glucopyranose) was somewhat active, but since it was found to be impure,
its inducing ability becomes rather questionable and could be due to
some contamination by sophorose.
other cellulolytic fungi.

Sophorose was a poor inducer for

The fact that a compound which contains a

81-+2 linkage is an inducer, whereas others containing 31-+3 and 81-+6
linkages are completely inactive, led to the conclusion that factors
other than anomeric configuration are involved in the induction of
cellulase by sophorose in
Nisizawa et

~

~

viride.

(17) performed a more detailed study of the stimu-.

lation of cellulase formation (measured viscosimetrically) by sophorose
in resting cells of T. viride.

A major improvement :n this study, when

compared with earlier investigations, was the use of relatively short
incubation periods (in the order of hours), which made the results
easier to interpret.

One of the main objectives of this study was to
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reveal whether the apparent inductive .effect of sophorose actually involved de novo synthesis of cellulase protein; for this purpose such
antibiotics as puromycin (a protein synthesis inhibitor) and actinomycin D (a transcription inhibitor) were added to sophorose-treated cultures at various stages of induction.

Each of these compounds caused

marked inhibition of enzyme synthesis, with actinomycin D being more
effective at earlier stages, and puromycin at later stages of inductions.

Enzyme synthesis, however, ,vas never completely inhibited.

It

was interesting that, during this study, higher concentrations of
inducer resulted in markedly lower enzyme yields; the investigators
suggested that this phenomenon might have been due to the production of
glucose by cleavage of the inducer, which could result in catabolite
repression of enzyme synthesis.

It was assumed by these workers that

the proteins produced in the presence of sophorose were identical to
those produced on cellulose, because the chromatographic elution patterns of these preparations were similar.

As similar elution patterns

are often exhibited by nonidentical proteins, this technique cannot be
used to establish the identity of the two preparations.
The question of the possible de

~

synthesis of cellulase protein

in T. viride in the presence of sophorose was further pursued by
Nisizawa et

~

(18) in a later study.

A double labeling technique was

used with 14C-leucine (used in the presence of sophorose) and 3H-leucine
(used in the absence of sophorose).

Extracellular and cell-bound

enzyme was isolated, fractionated on an ion exchange column, and further
fractionated on a starch column to separate amylase from cellulase
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activity.

The distribution of radioactivity among the different frac-

tions clearly demonstrated that leucine is incorporated into cellulase
protein in the presence of sophorose, but not in its absence; on the
contrary, leucine is incorporated into amylase protein both in the
presence and absence of sophorose.

These results support the authors'

conclusion that sophorose actually triggers the de novo synthesis of
cellulase protein in Trichoderma viride.
Loewenberg and Chapman (19) studied the relationship between
tritiated sophorose uptake and cellulase induction in Trichoderma
viride; sophorose uptake was followed by the disappearance of tritium
from the medium, and cellulase activity was measured viscosimetrically.
Resting cells were used, suspended in 0.05 M potassium phthalate
buffer, pH 4.0.

The authors report that, although 50% of the radio-

activity had already disappeared from the medium within six hours,
cellulase activity only became detectable at that time.

It was also

observed that repeated additions of small amounts of sophorose resulted in at least a threefold increase of enzyme yield, as compared
to cultures which had been given an equivalent amount of sophorose in
a single addition.

During this study, no labelled glucose was detected

in the medium at any time and apparently, no destruction of sophorose
occurred during an l8-hour incubation of this sugar with a crude,
induced cellulase preparation.

The latter result is rather puzzling,

since Trichoderma is known to synthesize a very activE extracellular
8-glucosidase which is also induced in the presence of sophorose (17),
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and which cleaves sophorose faster than it cleaves cellobiose.

l

This

particular result might be due to difficulties in detecting a relatively
small percentage of substrate degradation (possibly resulting from use
of an inadequate amount of enzyme protein) by paper chromatography.
The effect of addition of sophorose and other soluble sugars to
cultures of the cellulose-degrading bacterium Pseudomonas fluorescens
var. cellulose under conditions of growth was studied by Yamane
(20).

~~

It was found that in the presence of cellobiose and other cello-

oligosaccharides this organism produced cellulase (determined viscosimetrically), but almost all of the enzyme was cell bound.

Similar re-

sults were obtained by Berg (10) and Berg and Pettersson (11) with
Cellvibrio fulvus and

~

viride, respectively.

On the contrary, in the

presence of cellulose or sophorose as a carbon source, the enzyme yield
not only increased dramatically, but also was completely extracellular.
A marked stimulation of enzyme production was also caused by mannose;
gentiobiose had a similar, but weaker, effect.

The extracellular

cellulase appeared to consist of two components when subjected to zone
electrophoresis, whereas the cell-bound enzyme revealed only one component by the same method, which was not identical with either of the
two extracellular components.

Unlike cellulolytic fungi studied pre-

viously (7), this pseudomonad was not induced by lactose.

It is inter-

esting that by use of a controlled supply of sugars such as glucose
and cellobiose, which did not promote cellulase production under the

E. K., Jr. (1977), Personal Communication.
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conditions described previously, a

si~nificant

stimulation of extra-

cellular enzyme production was obtained, comparable to that observed
on sophorose.

Furthermore, the enzyme produced during controlled supply

of cellobiose also consisted of two components, which, by their electrophoretic patterns, corresponded to those formed on cellulose or sophorose.

It was concluded from these results that the synthesis of

extracellular cellulase in Pseudomonas is controlled by a different
gene site than that which controls cell-bound cellulase, and that the
latter is much less sensitive to cultural conditions in terms of regulation of its biosynthesis.

The authors suggested that a repressor-

inducer mechanism as described by Jacob and Monod (21) may be responsible for the regulation of the extracellular cellulase genes and that
gene expression may be repressed under certain growth conditions,
possibly due to accumulation of some catabolites.
counteract this repressor.

Sophorose may strongly

It was also suggested that the stimulatory

effect of mannose may be due to the slow growth rate of the organism on
that particular substrate.

However, since sophorose supported an excel-

lent growth rate, comparable to that observed on glucose, the above
explanation does not appear particularly well founded.
The important question of the identity of cellulases produced on
soluble inducers, and their relationship to enzymes produced on cellulose was addressed by Lobanok et

~

(22).

Trichoderma lignorum was

grown on the soluble "inducer" lactose, and on cellulose and the electrophoretic patterns in cylindrical polyacrylamide gels of the proteins
produced on each source was followed during growth.

"Pure" proteins
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were obtained by slicing the analytical disc gels, and activity was
measured by the production of reducing sugar from eM-cellulose and
filter paper.

On the basis of the observed electrophoretic patterns it

was concluded that, of the extracellular proteins, the components of
the cellulase complex are identical from lactose-exposed and celluloseexposed cells.

It was furthermore concluded that complete synthesis of

each of the components of the enzyme complex takes place faster on
lactose than on cellulose and it was proposed that initially one major
component possessing all types of cellulase activity is synthesized,
and is later modified by proteolytic cleavage to yield the other components.

These results are particularly difficult to interpret because

(a) the stability of the proteins under the electrophoretic conditions
of this study was not established and (b) the purity of the assayed
fractions, and therefore their identity, and any comparison between
them is questionable.
There are several reports in the literature which question the
inducibility of cellulase enzymes by cellulose substrates in microorganisms.

For example, Hulme and Stranks (23) argue that since glucose

must be the final product of cellulose degradation, organisms grown on
cellulose must also utilize glucose.

The failure of glucose to repress

enzyme synthesis under these conditions was considered to be due to its
very slow release from cellulose, which effectively controls the rate
of utilization.

It was thus hypothesized by these workers that if

glucose were to be supplied to laboratory cultures at a limited rate,
so as to limit the organism's rate of growth, enzyme synthesis might
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be promoted.

To lend experimental support to this hypothesis, the

cellulase-producing fungus Myrothecium verrucaria was grown in batch
culture on a mineral salts medium containing 0.1% glucose; it was found
that cellulase activity could be detected viscosimetrically in the
culture supernatant at all times.

Vfuen the same principle was tested

by growing the organism in continuous culture under glucose-limiting
condi tions, the previous ly obtained results were confirmed, 'vi th enzyme levels being actually greater in the case of the continuous culture.

The enzymes thus formed were -reported to release glucose, cello-

biose and xylose oligomers from ball-milled aspen holo-cellulose.
the basis of these results it was concluded

th~t,

On

at least in Myro-

thecium, ce1lulases are produced in response to regulation of the
metabolic rate of the organism, rather than speci
the presence of an added compound.

cally induced due to

Therefore, the cellulases of this

organism are considered to be constitutive enzymes, the production of
which is repressed by an abundance of any rapidly utilizable carbon
source.

This hypoth'3sis was extended to include other cellulolytic

fungi; e.g., it is considered likely that the highly specific inductive
effect of sophorose

n T. viride could be due to a very slow rate of

breakdown of the sugar by this organism.

More extensive data on the

relationship between growth rate and cellulase production were provided
by the same authors ir a subsequent study (24).

It was concluded that

enzyme production occurred under conditions unfavourable to vegetative
growth.
Fusee and Leatherwood (25) studied the regulation of cellulase
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synthesis in two Ruminococcus species grown in cellulose agar tubes and
liquid media containing cellulose.

The study was concerned with the

inducibility of CM-cellulose-hydrolyzing activity in these bacteria,
and with the nature of the inhibition of CM-cellulose-hydrolysis in the
presence of moderate amounts of sugars fermentable by these organisms,
especially cellobiose.

In agreement with results obtained with other

organisms, the authors observed a negative correlation between rate of
growth and levels of enzyme production.

Also, when cellulose was added

to a cellobiose culture, it did not promote enzyme synthesis, i.e., no
inducibility was evident, although it is not clear whether the cellobiose had already been exhausted at the time of addition of cellulose.
In conclusion, the authors consider it doubtful that if the enzyme is
controlled by repression, induction could occur also.

In a later study,

involving a Cellulomonas species, Stewart and Leatherwood (26) were
able to isolate a stable, enhanced cellulase mutant of this organism
which, unlike the wild type, was insensitive to catabolite repression.
This "derepressed" mutant, however, could be "induced" by cellobiose
and sophorose to produce twice the basal Jevel of enzyme, which was
already high.

It was suggested that the regulation of cellulase biosyn-

thesis must involve both induction and catabolite repression.
It is generally accepted that a S-glucosidase must be part of any
active cellulase preparation, and is responsible for the production of
glucose from cellobiose (1,27).

Nisizawa et

~

(17) have shown that an

aryl-S-glucosidase is coinduced with the cellulase enzymes when Trichoderma viride is exposed to sophorose.

The induction of aryl-S-
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glucosidase, and cellobiase in mycelia of Neurospora crassa suspended
in potassium phosphate buffer was studied by Eberhart and Beck (28).
These investigators found that aryl-B-glucosidase, which was strongly
induced by cellobiose, laminaribiose and gentiobiose and more weakly
induced by aryl-B-glucosides, galactose, and amino sugars, appeared to
be "semiconstitutive" at later stages of growth of the fungus, prior to
conidiation.

On the contrary, cellobiase appeared to be highly specific

in its induction requirements, being induced by cellobiose only.

On the

basis of these results the authors suggest that these two activities
are products of two different genetic systems in Neurospora.

Induction

was inhibited by glucose and 2-deoxy-D-glucose, and improved enzyme
yields could be obtained if the cells were washed with 0.1 N Hel prior
to suspension in the induction medium.

Presumably, any cell-bound aryl-

S-glucosidase, which might destroy the inducers, was eliminated with
the acid wash.
Boethling (29) reports that in Pseudomonas maltophilia, Bglucosidase is inducible by cellobiose and lactose, and becomes inhibited on addition of a-ketoglutarate to the culture medium.

The apparent

induction did not seem to be due to retardation of the growth rate of
the organism, since both sugars supported excellent growth.
In conclusion, there is very little definitive evidence pointing
to a particular control mechanism for cellulase biosynthesis.

It is

possible that control of the biosynthesis of these enzymes differs from
organism to organism.

Without elucidation of the relationship between

specific polypeptides and the individual enzyme activities characteristic
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of the cellulase system, little clarification of the fundamental control
mechanisms is likely to be achieved.

EXPERIMENTAL PROCEDURES
Materials
Enzymes - Crude extracellular enzyme preparations from

~

reesei

grown on different cellulosic substrates were a gift from Dr. George H.
Emert, Merriam, Kansas.
Substrates - Amylose (lot #43183); Calbiochem, Los Angeles,
California.
Avicel PH-101 (microcrystalline cellulose N.F.); American Viscose
Division, FMC Corporation, Newark, Delaware.
Cellotetraose; prepared according to the method

Miller (30).

Carboxymethylcellulose, 7HP; Hercules Powder Company, Wilmington, Delaware.
p-Nitrophenyl-

glucopyranoside (lot #24C-26l0); Sigma Chemical

Company, St. Louis, Missouri.
Walseth cellulose (phosphoric acid - swollen cellulose); prepared
from Avicel PH-lOl according to the method of Wood (31).
Chromatographic materials - DEAE-Sephadex A-50; Pharmacia Fine
Chemicals, Piscataway, New Jersey.
Buffers - Disodium succinate hexahydrate (97% pure); Aldrich
Chemical Company, Milwaukee, Wisconsin.
Glycine (reagent grade); Fisher Scientific Company, Fairlawn, New
Jersey.
Imidazole (99% pure); Aldrich Chemical Company, Milwaukee,
Wisconsin.
Ca.!bohydrates - Gentiobiose (lot 3SC-0173); Sigma Chemical
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Company, St. Louis, Missouri.
Gentiotriose; prepared from pustu1an according to the method of
Whelan (32), and purified by Chromatography on Bio-Ge1 P-2.
Kojibiose; a gift from Dr. Seiya Chiba, Department of Agricultural
Chemistry, Hokkaido University, Sapporo, Japan.
Laminarin oligocaccharides (laminaribiose and laminaritriose);
prepared from laminarin according to the method of Whelan (32), and
purified by chromatography on Bio-Gel P-2.
Isomaltose (lot #2574); Applied Science Laboratories, Inc., State
College, Pennsylvania.
Ma1totriose (lot #94C-03l2); Sigma Chemical Company, St. Louis,
Missouri.
Nigerose, a gift from Dr. Seiya Chiba, Department of Agricultural
Chemistry, Hokkaido University, Sapporo, Japan.
a-Sophorose monohydrate; Adams Chemical Company, Round Lake,
Illinois.
Transglycosylation products; a gift from Dr. Ernest K. Gum, Jr.,
Department of Biochemistry and Nutrition, Virginia Polytechnic Institute and State University, Blacksburg, Virginia.
Cyclic nucleotides - N6 -monobutyryl Adenosine-3;5'-cyclic monophosphoric acid (sodium salt), lot #26C-7220; Sigma Chemical Company,
St. Louis, Missouri.
2

N -monobutyry1 Guanosine-3':5'-cyclic monophosphoric acid (sodium
salt), lot #35C-7700, Sigma Chemical Company, St. Louis, Missouri.
Chemicals - Acetonitrile (Nanograde); Mallinckrodt Chemical Works,
St. Louis, Missouri.
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Basic Fuchsin; National Aniline Division, Allied Chemical and Dye
Corporation, New York, New York.
Constant boiling HCl (sequanal grade); Pierce Chemical Company,
Rockford, Illinois.
Periodic acid; G. Frederick Smith Chemical Company, Columbus, Ohio.
N,N,N' ,N'-tetramethyl ethylene diamine; N,N-methylene bisacrylamide; acrylamide (Analytical Grade); ammonium persulfate; riboflavin;
Bromphenol Blue; Coomassie Blue R-250; Canalco, Inc., Rockville,
Maryland.
Other chemicals were reagent grade.

Methods
Organism and culture conditions - The organism used throughout
this study \vas an enhanced cellulase mutant strain of Trichoderma
reesei (33).

This organism and other closely related fungi were until

recently grouped under the genus and species name Trichoderma viride;
the particular strain used in this study was QM 9414 (ATCC 26921).
Stock cultures of this fungus were maintained on potato dextrose agar
slants at

4~C,

and transferred every two months.

To test soluble carbohydrates as possible cellulase and amylase
ftinducers," 5 ml spore inocula were first grown at 28°C on a rotary
shaker (250 rev/min) for 48 hours.

The 250 ml Erlenmeyer culture

flasks contained 50 ml of a basal medium previously described (34),
consisting of 1% dextrose, 0.14% (NH4)2S04' 0.2% KH 2P0 , 0.03% CaC1 2 ,
4
0.03% MgS0 , 0.03% urea, 0.75% Bacto-Peptone, 0.05% Tween-80 and
4
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Fe

++

,Mn

++

,Zn

++

and Co

++

as trace

initially to 5.0-5.5 with NaOH.

~inera1s.

The pH was adjusted

At the end of 48 hours,S ml a1iquots

of the mycelial suspension which had arisen from the spore inoculum
were transferred to new Erlenmeyer flasks containing fresh medium, and
were allowed to grow for 24 hours.

This second transfer reproducibly

generated homogeneous suspensions of biomass.

The organisms then were

harvested and washed twice, by repeated centrifugation at 650 x g for
3 min and resuspension in 17 ruM potassium phosphate buffer, pH 6.0.
This "induction" medium has been previously described by Nisizawa et
~

(17).

Finally, the mycelia were resuspendeJ in fresh phosphate

buffer of the same molarity and pH, at one half the original culture
volume.

Aliquots of this suspension were removed for dry weight deter-

mination, and the remainder was distributed in 3 ml amounts to 25 ml
Erlenmeyer flasks containing I m1 of a solution of the test substance
or substances, at four times the desired final concentration.

Incuba-

tion of the 25 ml flasks took place at 28°C on a rotary shaker (200
rev/min.

To determine enzyme production after any desired interval,

the entire contents of such a 25 ml flask were decanted, the mycelium
removed by centrifugation at 4000 x g, and the supernate used as a
crude enzyme preparation.
All media and all containers were sterilized by autoclaving at
12l0C for 20 min.
Protein determination - Protein concentrations were determined
according to the method of Lowry et
Bailey (36).

~

(35) as described by Leggett

Bovine serum albumin was used as a standard.

In
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the case of solutions of pure and partially pure proteins, the concentration values obtained by the Lowry method were in very good agreement
with those obtained by using the expression
(1.45) A
- (0.74) A
280
260

= mg

protein/ml solution

which is based on the ultraviolet method of Warburg and Christian (37).
This expression, however, could not be used to determine the protein
concentration of intensely pigmented crude preparations, in which case
it yielded as much as a tenfold overestimation in comparison to values
obtained by the Lowry method.
Enzyme activities - Aryl-S-D-glucosidase activity was determined
by the method of Emert (38), modified by reducing the volumes of all
reagents by one half.

'Avicelase' activity was determined using a 2%

Avicel suspension as the substrate and assaying the supernatant for
reducing sugars according to the method of Nelson (39) alld Somogyi
(40).

Glucose was used as the standard.

i,)' the

rclen~c

Amylase activity was measured

of I'educing sugnrs from a 1% amylo!-;e solution,

described above for Avicelase activity.

~,

Absorbances at 400 nm, in the

aryl-S-D-glucosidase assay, and at 510 nm in the reducing sugar determinations were measured on a Hitachi 124 Double Peam Spectrophotometer.
Endo-I,4-S-D-glucanase activity was measured using the viscosimetric
assay and calculating activity as described by Shoemaker (41).
Determination of intracellular enzyme levels - To determine intracellular enzyme levels, a cell suspension containing 4 mg dry weight
of mycelium per m! of suspension was homogenized for 45 seconds using
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a Po1ytron Type PT 10 20 3500, Kinematica Gmbh, Luzern, Switzerland.
Cell breakage was confirmed by microscopic examination.
Total neutral carbohydrate determination - Carbohydrate was determined by the phenol/H S0 method using mannose as the standard.
2 4
method of DuBois et

~

This

has been described previously by Gum (42).

Ultrafiltration - Protein solutions were concentrated and diaiyzed
for application to ion exchange columns and analytical disc gels using
Amicon Ultrafiltration Diaflow Cells, Models 12, 102 and MMC #4344.
(Amicon Scientific Systems, Lexington, Massachusetts), and non-cellulosic
membranes with molecular exclusion limits of 10,000 daltons (UM-IO).
Occasional use of the PM type membranes showed that as much as 30% of
the total protein would penetrate these membranes, whereas

gr~~ter

than

90% of the total J'rotein would be retained on the UM membranes.
Disc-gel electrophoresis - Electrophoresis of proteins in polyacrylamide gels was carried out at 4°C, using the discontinuous buffer
system No. I described by Maurer (43) and modified by Emert (38).
separator gel was 8.5 cm in length.

The

A model 200 Canalco Electro-

phoresis Constant Rate Source was the power supply used.

Protein was

stained with 0.1% Coomassie Brilliant Blue R250 in a water-acetic acidmethanol (45-10-45) solution.

Carbohydrates were stained with the

periodic acid-Schiff (PAS) reagent using the method described by Lang
(44) and modified by Shoemaker (41).
DEAE-Sephadex Column Chromatography - For the one-step purification
of cellobiohydrolase D from the extracellular enzyme preparation of
sophorose-treated mycelia, the batch process of Gum (42) was adapted
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to a column procedure using a 1.5 x 25 em DEAE-Sephadex A-50 column
at a flow rate of approximately 12 ml/hour.

The starting material for

this column was the crude enzyme preparation from the culture filtrate,
which had been dialyzed against 50 mM sodium succinate buffer, pH 5.35,
which contained 3

~1

sodium azide.

One hundred percent of the aryl-S-

D-glucosidase activity and also of the endo-I,4-S-D-glucanase activity
in the starting material could be recovered in the fractions eluted
with the pH 5.35 mM sodium succinate buffer.

Cellobiohydrolase 0 was

obtained in pure form in a separate peak, when the pH of the succinate
elution buffer was lowered to 5.0.

Finally, when the pH was lowered

to 3.6, and the ionic strength simultaneously adjusted to 0.5 M with
sodium chloride, small amounts of ce11obiohydrolase 0 and other
strongly adsorbed proteins were eluted from the column.

For the puri-

fication of cellobiohydrolase E and the partial purification of an
endo-l,4-B-D-glucanase from the culture filtrate of sophorose-treated
Trichoderma reesei mycelia, a second type of anion exchange column was
used, with dimensions of 1.5 x 30 em, also using DEAE Sephadex A-50
as the anion exchanger.

This column was equilibrated with 5 mM

imidazole buffer, pH 6.0 (ionic strength 0.01 M) and developed with
stepwise increases in ionic strength from 0.01 M to 0.07 M to 0.15 M,
as previously described by Shoemaker (41).

The starting material to

be separated on this column was the protein which eluted in the first
peak from the DEAE-Sephadex sodium succinate column.

This had been

enriched in aryl-S-D-glucosidase and endo-l,4-S-D-glucanase activity.
Peaks with aryl-S-D-glucosidase and endo-l,4-S-D-glucanase activity
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were eluted isocratically with the 0.01 M ionic strength buffer, whereas
cellobiohydrolase E was subsequently eluted with the 0.07 M ionic
strength buffer.
Column chromatography was carried out at 4° C and the protein content of the fractions was monitored by measuring absorbance at 280 nm
with the Hitachi 124 Double Beam Spectrophotometer.
Determination of the rate of cel

ases D and E on cello-

tetraose - The rate of the purified cellobiohydrolases D and E on cellotetraose was determined by monitoring substrate disappearance as a
function of reaction time with the enzymes.

Separations of the oligo-

saccharides were accomplished on a Whatman Partisil PXS 10/25 PAC column
using a Waters Associates Model ALC 202/401 Liquid Chromatograph supplemented with a Model 6000 Solvent Delivery System and Model 660 Solvent
Programmer (Waters Associates, Inc., Milford, Massachusetts),

Peaks

were detected with a differential refractometer, while substrate disappearance and product appearance were quantified with a Spectra-Physics
Autolab System I computing integrator (Spectra-Physics, Santa Clara,
California).

The experiments were carried out and specific activities

were calculated using the method described by Shoemaker (41) for the
endo-I,4-B-D-glucanases, as modified by the inclusion of 0.05 M methylwD-glucopyranoside as an internal standard in the incubation mixture.
Amino Acid Analysis - The amino acid composition of the purified
cellobiohydrolase D was determined using a Model 121 Automatic Amino
Acid Analyzer and a Beckman System AA computing integrator (Beckman
Instruments, Inc., Palo Alto, California), according to the method of
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Spackman, Stein and Moore (45) as outlined in the Model 121 Instruction
Manual.

Samples containing about 1.0 mg of enzyme in solution were

hydrolyzed in constant-boiling Hel at 110 0 for 24, 48, or 72 hours.

To

correct for destruction of serine and threonine, values for these amino
acids Were extrapolated to zero hydrolysis time.

To accurately deter-

mine the sulfur amino acid content, a separate sample was oxidized with
performic acid by the method of Hirs (46) to convert cystine to cysteic
acid and methionine to methionine sulfone.
were determined after a 24-hour hydrolysis.

These stable oxidized forms

RESULTS AND DISCUSSION
It was reported previously that sophorose
(1-+2)~-a.-glucopyranose)

(~-S-D-glucopyranosyl

is a very potent inducer of cellulase activity

in Trichoderma viride QM 6a (presently referred to as

~

(16).

A later study (17) showed stimulation of the synthesis of CM-cellulase
(determined viscosimetrically) and aryl-S-glucosidase when mycelia of
T. viride were incubated in the presence of sophorose, but the fungal
strain was not identified precisely.

The goals of this research were

(a) to determine whether the enhanced cellulase mutant T. reesei QM 9414
could be stimulated by sophorose to produce large quantities of extracellular cellulolytic enzymes, and, if that were the case, to attempt
to optimize conditions for such production, and (b) to attempt to identify the components of the extracellular enzyme preparation produced in
response to sophorose.
Biosynthesis of Enzymes of the Cellulase System
The increase in enzyme activity in the extracellular medium as a
function of time is shown in Fig. 1.

Three activities, which generally

are considered to be part of any complete cellulase system (2,4) were
measured at the indicated time intervals, over a 24-hour period: (a)
aryl-

D-glucosidase (E.C. 3.2.1.21) activity, measured by the release

of p-nitrophenol from p-nitrophenyl-0-D-glucoside, (b) endo-1,4-B-Dglucanase

.C. 3.2.1.4) activity (measured viscosimetrically as

described in "Experimental Procedures") and (c) Avicelase activity,
measured by the production of reducing sugar from Avicel, a
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microcrystalline cellulose.

It should be emphasized, that this assay

does not measure the activity of an individual enzyme, but reflects the
activity of the entire cellulase system, of which the principal component
is exo-ce1lobiohydrolase

.C. 3.2.1.91).

As can be seen in Fig. 1,

there is a 3-4 hour lag before Avice1ase or endog1ucanase activity rises
above control levels in the medium.

Chapman and Loewenberg (19), working

with a different strain of the same organism, found that there was a
6-hour lag before any CM-cel1ulase activity (measured viscosimetrical1y)
could be detected in the extracellular medium, whereas Nisizawa et al
(17) reported that their lag period was only 2 hours.

It is very impor-

tant to mention at this point that, during the present investigation,
cells suspended ln 17 mM potassium phosphate buffer, pH 6.0, were disrupted prior to exposure to sophorose, and the cell homogenate was
assayed for enzyme activity.

Control values were obtained in the case

of all three activities which were measured.

This result indicates

that sophorose does not cause a release of preexisting, active, cell
bound enzyme, but rather results in de novo synthesis of enzyme, or
activation of a preexisting inactive precursor.
It may be seen in Fig. 1 that enzyme production reaches a maximum
at approximately 20 hours, after which time enzyme levels remain constant.

At the end of 48 hours, under identical incubation conditions,

enzyme activity was no higher than it was at 20 or 24 hours (data not
shown).

A considerable increase in extracellular protein is observed

as enzyme activity increases; a very large fraction, if not all, of
the additional protein which is produced must represent the enzymes of
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FIGURE 1
Enzyme production by T. reesei QM 9414 when
incubated in the presence of sophorose
Incubation conditions and assay procedures are described
in "Experimental Procedures."

Lines A, C, and 0 represent,

respectively, endoglucanase activity x 10

-1

,aryl-S-D-glucosi-

dase activity and Avicelase activity, whereas AI, C', and 0'
represent the corresponding controls.

Lines Band Bf represent

extracellular protein in the sophorose-containing and control
incubation mixtures, respectively.

The cell suspension con-

tained 3.6 mg dry weight mycelium/mI.
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the cellulase system, either synthesized de

~,

into the extracellular environment in active form.

or newly released
In a typical exper-

iment of the type which is presented in Fig. 1, a maximum of 8-10 units
of endoglucanase/ml culture supernate is produced by 16-20 hours, whereas production of Avicelase and aryl-S-glucosidase in the same medium
reaches a maximum of 0.18 to 0.25, and 0.20 to 0.25 units/ml, respectively.

Comparison with control values shows that the stimulation of

enzyme activity under these conditions is 800-1000 fold for endoglucanase, about 500-fold for Avicelase, "and about 250-fold for aryl-Bglucosidase.

The amount of total extracellular protein in these exper-

iments ranges between 0.45 and 0.55 mg/ml when 3-4 mg (dry weight) of
mycelium are used, and approximately one-third of this protein is
always present in the extracellular medium of the control experiment
(mycelia incubated under the same conditions, but in the absence of
sophorose).

The protein present in the control ( 0.13 to 0.18 mg/ml)

may represent constitutive or dereprcssib1e enzymes which the organism
produces under these conditions.

It is clear (Fig. 1) that the control

protein does not represent active enzymes of the cellulase system.
Any comparison between the levels of enzyme attained under the conditions of this experiment (Fig. 1) and those attained when the organism
is grown on cellulose, however interesting, are very difficult.

Under

the latter conditions, another variable, that of rapidly increasing
biomass is introduced.

Although it has been reported that, generally,

more enzyme is produced when the organism is grown on cellulose (47),
the lag period preceding enzyme appearance in the medium under these
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FIGURE 2
Enzyme production by T. reesei QM 9414
when incubated in the presence
sophorose
Incubation conditions and assay procedures are described
in "Experimental Procedures."

Lines A, C, and 0 represent

specific endoglucanase, a-glucosidase and Avicelase activity,
respectively, whereas A', C', and Of represent the corresponding controls.

Lines Band B' represent extracellular protein

in the sophorose-containing and control incubation mixtures,
respectively.
mycelium/mI.

The cell suspension contained 3.6 mg dry weight
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conditions is much longer, than when resting cells are incubated in
the presence of sophorose, as in Fig. 1.
An interesting feature of the same experiment (Fig. 1) is the
apparent delay in the increase of aryl-S-glucosidase activity as compared to the glucanase activities; a very small amount of activity
could be detected at 6 hours of incubation of the fungus with sophorose,
whereas at 4 hours it was already possible to detect endoglucanase and
Avicelase activity in the medium.

This delay in the increase of S-

glucosidase activity appears more clearly in a plot of specific enzyme
activities vs. incubation time (Fig. 2).

Whereas, at early times,

endoglucanase and Avicelase activity in the medium seem to emerge at an
almost equal rate, as determined by the rate of increase of their
respective specific activities in the medium, the rate of synthesis of
S-glucosidase appears to be slower.

The specific activity of S-

glucosidase increases very rapidly in the interval between 6 and 12 hrs,
at which time endoglucanase and Avicelase have reached approximately
three-fourths of their maximum specific activity.

In a plot of the

percent maximum enzyme activity vs. incubation time (Fig. 3) it can be
seen that, whereas Avicelase and endoglucanase reach 50% of their
maximum specific activity at 6 and 7 hours, respectively, S-glucosidase
activity does not reach half of its maximum level until the end of
10 hours of incubation; i.e., it appears that the S-glucosidase not
only appears later, but is synthesized or released at a slower rate
during the early hours of incubation than are the enzymes responsible
for the other two activities.
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FIGURE 3
Plot of percent maximum specific enzyme
activity as a function of incubation time of
T. reesei QM 9414 mycelia in the presence of sophorose
This plot shows that the appearance of aryl-S-Dglucosidase activity (l)) in the extracellular medium is
delayed in comparison to endoglucanase activity (()) and
Avicelase activity

C[J).

"Experimental conditions were

identical with those of Fig. 1.
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When the organism is grown on cellulose, such delay in the appearance of a-glucosidase in the medium may be explained in terms of the
lack of availability of a substrate for the enzyme at early times: 8glucosidase need not be synthesized or released, until cellobiose
appears in the extracellular medium as a product of the degradation of
cellulose by the other enzymes of the complex.

Thus, cellobiose may

serve as a "messenger" for the need to synthesize or release more aglucosidase.

Since a-glucosidase is considered responsible for the

production of glucose from cellobiose, it might be possible to determine
indirectly whether its rate of synthesis at early incubation times
during the experiments described is actually lower than that of the
other enzymes, by studying the products of cellulose degradation by
enzyme preparations from several early points of the incubation period.
A decreasing proportion of cellobiose (and correspondingly increasing
amount of glucose) in the products of cellulolysis by enzymes produced
at later incubation times, could he interpreted as signifying that,
at early times, the a-glucosidase is not released rapidly enough into
the medium to cleave cellobiose produced by the other enzymes (e.g.,
cellobiohydrolases).

At later times, as the rate of appearance of

a-glucosidase activity approaches and eventually becomes equal to that
of the other enzymes, the ratio of cellobiose to glucose among the
products of cellulose hydrolysis would decrease, until, with enzyme
preparations from

lon:~er

incubation times, it would become virtually

zero, leaving glucose as the sole product of hydrolysis.
of such an experiment are shown in Fig. 4.

The results

During this experiment,
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FIGURE 4
Product distribution from the incubation of enzymes
produced early by T. reesei QM 9414 in response to
sophorose with phosphoric-acid swollen cellulose (PSC)
"Incubation time" in this plot indicates the length of
incubation of T. reesei mycelia in the presence of sophorose.
Enzymes produced at those times were incubated with PSC for
15 hours, and the products were analyzed by High Pressure
Liquid Chromatography as described in "Experimental Procedures" for rate determinations of purified cellobiohydrolases
on cellotetraose.
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enzymes produced when mycelia were exposed to sophorose for the indicated
lengths of time, were incubated with phosphoric-acid swollen cellulose
(PSC), and the products of PSC digestion were analyzed by High Pressure
Liquid Chromatography (HPLC).

It can be seen that the percent of cello-

biose in the. products from PSC decreases in a linear fashion, and the
percent of glucose correspondingly increases.

When the substrate is

incubated with the enzyme system at eight hours, the ratio of cellobiose
to glucose in the products is approximately 60:40.

In this enzyme sys-

tem, produced during eight hours of incubation, the S-glucosidase
activity in the medium totals 82 milliunits/ml supernate, which is
approximately one third of the level of S-glucosidase activity which can
be found in the extracellular medium at 24 hrs, during an experiment of
this type.

When a 3-hour enzyme preparation was incubated with PSC

under the same conditions, the product, as determined by HPLC, was 100%
cellobiose (Fig. 4),

It is likely that some glucose was also present,

but at a level below the detection limits of the technique under the
conditions of this experiment.

In a separate experiment, a fraction of

the extracellular enzyme preparation which had resulted after exposure
of the mycelia to sophorose for 24 hours, was incubated with microcrystalline cellulose (Avicel), and the products were again analyzed by
HPLC; glucose was shown to be the only product in this case.

This

particular result, however, should be viewed with some caution, since
Avicel is a very resistant substrate; the production of cellobiose from
Avicel may be so slow, that, whether the S-glucosidase is made available
at a rate equal, faster, or even slower than the other enzymes, it
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may still be present at levels adequate to destroy all the cellobiose
as it is slowly released.

Nevertheless, the results illustrated in

Fig. 4 strongly indicate that the rate of synthesis of 8-glucosidase
during the early times discussed is not as fast as the rate of synthesis
of the enzymes which are responsible for the production of cellobiose.
Conclusive evidence supporting this hypothesis could be obtained from
pulse chase experiments, if de novo synthesis of cellulase proteins in
response to sophorose can be demonstrated.
Once it was established that the extracellular enzyme preparation
produced in the presence of sophorose possessed (a) S-glucosidase activity, (b) endoglucanase activity, and (c) activity on crystalline cellulose, it was of interest to investigate the relatjonship between these
enzymes and the enzymes produced extracellularly, when the same organism
is grown on cellulose.

This was done by observing the electrophoretic

patterns in polyacrylamide disc gels of the enzymes produced extracellularly in each case (Fig. 5).

The same pattern of three major areas of

protein bands appears in all five gels, one of which represents enzymes
produced when the resting mycelia were incubated in the presence of
sophorose, and the remaining four of which represent enzymes produced by
the same organism when grown on different cellulosic substrates, ranging
from Avicel to waste cellulose.

The identity of the electrophoretic

patterns of these protein preparations shows that the enzymes elaborated
in the presence of the soluble carbohydrate sophorose and in the absence
of cellulose, are identical to those produced under normal conditions
of growth on cellulose.

It is therefore valid to use the sophorose
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FIGURE 5
Disc gel electrophoretic patterns of extracellular protein
produced by T. reesei QM 9414 upon incubation with
sophorose, and when grown on different cellulosic substrates
Protein samples applied to these gels were: Ge1 #1, 120 11g
of extracellular protein from sophorose-incubated T. reesei
mycelia; Gels #2, 3, 4, 5, respectively, 130, 130, 125, 120 11g
of extracellular protein from T. reesei mycelia grown on four
different cellulosic substrates.
Coomassie blue.

The gels were stained with

Electrophoretic conditions are described in

"Experimental Procedures.1!
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system for studies of the biosynthesis of these enzymes.
demonstrated previously (4) that

~

It has been

reesei cellulases are glycoproteins

and Fig. 6 shows that the enzymes produced in the presence of sophorose
are also glycoproteins, giving a positive periodic acid-Schiff stain.
This further supports the idea that these enzymes are the same as those
produced when the organism is grown on cellulose.
Optimization of enzyme yields when mycelia were incubated in the
presence of sophorose was of great interest in this investigation.

The

effect of sophorose concentration on enzyme production was examined and
the results are shown in Tables I and II.

Table I shows the total

enzyme activity obtained afteT 8 hours of incubation, whereas Table II
provides similar information about 24-hour enzyme preparations.

During

most of the experiments which were carried out in order to investigate
the effect of environmental conditions on enzyme production, enzyme
activity was not measured as frequently as is shown in Fig. 1, but at
least two time points were considered in every case.

Usually enzymes

were assayed after 8 and 24 hours of incubation to find out whether
enzyme production followed the already established kinetic pattern (as
presented in Fig. 1) and to focus attention on any departures from
this pattern.

The results shown in Tables I and II indicate that maxi-

mum stimulation of enzyme production is achieved when the concentration
of sophorose in the medium is 1 mM.

Although 0.5 mM sophorose results

in the production, within experimental error, of almost as much arylS-glucosidase and endoglucanase activity as is achieved with 1 mM
sophorose, it can be seen (Tables I and II) that activity on crystalline
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FIGURE 6
Disc gel electrophoretic pattern of carbohydrate
associated with the extracellular proteins produced
by T. reesei QM 9414 mycelia incubated
--in the presence of sophorose
Gel #1 contains 175

~g

of extracellular protein from

reesei mycelia incubated in the presence of sophorose.
gel was stained for protein with Coomassie Blue.
contains 250

~g

~

This

Gel #2

of the same preparation, and was stained for

carbohydrate as described in "Experimental Procedures."
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TABLE I
Effect of sophorose concentration on the production of enzymes
of the cellulase system by T. reesei
Enzyme production and assay procedures are described in "Experimental Procedures. 11 All concentrations are expressed in terms of ml of
a suspension which contained 1.9 mg/ml of cells.
Activity observed after 8 h of incubationa
Sophorose
concentration

Aryl-S-Dglucosidase

mIv1

0.0
0.1
0.5
1.0
5.1

a

0.6
62
70
85
75

Endo-l,4S-D-glucanase

Avicelase

Protein

milliunits/ml supernate

mg/ml supernate

0.0
4000
6000
6500
200

0.08
0.23
0.25
0.28
0.20

0.6
80
86
140
45

All reported valu3s are averages of very closely agreeing duplicates.
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TABLE II
Effect of sophorose concentration on the production
of enzymes of the cellulase system by ~ reesei
Experimental conditions were the same as those described for
Table I.
Activity observed after 24 h of incubationa
Sophorose
concentration

Aryl-S-Dglucosidase

mM

0.0
0.1
0.5
1.0
5.0

a

0.6
110
165
190
110

Endo-l,4B-D-glucanase

Avicelase

Protein

milliunits/ml supernate

mg/ml supernate

9.0
5500
8200
8800
250

0.10
0.35
0.40
0.45
0.10

0.4
100
100
180
50

All reported values are averages of very closely agreeing duplicates.
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cellulose is highest when the concentration of sophorose is I mM.

This

observation is consistent with adequate levels of cellobiohydrolase produced under these conditions, since it is known (38,48) that the Sglucosidase and the endo-l,4-S-D-glucanases have very low activity on
crystalline cellulose.

In a similar experiment, but using a much wider

range of sophorose concentrations (1

~M

to 100 mM) Nisizawa et a1 (17)

also found that greatest stimulation of CM-cellulase' (determined viscosimetrically) and aryl-S-D-glucosidase was achieved when sophorose has
present at a concentration of 1 mM.

These investigators also found, in

agreement with the results presented in Tables I and II, that higher
concentrations of sophorose resulted in severe reduction of the quantity
of enzyme produced; the effect appears greatest in the case of endoglucanase and Avice1ase, whereas S-glucosidase activity seems to be less
severely affected.

Nisizawa et al_ (17) attempted to explain this

phenomenon in terms of catabolite repression; high levels of sophorose
could give rise to glucose (due to cleavage by S-glucosidase) in the
medium, at levels sufficiently high to cause catabolite repression.
lfuile this is a plausible explanation for the low CM-cellulase activity,
it does not explain the very low levels of aryl-S-glucosidase obtained
by these authors; cleavage of the excess sophorose resulting in the
production of glucose at a rate great enough to repress the production
of the other enzymes would require adequate levels of S-glucosidase.
The results shown in Tables I and II are in agreement with such a hypothesis.

Due to the results of the experiment which is summarized in

Tables I and II, the concentration of sophorose used in all of the

50

subsequent experiments was 1 mM.
The relationship between the amount of biomass present and levels
of enzyme production was examined.

The results shown in Tables III and

IV indicate that enzyme production increased almost linearly with
mycelial dry weight, up to 3 mg dry weight of mycelium per m1 of suspension, accompanied by an increase in extracellular protein.

However,

enzyme activity remained constant when the dry weight of mycelium was
increased from 3 to 12 mg/ml suspension.

Although the reason for this

phenomenon is not clear, obviously there is some factor which exerts a
limiting influence on enzyme production.

The concentration of sophorose

in the medium is one possibility; perhaps 1 mM sophorose is adequate to
stimulate 3-4 mg cells/ml to utilize most of their biosynthetic capacity,
but is not present in adequate amounts for 12 mg cells/ml to do so.

In

the latter case sophorose may have been consumed more quickly by the
larger biomass.

It is also possible that at high concentrations of

cells in shake flasks, oxygen becomes limiting.

It is puzzling that

under the same conditions, extracellular protein production continues
to increase; obviously, this protein does not represent active cellulase protein.

Perhaps the increasing levels of extracellular protein

are due to lysis of the cells and release of intracellular proteins
into the medium.

It is also possible, that after several hours in

the absence of a growth medium, the cells begin to synthesize constitutive enzymes at levels which increase with increasing cell concentration.
If that were true, then it is unlikely that oxygen was limiting in the
medium.

Further investigation is required in order to explain this
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TABLE III
Effect of biomass on the production of enzymes of
the cellulase system by ~ reesei
Enzyme production and assay procedures are described in "Experimental Procedures.·
i

Activity observed after 8 h of incubationa
Mycelial
dry weight

Aryl-S-Dglucosidase

mg/ml suspension
0.9
2.1
3.2
4.4
6.1
8.4
12.0

Endo-1,4S-D-g1ucanase

Avicelase

mg/m1 supernate

milliunits/ml supernate
48
95
100
115
100
110
105

1300
2700
6000
7500
7800
7800
7800

Protein

40
90
120
190
190
185
185

0.10
0.14
0.28
0.30
0.36
0.50
0.62

aA1l reported values are averages of very closely agreeing duplicates.
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TABLE IV
Effect of biomass on the production of enzymes of
the cellulase system by T. reesei
Experimental procedures were the same as those given for Table III.
Activity observed after 24 h of incubationa
Mycelial
dry weight
mg/ml
0.9
2.1
3.2
4.4
8.4
12.0

Aryl-S-Dglucosidase

Endo-l,48-D-glucanase

Avicelase

milliunits/ml supernate
180
165
250
260
260
180

2800
5500
10500
9500
9900
9500

Protein
mg/ml supernate

70
160
225
225
210
240

0.15
0.23
0.35
0.48
0.77
0.95

a All reported values are averages of very closely agreeing duplicates.
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increasing protein production accompanied by constant total enzyme
activity.
The results of Tables III and IV indicate that, under the conditions of this experiment and with the initial concentration of sophorose
at I mM, maximum enzyme production could be achieved with 3-4 mg dry
weight of cells per ml of suspension.

For most of the experiments to

be discussed below, the concentration of cells was kept at approximately
that level.
Some glucose derivatives are known to be capable of being transported into living cells but not metabolized, while others apparently
competitively inhibit glucose transport into the cell.

One of them,

2-Deoxy-D-glucose, has been reported to inhibit glycosylation of glycoproteins in yeast (49), and also some virus-specific glycoproteins (50).
To investigate whether interference with glucose metabolism has any
effect on enzyme production by

~

reesei incubated in the presence of

sophorose, 2-deoxy-D-glucose, 5-thio-D-glucose, and glucothiose were
added to the incubation medium at the concentrations indicated in
Table V.

It can be seen that enzyme production remained unaffected by

the presence of these compounds in the medium (Table V) since enzyme
levels were identical to those observed in the absence of these compounds.

Assuming that these compounds actually entered the cells, it

is possible that the absence of any effect may be due to (a) inadequate levels of these compounds in the medium, and (b) inability of
these compounds to affect this particular organism.
Among the other compounds which appear on Table V, gluconolactone

TABLE V
Effect of several compounds on the synthesis of enzymes of the cellulase
system by T. reesei in the presence and absence of sophorose
Enzyme production and assay procedures are described in "Experimental Procedures."
observed after 24 h of incubation
Additions

Ary1-S-Dglucosidase

Endo-1,4S-D-g1ucanase

a

Avicelase

mg/m1 supernate

mi11iunits/m1 supernate
None
Glucose, 1%
Tween-80, 0.05%
cAMP, 1 llM
cGMP, 1 pM
G1uconolactone, 1 roM
Glucothiose, 1 mM
5-Thio-D-g1ucose, 1 roM
2-Deoxy-D-g1ucose, 1 mM

215 (0.8)b
70 (0. 7)

215
215
240
190
200
210
200

(0.6)
(0.7)
(0.6)
(0.6)
(0.8)
(0.8)
(0.8)

9000
300
8500
9000
9000
8500
9500
9000
9300

( 9.0)b
(10.
(10.0)
(10.0)
( 9.0)
(10.0)
(10.0)
( 8.
( 9.0)

Protein

210
90
180
210
220
210
205
200
210

(0.5)b
(0.4)
'(0.4)
(0.
(0.4)
(0.4)
. (0.4)
(0.5)
(0.5)

0.46
0.28
0.39
0.45
0.46
0.43
0.45
0.45
0.46

(0.13)b
(0.14)
(0.13)
(0.14)
(0.12)
(0.13)
(0.13)
(0.13)
(0.15)

aA11 reported values are averages of very closely agreeing duplicates.

bValues reported in parentheses are those observed when sophorose was omitted from the
enzyme production medium.

VI
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has been shown to be a competitive inhibitor of
with a KI of 0.032 mM (38).

~

viride S-glucosidase

It was hypothesized that if gluconolactone'

was added to the incubation medium and resulted in inhibition of the
S-glucosidase, the sophorose in the extracellular medium might be
destroyed at a much slower rate.

If enzyme production under the con-

ditions of this investigation was actually due to stimulation by sophorose, then minimizing destruction of sophorose by inhibition of the
S-glucosidase should lead to greater concentration of available "stimulant" and result in greater production of the glucanases.

The results

in Table V, however, show that the addition of gluconolactone to the
medium did not have an adverse effect on a-glucosidase activity.

Endo-

glucanase and Avicelase levels were those typically observed in the
presence of sophorose alone.

Gluconolactone, which may undergo hydroly-·

sis to the free acid, may not have been present at levels sufficient
to cause S-glucosidase inhibition.

The unknown fate of gluconolactone

in vivo, as described in this experiment, may not permit the inhibition
seen during in vitro enzyme reactions.
It has been reported (51) that the surfactant Tween-80, when added
to a cellulose-containing medium in the presence of growing cells,
causes a marked increase in extracellular cellulase.

This effect may

be due to facilitated release of enzyme molecules from the plasma membrane in the presence of this detergent.

The results in Table V show

that addition of Tween-80 to the incubation medium did not result in
any increase in total enzyme activity in the supernate.
Cyclic nucleotides have often been reported to act as "gene
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activators" capable of overcoming catabolite repression in procaryotes.
According to Borgia and Sypherd (52) cAMP represses or inactivates the
S-glucosidase of Mucor racemosus, when this organism is grown on a
variety of pentoses or disaccharides including maltose and cellobiose.
These investigators used cAMP at the unusually high concentration of
7.5 rnM.

The possible effect of monobutyryl cAMP and cGMP in the system

under investigation was studied, and the results are shown in Table V.
It appears that at least cAMP has no effect on enzyme production under
these conditions whereas the effect<of cGMP is not clear.

It is poss-

ible that the small apparent increase in enzyme levels is simply due to
experimental error.

It is also possible, however, that the effect is

real, and that it could be magnified if higher concentrations of this
cyclic nucleotide were used.
It was considered possible during the course of this study that
if the fungal cells were supplied with nutrients, such as mineral salts
and amino acids, enzyme production might be enhanced and/or the enzyme
production period might be extended beyond the typical 20-24 hr period
observed in the absence of any nutrients.

Tables VI and VII summarize

the results of an experiment in which mycelia were incubated in the
presence of a mineral salts medium, to which each of the compounds
listed in Tables VI and VII were added at the indicated concentrations.
Asparagine significantly enhanced the yield of S-glucosidase activity
in the case of both the 24- and 48-hour incubations.

However, this

effect of asparagine appears to be specific for S-glucosidase, since
endoglucanase and Avicelase levels appear to remain unaffected (within
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TABLE VI
Effect of glucose and amino acids on the production of enzymes
of the cellulase system by T. reesei incubated in
the presence of sophorose.
Mycelia (2.9 mg/ml) were incubated in the presence of a mineral
salts medium, pH 5.15, which contained each of these amino acids separately at an initial concentration of 0.2% (w/w) , and sophoros·e (1 roM).
Enzyme assay procedures and incubation medium are described in "Experimental Procedures."
Activity observed after 24 h of incubationa
Aryl-S-DAdditions

glucosidas(~

Endo-I,4S-D-glucanase

Avicelase

milliunits/ml supernate
b
Control
Glucose
Peptone
Asparagine
Glutamine
Aspartate
Glutamate

a

210
0.9
240
312
230
215
210

8000
10
9800
7800
9000
13200
15500

Protein
mg/ml supernate

210
0.6
230
180
220
260
280

0.43
0.13
0.45
0.40
0.41
0.49
0.60

All reported values are averages of 2-6 very closely agreeing
repetitions.

bThe control experimental incubation mixture contained 17 roM phosphate
buffer, pH 6.0, and 1 mM sophorose, together with 2.9 mg/ml of
mycelium.
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TABLE VII
Effect of glucose and amino acids on the production of enzymes
of the cellulase system by T. reesei incubated in
the presence of sophorose.
Experimental conditions were the same as those given for
Table VI. Enzyme assay procedures are described in "Experimental
Procedures."
Activity observed after 48 h of incubation a
Additions

Aryl-I3-Dglucosidase

Endo-l,4I3- D-glucanase

Avicelase

milliunits/ml supernate
Controlb
Glucose
Peptone
Asparagine
Glutamine
Aspartate
Glutamate

a

230
0.7
240
323
250
238
230

8200
10
10000
7900
10500
14000
17200

Protein
mg/ml supernate

220

O.S
230
200
220
260
280

0.48
0.16
0.50
0.45
0.45
0.52
0.66

All reported values are averages of 2-6 very closely agreeing
repetitions.

bThe control experimental incubation mixture contained 17 mM phosphate
buffer, pH 6.0, and 1 mM sophorose, together with 2.9 mg/ml of
mycelium.
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experimental error), or perhaps even slightly decreased.

Since S-

glucosidase constitutes a quantitatively minor, but active, component
of the crude enzyme mixture, the enhancement of its production by
asparagine is not reflected in the levels of extracellular protein determined under these conditions (Tables VI, VII).

On the contrary, when

either aspartic or glutamic acid (especially the latter) was added,
there was an increase in extracellular protein commensurate with a substantial increase in endoglucanase and Avicelase activity.
of aryl-S-glucosidase in this case,· remained unaffected.

The activity
The enhance-

ment of activity which was seen when glutamine or peptone was added to
the medium was not as large as that resulting from glutamate addition.
The results of Tables VI and VII indicate that there may be an
optimum combination of amino acids which, when added to the medium,
will result in increased yields of all three activities.

It would be

of interest, for example, to use asparagine and glutamic acid in combination.

Nisizawa et al (53) have found that addition of glutamic

acid to the T. viride incubation medium resulted in a decrease in
enzyme levels.

These authors considered this decreased yield to be an

expression of catabolite repression.

A comparison between the total

activity which is present at 24 hours and that present at 48 hours
(Tables VI and VII) shows that very little, if any, enzyme synthesis
took place during that interval, i.e., addition of amino acids did not
prevent cessation of enzyme synthesis at 20-24 hours.
It can be seen on Tables VI and VII that glucose added at a concentration equal to its concentration in the growth medium, results in
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a complete absence of enzymic activity from the extracellular medium.
Similar results were obtained by Nisizawa et

~

(53) who found that the

intensity of the effect correlated directly with the concentration of
glucose in the medium.

In the same study it was found that tlcatabolite

repression" is also exerted by Krebs cycle intermediates and ATP.

The

cause of cessation of enzyme production under the experimental conditions of the present study is unclear.

It has not been determined

whether cell death is responsible, due to exhaustion of metabolic reserves after prolonged exposure to what is, in essence, a starvation
medium.

It would be interesting to find out if further addition of

sophorose, at a time when enzyme production has reached a plateau, would
result in a significant stimulation of the rate of appearance of enzymes
in the medium.

The continuous presence of sophorose at controlled

levels may be necessary for prolonged enzyme production by this
organism.
l\lhy sophorose results in such a rerrarkab Ie stimulation of the
production of cellulolytic enzymes by

~

reesei is not clear.

It has

been proposed (16) that this sugar acts as a specific inducer of this
enzyme system in this particular organism.

Because, however, sophorose

is not an inducer of cellulase activity in several nther cellulolytic
fungi (16) and because it is difficult to rationalize why a disaccharide, which is not a natural product of cellulose degradation would
have inducing ability in

~

reesei, it has also been proposed (23)

that the stimulating effect of sophorose is due to the slow growth of
the organism on this sugar.

It has often been demonstrated (24,25,26)
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that production of enzymes of the cellulase system by microorganisms,
especially fungi, often coincide with a very slow growth rate, or even
total cessation of growth of the organism.
in the case of

~

If the latter were true

reesei, enzyme production should be capable of taking

place in the control incubation mixture, in the absence of sophorose.
Perhaps enzyme production requires a very specific metabolic rate, which
is not necessarily optimum for mycelial growth; it is also possible that
the sophorose molecule contains some structural features which may be
specifically required in order to activate the biosynthetic processes
leading to the production of enzymes of the cellulase complex by
reesei.

~

To test the latter possibility, a large number of carbohydrates,

some structurally related to sophorose, were tested for their ability
to stimulate enzyme production in

~

experiment are shown in Table VIII.

reesei.

The results of this

Of the carbohydrates appearing on

this table, only lactose stimulates enzyme production, although to a
much lesser extent than sophorose.

Lactose is not as closely related to

sophorose, structurally, as is, for example, the disaccharide laminaribiose; it is more closely related structurally to cellobiose, which,
despite being the major product of cellulose breakdown, does not promote enzyme production under the conditions of this experiment.

A

very significant increase in enzyme levels in the extracellular medium
was also observed on incubation of
lation products formed when

~

~

reesei mycelia with transglycosy-

reesei B-glucosidase was allowed to

react with cellobiose, at a concentration which favoured transfer
rather th,an hydrolysis.

The transglycosylation properties of components
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TABLE VIII
Effect of several carbohydrates on the production of
the enzymes of the cellulase system by T. reesi
Enzyme production and assay procedures are described in "Experimental Procedures." All concentrations are expressed in terms of m1
of supernate. Each carbohydrate was supplied at an initial concentration of 1 mM to a suspension of 2-3 mg/ml of mycelium.
observed after 24 h of incubation a
Additions

Ary1-S-Dglucosidase

Endo-l,4B-D-glucanase

Avice1ase

milliunits/ml supernate
None
Kojibiose
Nigerose
Maltose
Isomaltose
Lactose
Sophorose
Sophoritol
Laminaribiose
Ce11.obiose
IPTGb
Gentiobiose
Laminaritriose
Gentiotriose
Maltotriose

a
b

0.8
0.8
1.4
0.5
0.5
5.0
200
0.8
0.8
0.9
0.8
0.6
0.6
0.6
0.7

10
8
10
5
8
2500
9000
10
10
10
9
10
9

8
9

Protein
mg/m1 supernate

0.4
0.4
0.6
0.5
0.6
9.0
200
0.4
0.4
0.5
0.5
0.4
0.4
0.5
0.4

0.12
0.09
0.12
0.11
0.13
0.25
0.50
0.11
0.14
0.12
0.12
0.10
0.22
0.35
0.10

All reported values are averages of very closely agreeing duplicates.
Isopropyl thio-B-D-glucopyranoside.
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of the

~

reesei cellulase system have been demonstrated by other in-

vestigators (54).

These transglycosylation products, which contained

predominantly 8(1+6) together with some 8(1+4) and a low concentration
of S(1+2) glycosidic linkages, upon incubation with T. reesei mycelia
gave 250

~g/ml

of protein and 6000 milliunits/ml of endoglucanase activ-

ity when used at a concentration of 0.46 mM (data not shown).

Control

values and enzyme level in the presence of sophorose were the same as in
Table VIII.

The fact that transglycosylation products of one of the

enzymic components of the cellulase 'system of T. reesei can stimulate
the production of the system may be of great importance in elucidating
the mechanisms of the processes involved in the biosynthesis of these
enzymes.

Sophorose may be an early transglycosylation product, whose

formation, by the action of basal levels of enzymes on cellulose, may be
a signal for the cells to synthesize more enzyme.

Similarly, glucanase

or glycosidase induction by disaccharides containing glycosidic linkages
other than that of the substrates have been observed for Streptomyces

S(1+3) glucanase induction by gentiobiose (55,56) and E. coli Sgalactosidase induction by allolactose (57), a transglycosylation product of this enzyme (58).

The results shown on Table VIII, in general,

do not point to any structural requirements for an "inducer."

But

since synthesis of the enzyme system is promoted significantly by
transglycosylation products formed by one of the components, it is
possible that such' an "inducer" may actually exist.

Finally, it is

reasonable to suppose that the biosynthesis of the T. reesei cellulase
complex is a function of both specific stimulation by an "inducer"

64

molecule and metabolic regulation of the growth rate of the organism.
The presence of a considerable amount of protein which was not
active cellulase protein in the control incubation mixtures led to the
consideration that, under these incubation conditions, constitutive enzymes might still be synthesized, or other enzymic activities could be
derepressed.

Amylase has been reported (16,17) to be a constitutive

enzyme in T. viride which becomes derepressed when a rapidly metabolizable carbon source is not available.

However, further stimulation of

amylase synthesis has been shown to occur in the presence of a-linked
disaccharides of glucose, especially maltose in the case of not only
reesei (59) but also other amylase-producing fungi (60).
which appear on Table IX confirm previous studies.
significant amylase activity is present when

~

~

The results

It can be seen that

reesei mycelia are

incubated in phosphate buffer, in the absence of any other compounds.
Glucose has been shown to repress amylase production under these conditions.

It is also seen (Table IX), in agreement with previous studies,

that the presence of maltose in the medium results in a twofold stimulation. of extracellular amylase activity.

Since there is not a

corresponding increase in the amount of extracellular protein, it is
possible that a very active amylase is produced in very small quantities, or that stimulation of amylase activity by maltose in this case
occurs at the expense of other constitutive enzymes.

It was also

observed during this experiment that carbohydrates structurally related
to maltose, such as kojibiose, nigerose, and isomaltose, cause a
stimulation of production of

~

reesei amylase which is comparable to
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TABLE IX
Effect of oligosaccharides on amylase production
by !.:.. reesei
Conditions for incubation during enzyme production and amylase
assay are described in "Experimental Procedures."
Each oligosaccharide was present at 1 roM initial concentration
during enzyme production, with 2.0 mg/ml of mycelium.
Concentrations are expressed in terms of m1 of supernate.
Amylase

Additions

None
Sophorose
Lactose
Kojibiose
Nigerose
~1a1 tose
Isomaltose
Ma1totriose
Laminaritriose
Gentiotriose

Protein

milliunits/ml
supernate

units/mg
protein

mg/m1
supernate

146
90
112
180
247
260
200
112
167
173

1.0
0.2
0.6
1.9
2.0
2.1
1.7
1.2
1.1
0.9

0.14
0.48
0.20
0.10
0.13
0.13
0.12
0.10
0.15
0.20
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that due to maltose.

It appears from the results shown in Table IX

that the regulation of amylase production by

~

reesei must differ from

the regulation of the production of the enzymes of the cellulase system.
The two compounds which stimulate cellulase production, sophorose
and lactose, obviously do not promote amylase production.

This is

especially evident in the case of sophorose, since the reduction in
amylase specific activity is not fully accounted for by the increase in
extracellular protein due to cellulase production.

It is not unreason-

able to conclude that a slight repression of amylase production has
occurred under conditions favouring the production of cellulase.

Identification of Enzymes of the Cellulase System
It was demonstrated earlier (Fig. 5) that the extracellular proteins which are produced when T. reesei is incubated in the presence
of sophorose, and the proteins found in the extracellular medium when
this organism is grown on cellulose exhibit identical electrophoretic
patterns.

The components of the cellulase system synthesized in sub

merged culture by the strain of T. reesei which has been used throughout this study have not been isolated in pure form and characterized.
It is, however, expected that at least some of these components are
similar or identical to components previously isolated and characterized from commercial cellulase preparations derived from other strains
of Trichoderma.

In order to understand the nature of the biosynthetic

processes leading to the formation of the cellulase enzymes, each of
the biosynthetic products must be identified.

The cellulase components

which are synthesized in the presence of sophorose were investigated
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by the basic procedures previously described (38,41,42) for the isolation of cellulolytic components from commercial cellulase preparations.
The purification to homogeneity of the protein which gives the predominant band when the crude preparation is subjected to disc gel electrophoresis was accomplished on an ion exchange column which was eluted
with stepwise changes in pH and ionic strength, as described in "Experimental Procedures."

A typical elution profile is shown in

The first elution step (50

~1

7.

sodium succinate, pH 5.35) yielded two

peaks which were never completely resolved.

The first of these two

peaks contained over 95% of the total endoglucanase activity, and 100%
of the S-glucosidase activity which was placed on the column.

TIle

electrophoretic pattern of the pooled fractions 10-15 from this peak,
which were particularly high in endoglucanase activity, is shown in
Fig. 8.

The second peak (fractions 17-30) and the accompanying

"tailing" region (fractions 31-50), \\fhich was eluted with 50 roM sodiwn
succinate, pH 5.35, was intensely yellow, as was the starting material,
and absorbed very strongly at 280 nm.

This peak contained about 3-5%

of the total endoglucanase activity and very little Lowry-positive
material; the same was true of the "tail."

When the combined fractions

17-30 were concentrated by ultrafiltration and subjected to disc gel

electrophoresis, a few faint Coomassie-stained bands could be seen in
the middle and lower region of the gel.

It was concluded that the

absorbance at 280 nm of that particular peak represents a great overestimation of the protein content of the peak; this peak appears to
comprise mostly non-proteinaceous dialyzable material.

The strong
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FIGURE 7
Elution pattern from DEAE-Sephadex Column Chromatography of the extracellular proteins produced by
~ reesei QM 9414 in response to sophorose
Elution conditions for this column are given in Experimental Procedures."

Fractions were 2.5 ml each.
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FIGURE 8
Disc gel electrophoretic patterns of combined fractions
from protein peaks obtained from DEAE-Sephadex
Column Chromatography of -the crude extracellular
enzyme preparation
Protein samples which had been applied to these gels were:
Gel #1, 150

~g

of starting material; Gel #2, 65

~g

of combined

fractions 10-15 from the first peak which eluted at pH 5.35
from the first DEAE-Sephadex column; Gel #3, 22

~g

from the

second peak (fractions 17-30) which eluted at pH 5.35, from the
same column.

The gels were stained with Coomassie blue.

Elec-

trophoretic conditions are described in "Experimental Procedures."
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absorbance at 280 nm may be due to some aromatic compound associated,
with the yellow pigment.

It was observed that concentration of the

peak by ultrafiltration on UM-lO type membranes, resulted in retention
of the yellow color and the absorbance at 280 nm, whereas both the
yellow color and the absorbance at 280 nm were lost when a Pf-.i-IO type
rliembrane was used.

This may indicate association of the yellow color

and/or UV-absorbing material with a low molecular weight peptide.
When the pH of the eluting buffer was lowered to 5.0, a single
protein peak was eluted, which gave a single band on polyacrylamide
disc gel electrophoresis (Fig. 9).

Finally, when the pH was lowered

to 3.6 and the ionic strength adjusted to 0.5 M with sodium chloride,
another peak was obtained, which was similar to the second peak eluted
with pH 5.35 buffer; this peak was intensely yellow, and despite its
absorbance at 280 nm, also contained very little Lowry-positive material.
The first "shoulder" of that peak (fractions 133-138), on concentration
by ultrafiltration and disc gel electrophoresis was shown to contain
traces of the same protein, a large quantity of which had been eluted
at the previous step with pH 5.0 buffer.

The second "shoulder" (frac-

tions 138-143), did not contain any Lowry-positive material, nor could
any Coomassie-positive material be detected on polyacrylamide disc gels
of that peak.

The overall protein recovery from this column was esti-

mated to be 75%.
The protein which was eluted as a single peak at pH 5.0 (Figs.
8,9), was shown to be a cellobiohydrolase by means of its products on
incubation with phosphoric-acid swollen cellulose (PSC).

TIle

73

FIGURE 9
Disc gel electrophoretic pattern of purified
cellobiohydrolase D from T. reesei QM 9414 mycelia
incubated in the presence of sophorose
The protein samples applied to these gels were 40
80

~g

~g

and

for gels #1 and #2, respectively, of the combined frac-

tions 90-100, from the protein peak which eluted at pH 5.0,
from the first DEAE-Sephadex column.
with Coomassie blue.

The gels were stained

Electrophoretic conditions are described

in "Experimental Procedures."
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distribution of these products was 90-95% cellobiose, and 5-10% glucose,
as determined by High Pressure Liquid Chromatography (HPLC).

Four

forms of cellobiohydrolase produced by Jrichoderma have been isolated
and characterized by Gum (3).
ase D, is produced by

~

Only one of these forms, cellobiohydrol-

reesei QM 9123 in submerged culture.

To

determine whether the enzyme isolated during this investigation corresponded to any of the previously identified cellobiohydrolase forms,
the amino acid composition and neutral carbohydrate content of this
enzyme was determined and compared to similar data reported for each of
the four cellobiohydrolase forms.

The newly isolated cellobiohydrolase

was found to contain 6.8% neutral carbohydrate by weight; Gum reports
that cellobiohydrolase D contains 6.7% by weight neutral carbohydrate,
and cellobiohydrolases A, B. and C contain 1.4, 5.8, and 10.4%, respectively.

Furthermore, the amino acid composition of the T. reesei

QM 9414 cellobiohydrolase, most closely resembled that of cellobiohydrolase D.

The amino acid composition of these two enzymes is shown

on Table X.

It is seen that, with very few exceptions, the two cello-

biohydrolases have identical amino acid compositions.

On the basis of

these results, it is concluded that the predominant cel10biohydrolase
produced by T. reesei QM 9414 in the presence of sophorose is cellobiohydrolase D.

Further supporting evidence for this conclusion was

provided by the ultraviolet spectrum of this enzyme in water; this
spectrum is shown in Fig. 10.

A maximum adsorbance is observed at

277 nm, and a minimum at 249 nm.

The corresponding maximum and minimum

adsorbance reported previously for the UV spectrum of cellobiohydrolase
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TABLE X
Amino acid composition of cellobiohydrolases D
Amino acid

T. reesei QM 9414

T. reesei QM 9123

a

Mole percent
Lysine

2.7

2.7

Histidine

1.1

1.1

Arginine

1.7

2.1

11.8
b
11.2
b
ll.0

11.2

Glutamic acid

9.1

9.1

Proline

6.2

6.6

Glycine

13.0

13.5

Alanine

6.5

Aspartic acid
Threonine
Serine

Half cystine

4.0

Valine

5.2

11.4
11.0

6.2
c
d
c

3.8

c

4.8
1.8

Methionine

l.4

Isoleucine

2.4

2.3

Leucine

5.4

5.3

Tyrosine

4.0

4.8

Phenylalanine

3.4

3.1

c

aComposition of 24-hour hydrolysate (3).
bValues extrapolated to zero-time hydrolysis to correct for destruction of serine and threonine.
CDetermined after performic acid oxidation.
d

Based on 72-hour hydrolysate.
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FIGURE 10
Ultraviolet absorbance spectrum of purified
cellobiohydrolase 0 in water
The concentration of cellobiohydrolase D was 0.68 mg/ml
in distilled water.

The spectrum was determined using a

Beckman Spectrophotometer, Model ACTA-MVI.
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D was 278 nm and 249 nm, respectively.

Both spectra show a shoulder

at 290 nm.
The rate of hydrolysis of a 1% solution of cellotetraose by the
cellobiohydrolase D isolated during this study was determined from the
least squares s lope of the plot shown in Fig. 11.

TIlis rate was found

to be 0.64 llmoles cellotetraose/min/mg protein; on the basis of product
appearance, the rate is 1.28 llmoles cellobiose/min/mg protein.
In order to purify further the endoglucanase(s) produced by

~

reesei incubated in the presence of sophorose, an ion exchange column
was used, which was developed with stepwise increases in the ionic
strength of the eluting buffer (5
in "Experimental Procedures."

~f

imidazole, pH 6.0), as described

The starting material for this colunm

consisted of the combined fractions 10-15 of the first peak eluted
from the ion exchange column during the purification of cellobiohydrolase D.
Fig. 12.

A typical elution profile for this column is presented in
Two peaks were eluted with the starting ionic strength of

0.01 M; the first peak was highly enriched in B-glucosidase activity,
with a specific activity of 28, and had low endoglucanase activity (a
specific activity of 2).

The disc gel electrophoretic pattern of this

peak is shown in Fig. 13.

It has not been determined whether one of

the two protein bands which appear on the gel corresponds to the
8-glucosidase previously isolated from a commercial preparation of T.
viride cellulase (38), although electrophoretic mobility points to the
upper band as the one which is likely to possess that identity.
Although both bands which appear on this gel could be B-glucosidases,
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FIGURE 11
Degradation of cellotetraose in the presence
of cellobiohydrolase D produced by T. reesei QM 9414
in response to sophorose
Experimental conditions are described in "Experimental Procedures."

The least squares slope of each of the lines on this

plot was divided by the milligrams of protein used in the
experiment, in order to obtain specific activity values.
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FIGURE 12
Elution pattern from DEAE-Sephadex Column
Chromatography of the proteins in Peak 1 of the
first DEAE-Sephadex Column
Column dimensions and elution conditions were described
in "Experimental Procedures."

Fractions were 1.25 ml each.
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FIGURE 13
Disc gel electrophoretic patterns of combined
fractions from protein peaks obtained from
DEAE-Sephadex column eluted with imidazole buffer
Protein samples which were applied to these gels'were:
gel #1, 65

~g

of starting material (fractions 10-15 from the

first DEAE-Sephadex column); gels #2, 3, and 4 contain 45

~g

each of combined fractions from peaks 1, 2, and 3 of the
second DEAE-Sephadex column; gel #5 contains 25 Vg of peak 4
from the second DEAE-Sephadex column.
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in view of the low endoglucanase specific activity of the material it
is probably safe to conclude that neither of these protein bands represents an endoglucanase.
The second protein peak which was eluted with an ionic strength
of 0.01 M was high in endoglucanase activity.

The electrophoretic

pattern of pooled fractions from this peak is shown in Fig. 13.

This

material has a specific endoglucanase activity of 78, and an apparent
purity of 80-85%.

It is difficult at present to draw any conclusions

as to whether this protein is identical with any of the previously
purified endoglucanases.

The amino acid composition of this protein

(data not shown) and its electrophoretic mobility closely correspond
to that of the previously identified Endoglucanase IV from

~

viride.

However, (a) the amino acid composition was tentatively determined on
the basis of one 24-hour hydrolysate of material which was only 80-85%
pure, and (b) the speci:cic acti vi ty of this protein as determined by
the reduction in viscosity of eM-cellulose is not as high as that of
purified Endoglucanase IV, which has a specific activity of 250 (41).
Although it cannot be determined at present whether this protein is
the only endoglucanase produced by

~

reesei incubated in the presence

of sophorose, it does constitute the principal endoglucanase-rich
protein peak eluted from this column.

Since only 65% of the total

endoglucanase activity which is placed on the column can be accounted
for by this protein, it is obvious that further investigation will be
required to identify this protein and assess its significance to the
activity of the cellulase system.
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When the ionic strength of the eluting buffer was raised to 0.07 M,
another protein peak was eluted from the second ion-exchange column.
The first few fractions of those comprising the peak had a specific
endoglucanase activity of 18-25, and did not contain an amount of protein adequate for concentration and examination by analytical polyacrylamide disc gel electrophoresis.

It was assumed that the endoglucanase

activity may represent contamination by the endoglucanase described
above.

The later fractions of this peak had very low endoglucanase

activity.

The electrophoretic pattern of pooled fractions of this peak

are shown in Fig. 13.

This protein had a specific endoglucanase

activity of 1.0 and appeared as a single band in analytical polyacrylamide gels.

When this protein was incubated with PSC or Avicel, the

product distribution, as determined by HPLC, was 90-92% cellobiose,
and 8-10% glucose.

This enzyme, which, on the basis of its electro-

phoretic mobility, does not correspond to any of the previously identified cellobiohydrolase forms, is termed Cellobiohydrolase E.

It was

found to contain approximately 25% by veight neutral carbohydrate,
which confirms its non-identity with rolY of the previously characterized cellobiohydrolase forms.

It was found by high pressure liquid

chromatographic analysis to hydrolyze a 1% solution of cellotetraose
at the rate of 3.9

~moles/min/mg

of protein.

This result can only be

regarded as tentative since it is difficult to determine the concentration of solutions of this heavily glycosylated protein accurately by
the Lowry methocl.

Amino acid analysis of a 24-hour hydrolysate of

cellobiohydrolase E shows an unusually high alanine content (data not
shown).
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The last peak of this profile shown in Fig. 10, which was eluted
when the ionic strength was raised to 0.15 M, had a specific endoglucanase activity of 60; it can be seen from the electrophoretic pattern
of pooled fractions of this peak (Fig. 11) that the major protein
component is the endoglucanase, a large quantity of which had been
eluted previously at ionic strength 0.01 M.

The specific endoglucanase

activity and apparently diffuse protein band after polyacrylamide gel
electrophoresis, indicate material of lower purity than that obtained
earlier in the elution profile.
In conclusion, four different enzymes, which appear to be the
principal enzymic components of the cellulase system produced by

~

reesei QM 9414 in response to sophorose have been distinguished.

There

is at least one form of S-glucosidase present, and an endoglucanase
similar to Endoglucanase IV.

One of the two cellobiohydrolases present

has been shown to be identical to the previously identified cellobiohydrolase D, whereas the other represents a cellobiohydrolase not
previously described.

These enzymic components, produced by

~

reesei

QM 9414, had never been isolated previously, although this particular
strain is known to produce greater quantities of extracellular cellulases than any other known strain of T. reesei.

Furthermore, enzymic

components produced in response to sophorose had never been isolated
and characterized, nor had their identity with enzymes produced on
cellulose been shown.

The characterization of the enzymes purified

during this study is currently under investigation.

With this infor-

mation we may hope to elucidate more precisely the factors which
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control the biosynthesis of the specific glycosylated polypeptide components of the cellulase system.
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BIOSYNTHESIS AND IDENTIFICATION OF ENZYMES
OF THE CELLULASE SYSTEM BY TRICHODERMA REESEI
by
Mikelina Gritzali

(ABSTRACT)
The biosynthesis of cellulolytic enzymes by resting cells of
~

reesei QM 9414 incubated in 17 mM potassium phosphate buffer,

pII 6.0, and Q-S-D-glucopyranosy1-(172)a-D-glucopyranose was investigated.

A maximum of 200 mi1liunits aryl-S-D-g1ucosidase, 9000 mi1li-

units endo-l,4-S-D-glucanaseand 200 milliunits Avicelase per milliliter of culture supernate was produced after 24 hours of incubation;
at that time, extracellular protein production reached a maximum of
0.5 mg/ml.

Optimum enzyme yields were obtained with 3-4 mg dry weight

cells/ml, and 1 nIDi

0-S-D-glucopyranosyl-(1~2)a-D-glucopyranose.

Inclusion of metals, e.g., zinc, cobalt, manganous and ferrous ions
enhanced enzyme production when glutamic acid was present, in which
case aryl-S-D-glucosidase, endoglucanase and Avicelase activity were
enhanced by 20, 100 and 40 percent, respectively.

Under the same

conditions asparagine enhanced only ary1-S-D-glucosidase activity.
Some of the enzymic components of the cellulase system produced
by

~

reesei under these conditions were purified by ion exchange

chromatography on DEAE-Sephadex A-50.
isolated in pure form.

Two cellobiohydrolases were

One of these was identical to the previously

isolated ce1lobiohydrolase D on the basis of amino acid composition,

carbohydrate content, electrophoretic mobility and ultraviolet spectrum.

Similar data for the other cellobiohydrolase suggest that it

represents an enzyme not previously identified.

An endoglucanase was -

also isolated which, on the basis of its amino acid composition and
electrophoretic mobility, appears similar to the previously identified Endoglucanase IV.

More precise characterization of these enzymes

is currently under investigation.

