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SECTION 1

PRODUCTION OF SCP/FUEL/GLUCOSE FROM UNCONVENTIONAL SUURCES

About two decades ago, at one of the annual American
nicrobiologists' meetings, a challenge was posed to produce
food from unconventional, i.e. non-agricultural, sources.
The term "Single-Cell Protein" (SCP) was coined by Professor
Carrol Wilson at the Massachusetts Institute of Technology,
USA in 1966 (1). SCPs has become, by defination, a generic
term for a crude or refined source of protein whoée origin
is unicellular or simple multicellular organisms, i.e.
bacteria, yeast, fungi and algae. The use of single cells
in food and animal feed is a common practice of long
standing. Any fermented food will contain significant
quantities of cellular mass of organisms as diverse as
bacteria, yeast and fungi. Cheese, beer and even leavened
bread production is pure microbiology. A type of alga,

Spirulina maxima, forms a part of the diet of the natives

of the Lake Chad region of Africa (2). Thus, there is
nothing fundamentally repugnant in any of these species
and SCP is a mere extention of the tradition that may be
thousand of years old.

Microorganisms are capable of converting inexpensive
non-proteinous materials (such as carbohydrates) and simple
inorganic nitrogen compounds (such as nitrate and ammonium)
into protein. Because the generation time of bacteria,
yeast, fungi and algae is much shorter than that of animal
and plant cells (3), this process can be incredibly fast



and appears to be the method of choice. This has excited

an extraordinary amount of industrial interest as a possible
source of protein and major efforts have been directed during
the past two decades towards producing SCP from hydrocarbons
(4), methanol (4,5), ethanol (6) and nther cheap and waste
carbohydrate sources (4,7). The substrate used as a raw
material depends on the location, possibilities of application
and cost factors. Conversion of sugar to protein by food
yeast is about 1300 times ;g efficient as the conversion by

beef cattle and the production of Escherichia coli twice as

effective as the food yeast process as a protein source.

It has heen estimated that a plant handling 1000 tonnes per
day of sulphite processed pulp could produce 21,000 tonnes
of fermentable sugars annually (8) which could produce
56,000 tonnes of SCP (9)., Humphrey (10) has calculated that
a 10% supplement to the present world's supply could be
provided by a fermentor of an area equivalent to 1/2 square
mile of the earth's surface. However, technologies still
remain to be developed to make the production of SCP
competitive, Similarly, development probhlems seem
restrictive in the case of algae, S.maxima and Spirulina
platenéis, though they are known to be free from toxic
effects. Attempts to cultivate S.platensis, though most
prolific, in fermentors with artificial light or in open
lagoons have not been successful economically (11). However,
there is a general air of confidence that within the next
5-10 years several techniques for growing various micro-

organisms on a wide variety of solid and liquid substrates
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for incorporation into animal feedstuffs will be ready to

go commercial (4,12,13). According to Imperial Chemical
Industries, on cost basis, SCP cannot hope to match the
conventional feed protein sources, say soybean, until 1985
(4). The crude protein content (nitrogen content x 6.25)

of SCP varies hetween 30 and 70% with different microorganis=s.
The maximum proportion of true protein in yeast cells is 50%
and that of bacterial cells 70%. Fungi produce biomass with
lower protein content than bacteria or yeast. Yeast and
fungi in general lack sulphur-containing amino acids, cystine
and methionine (14), whereas the hacterial species, in
general, do not lack methioniﬁe, but are deficient in
tryptophan. It is imﬁortant that SCP contains numerous

other nutrients in addition to protein.

Because of the vested interests of 0il companies and
chemical industry, the major effort in industrial SCP
production has been in the production of microorganisms,
usually yeast, from a hydrocarton source. Originally it
was planned to use gas o0il (a crudc oil fraction) for SCF
productidn.The emphasis-'was’ then: shifted to n-paraffins.
Plants are already in operation with production capacities
upto 200,000 tonnes per year. The commercial projects that
are in operation are of British Petroleum producing yeast
on heavy gas 0il containing 15% n-paraffins (20,000 tonnes/
annum in Lavera, France) (4,14) and on pure n-paraffins
(4,000 tonnes/annum in Grangemouth in Scotland (11,14) and
100,000 tonnes/annum in Sarroch in Sardinia (15)), and

Liguichimica Biosintesi on pure n-paraffins (200,000 tonnes/
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annum in Saline di Montebello, Italy) (6), The Russians
have also opened a protein plant which utilizes liquid
paraffins (4). The final product ie intended initially as
a feed supplement for poultry and pigs. Claims have heen
made that extensive fecding experiments show freedom from
toxic and carcinogenic effects (11).

The presence of toxic residues in SCP grown on
hydrocarbons is also a major problem, though claims have been
made that petroleum yeast proteins have been passed for
animal consumption in many Furopean countries, and the levels
of carcinogenic substances in them are lower than those in
some normal foodstuffs (4,16). To ensure that the product
is non-toxic, high demands are made. The production of high
purity n-paraffin which is suitable as a substrate is very
important for the overall efficiency of the SCP process.

The BP product Toprina is currently being sold for breeding
stock and veal production (6)., However, 200 ppm of mineral
0il in the diet is objectionarle and refining costs are high
(17). 3,4-Benzapyrenc which is a trace contaminant from
hydrocarbons is a carcinogen (4). There are reports that
hydrocarbon-grown yeast protcins even when fed to chickens
have the peculiar property of their feces sticking to cages
and litters (18).

The yeast proteins are unlikely to be used for human
diets until the concentration of nucleic acids can be reduced.
High nucleic acid content of SCP leads to high rates of
uricogenesis (19). Maximum nucleic acid allowed in humans

is 2 g per day (4,15). However, it should be possible to
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remove most of the RNA by activating ribonuclease by heat
shocking (4,20,21). Further, yeast contains high levels
of C

and C fatty acids, whereas mammalian metabolism

15 17
is based on even-numbered chains. The end product of odd-
numbered fatty acids 1is propionic acid and that of even-
mumbered fatty acids acetic acid. Protein concentrates have
been produced from mechanically degraded yeast which has

less than 2% ritonucleic acid and contains 70-75% of the
amino acids present in the starting material (22). Direct
human food production by fermentation of most waste meterials
is unlikely at present due to the problem of meeting safety
requirements (23). Esso-Nestle is working to produce SCP in
a form suitable for human consumption (4) and is utilizing
bacteria in place of yeast (11). Bacteria, in general, have
higher protein content and divide more rapidly than other
types of microorganisms, but their size is considerably
smaller than that of yeast and fungi. Therefore, potential
cost savings based on 2 more rapid growth rate could be
offset by the higher centrifugation cost. Many bacteria also
synthesize large amounts of poly-heta-hydroxy-hutyrate when
grown in a medium having high carhon to nitrogen ratio

(20:1 or greater) which makes the product unsuitatle for
both humangand animals (24). Ethanol is particularly
suitable, if SCP produced is intended to be used for human
consumption, because it is virtually non-toxic and there

are no special requirements to bte met regarding the final
purification of the cell biomass produced. A number of SCP

processes have been developed on the basis of the substrates,



n-paraffins, methanol and ethanol (25,26). Norprotein has
developed a process for SCP production from methanol (27)

using Methylom®onas methanolica, a bhacterium capable of

growing only on carkon compounds containing no carkon-carbon
honds (28,29), Carbon is incorporated as formaldehyde via
the ribulose monophosphate cycle, and cleavage of the
resulting fructose-6-phosphate is accomplished via the
Entner-Doudoroff pathway. Cell yields exceeding 0.5 g cell
mass/g methanol are obtained. The proccss has been run on
a pilot plant scale. The economic aspects of large scale
production are discussed (27).

The Pekilo process is the first commercial continuously

operating process in which filamentous fungi Paecilomyces

varioti is used for SCP production (30). The suitable raw
materials are various acid waste liquors, molasses and
hydrolyzed organic wastes. ICI'g SCP Pruteen plant from

methanol utilizing bacteria, Methylophilus methylotrophus,

is due to come in stream in 1980 (31,32). Both 'Pruteen'
and 'Toprina' have been cleared for animal nutrition by the
Protein Advisory Group of the United Nations (31,32).

ICT in U.K. remains the only company with a process
anywhere near commercialissation (31). Several SCP units
including British Petroleum have been withdrawn recently
after heavy expenditure. There is lot more work required
to be done than is likely to be in the foreseeable future
(33). Purthermore, advances in agriculture have resulted

in spectacular yield increases in basic crops (31).
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cellulose and about 50% lignin, hemiéelluloses, etec. Calvin
(37) believes that ultimately mankind must seek an
alternative crop to trees and cane to proiuce digestible
cellulose., Considerahle efforts have gone into studies on
the practicality of the production of SCP/fuel/glucose from
cellulose during the last few years (4,37-47) and its
practicality appears to he a matter of time. The economy
of processes based on enzymatic hydrolysis of cellulose makes
it necessary that all components be utilized. Xylan-type
hemicellulose typical of hard wood can be used for
manufacture of furfural or xylitol; glucomannan-type hemi-
cellulose common in soft wood can be hydrolyzed to hexoses;
lignin can be used for manufacture of certain chemicals or
it can be simply burnt. The cultivation of certain
varieties of mushrooms on wood, sawdust and straw constitutes
the ohly major direct utilization of fibrous plants for food
production., The higher fungi do not offer great promise as
sources of low cost human or animal protein because of their
long incubation time and their being labour intensive. The
largest though not the most efficient method for the
conversion of cellulose into human food still remains the
anaerobic fermentation carried out by cellulolytic organisms
- the alimentary tract of herbivorous. Ruminants such as
cattle are more effective because of their long fermentation
tank preceding the intestinal tract. Microorganisms can he
grown directly on cellulose or cellulose can be converted
into glucose which can he converted into SCP as yeast or

used as a raw material for fermentation to solvents like
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ethanol and acetone, amino acids, drugs or other useful
organic substances. For sbioconversion of cellulose into
animal feed, Peitersen (48) reported that under continuous
cultivation conditions 50-75% availakle cellulose was
consumed by Trichoderma recesei QM 9414 over dilution rates

ranging from 0.037-0.08 h™'., Willer and Srinivasan (49)

reported that continuous cultivation of Aspergillus terreus

(ATCC 20514) on pretreated cellulose gave decomposition
values of 80-85% over dilution rates of 0.10 - 0.14 h™'. The
protein content of the dried product was 30-35%. These studies
suggest the possibility of degrading cellulosic wastes into
highly proteinaceous products with potentiality for use as
animal feed. With the use of 'waste' materials for SCP
production, problems have heen encountered arising most
frequently from inconsistency in quality and availability.
Starch is becoming an increasingly attractive substrate
in that it is a renewable resource in addition to its
’ property of rapid microbiological degradability. Several
starch based SCP processes are now under development (50).
The cost estimates for obtaining SC¥ from different
materials are given in Table 1. The approximate price per Kg
protein from bagasse, hydrocarbons and methanol is % 0.5-0.8
as compared to $ 0.4-0.5 for soybean meal and fish meal. The
cost estimates of the various microbial products are what the
prospective producers of these products hope they will sell
in the market, but the ultimate price of these products to
the consumers according to Litchfield may be 2-3 times higher

(51). The cost estimates for SCP production from bagasse
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TABLE 41, COMPARISON OF ESTIMATED PRICES OF SELECTED
UNCONVENTIONAL AND CONVENTIONAL PROTEIN SOURCES (51)

Protein source Approx. protein  Approx. price Approx.price

content per kg. per kg
protein

% $ $
Unconventional
Chlorella sp. 45 0.45 1.00
Scenedesmus obliquus
Micrococcus certificans 72 0.35 - 0.40 0,50 - 0.80
(n-paraffins)
Cellulomonas 50 0.25 - 0.35 0,50 - 0.70
(bagasse)
Pseudomonas sp. 80 0.30 - 0.45 0.38 = 0.56
(methanol)
Candida utilis, feed 50 0.20 - 0.26 0.40 - 0.50
grade (sulphite waste
liquor)
Candida lipolytica 60 0.30 = 0.45 0.50 = 0.75
(gas 0il or n-paraffins)
Fungi (myceliun) 50 0.65 1.30
Fish protein 75-80 1.00 1.25 - 1.53
concentrate
Leaf protein 50 0.15 1250
concentrate (food
grade)
Conventional
Fish meal 60 0.29 0.48
Soybean meal 44 0.18 0.41

Cotton seed meal 41 0.15 0.37




and hydrocarbons are about the same.

Glucose/Fuel from Cellulose:

Energy problems have bhecome global. These have forced
equally both developing and developed countries to make long
range programmes. Cellulose can be converted to glucose by
acid hydrolysis and has been used under conditions of war
time shortages to produce alcohol or food yeast from wood
wastes, but has been found uneconomical due to problems of
corrosion and the formation of undesirable reversion
compounds in the digest (52,53). The first commercial
application of acid hydrolysis of cellulose was made in 1913
at George town, U.S5.A., where a plant was built to hydrolyze
Southern Pine mill wastc by 2% H2504 at 175°C in rotary
steam-heated digesters. The dilute sugar solutions produced
(25% yield) were fermented to ethyl alcohol. This plant
anc a second one at Fullerton, La., operated until 1923 but
was not profitable (54). The acid hydrolysis method was
industrialized by Scholler in Germany in 1926, but was
replaced in 1935 by the "Schube" process. The German
Scholler process used during the 3econd World Wer in Germany
pretreateﬁ the wood with 1% HC1 followed by digestion with
0.05% H2804 at 130-190°C for 18-24 h in stationary digestors
for a sugar yield of 40 - 50%. The Bergius process, also
used in Germany during Second World War, employed
concentrated HC1l in special-acid resistant equipment but
was expensive. The sugars from these processes were used
to produce alecohol, and to grow Candida and Oidium yeasts

for human food (3%9,55). The acid hydrolysis method was
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improved by the Forest Product Lahoratories at Madison,
Wisconsin Auring World War IT. Several hundred tonnes of wood
sugar molasses were made in a small piloet plant at Madison,
Wisconsin by percolating 0.4 to 0.6% H2304 through chopped
wood wastes at 150-185°C. This gave 4-5% sugar syrup in
40-55% yield (39,56). The acid hydrolysis method has had
several operating disadvantages, the formost being the low
recovery uéually less than 604, and the undesired
decomposition of the cellulosic and hemicellulosic fractions
into products other than reducing sugars. The estimated
selling price of alcohol by the acid hydrolysis process
derived from the Madison process is in the range of # 1.50 -

6 gallon/

1.80/gallon based on a production level of 25 x 10
year. The corresponding estimated capital investment is
about % 90 x 60° (57). DNone of the above processes has
succeeded as a commercial operation since World War II (58).
Grethlein (Sé) has recently reported the process
economics of making glucose from cellulose using acid
hydrolysis. With an input capacity of 885 tonne/day
newsprint the cost of making glucose 1is reported to be in
the range of 1.75 - 2.45 cents/1b, depending on the slurry
conce¢ ntration fed to the reactor for the acid hydrolysis.
The cost range is less than the published estimate of
5.2 cents/1b for enzymatic hydrolysis (60). The process
designs and cost analyses had been done on untested
extrapolation of laboratory work on both the acid and the

enzymatic hydrolysis. Grethlein (59) considers that the

acid hydrolysis of cellulose is a viable and potentially
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using T.reesei are already in operation in U.S.A. (35). The
Bechtel Corporation, U.S.A. and the Louisiana State University
Foundation, U.S.A. have entered into a joint ventu;e for
commercial production of SCP from bagasse (36,71), but
apparently it has not proved successful (3%1).

Yo full scale commercial plant has been built based on
enzymatic hydrolysis. However, a one tonne/day pilot unit
has been operated by Gulf 0il for almost a year. They are
ﬁlanning currently a 50 tonne per day facility prior to
building a large scale plant (72). The key to the Gulf
process is reported to be the simultaneous conversion of
cellulose to glucose to ethanol by combined cellulase/yeast
system.

Cellulose in its netive form is quite resistant to
enzymatic hydrolysis. This is probhably due to factors such
as: (a) moisture content of the fibre; (b) size and diffusion
constants of enzyme molecules involved in the hydrolysis
process; (c) degree of crystallinity of the cellulose;

(@) its unit cell dimengionsy (e) the conformation and
steric rigidity of the anhydro glucose units; (f) degree

of polymerization of cellulose; and (g) the nature of the

- substances with which the cellulose is associated. A lignin
seal surrounding cellulose fibre acts as a physical barrier.
Cowling (77) has discussed these physical and chemical
constraints on the susceptibility of cellulose to hydrolysis.

Most cellulosic materials contain three components:
cellulose, hemicellulose and lignin in ratios of roughly

4:3:3 (74-76)., For rapid enzymatic degradation of cellulose
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it has been found necessary to treat it either mechanically
and/or physically/chemically to loosen the lignin-cellulose
structure. The need for pretreatment increases with the
increase in lignin content. Lignin is highly resistant to
biological degradation, a result of its unusual structure.
In lignin the monomer, p-hydroxycinnamyl alchols, are joined
in such a way as to provide a complex three-dimensional
structure which is interconnected with the cellulose and
hemicellulose components. Thus, the difficulty in obtaining
fast and complete hydrolysis of cellulose is not due to the
primary linkages of cellulose polymeric chain but rather
than the secondary and tertiary structures of cellulose
and the linkages and cross linkages with other materials.
There is actuwally no space for the enzyme between the cell
wall structures (78).

Many chemical: physical, and mechanical ﬁretreatment
have been developed but none has been cost effective (68,79).
The various pretreatments, suggested include treatment with
sodium hypochlorite in acetic acid and chlorine dioxide
gas (79), trecatment with sulfurdioxidc which breaks the
binding of the lignin (80), biological declignification
(81-83), inorganic acids (68), heat treatment combined with
some mechanical or chemical treatment (66,68,84), sodium
hydroxide alone or followed by peracetic acid (85-87).
Successful chemical pretreatments include dissolving and
reprecivitating cellulose (88), pulping and lignin removal,
removal of hemicellulose with dilute acid, and acid or

alkali swelling. The physical treatment methods include
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torula yeast (on left over fermented sugars like xylose) on
sugars obtained hy senzymatic hydrolysis of newsprint. With
a total estimated capital cost of % 5.37 x 106 to produce
24,000 gal/day of 95% cthanol from the hydrolyzpate sugars,
the cost of ethanol is estimated to be % 1.05/gal and sugar
cost, 5.2 eents/1b. Because of the high cost of ball milling,
which does not appear practical for large scale processing,
Wilke and Yang (116) studied the possibility of using less
stringently milled substrate. With T.reesei culture troth
and with the modified process, revised preliminary cost
analysis indicated that it may be possible to produce
glucose at 4.2 cents/Id. with an approximate capital
investment of $ 19 x 106. Estimated costs of an enzymatic
hydrolysis process based on the gulf process and using a
feed stock consisting of a mixture of saw dust, pulp mill
wastes, and municipal solid waste indicate that a plant
constructed for 25 x 106 gal/year of ethanol would require a
capital of about ® 64 x 106. The estimated selling price of
ethanol for this process woul® be about % 1,75/gal. By—
product credits would reduce the operating cost by about

35 cent/gal (57). The price of ethylene-derived ethanol was
about % 1.0/gal in 1975 (35). With the escalting prices

of petroleum hydrocarbons, alcohol derived from ethylcne -

a petroleum by-product now costs #® 1.80 a gallon and alcoggl
derived from corn is % 1.65 a gallon (117). The break—up_
of cost estimates of the major items for producing glucose/

aleohol from cellulose is given in Table 3 (106). Both the

cost of the enzyme (and enzyme make-up) and the pretreatment
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cost constitute 2 major portion of the total cost. About
60% of the total manufacturing cost of production of glucose
from cellulose has becn attributed to enzgyme production
when the enzyme yields arc of the order of 3-4 A T17,/ml
(118). A recent economic analysis of the Natick process for
production of ethanol from urban wastes, exclufing substrate
costs and crcdits, attributes 504 of the cost of the sugar
or 40% of the cost of the ethanol to enzyme production (119).
Thus, anj improvement in the enzyme yield and reduction in
pretreatment cost will improve the economic outlook and are
the keys to the success of the process. It may also be
possible to obtain regulatory mutants which are resistant
to catabolite (glucose or cellobiose) repression, or by
genetic manipulation to obtain microorganisms with multiple
copies of cellulase structural genes and thereby produce high
levels of cellulase enzymes. Mutants which produce 25% of
the protein as catalase are known (120). Increase in gene
copies by genetic manipulation which give highly elevated
yields of enzymes are 2lso known (121-126).

It may also he possible to obtain microorganisms or
a mixed culture which can brezk up or loosen lignin-cellulose
complex or which can utilize lignin, thus eliminoting
or reducing the pretreatment cost. Such a culture has been
described by Eriksson (82). Enzymes involved in lignin
degradation have been investigated and a new enzyme,
cellobiose: quinone oxido-reductase, of importance in both
cellulose and lignin degradation has been reported (127,128).

The enzyme reduces quinones or phenoxy radicals in the
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S ECTITON 2

PRODUCTION OF CELLULASES AND ENZYMATIC SACCHARIFICATION OF

CELLLULOSIC MATERIALS

Energy problems are becoming global. These have forced
equally both developing and developed countries to make long
range programmes. Bioconversion technology could become the
most viable answer to the problems of fuel and organic
chemical feedstock crisis precipitated by the escalating
prices of petroleum crude. Already alcohol derived from corn
is proving cheaper at # 1.65 a gallon compared to alcohol
derived from ethylene a petroleum by-product which costs
$ 1.80 a gallon (57). Fthanol could replace the petroleum
crude as the basic raw material for organic chemical industry.
A 10% ethanol: petrol mixture is already being used as
car fuel without requiring any modification in the engine.
Its consumption in U.S.A. is expected to reach nearly 1800
million litres in 1980 (57). Brazil's experiment with
gasohol using 20% alcohol are reported to have proved
successful. It has now plans to gradually increase the
alcohol content in cars to about 50%. These cars would
have modified engines.

Enzymatic conversion of cellulose to glucose followed
by fermentation to alcohol with yeast holds promise of a
solution to the impending fuel crisis. Cellulose is not
a diminishing reserve material and mild conditions under
which enzymetic hydrolysis can be carried out has led to
intensive study of the microbiological utilization of

cellulose for the production of glucose. Until recently
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enzymatic hydrolysis of cellulose was too slow and too
inefficient to compete with the successful conversion of
starch to glucose by a fungal enzwme. Current developments
have changed the outlook. Tt is generally agreed that cheap
glucose is the key intermediate for subsequent chemical and
energy production. Culture broths from fungi capable of

completely hydrolysing cellulose to glucose are now known.

Trichoderma species (reesei, lignoruﬁi, koningii)(1%34-139),
o

Sporotrichum pulverulentum (82,140), Penicillium funiculosum

(141), Fusarium solani(13%8), and Botrydiplodia theobromae

(142) are good sources of active cellulases. Tentative cost
estimates for producing glucose via enzymatic hydrolysis
(10 to 40 cents per kg glucose) reported by different
investigators suggest that the cost of production of ethanol
from cellulose is not economical at present (111,113,143)
and further basic and technological developments are required
for a viable process. In industrial saccharification of
cellulose to glucose, enzyme cost and pretreatment cost of
cellulosic materials are the two major cost centres in the
economics of the process; about 60% of the manufacturing
cost can be attributed to enzyme production when the enzyme
yields are of the order of 3-4 FFA uynits/ml of culture
filtrate (118). Any improvement in the cellulase yields
would thus significantly help in making the process
economically viable.

T.reesei, particularly its mutants, are the favoured
sources of cellulase and also the most intensively studied

organisms. It has taken about 20 years to increase the FPA
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(secondary hydroxyl groups) and C-6 (primary hydroxyl group)
and the glycosidic linkage act as the functional groups.
A1l significant chemical reactions occur at these locations
and thus may determine the chemical properties of cellulose.
The individual lincar polymeric cellulose molecules are
linked together to form elementary fibrils (77,155). The
chains are oriented in parallel and stabilized laterally
by hydrogen bonding hetween hydroxyl groups of adjacent
molecules. A1l the hydroxyl groups are apparently hydrogen
bonded in different but rather specific ways. The elementary
fibrils are the smallest structural units of microfibrils and
fibres., Each microfibril is formed by coalescence of few
(156,157) or several (155) elementary fibrils. A cellulose
fibre is composed of many microfibrils. The number of chains
of cellulcse in a microfibril may be a few hundred. There
are differences of opinion in regard to the number of
cellulose chains in elementary fibrils and microfibrils
and the specific dimensions of the cross section of these
structures. The microfibril according to Preston and

o

Cronshaw (158) is about 50 x 100 A in cross section. The
elementary fibril is about 35 4 wide (104,156,157) and the
microfibril 8 - 20 nm wide (152)., Manley (159) has reported
that the microfibrils have an average width of about
35 & (30-40 4).

The question whether the cellulose chain is uniformly
composed or not has been debated for 50 to 60 years and its

microfibril ultrastructure is still a subject of considerable

controversy. The chain length distribution curves of



partially degraded samples of cellulose and cellulose
derivatives do not assume the shape of a normal Gaussian
curve, but exhibit separate Fistinct maxima withip the

degree of polymerization (DP) range of 400-500 (1%2). Two
different mechanisms have been put forward. It was
considered by one group that in cellulose molecules not all
linkages are equally resistant to hydrolysis, and that at
fairly regular intervals, "weak spots" exist where hydrolysis
takes place far more rapidly than in the case of the usual
glycosidic links in the chain. According to other school

of scientists, the "anomal" plymolecularity of degraded
samples would mainly be attributable to the alternation of
crystalline and amorphous sequences in the elementary
fibrils, giving rise on hydrolysis to separate superimposed
distribution curves (152). Any irregularity in the substrate
may terminate the action of enzyme, depending on the
specificity of the enzyme.

Models of cellulose fibrils involving folded chains have
been suggested. Structure models based on extended
celluloses are also found in the literature. If cellulose
molecules are fully extended, the length of elementary fibril
is expected to be much longer than 1000 E (133). Consequently,
cellulose molecules are believed to he more likely folded
in some fashion. Some of the concepts of microfibrillaer
structure proposed are the following: 1In fringed micellar
theory the microfibril is regarded as an assembly of
crystalline and amorphous regions (152,160). According to

Preston and Cronshaw (158) the microfibril consists of a



rectangular crystalline core, about 50 x 100 E in cross
section, surrounded by a paracrystalline sheath. The solid
lines represent the planes of glucose residues; the broken
lines represent the orientation of hemicellulose molecules
(Fig. 3a). Hess et al.(155) suggested that the microfibril
contains several elementary fibrils which contain 15 to 40
cellulose molecules and are segmented into crystalline and
paracrystalline regions, i.e., the cellulose molecules are
less well ordered at certain points along the length of the
microfibrils (Fig. 3b). Manley (159) reported that the
individual filaments are 35 E in diameter and appear to have
a periodic variation in structure along their length. It was
suggested from X-ray diffraction studies that the cellulose
molecules exist in a folded chain lattice formed as a ribbon
which intern is wound as a tight helix (Fig. 3¢) (from
Mulethaler (161)). In the Meyer and Misch model unit cell
dimensions are: a = 8,35 Xi ﬁ = 10,3 X; and ¢ = 7.9 E;
beta = 84° (162). Each unit cell contains four'glucose
residues. The length of the unit cell equals that of the
repeatine anhydrocellobiose unit. The shortest distance
between atoms of neighbouring chains of native cellulose is
no more than 0.25 nm in the direction of the a-axis, which
makes possitle the formation of hydrogen bonds between
adjacent chains. In the direction of c-axis, the distance
is much greater, and molecular chains are attached to each
other by van der Waals' forces only (152,162). X-ray
diffraction studies showed that molecular arrangement in the

cellulose fibrillar bundles is regular (but not perfect)
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that it has a crystalline X-ray diffraction pattern. Within
each microfibril, the linear molecules of cellulose are
associated in various degrees of parallelism containing
regions of highly oriented molecules (crystalline) and
regions of less order (paracrystalline or amorphous). On an
average the length of the crystallites in the native cellulose
is 1000 + 200 A and amorphous areas 300 to 400 A (152). The
concept seems generally accepted that the adjoining beta-1,4-
linked D-glucopyranosyl chains run antiparrellel, forming
crystalline regions in some parts of the microfibril and
amorphous or paracrystalline regions in others (77,104,162).
The easily hydrolysable portion of cellulose is often
referred to as the "amorphous", also termed accessible,
regions of cellulose and the resistant residues, the
crystalline cellulose. It has been proposed that most of
the bonds in cellulose exist in a configuration known as
Hermans form. Through repeated Hermans heta-linkages linear
polymeric cellulose molecules are linked together through
1,4~ the existence of another beta-bhond which involves a
deflection of approximately 60° from the normal Hermans form.
With three such successive deflected beta bonds a loop can
be formed in cellulose polymer to produce 180° U-turn which
is essential for chain folding (133%). It is further
postulated that these exposed, deflected beta-linkages

are more susceptible to hydrolytic cleavage. Therefore, the
sééalled "amorphous" regions in a cellulose fibril could be
zones rich in loop bends containing many deflected heta-

glucosidic linkages (133%). 1In Manley's model, the
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microfibrils do not contain amorphous regions, at least as

a separate phase (159). Both chemical and physical data
indicate that there are amorphous regions in the cellulose
fibrils and microfibrils.

Hydrogen bonding and the arrangement of cellulose
molecules in native cellulose is described by Liany and
Marchessault (163). An excellent discussion on the subject
is given by Ward (164). He points out that the consequence
of the high degree of order in native cellulose is that not
even water molecule can enter the structure. The accessihility
and reactivity of cellulose are closely related to
itsswelling behaviour. In native cellulose the swelling
is 1limited to the amorphous regions of the fibre, as it is
counteracted by the strong hydrogen bonded network of
crystallites. Strong swelling agents such as mineral acids,
alkalies, quaternary ammonium bases are necessary which are
able to break the hydrogen honded network and penetrate
into the crystalline areas and thus induce swelling in the
whole fibre. This results in increased accegssibility and
reactivity.

The number of glucose units in a molecule gives the
degree of polymerization. The number of glucose residues
ranges from 500-2000 in wood pulps to 10,000 in cotton (58).
The degree of polymerization of typical materials is given
in Table 5 (j65). Evidence obtained by different means
indicates that native cellulose is composed of more than
10,000 beta-anhydro glucose residues (there may he as many

as 15,000 residues (153)) linked to form a lincar chain

Jr) 5'/7} e
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SEBECTION 4

BIOCHEMISTRY OF CELLULOSL: DiLGRADATION

Nature of cellulase:

The International Commission on Engyme Nomenclature
lists 'cellulase' as the trivial name for beta-1,4-glucan-
4-glucanohydrolase (EC 3.2.1.4),i.e. for enzymes which
hydrolyze beta-1,4-glucans at linkages which are not
restricted to terminal linkages. The term 'cellulase' has
been used in the literature for both pure well-characterized
enzymes and mixtures of enzymes produced by organisms which
degrade cellulose. These enzymes have sometimes been designated
as cellulase complexes or systems. ZEven the nomenclature
like Avicelase, gauze-solubilizing activity, hydrocellulase,
Cellulase I, Cellulase II, etc. used to describe cellulase
enzymes is confusing. This is because a variety of assay
procedures and substrates have been used in the measurement
of cellulase activities. The substrates used differ in the
degree of crystallinity, lattice structure, degree of
polymerization and solubility of the cellulose molecules.

It is, therefore, questionable whether all assay procedures
measure exactly the same thing. The utility of standard

- cellulase assay to monitor the purification of a single
enzyme is limited severely bv the insolubility of the
substrates, by the requirement for several enzymes in order
to ensure a rapid hydrolytic rate, and by the similarity of

the degradation products.
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The cellulase of the digestive juice of the edible

snail, Helix pomatia, is prominent in the early literature,

but its origin has been a matter of some controversy.

Bacteria and fungi are the two main groups of microorganisms
respensible for the microbial degradation of cellulose, even
though species of algae, yeast and myxobacteria are sometimes
encountered. TFor a long time it was believed that utilization
of cellulose is the property of living viable cells,

because many bacteria and fungi could grow and utilize
cellulose rapidly, but the culture filtrates showed very
limited or no hydrolysis of cellulose. During the last

20 years or so, it has been found that certain fungi,

Trichoderma reesei (115,139,144), Trichoderma koningii (166),

Fusarium solani (138), Sporotrichum pulverulentum (82,140),

Penicillium funiculosum (141) and Sclerotium rolfsii (167-

173) can provide culture filtrates which are highly effective
in producing extensive degradation and complete solubilization
of both native and degreded forms of cellulose.

The conversion of crystalline cellulose to glucose seems
to require three types of enzymes designated as 01, c

x
and beta-glucosidase (cellobiase) (174,175). Neither C

1
nor CX is able to solubilize a crystalline cellulose, such as
cotton, fibre to a significant extent, but when acting
synergistically they permit solubilization of cotton (176-
185) (Fig. 4). The synergism between C, and C_ types of
enzymes for crystalline cellulose degradation is not yet

fully understood, but it is conceivable that their

alternative action might open up the fibre structure in a
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However, the linkage broken is the adjacent linkage ¢ (191).
Substitution on every other glucose unit of CMC would make
it completely resistant to hydrolysis by endo-glucanases
(192). The endo-glucanases act with the retention of
configuration, whereas the exo-glucanases act by inversion.
C1 was postulated to be an enzyme required along with
CX for the hydrolysis of crystalline cellulose. The precise
function of C1 was, however, not specified and this has
evoked many speculations. The C1 component was postulated
to carry out preliminary modification of crystalline
cellulose which renders it susceptible to hydrolysis by
C, enzymes (174,175) (Fig. 4). It was believed to be non-
hydrolytic in nature and was thought to be attacking
anomalous or atypical linkages (174,175) or the hydrogen
bonds (193). Its function was thought to be that of swelling
or disrupting the hydrogen bonds that hold the molecules
together, thereby disaggregating the chains and converting
the crystalline to amorphous regions. A single enzyme may

be responsible for both C, and CX activities (194-196).

1

Sudo et al. (196) observed that the C, activity in the CHMC-

1
grown culture filtrate couldd be rendered demonstrable by
alcohol precipitation or DEAE-Sephadex A-50 treatment. They
suggested that a single enzyme may be responsible for both
C1 and Cx activities. TIeatherwood (197) proposed that just
as in antigen-antibody protein interaction, the complete
cellulase is composed of an "affinity factor" and a

"hydrolytic factor" which together act as a single entity

to hydrolyze native cellulose. The major role of the
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"affinity factor" was suggested to be that of binding the
"hydrolytic factor" to cellulose to permit multiple attacks
(197). Yet another concept envisages C1 to be an enzyme
capable on its own of solubilizing crystalline hydrocellulose
(176,198,199), although acting synergistically with the Cx
components it brings about an increase in the rate of hydrolysis.
The 01 component is viewed by some investigators to be an
exo-glucanase and in the case of T.reesei and T.koningii,

it is a cellobiohydrolase (138,200-206). The 01 component
purified by Wood and coworkers from T.koningii was always
associated with trace amounts of CMCase (137,138,202) (as
measured by the reducing sugars produced, but there was no
viscosity lowering activity). The authors suggested that
this activity did not arise from a contaminating C_ (CMCasge) ,
but was an inherent part of the enzyme (137). The enzyme
removed cellobiose units from CMC or H,YO0, 6 - swollen

% 4
cellulose., The action of C, was halted as soon as

1
unsubstituted cellobiose units on the chain ends were
removed; one substituent on every other glucose residue was
sufficient to render CMC resistant to hydrolysis (137).

From the synergism displayed by reconstituted mixtures of

., and CX enzymes in solubilizing native cotton, it was

,
postulated that it is the Cx component which initiates the
attack on cotton fibre, thereby creating more chain ends

for C, for attack (137), and not the C, component, as
originally postulated by Reese et nal. (174). However, this

mechanism, as Wood (138) and Wood and MeCrae (137) themselves

pointed out, would not explain as to why C, and C_ enzymes
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are both individually capable of hydrolysing swollen
cellu}ose and not highly ordered cellulose, such as cotton,
yet when acting in solution simultaneously can hydrolyze
crystalline cellulose with comparative ease. Eriksson (207),
Eriksson and Pettersson (140), and Berghem and Pettersson
(203) also suggested that C1 ig an exo-beta-1,4~glucanase
and CllCase, an endo-beta-1,4-glucanase, which attacks
randomly on the cellulose chain first and opens up the chain
ends where C,, the exo-enzyme, can act. Tomita et al.(201)
reported that Avicelase (CX) and CMCage (01) are
immunologically different proteins and that Avicelase attacks
Avicel readily and CMC with a low activity (Avicelase/CMCase
ratio = 18.1). Avicelase's action is random type and is
considered to be an endo-glucanase of less-random type (208).
The resistance of CMC hydrolysis by Avicelase as compared

to ClMCase was attributed to Avicelase being more sensitive

to substitution at C6 atom of the pyranose ring of glucose,
because the substitution frequency is highest at the primary
alcohol group of the glucose residue. CulCase seems to be
less sensitive to changes around the C6 atom of the pyranose
ring of beta-1,4-glucans. Nisizawa and his collaborators
(184,20@) observed a very high synergism between CMCase and
Avicelase. A mixture of these two components was reported

to degrade cotton/Avicel almost at the same rate as the
culture filtrate. It was suggested that no cellulase
component other than Avicelase and CMCage may be necessary
for effective degradation of cotton and similar substrates

(209). It was assumed that CMCase first attacks cellulose



chains, mainly at amorphous regions, to produce cellulose
fragments which then serve as substrates for Avicelase (184).
Pettersson (206) has also sugeested that regions of low
crystallinity in the cellulose fibre are attacked by endo-
glucanases and free chain ends are created.

Halliwell and Griffin (205) separated the T.koningii
cellulase system into four apparently pure fractions, C1, 02
CiCase and cellobiase. Both ClCase and cellobiase synergize
with CZ’ but only cellobiase synergizes with the C1 component.,
The 02 protein promotes the formation of short fibres from
native cellulose, thereby creating additional chain ends
for €, and CiCase to act. The enzyme disaggregates filter
paper into separate fibres and is different . from C1 and
CMCagse. The fragmentation of cellulose to give short
fibres was earlier reported by Ogawa and Toyama (210) and
later studied by Halliwell (211), Marsh (212) and Zhukov
et al.(213). The C, enzyme has been crystallized (183).
King (214) had also reported the formation of smaller
fragments, 300-400 nm long and 50-60 nm wide, as a stage in
the degradation of Avicel, but they assigned this function

fa & Halliwell and Griffin (205) consider that C, and

4o
cellobiase are the only two components required to effect
extensive hydrolysis of native cotton (70% solubilization),
whereas Wood and McCrae (137), Eriksson (188,207), Eriksson
and Pettersson (182), Berghem and Pettersson (203), Tomita
et al.(201) and Emert et al. (215) consider that the enzymes

required for attacking and solubilizing highly ordered

cellulose (cotton) are Cyqs CiiCase and cellobiase.
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Halliwell (216) has subsequently reported that the multi-

enzgyme cellulase systems of T.koningii and Myrothecium

verrucaria consists of two cellulases: exo- and endo-glucanases,

and two dextrinases: ClMCase and cellobiase, and the four
components can effectively carry out saccharification (short
fibre formation and saccharification) of cellulosics. The
low molecular weigﬁt cellulase and endo-cellulase in
combination promote an initial stage in the degradation of
native cellulose, its conversion to short fibres as a
preliminary to saccharification (217).

Recent investigations on the activities of enzymes
(previously denoted "01" components) on unsubstituted but
amorphous substrates such as phosphoric acid-swollen
cellulose or on cellodextrins have demonstrated the release
of cellobiose (137,140,201-205,218). All such components
thus fulfil the roles of both hypothetical "Cx" and "01"
enzymes. The consensus for quite sometime was that C1 is
an exo-glucanase, and in some cases it is a cellobiohydrolase
(137,202,20%3,205) acting via an endwise mechanism. It is
hydrolytic and not non-hydrolytic in nature as was originally
postulated by Reese et al.(174). The term C, came to be
used to denote a cellulolytic enzyme which either alone or
together with CX or cellobiase enzyme is active towards
highly ordered cellulose.

More recently, the concept of C1 being a specific
enzgyme for the initial attack on cellulose was revived. It
was suggested that the missing unidentified component is

of oxidative nature. Eriksson and his colleagues have



reported the isolation of two new enzymes, cellulose oxidase
(which they obtained free from endo- and exo-glucanases)

and cellobiose: quinone oxido-reductase (82,127,128,219).
Cellulose oxidase, a hemoprotein, which oxidizes cellobiose
to cellobionic acid (188), is important for cellulose
degradation, since the degradation is approximately doubled
when it is present in addition to C, 2nd C_ enzymes (However,
no reduction in the cotton-solubilizing capacities by

F.solani and P.funiculosum cellulases was observed when

incubation was carried out under nitrogen (189)), The

enzyme was shown to be oxidative in character and seemed to
oxidize the hydroxyl groups in the sixth position in the
glucose unit to a carboxyl group. It was suggested that the
oxidation of glucose units of cellulose to uronic acid
moieties by the enzyme causes swelling of the cellulose
chains, which, in turn, causes disorder in crystalline
cellulose, thereby making the crystalline parts more
accessible to enzymes (188). This is fully in accord with
the 014 hypothesis of Reese gt al.(174) that cellulose is
first activated, so that its accessibility to hydrolytic
enzymes is increased and is non-hydrolytic in character.
Marsh (212), while studying short fibre formation from
cotton, had suggested that peroxidation at some points on
cellulose potentiates the enzymic process. Halliwell (220)
and Koenigs (221) had also pointed out that depolymerization
of cellulose need not be an enzymatic process and that a
combination of H,0, (0.4%) and FeSO4 (0.2 mMole at pH

4.2) depolymerizes cellulose, which becomes fragmented to
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)
very short fibres. Koenigs (221) has proposed that these
play a role in wood-rotting organisms. Halliwell suggested
that H202-Fe504 reaction is an alternative mechanism to the
hydrolytic action of cellulase in nature, possibly comparable
to photolytic degradation of textiles (220).

The 01-CX concept is valid only for certain groups of

microorganisms, and other groups may have different mechanisms

of attack on native cellulose. Synergistic experiments

with purified Cx—type enzymes from Coniophora cerebella

and C, from T.koningii with or without the addition of

1
cellobiase, gave no significant enhancement of activity on
native cellulose (222). Cx from one fungal species can
operate with C1 from another when both have the C1=OX system.
To achieve synergistic effect, the two enzymes have to work
together in the form of a loose complex. A slight shift in
charge or tertiary structure could prevent the formation of

a cooperative system (222). Thus, there are probably a
number of alternative mechanisms by which cellulose is
degraded. However, the common denominstor in all cellulolytic
organisms is a Cx-type enzyme and the mechanism by which

this enzyme is aided in the attack on crystalline cellulose
may be different in different organisms.

Eriksson (188) has more recently postulated that
cellobiose oxidase oxidizes the reducing end groups formed
when a beta-glucoside bond is split through the action of
endo-glucanases and thus effectively prevents a broken
beta-1,4~glucosidic bond from reforming in the crystalline

part of cellulose.
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No further increase in the yield of the enzyme was observed
when the cellulose concentration was further increased. The
two forms of cellulose used in these studies, Solka Floc
SWAOQ and Cellulose-123, gave similar rcsults. Increasing
peptone or urea at 3% cellulose concentration in the medium
did not increase the cellulase or beta-glucosidase levels.
In all subsequent studies, a cellulose concentration of 3%
was used (IWM-2 medium).

Effect of carbon source on cellulase and beta-glucosidase

production:

Cellulases in fungi are produced on cellulose or on
related glucans, containing beta-1,4-linkages, on soluble
cellodextrins including cellobiose (68,239,274,275,282-284),
and on certain glucose trimers (239). It has been suggested
that cellobiose at low concentrations is the true inducer
for cellulase (135,284,285) but at high concentrstions it
represses cellulase formation (23%9,284,286). The precise
role of cellobiose in induction, however, has not been
clarified. With T.reesei cultures, it has been reported
that good yields of cellulase were obtained only at high
cellobiose concentrations (1%z§ore), by growing under
suboptimal conditions such as restricted aeration,
suboptimal temperature, or a marginal nutrient deficiency
(284). Sternberg (287) suggested that induction of
cellulase may not be affected by cellobiose directly but
rather by its products. A soluble inducer has been

recovered from filtrates of Trichoderma cultures which

have been grown on 1 to 3% cellobiose (284). Thus the
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nature of the true inducer of cellulase is still unknown.
Breuil and Kushner (288) and Hofsten (233) suggested that
cellulase induction depends on contact of the cell surface
with an insoluble or scluhle poly-beta-glucoside polymer.

Cellulase is constitutire in Pseudomonas fluorescens (289).

The role of glucose in the induction and repression
of cellulase production in fungi has also been studied by
many investigators (23%9,238,290,291). It is commonly
observed that glucose represses the formation of CliCase
(288,291). The slight inducing effect of industrial
glucose observed in T.reesei is presumably caused by
sophorose formed during acid hydrolysis of starch (239,292).

The effect of addition of different carbon sources
on the production of cellulase and beta-glucosidase is
reported in Table 11. It may be seen from Table 11 that
S.rolfsii CFC 142 produces cellulase and beta-glucosidase
when grown on cellulose but little or no enzyme with
cellobiose, glucose, frvctose, maltose, lactose,mannitol,
or glycerol as the sole carbon source. The enzymes were
not produced when 0.5% glucose was added to the growing
culture on every third day; Glucose, fructose, maltose and
cellobiose supported good growth but there was little or
no growth on glycerol, mannitol, or lactose. The addition
of Tween 80 (0.1%) in the cellobiose culture had no effect
on the formation of these enzymes. This is contrary to
the results reported for T.reesei QM 6a where a 17-fold
increase in endo-beta-1,4-glucanase activity by the addition

of 0.1% Tween 80 (polyoxyethylene (20) sorbitan monooleate)



TABLE 14, EFFECT OF DIFFERLNT CARBON SOU&CES ON CELLULASE AND
BETA_GLUCOSID:SE PRODUCTION 3Y S.ROLFSII

a

Growth substrate pH Cellulase IU.m1 3eta-
P IR S T glucosidase
CMCage FPA CA —
Glucose 0.5% 2.8 0.9 0.07 0.005 0.4
Glucose 1.0% 2.5 2.6 0.09 0.006 0z
Fructose 0.5% 257 0.8 0.06 0.004 0.3
Fructose 1.0% 2.3 1.8 0.06 0.005 0.5
Maltose 0.5% 2.8 0.9 0.02 0.002 0.6
Maltose 1.0% 2.5 1.3 0.03 0.002 1.0
Lactose 0.5% 5.8 1:5 0.04 0.001 0.4
Lactose 1.0% 5.8 1.6 0.05 0.001 0.5
Mannitol 0,5% 5ab 0.4 0.01 0.003 G.¢
Mannitol 1.0% 5.6 1.8 0.02 0.003 0.3
Glycerol 0.5% ¢ P 1 % 0.03 0.006 0.2
Glycerol 1.0% 3.6 1.6 0.03 0.006 0.2
Cellobiose 0.5% 3.0 257 0.03 0.003 0.6
Cellobiose 1.0% 2.4 3.6 0.05 0.004 g R
D-cellobiose , 4.1 18.0 0.07 0.016 3
octaacetate 0,1%
D-cellobiose ‘ 1% 24.0 0.15 0.010 1.0
octaacetate 0,5%
D-cellohiose 2.8 35.0 0.20 0.017 i
octaacetate 3%
Sophorose 0.01% 3.0 £, 0:04 0.003 0.4
+ (0.5%} glucose
Psophorose 0.01% 3.1 6.4 0.04  0.004 0.5
+ (0.5% glucose
Cellulose=123 0.5% 2.8 30.0 0.20 0.010 5.0
Cellulose=-123 3.0% 2.7 120.0 0.70 0.060 20.0

Grown on NM-1 medium (without cellulose) with the carbon
source indicated.

®pH of culture filtrate on 14th day.

bO.S% glucose added every third day to the growing culture.
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Effect of adding increased amounts of trace metals and

other constituents of media to NM-2 medium:

No significant increase either in the cellulase or
beta-glucosidase level was observed by incorporating enhanced
levels (2- to 3-fold), either singly or in various combinations,

of trace metals (Fez+, C02+, Zn2+, Mn2+),

potassium
dihydrogen phosphate, magnesium sulfate, urea, peptone, or
yeast extract. Incorporation of copper sulfate (0.005 -
0.03%) or calcium carbonate (0.01 - 0.03%) likewise had no
effect. Abhushama and Kambal (300) have suggested that zinc
functions as an activator of the cellulase.
n ] ati i ati 3
Many fungi produce volatile compounds which are
inhibitory to the germination of their own spores and thoce
of other fungal species (301,302). The main sporostatic
factor is thought to be acetaldehyde (302). Antisporulating
agents like phenylethyl alchholand benzyl alcohol have been
reported to enhance cellulase production and the site of
action of these compounds is thought to be at the cytoplasmic
membrane (303). With g.rolfsii C¥C-142, incorporation of
benzyl alcohol or phenylethyl alecohol, in the range of 0,01
to 0.1%, to NM-2 medium showed no increase in cellulase or
beta-glucosidase formation. Fusidic acid which also inhibits
spore formation (301,304) 3°d not affect cellulase or beta-
glucosidase production.
ani a > ase a a-

glucosidase production:

The effect of addition of various organic substrates
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at 50°C for 1 h. o

Comparison of cellulase and heta-glucosidase production

by Sclerotium rolfsii CPC.142 and Trichoderma reesei:

As can be seen from Table 16, the amount of cellulase
enzymes secreted in the medium by S.rolfsii CEC 142 in shake
flasks are comparable with some of the best activities
reported for T.reesei and its mutants (68,144,145) which
are stated to elaborate the highest cellulase activities.

The highest FPA (FPA gives a rough measure of saccharification
potential) reported for T.reesei mutants in shake flasks

is for NG.14 mutant, 4.65 IU.ml-1(145). However, the CMCage
(endo-glucanase) secreted by NG 14 is low, 15 TU.m1” ", S.rolfsii
CPC.142 culture, however, produces 15 to 20 times higher
amounts of cellohiase. The hichest cellobiase activity
reported for T.reesei cultures is 0.5 - 1.3 IU.ml”' (145,279)
and is suboptimal for conversion of cellulose to glucose (139,
279). With the S.rolfsii culture filtrate, glucose is the
major product (86%) of cellulose saccharification (Part III,
Chapter 2) and not cellobiose with smaller amounts of glucose
as with the T.reesei culture filtrates (139,287). In most
applications for cellulose saccharification it is important to
obtain glucose as the major product while keeping the
cellobiose level as low as possible. Cellobiose inhibits
cellobio-hydrolise and endo-glucanase and its accumuletion
decreases the saccharification rate (137,215,216).

There may still be considerable scope to improve
‘cellulase yields of S.rolfsii CPC 142 by a study of its

nutritional requirements, variation in growth conditions,
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and strain mutation and selection which would hyperproduce
particular enzymes of the cellulase complex. It may be of
interest to mention here that a UV-8 mutant culture of
S.rolfsii C¥C-142 has been isolated and developed by

Dr. J.C. Sadana and Mr. M.V.Deshpande that secretes 2 times
more filter paper degrading activity on M-2 growth medium
in submerged cultures as compared to the parent strain (169).
With parent strain, the addition of 3% rice bran to NM-2
medium was essential for optimal formation of cellulase,
including filter paper degrading activity. However, with
the mutant the addition of rice bran to NM-2 medium was not
required for obtaining higher yields of filter paper
degrading or cellobiase activity. Stable mutants of T.
reeseijQM 9123, QM 9414, NG 14, C 30,and MCG 77 with
increased cellulase yields have been developed (90,145,
277,278,309). WMore sophisticated processing has increased
enzyme production by three to seveﬁ fold (115,278,510},
With T.reesei, it has also been possible to reduce the lag
time substantiilly and obtain maximum cellulase production

in 3 to 4 day: in pilot plant experiments (311).
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SUMMARY

The hydrolysis of purified celluloses (cotton, Avicel,
Cellulose-123, Solka Floc SW40) and cellulosic wastes (rice
straw, sugarcane bagasse, wood powders, paper factory

effluents) by Sclerotium rolfsii CPC-142 culture filtrate

was studied. Factors which affect saccharification such as
.pH, temperature, enzyme concentration, substrate concentration,
product inhibition, adsorption, and inactivation of enzyme

and particle size were studied.

Virtvally no inhibition ( £ 3%) of cellulose hydrolysis
by the culture filtrate was observed by cellobiose and
glucose up to 100 mg/ml. Filter paper degrading enzyme(s)
(but neither carboxymethylcellulase nor beta-glucosidase)
was adsorbec on cellulose. The n value in the S.rolfsii |
system was calculated to be 0.32 for Avicel P.H. 101 and
0.53 for alkali-treated (AT) rice straw indicating
penetration of cellulase into AT rice straw. In batch
experiments at 15% substrate level, solutions containing

7.2 to 8%, 5.4 t° 6.7%, %.0 to 6.6% and 4.4 to 2+8% reducing
sugars were produced in 24 to 48 h from AT rice straw,
AT bagasse, alkali-peracetic acid treated mesta wood and
paper factory sedimented sludge effluent, respectively.
The main constituent in the hydrolysate from cellulose was
glucose with little or no cellobiose, probably due to the

high cellobiase content in the culture filtrate
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INTRODUCTION

There is a great deal of interest in developing methods
to produce glucose syrups from cellulose using cellulase
preparations (66,84,90,139,269,310). It is generally agreed
that cheap glucose is the key intermediate for subsequent
chemical and energy products. 1,4-beta-glucan cellobiohydro-
lase and 1,4-beta-glucan glucanohydrolase are inhibited by
cellobiose (137,205,208). This inhibition is relieved by
hydrolysis of cellobiose to glucose by cellobiase (139,205).
Hence, cellobiase plays an important role in maximizing
cellulose hydrolysis., The cellobiase activity secreted by

Trichoderma reesei and its mutants (currently the best

sources for saccharifying cellulose) is suboptimal for
conversion of cellulose to glucose in the T.reesei system
(139,312). 1In Part III, Chapter 1 the isolation of a
S.rolfsii culture CPC 142 which produces high amounts of
cellulase which compare favourably with some of the best
activities reported in the literature in shake flasks has
been described (167). 1In addition, this fungus secretes
high amounts of cellobiase in contrast to T.reesei QM 6a
and its mutants QM 9123 and QM 9414,

In the present Chapter the results of studies on
saccharification (solubilizatiop of cellulose) of a number of
pure cellulosice and of cellulose in lignocellulosics with
the S.rolfsii CFC 142 culture filtrate are described. Of
the cellulosic wastes (agricultural, forestrial, or industrial

in origin) tested, alkali-treated (AT) rice straw and AT
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RESULTS AND DISCUSSIONS

ica at i a g

Native cellulose is very resistant to enzyme hydrolysis.
The highly crystalline structure and the presence of lignin
effectively prevent the attack by cellulases. It is,
therefore necessary to treat the cellulosic material in
some way prior to the use of enzymes.

Pretreatment of lignocellulosics is one of the two
ma jor bottlenecks to the economical utilization of this
source. Several different methods have been suggested for
rendering cellulosic materials more susceptible to enzymatic
hydrolysis (41,68,79,103,131-133). Chemical pretreatments
tried in the present study are described under Materials
and Methods,

The weight loss on alkali treatment (4 IT NaOH, 30°C,
24 h) for rice straw, bagasse, mesta weod and coniferous
wood was 40, 36, 23 and 10%, respectively, and on peracetic
treatment it was 25, 22, 17 and 12%, respectively. The
cellulose and ash content in different cellulosic materials
used. are shown in Table 17.

Factors which affect saccharification:

The rate of production of reducing sugars from
cellulosics was examined as a function of pH, temperature,
enzyme concentration, cellulose concentration, particle size
and inhibition by end products.

DpH:

The effect of pH on saccharification of Solka Floc SWAO
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at 50°C is shown in Fig. 9. An overlapping series of
buffers was used to detect anomalies in the rate caused by
buffers: there were none. The best reducing sugars yield
on saccharification was obtained in the pH rangce of 4 to
4.5. Outside this range there was a marked decrease (from
45% at pH 4.5 to about 12% at pH 3 and 8% at pH 6) in

saccharification.

Temperature:

The variation in the saccharification rate of Solka
Floc SW40, Cellulose-123, and AT bagasse with temperature
was tested at the pH of maximum activity, pH 4.5 and is
shown in Fig. 10. A temperature of 40 - 50°C appeared most
effective. The rate of enzymatic saccharification was faster
for the first h at 55°C than at 40 - 50°C, but thereafter
the steady state of hydrolysis remained higher between 40
and 50°C. This was applicable to all the three substrates
tested. Li et al. (176) have, however, reported that in
the T.recesei gsystem, the optimum temperature for sacchari-
fication depends on the nature of the cellulose used as
substrate.

a a - 1 activi

inactivation and adsorption:

Since cellulases are known to be adsorbed on cellulose
(67,84,176,313), studies were conducted to determine the
pattern of enzyme loss due to inactivation and adsorption
at pH 4.5, 50°C, for periods up to 48 h. The loss of
cellulase and beta-glucosidase activities in the presence

and absence of tellulose is shown in Fig. 11. The results
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h ko 18 ml, TPhe correspdnding increase with AT bagasse
and Solka Floc SWA0 was from 3.0 to 3.8% and 1.4 to 3.3%,
respectively. When the enzyme concentration was doubled
further, reducing sugars production from AT rice straw
increased to 6.7% and that from AT bagasse to 5.1% in

24 h, respectively. However, the rate and extent of
hydrolysis of the cellulosics were not proportional to the
increase in enzyme concentration. The 7.2-fold increase in
the cellulase-beta-glucosidase concentration increased

the extent of saccharification only by a factor of 1.7 for
AT rice straw and 1.5 for AT bagasse in 48 h.

It is apparent from Table 18 that there is an initial
faster rate of saccharification during the first 4 h
followed by a gradually decreasing rate. This could be due
to three main reasons, (a) the enzyme is becoming
inactivated; (b) the readily susceptible amorphous regions
are hydrolyzed away readily early in the run leaving the
more resistant substrate (c¢) the graduwal accumulation of
glucose as the ultimate product of hydrolysis may be
responsible for the decreasing rate of hydrolysis (66,84,
315), or to aill three. With the S.rolfsii culture broth,
product inhibition is not likely to be the cause of the
decrease in hydrolytic rate, as virtually no inhibition
(<3%) of saccharification is observed by 10 to 100 mg/ml
glucose or cellobiose added at zero time.

additi E 3”! a a a :

With 15% AT rice straw and AT bagasse, the reducing

sugars producei in 48 h were 7.2 and 6.0%, respectively
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(Fig. 12). When 10 ml more of the culture filtrate was

added at the end of 48 h, an increase in reducing sugars of
23 mg/ml and 12 mg/ml was observed with AT rice straw and

AT bagesse on 48 h further incubation. The corresponding
increase in reducing sugars when no additional enzyme or
substrate was added was only 4 mg/ml and 2 mg/ml, respectively.
Similarly, when 1 g more of the substrate was added at the
end of 48 h, an increase in reducing sugars of 17 mg/ml and
10 mg/ml was observed with AT rice straw and AT bagasse on

48 h further incubation. After addition of substrate, the
increase observed was probably due mainly to the hydrolysis
of amorphous regions of added cellulose by CMCase (not
adsorbed on cellulose). Thus, the gradual fall in the rate
of saccharification seems to be due mainly to the
inactivation of cellulase as well as the gradual accumulation
of resistant cellulose,

Effect of particle size on the enzymatic saccharification

of microcrystalline cellulose:

No difference in the hydrolytic rate or degree of
saccharificatio. of two different particle sizes of
microcrystallines cellulose, Avicel P.H. 101 (average particle
size 38 um) and Avicel P.H. 102 (average particle size 90 um)
by the S.rolfsii culture filtrate was observed. This is
contrary to expectation as one would expect that the rote of
hydrolysis woulcd be proportional to the surface area in
contact with the enzyme. The assumptions are made that the
enzyme is adsorbed on the surface of the substrate in

accordance with & Gyani-Freundlich isotherm (316) and that
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the rate of digestion is proportional to the amount of the
adsorbed enzyme. The cellulase from T.reesei (67) and
thermophilic actinomyces MJgr and YX (317) are also reported
to be insensitive to the particle size. When the effect of
enzyme concentration on the rate of hydrolysis of Avicel
P.H. 101 was studied (Fig. 13), the data conformed to the
equation developed by McLaren (316) describing the hydrolytic
rate of enzymatic reaction in a heterogeneous system. The
n value in the §.roifsii system was calculated to be 0.32
for Avicel P.H. 101. A similar low value of n (0.35) was
also observed for MJ@r enzyme (317), The value of n
describes the adsorption characteristics of the enzyme on the
surface of the substrate, Adsorption on cracks or edges gives
n = % aqd adsorption on surface gives n = % (317). According
to the theory, the low n value could be inverpreted as
indicating that the hydrolysis of the microcrystalline
cellulose takes place primarily on the cracked edges of the
surface of the particle (316). The n value for AT rice straw
is 0.53. The latter value could mean that penetration of
the enzyme into AT rice straw has taxken place.
accharification:

The effect of cellulose concentration on reducing sugar
formation and percentage of saccharification from different
cellulosics by the S.rolfsii culture filtrate is shown in
Table 19. The amount of reducing sugars released increased
with increase in the concentration of the substrate but
the extent of hydrolysis decreased as the substrate

concentration was increased. The reducing sugars produced






from 30% AT rice straw (it was semisolid) were 10.4% in
24 h and 14.0% in 48 h.

The most suitable concentration of cellulosics for
saccharification by the culture filtrate was determined by
taking into account the conditions which give high sugar
solutions and also a high degree of cellulose utilization.
The optimum substrate concentration calculated according to
Toyama and Ogawa (86) appears to be around 8.5 to 9.5% for
Avicel P.H. 101, Cellulose-123, AT rice straw, and AT
bagasse (Fig. 14).

Analysis of the hydrolysates from AT rice straw, AT
bagasse, alkali-peracetic acid treated mesta wood and
sedimented sludge effluent at 10% substrate concentration
showed the reducing sugars (as glucose equivalent) to be
60, 38, 40 and 42 mg/ml, respectively, in 24 h. This
corresponds to 0,60, 0.38, 0.40 and 0.42 g of reducing
sugzars per gram of dry matter.

Enzymatic hydrolysis of different cellulesic materials:

The formation of reducing sugars from pure celluloses
and lignocellulosics is presented in Table 20. The most
resistant substrates were fibrous cotton and lignocellulosics.
The extent of saccharification ranged from 6 to 6 4% in
48 h., Of the purified cellulosics tested, Solka Floc
SW40 (swollen but still fibrous) showed maximum hydrolysis.
The saccharification values obtained from Solka Floc SW40,
Avicel P.H. 101, and F.H. 102 were 45.0, 21.6 and 23.4% in
24 h, respectively. Thus, crystallinity appears to be

more important than the particle size as has also been
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reported by Mandels et al. (68). When Solka Floc SW40 was
sieved to give a 400 mesh fraction, little difference in
saccharification values was noticed. Solka Floc SW40 was
more susceptible than commercially available Solka Floc
38200, With T.reesei cellulase, Mandels et al. (68) reported
a much higher saccharification value with Solka Floc BW200 ‘
(62.1%) as compared to Solka Floc SW4A0 (37.4%) in 48 h.

Alkali treatment of lignocellulosics increased their
suséeptibility and sugar formation markedly in the case of
rice straw and bagzasse but moderately in the case of wood
powders; from 9.0 mg/ml to 35.0 mg/ml for rice straw, from
4.6 mg/ml to 26.0 mg/ml for bagasse, and from 4.5 mg/ml to
12.5 mg/ml for mesta wood powder in 24 h. The optimum effect
of alkali treatment for rice straw was achieved by
autoclaving with 0.25 N NaOH at 121°C for 1 h, and that for
bagasse was achieved by incubation with 4 N NaOH at 30°C
for 24 h., Alkali treatment was not effective for wood
powders. These, however, become reactive by sodium hydroxide
- peracetic acid treatment (86). Coniferous wood and mesta
wood powders gave saccharification values of 12.6 and 45.0%
after alkali - peracetic acid treatments, and 30.6 and
45.0% after peracetic acid - alkali treatment in 24 h,
respectively.

sti adati ¢ :

The bleach house effluent (which is mainly washings
of bleached cellulose in the manufacture of paper), machine
house effluent (which is washinecs of paper pulp after

treatment with whitening agents) and sedimented sludge
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L
(obtained on setfling of all effluents in tanks before

disposal from paper industries) were hydrolysed without any
further pretreatment. These gave saccharification values of
52.2, 45 and 49.5 in 24 h (Table 21). This might be due to
the chemical treatments that the material had already
undergone during the sulfite-pulping process which delignifies
the lingocellulosics and severely disrupts the crystalline
structure. The hydrolysis of paper mill effluents would,
therefore, not involve extra cost for the pretreatment of
lignocellulosics. Pretreatment cost of cellulosics con~
stitutes one of the critical phases in term of the overall
economics for the production of glucose from cellulose (310).
Paper factory effluents have the additional advantage that
no cost of collection would be needed as these are being
produced at a central location. This might represent an
ide2l solution for the conversion of cellulose to sugars and
would also help in theproper disposal of paper factory
effluents. Andren and Nystrom (310) have otherwise
erphasized that for enzymatic conversion of cellulose to
sugars, delignified material may prove to be the most
practical m2aterial and suggested that emphasis should be
shifted to chemically treated wood pulp.

It may be mentioned that percentage saccharification
values obtained with the S.rolfsii culture filtrate compare
favourably to those reported for the T.reesel culture
filtrate for most of the cellulosic materizls (68).

Products of hydrolysis:

The concentration of glucose, cellobiose, a sum of the
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two, and total reducing sugars produced during hydrolysis

from different cellulosic materials upto 48 h by the S.rolfsii
culture filtrate are given in Table 22. Paper chromatograms
showed the presence of only glucose and cellobiose from
Avicel P.H. 1013 and glucose, cellobiose, xylose, and two
other unidentified sugars from Cellulose-123, and Sclka Floc
SW40 (Fig. 15).

The following are characteristic features of hydrclysis.
Cellobiose accumulated initially but it fell to almost
negligible amounts in the later stages of hydrolysis.

Glucose was detectable during the first h and continued to
increase throughout. After 4 h of incubation, the entire
increase in reducing sugars from all cellulosics tested could
be accounted for as glucose, suggesting the formation of
higher oligosaccharides~cellodextrins in the early stages

of hylrolysis. At the end of 48 h glucose was the principal
product and accounted for 86.3% of the total reducing sugars
from Avicel P.H. 101 whereas cellobiose was only 0.9%. This
pittern was more or less similar for all cellulose substrates
used although the total amounts .varied. The generalization
is that cellobiose conversion into glucose exceeded its

rate of production and its concentration declined.

There is a difference in the values between the total
'DNS' reducing sugars and sum of the glucose and cellobiose.
This discrepancy could be due to the undetermined higher
oligomers, pentoses, and also due to different sensitivity
of the assay procedures used for the estimation of glucose,

cellobiose, and total reducing sugars.
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The Sclerotium rolfsii CrC 142 culture has been

developed which gives high cellulase activities with
properties suitabtle for saeccharification of cellulosic
materials (167,168). The culture secretes high amounts of
cellobiase in contrast to T.reesei and its mutants. In shake
flasks, the S.rolfsii CFC.142 culture secretes in IU.m1-1;
Frs 1,2 - 1.4, CliCase 200-230, beta-glucosidase 25-30;
and cellobiase 10-13 IU.ml™ .

A UV-8 mutant of S.rolfeii CPC 142 has been isolated
and developed Byin. J.C.Sadana and Mr. M.V. Deshpande,
that secretes 2 times more FPA on nil-2 growth mediuﬁ in
submerged cultures as compared to the parent strain (1€9,170).
With the mutant the addition of rice bran to NM-2 medium
was not required for obtaining higher yields of FPA., The
growth of S.rolfsii culture has not been studied so far in
instrumsnted fermentors under controlled conditions of pH,
aeration ete. Its potential for secreting still higher
amounts of cellulase and beta-glucosidase remains to be
determined. Growth of T.reesel mutants under controlled
conditions of pH, aeration etec., in instrumented fermentors
has increased enzyme production three to seven fold
(115,278,510 ).

Detailed saccharification studies of different
cellulosic materials such as bagasse, wood, rice straw
etc. using S.rolfsii culture filtrate have been carried
out (168). Different metﬁoﬁs of pretreatment were studied
and kinetic data obtained. In batch experiments at 15%

substrate level, solutions containing 7.2 to 8.0%,
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SUMMARY

Four beta-glucosidase enzymes were extensively purified

from the culture filtrates of Sclerotium rolfsii CPC 142

and some of their physico-chemical properties studied. All
the enzymes showed a single protein band in SIB-~gel
electrophoresis and in disc gel electrophoresis at pH 8.9 and
4.3. The major enzyme, BG-3 beta-glucosidase, gave one
protein band in analytical isoelectric focusing in poly-
acrylamide gel also. The purified bheta-glucosidases were
free of endoglucanase (CMC viscosity-lowering activity).

A1l the enzymes are glycoproteins and are composed of one
polypeptide chain., The molecular weight of the four beta-
glucosidases varied hetween 90,000 and 107,000 daltons.

The pH and temperature optima of the four beta-
glucosidases were 4.2 and 68°C with p-nitrophenyl-beta-D-y
glucoside and 4.5 and 65°C with cellobiose as substrate.

The isoelectric points for the enzymes were 4.10, 4.55, 5.10
and 5.55, respectively. The specific activity of the enzymes
with cellobiose as substrate was 55, 78, 175 and 51 gmol
glucose released/min/mg protein, respectively. The enzymes
were inhibited by the reaction product glucose, by glucono-
delta-lactone and anojirimycin. A carboxylate group is
implicated in the catalysis of beta-glucosidase.

The enzymes were specific for beta-configuration and none
of the compounds with alpha-configuration were hydrolysed.

The enzymes did not accept aryl-beta-xyloside as a substrate.



INTRODUCTION

The results of previous studies on enzyme production

show that the cellulase enzyme system of Sclerotium rolfsii

has a good potential for saccharification of cellulosic

C
materials (Part III) (167,168). Begause cellobiose is an

inhibitor of the cellulases its removal by cellobiase would
be an important, factor in large scale saccharification of
cellulose (137,139,205,218). Study of the properties of
cellobiase and its contribution to cellulolysis thus take
on a special significance. The part played by cellobiase
in contributing to the control of the overall metabolism of
cellulose is still not fully understood. This is because
few sufficiently pure cellobiase preparatiohs, free from
contaminating components of the cellulase system, from the
effective microorganisms have been repofted. The S.rolfsii
culture broth provided us with four highly purified and
stable beta-glucosidases (EC 3,2.1.21). These important
advantages permitted their physico-chemical characterization
and study of some of the enzymatic properties of these
enzymes which are described in this Chapter, Some of the
typical characteristics are compared with those from

other sources.



RESULTS

The S.rolfsii produces an extracellular beta-
glucosidase., The capability of various substrates to
induce beta-glucosidase has been described (Part III,
Chepter 1) (167). The strongest inducer is Cellulose-123
(an alkali-treated cellulose) whereas cellobiose is a poor
inducer. Only a low constitutive activity of beta-
glucosidase is detected when grown on glucose. The enzyme,
except a minor amount, apparently is not produced
constitutively by the fungus.

Preparation of the crude extract:

The S.rolfsii culture was grown on the modified Reese
and Mandels' medium (191,238) with Cellulose-123% as the
carbon source as described under Materials and Methods,
After cultivation of the fungus for 14 days, the mycelium
was removed from the culture solution by filtration through
glass wool.

Enzyme purification:

The following operations were carried out at 0° to
4°C unless otherwise indicated. In all purification steps,
the fractions containing PNPG also showed cellobiase
activity and conversely. Therefore, only the PNPG assay
was used for monitoring the column effluents. Analytical
polyacrylamide gel electrophoresis was used to follow the
increase in enzyme purity.

Step 1: Ammonium sulfate precipitation:

The clear solution obtained after filtration, usually



5-6 litres per batch, was concentrated by precipitating

the proteins with solid ammonium sulfate at 90% saturation.
Several harvests were pooled and used as crude material for
the present work. The precipitate was suspended in a

small volume of 0,05 M citrate buffer, pH 4.8 and stored

at =15°C until used. Recovery of beta-glucosidase and
CiiCage was around 80-90%.

Step 2: [Fractionation by gel chromatography:

The ammonium sulfate-precipitated enzymes from Step 1
was gel filtered on Sephadex G-75 column (1.8 x 90 cm) for
desalting and fractionation. The elution pattern is shown
in Fig. 16. The beta-glucosidase (Fraction 4) was eluted
after the void volume and ahead of cellulase (Fraction B)
in the preparation. Praction A (F 4-14) contained about
95-98% of beta-glucosidase activity and about 70% ClCage
activity whereas Fraction B (F 16=35) contained about
30% cellulase and about 2% beta-glucosidase activity.
Fraction A& was brown-colored.

Step 3: Ultrafiltration:

Fraction A was concentrated by Diaflo membrane XM-50
ultrafiltration system (Amicon Corporation, U.S.A.). The
low molecular weight cellulases were removed from the high
molecular weight cellulases and beta-glucosidases.

Step 4: Separation of beta-glucosidage and cellulase

by DEAE-gSephadex A-50 ion-exchange chromatography:

The concentrated top enzyme solution from Step 3 was‘
dialyzed in a collodion bag for 3-4 h against 0.05 M

phosphate buffer, pH 7.3 and chromatographed on DEskE-
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Sephadex A-50 column (1.8 x 100 cm), previously equilibrated
with 0.05 M phosphate buffer, pH 7.3. The column was washed
with the same buffer. Fractions (2 ml) were assayed for |
beta-glucosidase, CllCase and protein. Results are summarized
in Fig. 17. Beta-glucosidase and CMCage activities were
not adsorbed on the column., Beta-glucosidase came just after
the viod volume and formed the first peak and was almost free
of CilCase. This was followed by a second peak, active
towards CMC, and was practically free of beta-glucesidase.
However, major amount of the protein (about 60%) was
adsorbed on the column which was eluted by 0.2 M citrate
buﬁfer, pH 4.5. This fraction did not show any beta-
glﬁcosidﬁse or CMCase activity. The dark brown pigment
present in the culture filtrate was removed in this step.
Fractions 6-7 containing beta-glucosidase of 44-50
specific activity were pooled and the pH was adjusted to
4.5 with 0.1 M citric acid. The pooled fractions were
concentrated by freeze-drying to a2hout 5 ml and dialyzed
against 0.05 M citrate buffer, pH 4.5 in 2 collodion bag.
The beta-glucosidase fraction gave one band in disc gel
electrophoresis at pH 8.9. However, electrophoresis of
the enzyme at pH 4.3 resolved into four bands of proteins
(Fig. 193, b},

Step 5: Preparative isoelectric focusing:

Isoelectric focusing was performed with a 110 ml
column. The ampholyte concentration was 1% with a pH
range of 4 to 6 in a sucrose gradient. The beta-

glucosidase (F 6-7) from Step 4 was dialyzed over-night
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against 0.001 M citrate buffer, pH 4.5 to reduce the salt
concentration. Usually 10 ml of the concentrated and
dialyzed enzyme prepsration containing about 18 mg of
protein was subjected to preperative isoelectric focusing
at 5°C for 72 h. The voltage at the end of the run wasg
500 V and the current 2 mA, Fractions (1 ml) were
immediately processed for pH determination (5-7°C),
activity and protein, and were made free of sucrose by
dialysis against 0.05 M citrate buffer, pH 4.5.

Fig. 18 shows the isoelectric profiles of the beta-
glucosidase after electrofocusing. £&s a result of isoelectric
focusing the beta-glucosidage activity was resolved intoe
four separate peaks which were eluted consecutively at
pH 4.10, .4.55, 5.10 and 5.55. These were designated as BG-1,
BG-2, B8G-3 and BG-4 beta-glucosidases,respectively. The
observation was reproducible. Protein and beta-glucosidase
activity recoveries were low,

The yield and specific activity of the enzymes at
different steges of purification are summarized in Table 24.
Because of the limited quantities of BG-1 (370 ng),

BG-2 (200 mg) and BG-4 (590 mg), some of the physico-
chemical studies could not be carried out with these
enzymes. Detailed studies were done only with BG-3 enzyme.
The four enzymes exhibited .different electrophoretic
mobility (Fig. 19). The enzymes may be isoenzymes produced
by the fungus or these could be modifications of one or two
original enzymes due to proteolytic activity or other

reasons.









g;iteria of purity:

The purified beta -glucosidases were free of contaminating
endoglucanase activity as determined viscometrically (319).
Electrophoresis of all four native enzymes individually in
both cathodic (pH 4.3) (260) and gnodic (pH 8.9) (259)
running in polyacrylamide gel systems revealed only one
protein band (Fig. 19 c-j). A strict coelution of protein
and beta-glucosidase activity was observed, SIDS-gel
electrophoresis of the enzymes also showed only one protein
band with molecular weights corresponding to the native
proteins. BG-3 beta-glucosidase (other beta-glucosidases
were not tested) migrated as a single band on 5, 7.5, 10
and 12% polyacrylamide gels at pH 8.9.

As a final criterion of purity BG-3, the major enzyme,
was examined by isoelectric focusing in 7.5% polyacrylamide
gel over the pH range 4-6 described by O'Farrell (266).
Only a single protein band could be detected (Fig. 20).

The position of the BG-3 in the measured pH gradient was
in agreement with the result from the preparative run.

Molecular weight of enzymes:

Three different methods were used in the determination
of molecular weight of the enzymes.

(1) Gel filtration: The molecular weight of the enzymes

was estimated by comparing the elution volumes from a Bio-
Gel P-150 (1.5 em x 90 cm) column with those of proteins
of known molecular weight. A plot of Ve/Vo versus log
molecular weight according to the procedure of Andrews

(320) indicated that the molecular weights of BG-1, BG-2,
























165
methylation of the reduced form of each enzyme on SDS-gel
electrophoresis also showed only one protein band with
molecular weights corresnonding to the native proteins.
This indicated that all the four beta-glucosidases ére
comprised of only one polypeptide chain., The beta-

glucosidase from Dictyostelium discoideum is reported to

consist of two dissimilar subunits with approximate molecular
weights of 88,000 and 68,000; the molecular weight of the
native protein being 160,000 (322) while that from

Aspergillus fumigatus is composed of two subunits of the

same size (323).

Glycoprotein nature:

Glycoproteins have an affinity toward Con A and form
complexes (324). All the four beta-glucosidases were
adsorbed on Con A-gepharose column and no activity was
detected until after specific replacement of bound proteins
by a solution of 1% alpha-methyl-D-glucoside or alpha-
methyl-D-mannoside. The bound fraction was over 90% of the
total beta-glucosidase activity loaded in the case of all
the four enzymes. Since Con A binds to glycoproteins that
contain alpha-D-mannopyranosyl and/or alpha=D-glucopyranosyl
end groups or internal 2-0O-D-mannopyranosyl residues in
the sugar moieties (324,325), the results indicated that
S.rolfsii beta-glucosidases contain these specific groups.

Polyacrylamide gels stained with Coomassie brilliant
blue showed single protein bands with all the four beta-

glucosidases, while identifical gels stained with periodate-
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cellobiose as substrate under standard assay conditions.
The observed activities were compared with that of a
reference sample maintained at pH 4.5 and 4°C for the
duration of the experiment. The enzymes were most stable
at pH 4.0 to 4.5. In the presence of 0.5 mg{m1—1 BSA,
the pH of optimum stability was 4.5 retaining virtuwally
100% of its activity (Fig. 23). The pH stability pattern
was essentially similer for all the four enzymes.

(b) Activity: The effect of pH on catalytic activity was
tested with 0.05 M citrate buffer ranging in pH from 3.0
to 6.0. The optimum pH for activity was 4.2 with PNPG and
4.5 with cellobiose as substrate for all the four beta-
glucosidases. The activity fel£ to negligible levels at
pH 3.0 and pH 6.0 (Fig. 24).

Optimum temperature:

The temperature/activity curve was determined using
the standard assay system with cellobiose and PHPG ag
substrates in which the temperature was varied. The
temperature optimum for all the four enzymes was 68°C with
PNPG and 65°C with cellobiose as substrate. Straight lines
wcre obtained when the data were plotted according to
Arrhenius (Fig. 25). From this the energy of activation
wag calculated to be 12.2, 14.9, 11.5 and 18.3 kcal.mol™
with PMPG and 6.5, 7.6, 6.9 and 6.4 kcal.mol™ | with
cellobiose for BG-1, BG-2, BG-3 and BG-4 enzymes,

respectively, Wwith PG, the energy of activation for

Phanerochaete chrysoporium beta-glucosidase was reported

£ e 9,15 Beal.amolt (351).
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Influence of hegting:

At 70°C about 50% of the activity remained after 10 min
but this declined to O over the same interval at 80°C. The
pattern of loss of activity with the other three enzymes
was similar,

Kinetics:

FuFG and cellobiose saturation curves were hyperbolic.
The K_ and Vo ax values for PNPG and cellobiose, calculated
from Lineweaver-Burk plots, are summarized in Table 25.

The K. for cellobiose for the crude broth was 5.6 mM
suggesting that the major amount of cellobiase in the crude
broth was of BG-3 type. This supports the observation
from molecular weight determinations that the major enzyme
in the crude broth was of BG-3 type. The K values for
cellobiose for all the enzymes was higher than the

corresponding K values for PHPG, Beta-glucosidase from

Aspergillus wentii has a higher K, value towards PNPG than
cellobiose (332). The Voax Velues for cellobiase with
cellobiose, particularly BG-3, are higsher compared to a
value of 3% reported by Berghem and Pettersson (229) and
66.2, 116, 44.6 umol glucose/min/mg protein reported by
Gong et al. (315) for purified beta-glucosidases from
T.reesei. Neither cellobiose nor PNPG showed substrate
inhibition at concentrations up to 10 times their
respective Km values. The purified beta-glucosidase from

Aspergillus phoenicis exhibited substrate inhibition above

10 mM cellobiose (279). The affinity for S.rolfsii

beta-glucosidases for cellobiose (Km = 3.65 - 5.84 mM)






is lower than that for A.phoenicis (XK = 0.76 mM) (279),

a
A.fumigatus (K = 0.84 mM) (323), Lenzite trabes (K = 1.64

mM) (256), and Trichoderma enzyme (Km = 1.341.8 mM) (215,229).

Substrate specifity:

Table 26 summarizes the results obtained when various
glucosides - were subjected to enzymic hydrolysis. Tﬁe
liberated glucose was measured by GOP test.

The enzymes can tolerate a wide variety of aglycongs
provided the substrate has a beta-configuration. 1In this
respect all the four enzymes from S.rolfsii resamble
A.phoenicis beta-glucosidase (279) However, the rate of
hydrolysis depended on the nature of the aglycon moiety.
Replacement of methyl group by phenyl or nitrophenyl group
increased the rate of hydrolysis by 10 to 20 times. The
beta-glucosidases hydrolyzed salicin at about 1/3 to 1/4th
the rate of cellobiose, Murao and Sakamoto (333) have reported

that beta-glucosidase from Aspergillus aculleatus hydrolyzed

salicin at a faster rate than cellobiose. Arbutin was
cleaved at a slightly lower .rate than salicin. Barely
any activity was detected against phloridzin and esculi'n
hydrate. Garibaldi and Gibbons (334) reported that the
phloridzin was the most pfeferred substrate for their

partially purified beta-glucosidase from Erwinica herbicola

Y46. The specificity for the hydroxyl group at carbon-4
was strict as the enzymes did not hydrolyze p-nitrophenyl-
beta-galactoside. All disaccharides of glucose linked

in beta-glucosidic form were good substrates. The

specificity of the enzymes was not restricted to the beta-1,
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4 linkage as all the four enzymes hydrolyzed beta-1,6,
beta-1,3 and beta-1,2 linkages also. None of the compounds
with alpha-configuration was hydrolyzed. The enzymes also
did not hydrolyze xylosides., Beto-glucosidase from

L. trabea and Stachybotrys atra accepts aryl-becta-xylosides as

substrates (256,%35).

Inhibition of heta-glucosidases:

The cellobiases from a number of microorganisms are
inhibited by its product glucose (215,256,336). Nojirimycin
and glucaono-delta-lactone also inhibit cellobiase activity
very strongly (139, 279,3%26,329,3%37). Glucose, glucono-
delta-lactone and nojirimycin inhibit all four S.rolfsii
beta-glucosidases. The percentage inhibition data is
summarized in Table 27. The inhibition of the BG-3 enzyme
with cellobiose as substrate by glucose, glucono-delta-
lactone and nojirimycin was competitive and the Ki values,
calculated from the Linweaver-Burk plots, were 0,55 mM,

0.01 mif, and 1.0 um, respectively (Fig. 26). The K; for the
other three beta-glucosidases were not studied. The Dixon
plot for the 8G-3 enzyme gave a K; of 0.54 mM for glucose and
also showed the inhibition to be of a competitive type

(Fig. 26 inset). The ratio of K, to K, for glucono-delta-
lactone, 530, and for nojirimycin, 5840, suggests that

these inhibit cellobizse activity strongly. The Km of
S.rolfsii BG-3 betarglucosidase for cellobiose is higher
than the X values of beta-glucosidase from T.reesei (315)
but the Ki for glucose is low. The inhibition by glucose was

reported to be non-competitive for the T.reesei (315) and
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L.trabea enzymes (256).

Dissociation constants of groups in 8G-3 bheta-glucosidase:

The purified beta-glucosidases have becn found to be
stable in the pH range 4 to 5. 1In order to determine the
ionizing groups at the active site of the BG-3 enzyme, the
effect of pH on the values of Michaelis constant (Km) and

maximum veloecity (V

'max) of hydrolysis of cellobiose was

studied (Table 28). The hiphest V. oy W2S obtained at pH 3.5
whereas the pH optimum under the standard assay conditions

was at pH 4.5. The parameters, log V log (V___/K ) and

max’ “m
Pk (-log Km) were plotted as a function of pH. By using

ax’?

the analysis of Dixon and Webb (338), these kinetic parameters

indicated a catalytic role for groups with pK e of 4.2 1o

1
4.3 and pK, of 4.7 to 4.9 (Fig. 27 a,b). Since K, varied
with pH and was greater on both sides of the optimum pH,
apparently the ionizing groups in the free enzyme control
the binding of the substrate.

The log V_ .. versus pH plot (Fig. 27c) gave pK and

les

pK values of 3.2 and 3.8 for groups in the enzyme-

2€s
substrate complex which also approximates to the pK wvalues of
a carboxylate group. Thus, a carboxylate group is strongly
implicated in the formation and dissociation of the enzyme-
substrate complex. The carhoxylate group may be acting as a
general acid protonating the leaving groups as poetulated in

the catalytic mechanism of lysozyme (339). A carhoxylate

group and a protonated imidazolium group have been implicated

in catalysis by the beta-glucosidase of B.theobromae (340),

T.reesei (341) and P.oryzae Cavara (342).
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DISCULSION

Beta-glucosidase, a component of the cellulase enzyme
system, promotes the action of beta-1,4-glucan
cellobiohydrolase which is subject to product inhikition
by hydrolyzing cellobiose to glucose (137,139,205,218).
This assumes a special significance in view of the fact
that cellulases are being considered for large scale
saccharification of cellulose to glucose. There have been
intensive investigations in exploring the chemical,
physical and tiochemical propertics of beta-glucogidase
tut there are few reported studies on purified beta-
glucosidases which are frce from contaminating activities
such as endo-beta-gluconases from highly cellulelytic
organisms. The four heta-glucosideses purified from
S.rolfsii are free from contamiﬁating endo-beta-glucgnase
(viscosity-lowering) activities. The BG-3 enzyme was pure
by all the eriteria tested.

Multiplicity of extracellular beta-glucosidases from
microorganisms has been observed (257,315,323%,%29,342-344).
Jermyn (343,344) has attributed the multiplicity of beta-

glucosidases from Stachybotrys atra to the formation of

stable complexes between a single enzyme and polysaccherides
of the growth medium. The beta-glucosidase from
B.theobromae appeared to be a single enzyme containing

8 monomers which are catalytically active(321) and which
could partially dissociate into lower molecular weight

forms under certain conditions (257). Umezurike (257,321)
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suggested that the different molecular species of beta-
glucosidase reported by various workers to be partly due to
isolation/purification/storase/or differences in the
history of the culture. The molecular weight of the
S.rolfsii crude beta-glucosidase preparation in the freshly
prepered culture broth, as determined by gel filtration, and
of the purified enzymes (by different methods) were
©+100,000 indicating that the S.rolfsii beta-glucosidases
have not undergone any association-dissociation during
storage/purification procedures. It is not known whether
the multiple teta-glucosidase enzymes isolated from
S.rolfsii culture filtrate represent isomers or have

arisen due to modificztion of one or two original enzymes
due to proteolytic activity or other reasons.

The four beta-glucosidases from S.rolfsii have some
features in common, viz. the pH and heat instability
'patterns, pH and temperature optima, substrate specificity
as also were the molecular weights. No substrate inhibition
up to 10 times the Km values was observed with any of the
beta-glucosidase, The four enzymes from S.rolfsii are
glycoproteins and are subject to product inhibkition, Fach
of the four enzymes from S.rolfsii is comprised of only
one polypeptide chain in contrast to some beta-glucosidases
which are composed of subunits of egual size (A.fumigatus)

(32%) or dissimilar size (D.discoideum) (322). Arrhenius

activation energy values for cellobiose and F4FG are not
very different for the four enzymes.

The enzymeg however, differ in other properties.
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These include K and V . for cellobiose and PNEG,
electrophoretic mobility and isocelectric points.

The substrate specificity of fungal heta-glucosidases
has been reported to vary cdnsiderably from one fungus
to another. Purified preparations have been reported
which split only cellobiose but do not act on PuFG and
comversely (3%34,345,346). Youstt (347) and Jermyn (346,
348) proposed the existence of two types of heta-glicosidases
one with aryl-beta-glucosidare activity asnd the other with.
broad activity towards different glucocsidases. Berghem
and Pettersson (229) reported that there is only one kind
of beta-glucosicase with activity towards both PNPG and
cellobiose. Umezurike (321) reported that the affinity of
the various molecular species of beta-glucosidase of

B.theobromae decreases with increasing molecular complexity.

Purified beta-glucosidases from S.rolfsii have higher
affinity for rNEG than for cellobiose, and resemble in this
respect the beta-glucosidases from A.niger (330),

Batheobromae (257), S.pulverulentum (329) and T.reesei

(229). 1In contrast,the enzyme from A.wentii has a higher
K, value towards PNEG than towards cellobiose (332).

The enzymes were specific for beta-configuration and
none of the compounds with alpha-configuration were
hydrolygzd. The enzymes hydrolyzed gentibiose (beta-1,6),
laminaribiose (beta-1,3), and sophorose (beta-1,2)
besides cellobiose (beta-1,4). Thus, the specificity
of the enzymes was not restricted to the beta-1,4 linkege.

S.rolfsii beta-glucosidases resembels beta-glucosidases
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