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ABSTRACT

The introduction consists of a review of the occurrence of
cellulose, of the organisms responsible for cellulose degradation
and of‘%he cellulolytic enzymes.

A new method has been developed for the larre scale fractionation
of vperacetylated cello-oligosaccharides using a large silica column
and a solvent system consisting of carbon tetrachlaride/chloroform
in the ratio 70 : 30 with 1% methanol added.

The carbon-~ 13 NMR spectra of the peracetylated cello--
oligosaccharides were determined and are discussed in relation to
the carbon-l13 HLR spectrum of cellulose acetate.

3y4~Diritropheryl /3-2—g1ucopyranoside and the 3,4-dirnitrophenyl
ﬁ3—cello—oligosaccharides with D.P, from 2 to 4 were prepared. This
irxrolved couplirg of the acetobromo-sigars with 3,4-dinitrcephenocl in
the presernce of anhydrous potassium carbonate and dry acetone. ‘The
resultazt peracetylated aryl oligosaccharides were de-(-acetylated
by the method of Zemplén.

Some modified 3,4édinitrophenyl/3-jg-glucopyranosides were also
prepared.

An affinity colunmr: specific fox-/}—glucosidases Was prepared bj
coupling 4—aminophenal./3—2—thioglucopyranoside with Affi-gel 10, a
comnercial affinity column support matrix with a IOK spacer arm,

Two enzymes from a commercial cellulase from Trichoderma viride

were purified, .A/3-4,4-g1ucan glucanohydrolase, designated
cellulase EI, was obtained by ion sxchange chromatosraphy on DAAE~
Sephadex A-25, passage tarough Sephadex G-75 (twice) and firally
vassage through the affinity column, and a cellobiase, designated
cellulase EII, obtained by ion exchange chromatography on DEAE~

Sephadex A-25, rpassage through Sephadex G-75 ard then Sephadex G~100..
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Both enzymes behaved as single proteins as judged by SDS-gel
clectrophoresis anrd Sephadex (-75 ard G-100 chromatogzraphy. The
molecular weights of cellulase EI and cellulase EII were estimated

S

to be 12,300 ard 74,400 respectively.

The axyl cello~oligosaccharides were used as substrates for the
cellulase enzymes. The values of kbat/Km for cellulese El-catalysed
hydrolyszz of 3,4-dinitrophenyl /3—cellobioside, cellotrioside and
cellotetracside were determined to be 161, 334 and 423 l.mfl.s‘l
respectively. These values are compared with the lysozyme-catalysed
hydrolyses of 3,4—dinitrophenyl/3-chitobioside, chitotrioside ard
chitotetracside under similar corditions..

Induced hydrolyses of 3,4-dinitrophenyl/B-ﬂgaglucopyranoside
and.E-nitrophenyl/B-ﬁg-glucopyranoside were observed in the presence
of celloiriose, cellotetraose or cellopentaose and cellulase I'I,
Modified 3,4-diritrophenyl /3-£~glucopyrahosides w2re incubvated with
cellcpentaose and cellulase EI and & rapid rate of induced hydrolysis
was observed with the 6-deoxy-glucopyraroside ard the xylopyraroside
as well as the glucopyranoside. With 3,4-dinitrophenyl 6-O-methyl
and 6—chloro—6-deoxy'/3-ig-glucopyranosides a much reduced induced
rate of hydrolysis was observed. With p~nitrophenyl 2-deoxy13-g§-
glucopyranoside there was no induced hydrolysis. These results are
discussed snd compared with previously reported results for irduced
hydrolyses catalysed by lysozyme.

The reaction rates for cellulase Ell-catalysed hydrolysis of
3,4-dinitropheryl and p-nitropheryl ﬁ-g—glucopyranosides were com-
pared with the reaction rates for the correspordirg modified gluco-
pyranosides, Any changes to the glucose moiety resulted in a con-
siderable loss of activity compared to the pérent glucopyraroside.
With p-nitrophenyl 2—deoxyb/3-grglucopyranoside ro enzynic hydrolysis

was observed.
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These results are discussed and compared with the hydrolyses of
other modified glucopyranosides by wvarious p-glucosidases which
have been previously repoxrted.

Th‘é Michaelis~Menten constants for catalysed hydrolysis of
3y 4~-dini trophenyl /3 —_I:_l-glucopyranoside were determined for
cellulase EII. The value of Vmax was 1.44 x 10‘8M/1/s and the

value of Kn was 7.09 x 10.5M/1. The value of kcat/Kn was 8830 nitst



ABBREVIATIONS

The avbreviated nomenclature used throughout this thesis is

as follows:

<
Nane Abbreviated Form
E—Glucose Gl
Jellobiose GQ
cellotriose G3
Callotetraose G4
Cellopentaose G5

The per—(O-acetylated derivatives have the prefix Acj
€. 8 A062 is cellobiose octe—~O-acetate.

Substituents at C-1 of the reducing sugar are also written as
prefixes to the sugar;
€o.Go 4BEP52 is 3,4—dinitropheny1/3—cellobioside.

If the sugar has a substituent at C-1 and is also acetylated
the Ac prefix comes first;
€o e Ac34DRPq4 is 3,4-dinitrophenyl trideca~£}acetyl—f3—cello—
tetraoside.

The linkage between pyranose sugars is f31uﬂess otherwise

stated.,
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IRTRODUCTION

As an introduction to this thesis it is proposed to give &
description of the envirorment encountered by cellulolytic orgamisms
followed by an account of the organisms which live on cellulose based
material, A review on the development of cellulolytic enzyme research
will then be given.

Cellulose

Cellulose is the most abundant naturally occurring organic
substance, being found as the main constituent of higher plants.
Cellulose is present in wood, seed hairs, bast fibres, straw, stalks,
marine plants and peat. Commercially, cellulose is used in the form
of wood, cloth, rayon, film, plastics, lacquers, paper, Cellophane,
rope and fillers. It was the destruction of these products by
organisms.that initiated a real surge in cellulase research,

Cellulose is found almost pure in cotton fibres (98% on a dry
weight basis). Bast fibres such as flax (80-90% cellulose), ramie
(ca 80%) and jute (60-70%) are also good sources of the polysaccharide.
Wood only contains 40-50% cellulose but provides the most important
commercial source of cellulose.

Plant cell walls contain three fundamental parts: primary wall,
defined as the part of the wall produced durirg surface growth;
secondary wall, produced after the surface growth has ceased; and
between adjacent cells in the tissue there exists the middle lamella.
. The secordary wall displays three distinct regions desigrated S1, 52
ard S3. These are shown in Figure 1. The outer layer, S1, is a
thin transition layer. The middle layer, 52, forms the bulk of the
secordary wall. The inner layer, S3, is also thin. The layers Sl to
S3 are distinguished by the orientation of the cellulose polymer in
each region. These orientations are represented by the shading of

regions S1 to S3 in Figure 1.



Within each layer of the secondary wall, the cellulose and other
cell wall constituents are aggregated into bundles called microfibrils.

The microfibrils are distinct entities in that few cellulose molecules,

S3
S2

M= | ST st
1

S2
S3

ﬂ (

Figure 1

if arny, éver cross over from one microfibril to arother. These
aggregates are shown diagrammatically in Figure 2. Within each
microfibril, the linear molecules of cellulose are bourd laterally by
hydrogen bords and Van der Waal forces into a linear, partially
orytalline structure. As shown in Figure 2 the cellulose molecules
are associated in various degreés of parallelism. Regions of a

high degree of order are called crystallites or micelles; those in
which the cellulose is more rerndomly oriernted are called amorphous

or paracrystalline regions,

Cellulose is a lirpear polymer of D-glucopyranose units linked
by p-1,4-glycosidic bords. The degree of polymerisation (DP) is
believed to range from as low as 15 or less to as high as 7,000-

10, 000, A.value of 15,000 for the degree of polymerisation was
fourd for cellulose from unopened cotton balls (1). This corresponds
6

{40 a molecular weight of 2.4 x 10" and a chain length of 7000mm.

Figure 3 shows part of the cellulose molecule.
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The highly ordered crystalline structure of cellulose permits
the application of X-ray crystallography. Two main structural types
of cellulose are found: cellulose I and cellulose II. Cellulose I

is natural cellulose as found in cotton and wood. Cellulose II is

>

Microfibrils< . Amorphous

/Regions

Crystalline
” Regions

1l

Figure 2

formed onvrecrystallisation of the poiymer. Jones (2) and
Aspinall (3) discuss more fully the crystal structure of these types
of cellulose. - A feature of both crystal types is the repeat distance
of 10.33 which corresponds to that of a cellobiose unit. This feature
is also fourd in crystalline chitin, a polysaccharide with/3-4,4
linked 2-acetamido-2-deoxy-D-glucopyranose residues.

Other constituents 'of wood are the hemicelluloses., These are

relatively short polymers with DP of about 200. The units which

OH CHZOH OH CHZOH
H HO O
H 0 0 HO
CHZOH OH CHZOH OH

Figure 3
make ﬁp the polymer are usually monosaccharide units other than . .
glucose. The more common sugars are xylase, galactose, mannose and
arabinose as well as uroric acids of glucose ard galactose. These

monosaccharide units and derivatives are linked together by mainly
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F3-1,3, /3-1,6 and /3-1,4 glycoside bonds. A detailed survey of
the chemistry of wood hemicelluloses has been made by Timell (4).
lignin is another important constituent of cell walls, I% is
mostly found in the region of the lamella and primary wall., Lignin
is a complex three-dimensional polymer formed from phenyl propane
{type units.. Three molecules which are found in the degradation

products of lignin are coniferyl alcohol, sinapic alcohol and

p-cumaric alcohol. These are shown in Figure 4. It is thought

that there are covalent bords between the hemicelluloses and

lignin.

CI,HZOH (‘IHZOH

CH H

I ﬁ

CH CH

OH OH
Coniferyl Sinapic p-Cumaric

Alcohol Alcohol Alcohol
Figure 4

Other minor constituents are waxes, fats, essential oils,
tannins, resins and fatty acids, terpenes, alkaloids, starch, gunms,
amino acids, proteins and mucleic acids.,

Cellulolytic Organisms

It has been estimated that cellulose degradation returrs
85 billion tonnes of carbon as carbon dioxide to the atmosphere each
year. It has also been stressed that if degradation ceased while
photosynthesis contimed unabated, life as we know it would stagrate

for lack of atmospheric carbon dioxide in under 20 years (5) 1In
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this way degradation of cellulose is an indispensable process for
the maintainance of the carbon balance in mature,
Most cellulolytic organisms are found among fungi ard bacteria.

Some protozoa are also cellulolytic.

Fungi

Accepting that the bulk source of cellulose is locked up in
prlants ard wood, it is not surprising that many cellulolytic organisms
live just on the surface or in the soil on dead or dying vegetation.

Fungi are by definition thallophyte plants that lack chlorophyll.
Having no chlorophyll, they &are unable to fix their own carbon and
are therefore heterotrophic. Their main carbon source is the simple
sugars which may serve as the only source for the majority of furgi.

One exception is Leptomitus lacteus which grows on acetates and fatty

acids..

Fungi can be saprophytic or parasitic. Saprophytic fungi either
colonise dead plant and animal remains or they absorb organic
materials which have exuded or leaked from livirg or dead organisms.
¥any parasitic fungi can also live as saprophytes either on the host
which they have killed or on other dead organisms. Two interesting

parasitic fungi are Dactylella drechsleri and Arthrobotrys dactyloides

which trap nematode worms by holding the worms with sticky knobs and
trapping them in constricting rings respectively. Saprophytic fungi
are the most important cellulose degraders,

Fungal cell walls contain 80-90% polysaccharide with the
remainder being protein and lipid. The three commonest building
blocks of the former are E-glucose in glucans, N-acetyl glucosanine
in chitin and.;fmeumse in mannans, The majority of fungi contain

chitin and glucans in their walls, €hitin makes up 3-60% of dry
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TABLE 1

Some Ficrobial Genera Capable of Utilisirg Cellulose

Alternmaria
Aspergillus
Chaetomium
Coprimus
Fomes
Pusarium
¥yrotheciunm

Penicillium

Achromobacter
Angiococcus
Bacillus
Cellfalcicula
Cellulomonas

Cellvibdbrio

Miocromonospora

Noocaxrdia

Hartmanella

Fungi

Bacteria

Actinomycetes

Protozoa

Polyporus
Rhigzoctonia
Rhigzopus
Trametes
Trichodexrma
Trichothecium

Vexrticillium

Zygorhynchus

Clostridium
Cytophaga
Polyangium
Pseudomonas
Sorangiun

Sporocytophaga

Streptomyces

Streptosporangium

Schizopyrerus
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veight of the walls., The glucans are non-cellulosic ard contain in
the main [3-1,3 and /3-1,6 linked glucose units. They are thus not
degraded by cellulases. Kannars, associated with glucars, are
characteristic of yeast cell walls.

Since cellulose is a large insoluble molecule it cannot be
utilised as a carbon source until it has been broken down. Digestive
enzymes synthesised inside the cells of the organism are released
from the cells and hydrolyse the cellulose. The simple sugar products
are then absorbed by the cells. Such digestion outside of the cells
is called extracellular digestion.

Table 1 lists some of the genera of fungi capable of utilising
cellulose,

Bacteria

Most bacteria are heterotrophic, being either saprophytes or
pafasites. Bacteriel cell walls are conposed of amino acids and
amino sugars (ard their derivatives, particularly muramic acid).

Bacteria are outstanding cellulose decomposers in more or less
anaerobic, closed environments, as in intestires of herbivores, in
the rumen of cattle and in the digestive Jjuices of invertebrates,

Herbivores, such as the horse, have a large caecum at the
posterior end of the digestive tract which contain large mumbers of
bacteria and protozoa capable of cellulose degradation.

Ruminante, like the cow, have a more efficient system utilising
microbial digestion. Vast rnumbers of bacteria and protozoa live in
the first and second chambers of the stomach, the rumen and the
reticulum, vhere microbial fermentation takes place. Slowly the
.products of microbial action and the microbes themselves move on into
the true stomach and intestine, where more usual types of digestion

and absorption takes place. Since microbial digestion is in the



. -8 -

anterior portion of the digestive tract rather than in a posterior

caecum, runinants derive maximal benefit from the microbial action.
Mény classes of molluscsvdigest cellulose probably by enzymes

both from the gut of the mollusc and from microbes present in the gut.

The snail Helix pomatia and some genera of gastropods and bivalves

produce their own cellulases,

A variety of insects, notably the termites, feed on wood which
they could not use were it not for intestinal microbes that can
ferment the cellulose. A few species of wood eating béetles do,
however, secrete cellulase erzymes arnd such beetles do rot have to
rely on intestinz=l microbes.

Protozoa

These are simple orgarisms which are mostly heterotrophic
althoﬁéh.éome possess chlorophyll. A gems, Calonympha, fourd in
the gut of terrmites participates in the digestion of cellulose.
Many are fourd in corjunction with bacteria in the digestive tracts
of mamnals.

Several protozoa in pure culture are capable of cellulose

brealkdown, for example, species of Hartmarnella and Schizopyrerus.

References 6, 7, 8, 9 and 10 are useful for an introduction

to0 cellulolytic micro-organisms,

Cellulolytic Enzymes

In 1912, Pringsheim (11) performed one of the first experiments
40 determine the nature of the erzymes resporsible for the degradation
of cellulose. Using cellulolytic bacteria he showed that the
organism degraded cellulose to glucose et ambient temperatures.
When the incubation was carried out at 67°C he found that the end

product of the degradation was cellobiose. This was explained by
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the presence of two enzymes with distinct properties. Cellulose was
degraded to cellobiose by an enzyme which was still zctive at 67°C
and a 'cellobiase' whose activity was lost at 67°C, which hydrolysed
cellobiose to glucose. This was also the first time that the
degradation of cellulose was thought of as multi-enzymic,

The next important experiments to be urdertaken were those of
Grassmann et al (12,13,14) in 1931-1933. They took a commercial

cellulase from Aspergillus oryzae and fractionated it on a ‘clay!

column into a 'polysaccherase' (cellulase) and an 'oligosaccharase'’
(cellobiose). The cellulase was active towards cellodextrin and
cellohexaose but showed very little activity towards cellotetraose
and even less towards cellotriose. No hydrolysis was observed with
cellobiose as substrate.

Comparing the concentration of the cello-oligosaccharides with
the initial activity of the cellébiase there is very little differ-
ence in initial rates of hydrolysis of glycosidic bords. These
results are an extension of Pringsheim's 21 years earlier.

Very little work was done onocellulolytic enzymes for the next
17 years. .A/B-J,4 glucanhydrolase was isolated from Aspergillus
niger by several workers (15416,17,18). The first cell-free filtrates

of the fungus Myrothecium verrucaria which showed cellulolytic

activity were obtained by Saunders, Siu ard Genest (19).

In 1950, Reese, Siu and Levinson (20) published their now
classic paper on 'The Biological Degradation of Soluble Cellulose
Derivatives and its Relationship to the Mechanism of Cellulose
Hydrolysis'. Their results led them to the assumption that the
degradation of native cellulose, that is, the crystalline micelles

fourd in nature, to glucose consists of at least two eystems.
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Their first step, designated as C.,, occurs preliminary to

1
hydrolysis of the straight chain by Cx erzymes. Cellobiase

enzymes were not considered important in the cell-free filtrates.

The nature of enzyme comporent C., was unspecified. Their diagram

1

summarises their postulates.

c shorter lirear c soluble, small molecules,
1 N
Kative cellulose —» ~polyanhydro- =-—) - capable of diffusion into
glucose ckains the cell
N J

N
¥oncellulolytic organisms

Cellulolytgévorgarisms
They also noted that cellulolytic erzymes are produced by'the
organism in resronse to the preserce of a /3—1,4 glucosidic lirkage.

This report by Reese then set the pattern of cellulase research
for the rext few years. The question asked at that time was "Are
there severzl cellulases, or is there only one type?". It is strange
that this questioxn wasasked since the work of Pringsheim arnd
Grassmann bad shown tkere to be at least two enzymes involved in
the degradation of cellulose.
| Research workers then set out to isolate the cellulase fractions
from the extracellular medium of cellulolytic organrisms. In keeping
with rew methods of enzyme separation, new methods of determirding
the activities of the cellulase fractions were introduced.

In 1950, Reese (20,21) used soluble sodium carboxymethyl
cellulose to determine Cx activity by the decrease in viscosity of
the substrate as well as the increase in reducing pover of the
sugar solution. They found that for Cx enzymes a decrease in
viscosity before the increase in reducing sugar was evidenf.

Another method developed for the determiration of Cx activity

was the action of the enzyme on cotton sWollen by treatment with



-1 -

rhosphoric acid. Walseth (22) determined the decrease in the degree
of polymerisation of the cotton cellulose whereas the formation of
reducing groups from the enzymic hydrolysis was the method used by
Gilligan and Reese (23), Kyers and HNorthcote (24) and Whitaker (25).

Various methods were employed to determine C, activity proposed

1l
by Reese., Native cellulose in the form of cotton was used as sub-
strate. Morphological changes were determined by microscopic
observations (26), electron microscopic observations (27) and by
measuring the tensile strength and alkali-swelling of the cotton (23).
The weight decrease (19,28) ard also the amount of reducing sugar

produced (29) from dewaxed cotton were used to determine C, activity.

1

All the methods described give an overall indication of
activity but give no specific information or which bornds are being
bydrolysed.,

Whitaker was one of the first workers in the field to determine
the substrate specificity of a cellulase enzyme. Grassmann used
ﬁ3-1,4 oligoglucosides as enzyme substrates in 1933. It was 1954
before Whitaker (30) used them again with a purified cellulase from

Myrothecium verrucaria. These types of substrates were exterded by

use of methyl /3 -1,4 oligoglucosides (31). A cellodextrin of
average DP 24 was used as substrate by Whitaker (32). On hydrolysis
by the enzyme the formation of reducing groups as well as the ratio
of oligosaccharides produced was noted.

Spectrophotometric substrates were very rarely used to determine
activity. Aryl glucosides were common for determimation of
glucosidase activity. As early as 1952 Hisizawa and Wakabayashi (33)
had prepared p-nitrophenyl ﬁ-cellobioside for use in determining

the mode of action of a cellulase from Irpex lacteus. p-Nitrophenyl

and methyl/j -cellotetraoside were also used as substrates for the
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cellulase but the major hydrolytic process was the splitting of the
central glycoside bornd to give cellobiose and the aryl cellobio-
side (34).

In the early 1950's two of the major contributors to the field
were Reese and Whitaker. Reese's apéroach was to look at the
enzynme systems from various cellulolytic organiems., Whitaker, on
the other hand, concentrated on one system. He closely examinred the

nature andi properties of & cellulase fronm Iyrothecium verrucaria.

Accordirg to Reese & true cellulolytic erzyme system is one in
w¥hich native cellulose is‘degraded to glucose. This invoked the
preserce of the C1 conporent sirnce some organisms could orly utilize
modified cellulose, Between 1950 and 1954 Reese and his associates
presented a series of papers on cellulolytic systens (20,21, 35, 36,

37,38,39,23). They used a variety of orgarisms &s a source of

cellulase enzymes. Some fungal species were Aspergillus luchuersis,

Aspergillus terreus, Fusarium roseum, liyrothecium verrucaria ard

Trichoderma viride, Some bacterial species were Cellvibrio vulgaris

and Sporocyiopharza myxococcoides. They fourd that the cellulases

from different organisms differed in their relative activities towards
CKC and towards cotton (36). When the crude enzyme filtrates were
separzted by paper chromatography, several Cx comporenis were
frequently found (38). Other media used by Reese to fractiorate
cellulolytic comporents were cellulose columns and calcium phosphate
gel columns. They found that the calcium phosphate gel columns gave
the best separation.

Extracellular ernzymes from Trichoderma viride were fractionated

on a calcium phosphate gel column to give 3 main peaks labelled
A, B1 and 32, arnd CD which differed from each other in their rate of

movement on the column, in their relative activities on certain
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aellulosic substrates, in their mode of action, and in their
behaviour in the presence of cellobiose.,. In addition there was a
marked synergic effect shown when fractions were recombined.

Fractionation of the filtrate from Myrothecium verrucaria

produced at least 6 peaks with cellulolytic activity.

Other workers were also examining the nature of the cellulase
system. Walseth (22) was looking at the occurrence of cellulases in
enzyme preparations from micro-organisms arnd the influence of fine
structure of cellulose on the action of cellulases. Jermyn (40) in

his work on fungal cellulases noted the complexity of enzymes from

Aspergillus oryzae that split/(S-glucosidic linkages and their
partial separation, Kooiman et al (41) observed the presence of
higher oligomers in the degradation of cellulose by & cellulase from

Myrothecium verrucaria and the presence of a cellobiase was also noted.

¥Whistler ard Smart (42) removed the cellobiase from & commercial
cellulase preparation and as a result, cellobiose was the main
product of hydrolysis by the purified cellulase preparation (ct.
Pringsheim, 1912). Hash and King (43) also demonstrated an oligo-
saccharide intermediate in the erzymic hydrolysis products of
cellulose.

The work of Reese and others brought Reese in 1955 to the
oonclusion that the cellulase system was very complex indeed (44).

He still sought a C, component to modify mnative cellulose to linear

1
cellulose chains, There was no limit to the mumber of Cx components
which might be present to hydrolyse these linear chains primarily
to cellobiose and similarly a variety of cellobiases orf3-glucosidases
might.be present to hydrolyse cellobiose to glucoce.

As stated earlier Whitaker studied the cellulase from

vMyrothecium verrucaria in great detail.. His first concentrated
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effort on the cellulase was in the period 1953-1957. The reports of
the work are contained in references 25,45, 30,46,47,48,32,49. He
concluded that the degradation of native cellulose to glucose was
yerformed by a single enzyme. This enzyme was of molecular weight
63,000 ard was ciger shaped, measuring 2004 by 334, The hydrolytic
aclion on cellulose was random. The cellulase's action on cello-
oligosaccharides showed that the rate of hydrolysis increased with
increasing degree of polymerisation up to & maximum of DP 5 or 6.
The hydrolysis products as shown by their optical rotation are
released with retention of configuration.

Since the results of Reese and Whitaker appeared contradictory
each have given possible explanation as to the discrepancy of the

cellulolytic system of Kyrothecium verrucaria.

Reese (23) said "Several explanations are possible. First, the
conditiors urder which the organism is grown determire the relative
amounts of various .comporents fourd in the medium. ....... Perheps
Whitaker's growth cornditions lead to a relative enrichment in orne
comporent.. Secornd, diverse methods for measuring activity are
necessary to detect the different comporents. Whitaknr used two
substrates (solid celluloses) that mey have been too much alike to
detect the differences that we have observed. +¢..... Thixd,
enzymatic activity is a more sensitive and reliable determinant of
homogeneity than are physicochemical methods (used by Whitaker)."
Today electrophoretic and ultracentrifugal date are taken as strong
indications of homogeneity.

Whitaker (50) suggested 5 reasons as to why variations in
prOpefties could orginate. He said " 1) By the formation of
different types of cellulases. 2) By the formation of enzymes which

differ only in a few fine'details of primary structure. In this
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case, the differences in amino acid sequence would have to give
substantial differences in net charge or shape. 3) By exposure to
conditions which produce enzymes differing in their secordary and
tertiary structure. ....... 4) By the formation of stable com-
Plexes with other metabolic products secreted into the culturer
medium. +...... 5) By proteolysis without loss in activity. .eeee®

Kooiman (51) could find no direct evidence for a C, component

1
in a cellulolytic system. Shortly after this Reese (52) modified his
Cl -~ Cx theory to a ‘'multiple Cx theory'. This statement appears to
have gone unnoticed since subsequent workers still referred to a

Cl - Cx system..

By row it was clear that there was more than one ernzyme
resporsible for the degradation of cellulose., It was also evident
that for any mezringful results to be obtaired the cellulases would
havé to be pure. Ary contamination by a/B —glucosidase would give

& conpletely felse picture of the mode of action of a cellulase.

A purified cellulase from Irpex lacteus was obtained in

crystalline form by Nisizawa (53). o further ircrease in aciivity
could be obtained on subsequent'recrystallisations and the cellulase
was.considered to be pure. The preparation was active towards CEC
and withup-nitrophezwi./3-cellobioside preferentially hydrolysed the
aryl glycosidic bord.

Toyama (54) obtained a crystallire cellulase from Trichoderma
koningii which did not hydrolyse cellobiose.

Purther separation and purification of cellulases from cellulo-
lytic organisms were carried out with similar results to those

already discovered. A purified cellulase from Foria wvaillantii

(a wood rotting fungus) did rot hydrolyse cellobiose and gave only

cellobiose as product on hydrolysis of cellulose (55,56 ).
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It was apparent at the time that many erzymes had names which
only gave a partial description of their potential as catalysts.
Cellulases were no exception., Some workers had noticed that purified
cellulase preparations were able to hydrolyse [3-1,4 linked D-xylose
residues. This property was observed by Grassmann (14), Bishop
and Whitaker (57), Thomas (58), Kooiman (51) and Sdrensen(59). It

had been observed by Myers and Northcote (24) that a cellulase from

the sn2il Helix pomatia did not hydrolyse /3-1,4 xylan. It must be
pertinent to ask if some cellulases hydrolyse xylan or if some
Yylanases hydrolyse cellulose?

It was noted that there was a distinction between an aryl
/3-g1ucosidase and a cellobiase. Hash and King (60) obtained an

aryi./3—g1ucosidase from cultures of Kyrothecium verrucaria. The

enzyme was not & cellobiase. A similar enzyme from the mycelium

of Strachyboirys atra was obtained by Youatt (61).

At this time the terms endo-~ and exo-cellulases began to be
used. These terms arose as & result of the action of various
purified cellulases on carboxymethyl cellulose. Rapid decrease in
viscosity associated with little increase in the amount of reducing
power is indicative of random cleavage of the polymer, which in turn
indicates hydrolysis by endo-cellulases. Increase in reducinrg power
agsociated with little decrease in viscosity imdicates hydrolysis of
residues from the end of the polymer chain. This hydrolysis is a
result of exo-cellulases.

Almost all the known techniques for enzyme purification up to
1963 had been employed in the case of cellulolytic enzymes. However,
gel filtration with Sephadex preparations of different types offered

a means of separating enzymes with little risk of deactivation erd

was first used for cellulolytic enzymes by Pettersson et al.(62)
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ard Pettersson and Porath (63). They fractiomated cellulases from

the fungus Polyporus versicolor. On assaying the fractions towards

CMC and p~ritrophenyl ﬁ—g—glucopyranoside they found that the
p—glucosidase activity was associated with the high molecular weight
component and the CHC-ase activity with the lower molecular weight
components., A similar result was fournd with cellulases from

Asperzillus rniger fractionated on Sephadex G-100 (64).

These new techniques of gel filtration and also ion-exchange
chromatography sparked off a new wave of cellulolytic reseaxrch.
In 1963 1i ard King (65) fractionated irdustrial concentrates

from Aspergillus niger culture filtrates. The filtrate was

fractionated on Sephadex (-25, DEAE-Sephadex A-25 and alkali-swollen
column chromatography to give 8 highly purified fractions with
distirctive properties.

At this time Whitaker was renewing an interest in the cellulase

from Eyrothecium verrucaria. A new purification procedure gave an

enzyme with a molecular weight of 49,000 (67). This cellulase was
characterised by its activity towards methyl /3—cello-oligosaccharides

(31). His results are summarised in the following table.

Substrate Enzyme conc. (;:1081«1) Vnax Lxloéllz/l/min) Ka (10%1)
Methyl cellobioside 68 <1l.l 2.5 - 5.0
Methyl cellotrioside 68 1140.9 8.5%1.3
Methyl cellotetraoside 6.8 39,242,2 4.110.5
Methyl cellopentaoside 1.9 >30 <3

As can be seen Km decreases and Vmax increases as the DP of the
substrate is increased from 3 to 5. The initial hydrolysis products
of methyl ﬁ—ceIIOpentaoside indicated that the interior but not the

terminal linkages were hydrolysed by the enzyme.
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The postulate of Reese could not be put to the test at this time.

Although cellulolytic organisms such as Myrothecium verrucaria and

Stachybotrys atra digested native cellulose with ease, it was found

that cell-free culture filtrates showed high activity only towards
soluble, swollen ard partially degraded celluloses (68,69) which
were known to be hydrolysed by Reese's Cx enzymes. A hopeful sign

came from the discovery that filtrates from }yrothecium verrucaria,

suitably manipulated, could produce 30% solubilisation of cotton (70).
However, the discovery in 1964-1966 that culture filtrates from

certain strains of Trichoderma viride and Trichoderma koringii

(71,72,73,74,75,76,77) were capable of extensive hydrolysis of native
cellulose made available to workers in the field the full range of
enzymes in Reese's postulated Cl - Cx system.

Halliwell (76,77) obtained complete solubilisation of cotton
fidbres with quantitative conversion to glucose within 19 days by a

culture filtrate from Trichoderma koningii. Handels and Reese (71)

found similar results with cell-free preparations from Trichoderma
viride. Reese had noted the exceptional ability of Trichoderma
viride to degrade cellulose as early as 1954 (23). After repeated
chromatograms on DEAE-dextrars, landels and Reese (71) succeeded in
separating components having Cl, Cx and/3—glucosidase activity. The
/nglucosidase appeared very early and completely separated from
Cl and Cx, They assumed Cl "to act in a way to permit an increased
moisture uptake, hydrating the cellulose ard pushing apart the
olosely packed chains," to make the linkages accessible for the
action of the hydrolytic /3-1,4—g£gg¢glucanase.

Two of the most important papers which have directed cellulase

research from the mid 1960's to the present day were those of

Li, Flora and King (73) and Selby and Kaitland (78,79).
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Until this time, in no instance had it been possible to start
with a crude cellulase system capable of complete hydrolysis of
crystalline cellulose, separate the several components, establish
their individual modes of action, and recombine the purified
components so as to reproduce the activity of the original crude
material. Only in this way, could no vital member of the complete
enzyme system have gone unnoticed.

This experiment was first performed by Li, Flora and King (73).
The starting enzyme was obtained from wheat bran-sawdust cultures of

Trichoderma viride. The crude enzyme was passed through an Avicel

column to separate the C, component from the Cx ard /S-gﬂucosidase

1

components. The details of the purification of the C, compornent

1l
was not included in the publicatior. King, (80) however, gave an

approximate molecular weight of 60,000 for the C, component. The

1
primary product (97%) of the degradation of native cellulose by the
Cl component was cellobiose. The Cx component ard the /3-glucosidase
were fractionated on an alkali swollen cellulose column. These
comporents were further purified to give an endo-cellulase, molecular
veight 52,000 and an exo-cellulase, molecular weight 76,000,

The following table shows the percentage activity of cellulose

hydrolysis by purified components alone ard in combination over the

crude.
Enzyme Percentage activity of crude

cl 86
endo-Cellulase 6
exo-Cellulase 0
C, + endo-Cellulase N
C, + exo-Cellulase 105
C, + endo-Cellulase 102

+ exo -Cellulase
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Selby and Maitland (78,79) performed a similar experiment on

culture filtrates from Trichcderma viride. They found that the

components essential for attack on cotton were a carboxymethyl
cellulase, a cellobiase and a third (Cl) component which, unlike

the C1 componemt of Li, Flora ard King, had no action on CMC,
cellobiose or cotton. These three comporents, which together could
ocompletely corvert cotton into water-soluble products, lost this
ability when separated and regained it quantitatively when recombined

in their original proportions. The following table shows the

activities of the components of Trichoderma viride cellulase alone
ard in combinations,

Recovery of activity (¢) towards

Component Cotton cne Cellobiose
Cl 1.2 0 (o}
CMC-ase 1 9% 0
Cellobiase 1 0 9
CiiC-ase + cellobiase 2 96 96
C, + CkC-ase 35 96 0
cl:+ cellobiase 20 o 9%
¢, ;’CMCase + cellobiase 101 96 9%

The C, component was a glycoprotein with carbohydrate:protein

1
in the approximate ratio 1:1. Its molecular weight was approximately

61,000, It appears that both sets of workers isolated the same
component ard that the difference in behaviour towards native
cellulose can be explained by the synergic effect of Cl and Cx
components., According to Selby and Maitlard the C1 component, when
highly purified, is no longer able to solubilise cotton and that

the ability of the C1 comporent of Li, Flora and King to solubilise



native cellulose is due to a Cx impurity.

The work of Selby and Maitland has been criticised by Wood (81)
in that their activity towards CMC is a viscometric assay which would
not detect the presence of an exo-cellulase comporent. Where Selby
and Majtland failed in their characterisatién of the C1 component
was in the limited number of substrates used. Wood and McCrae (81)
and Wood (82) isolated a C; component from culture filtrates of
Trichoderma kormingii, The C1 enzyme showed little activity towards
bhighly ordered forms of cellulose. It could still produce reducing

sugars from a solution of CEC (to a very limited extent), but which
could not decrease the viscosity of the CKEC solutior. However, the
Cl comporent readily degraded phosphoric acid-swollen cellulose, the
prircipal product (97%) being cellobiose. Cellotetrzose and
cellohexeose were hydrolysed almost exclusively to cellobiose,
Cellotriose and cellopentaose were hydrolysed to cellobiosce anrd

glucose. On this evidence Wood called the C, componrert a/3~—1,4-

1

glucan cellobiohydrolase., The synergic effect of comporents from

Trichoderma korinzii was evident as carn be seen from the following

table.
Enéyme Percertare recovery of cellulase activity
cl 4
Cx +P -glucosidase 3
Cl + Cx + ﬂ—glucosidase 96
Original culture filtrate 100

Halliwell and Griffin (83) also isolated a C, comporent from

cultures of Trichoderma koninrii. The enzyme was shown to act as &

/3-1,4—glucan cellobiohydrolase on both simple and ocomplex forms

of native cellulose,
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Wood has shown that some strains of Fusarium solani, when grown

under certain conditionrs, produced culture filtrates that could
degrade cotton with the same facility shown by filtrates of

Trichoderma viride and Trichoderma koningii. Separation of the

culture filtrates produced 3 components essentiecl for the degradation
of cellulose (84). These were identified as a C, component, a Cx
component ard a /3 —glucosidase, The relative cellulase activities

of the Cl, Cx ard /3 ~glucosidase components of Fusarium solani, alone

and in combination is shown in the table below.

Enzyme Percentage recovery of cellulase activity
01 3
Cx 6
/3 -glucosidase 1l
01 + Cx 50
Cl + [3 -glucosidase 13
Cx + /3 ~glucosidase 14
C, + Cx + /S—glucosz.dase 81
Original culture filtrate 100

Selby (85) obtained a mutant strain of Penicillium funiculosum

vwhich was found to produce a powerful cellulase, and this has also
been resolved into a C:l component, a CliCase and a cellobiase. The
Cl component had low activity towards cellulose but was increased
more than 20-fold on recombination with the Cx and the cellobiase.

Other species which produce & true cellulase system in culture

filtrates are Irpex lacteus (86,87), Fusarium moniliforme (88),

Pseudomones fluorescens (89), Sporotrichum pulverulentum (90),

Cellvibrio gilvus (91) and Geotrichum candidum (92). Some of these

cellulase components have been purified and investigated extensively.
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Trichoderma viride has been the most extensively investigated

cellulolytic organism and since this present work involves the
fractionation of enzymes from a commérﬁial cellulase from Trichoderma
viride & list of {the enzymes isolated from this organism with some
details of their physical and enzymic properties is givep on pages
26 to 38, Pages 39 to0 42 give some details of cellulolytic enzymes
isolated from other species in recert years. Other species which

have been shown to contain cellulolytic enzymes include Chryosnorium

lignorum (111,112), species of Flavobacterium (113), Fomes arnosus

(111), the tomato plant Lycpersicum esculertun (114,115),

Penicillium notatum (116), germinating kidrney beans, Fhaseolus

vulgaris (117,118), the termite Trinervitermes trirervoides (119)

and ungerninated seeds of rye (120).

Although the ernzymes which are responsible for the degradation of
native cellulose to glucose are well characterised, the exact pathway
of hydrolysis of cellulose is still not clear. Several workers have
proposed mechanisms for the degradation of native cellulose.

Selby (121) said 'It is reasomable to assume that the regular
array of molecular chains will be disturbed at intervals by the

occurrence of chain ends, as shown diagrammatically in Figure 5.

(ix Cy? | C{jf"

T ,/’

,/;, ¢>

Figure 5

The accompanying disturbance in hydrogen bonding between chains in

the vicinity of the chain end may be insufficient to enable Cx,

acting alone, to split off soluble sugars, but when both comporents
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are present, a single bornd-rupture by Cx might allow the hydrogzen

bonding to be further disturbed by C

1 with consequent loosening of a

short length of surface chain, which might then be susceptible to

more extensive attack by Cx.'.

Bisizawa (101) said 'In view of the substrate specificities of

Avicelase and CliCase, their synergistic action for the solubilisation

of cotton fibre may be explained by the illustrations shown in Figure 6.

As is clear from the figure, it appears that Avicelase and Cl.Case may

correspond to Cl and Cx, which initiates the degradation of rative

cellulose, then Cl oan saccharify actively the cellulose fragments

produced by Cx.'.

Today there is still no clear ratification as to the mechanisn

for the degradation of native cellulose.

In a recent paper Wood (110)

said 'The hypothesis that the attack on highly ordered cellulose is

initiated by a chain-separating enzyme is attractive, but difficult

4o prove oxr disprove,

It has some support from the observation that
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the cellulose substrates that are refractory to enzymes classified as
Cx are readily attacked after they have been rendered more accessible
by ball-milling, swelling, or reprecipitation from solvents. As Cl
enzymes are not required for the hydrolysis of these highly hydrated
subsirates, the argument that these treatments have simulated Cl-
action clearly has some appeal. However, until a chain-diseggregating,
prehydrolytic factor has been isolated, this hypothesis must give way,
for tke present, to the more plausible argument that hydrolysis of
“erystalline" cellulose must be described in terms of endo~ and

exo -glucanase activitiés.'.

Whatever is discovered by future work on the mechanism of the
degradation of cellulose, the statement by Li, Flora ard King (73)
that 'The system a2s a whole is therefore rot merely multienzymic by
happenstarnce, but pecessarily so for both maximum rate of attack on

mative cellulose and for maximum completeress of conversion to

glucose, ' will always be relevant..
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Species: Trichoderma viride Source: Onozuka SS

Enzyme: ;3-1,4-glucan cellobiohydrolase EC 3.2.1.74
Isolated by Pettersson et al. (93,94).

FPhysical properties: M.W. 42,000, Carbohydrate content: 9.2%.

Amino acid composition: Tryptophan A 6
Lycine 10
Histidine ' 4
Arginine 6

Aspartic acid + asparagine 44

Threonine 39
Serine A
Glutamic acid + glutamine 32
Proline 21
Glycine 45
Alanine 22
Half-cystine 16
Yaline 17
Methionine 4
Isoleucine | 8
Leucine 21
Tyrosine 19
Phenylalanine 9
Total 364

Iso—electric point: pH 3.79 (10°C).

Enzymic properties: Crystalline cellulose (Avicel), phosphoric acid-
swollen Avicel and cellotetraose were degraded by the enzyme and
in each case the principel product was cellobiose. The enzyme
was capable of about 80% degradation of microcrystalline cellulose

within 72 hours provided the products (mairly cellobiose) were
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contimously removed. No activity was fourd towards carboxy-
methyl cellulose, nor was there any ﬂ -glucosidase activity.
Optimum pH: 4.8. Enzyme completely denatured after 3~mimute

incubation at 78°C.

Species: Trichoderma viride Source: )eicelase P,

Enzyme: ﬂ~l,4—g1ucan cellobiohydrolase -
Isolated by Cum Jr. and Brown Jr. (95).

Physical properties: M.W. 48,400. Carbohydrate content: 11.35%.

Amino acid composition: Tryptophan 13
- Iycine ’ 10
Histidine 4
Arginine 6
Aspartié acid + asparagine 47
Threonine 42
Serine 43
Glutamic acid + glutamine 27
Proline 21
Glycine 46
Alanine 26
Half-cystine 16
Valine 18
Methionine | 2
Isoleucine 1
Leucine 21
Tyrosine 17
Phenylalanine 11
Total 371

Enzymic properties: The enzyme degraded both crystalline cellulose

and phosphoric acid-swollen cellulose to cellobiose.
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Species: Trichoderma viride Source: Comm, Mycol., Inst., Kew,

Surrey. Strain 92 027.
Enzyme: 'Cl' component.
Isolated by Selby and Maitland (78,79).
Physical properties: M.¥. 61,000, Carbohydrate content: 50%.
Enzymic properties: The enzyme had no activity towards cotton, CMC
or cellobiose. The enzyme was .evssential for the degradation
of mative cellulose in conjunction with either Cx or Fs-gluco—-

sidase components.

Species: Trichoderma viride Source: Wheat bmn—sb,wdust cultures

as described by Toyama (104 ).
Enzyme: 'Cl' component.
Isolated by 1i, Flora ard King (73).
Physical properties: M.W. 60,000,
Enzymic properties: The enzyme was active towards native cellulose,

the main product being cellobiose.

Species: Trichoderma viride Source: Onozuka.

Bnzyme: ‘Avicelase'!

Isolated by Nisizawa et al. (101).

Physical properties: M.W. 53,000, Iso-electric point: pH 4.2.

Enzymic properties: The enzyme was active towards crystalline cellulose
giving cellobiose as sole product. The enzyme also had some

activity towards CMC, the ratio of Avicelase to CkCase acotivity

was 1811,
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Species: Trichoderma viride Source: Meicelase.

Eszmez/B'—l,4-g1ucan glucanohydrolase EC 3.2.1.4

Isolated by Okada (96,97).

Physical properties: M.W. 30, 000. Carbohydrate content: 12-14%.

Enzymic properties: The enzyme hydrolysed cellulolytic substrates in
the order CEC>filter paper>Avicel >cotton. The Michaelis-
Menten constants with cello-oligosaécharides an substrate are

shown below,

Substrate
63 04 , G5 G6
m (xa0n) - 0.4 1.5 3.3
Vmax (units) - 3.3 10,0 31.8

On hydrolysis the/3‘-g1ycosidic linkege of the substrate was
retained. On incubation with.;rmdtrophenyl}3'-cellobioside

or with cellobiose transglycosylation products were observed.
Optimum pH: 4.5-5.0. Enzyme retained 27% of its activity after

bheating at 100°C for 10 mimtes.

Species: Trichoderma viride Source: lleicelase.

Enzyme:/3 -1,4~glucan glucanohydrolase | EC 3.2.1.4

Isolated by Okada (96,97).

Physical properties: K.W. 43,000, Carbohydrate content: 12-14%.

Enzymic properties: The enzyme hydrolysed cellulolytic substrates in
the order ClLC>filter paper>Avicel >cotton. The Michaelis-

Menten constants with cello-oligosaccharides as substrate are

shown below.

Subsfrate
oy A ¢ o
Kk (x10%M)  16.3 4.2 2.8 4.6

Vmax (units) 5.4 9,3 11.3 22,9
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On hydrolysis the /S-glycoside linkage of the subsirate was
retained. On incubation with.1}1ﬁtrophenw1./3-cellobioeide or
with cellobiose transglycosylation products were observed.
Optimum pH: 4,5-5.0. Enzyme retained 41% of its activity after

heating at 100°C for 10 mimtes.

Species: Trichoderma viride Source: Meicelase.

Emzyme:/B-1,4-glucan gluceanohydrolase EC 3.2.1.4
Isolated by Okada (98).
Physical properties: M.W. 45,000,
Enzymic properties: The enzyme hydrolysed CMC in a less random
random fashion than the two previous endo-cellulases isolated
by Okada. The Michaelis-lenten constants with cello-oligosaccharides

as substrate are shown below.

Substrate

o, o, q G

m (x10h1)  29.4 6.7 5.6 4.5
Vmax (units) 8.6 14.8 44.3 553

On hydrolysis the/3 -glycosidic linkage of the substirate was
retained. The enzyme preferentially attacked the aglycone
linkage of rhnitrophenyl/g4-cellobioside. It also catalysed
the rapid synthesis of cellotetraose from cellobiose.
Optimum pH: 4.5-5.0. Optirmum temperature: 50°C. Enzyme
retained 40% of its original activity efter heating at 100°C

for 10 mimtes.,

Species: Trichoderma viride Source: Onozuka SS

Enzyme:/3-d,4—glucan glucanohydrolase EC 3.2.1.4

Isolated by Pettersson et al. (99).
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Physical propertiess M.W. 12,500. Carbohydrate content: 21%.
Iso-electric point: pH 4.60 (10°C).

Enzymic properties: The enzyme hydrolysed CKC and was active in
releasing free fibres from_filter paper. The enzyme had little

effect on netive cellulose.

Species: Trichoderma viride Source: Onoszuka SS,

Enzyme: [3 -1,4-glucan glucanohydrolase EC 3.2.1.4

Isolated by Pettersson et al. (99).

Physical properties: M.¥W. 50,000, Carbohydrate content: 12%.
Iso~electric point: pH 3.39.

Enzymic properties: The enzyme hydrolysed CLC and was active in
relezsing free fibres from filter paper. The enzyme had little

effect on native cellulose,

Species: Trichoderma viride Source: Comm. lycol. Inst., Kew,

Surrey. Strain 92 027.
Enzyme: /3—1,4-g1ucan glucanohydrolase EC 3.2.1.4
Isolated by Selby and Maitland (78,79).
Physical properties: MH.W. 12,600,

Enzymic properties: The enzyme was active towards CKMC.

Species: Trichoderma viride Source: Wheat bran-sewdust cultures

as described by Toyama (104).
Enzyme: ﬁ ~1l,4~glucan glucanohydrolase
Isolated by Li, Flora and King (73).

Physical properties: M.W. 52,000,
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Amino acid composition: Tryptophen -
Lycine 12
Histidine 9
Arginine 15
Aspartic acid 14
Threonine 44
Serine = 40
Glutamic acid 46
Proline 21
Glycine 62
Alanine 46
Half-cystine 0-1
Valine 30
Methionine 2
Isoleucine 30
Leucine 36
Tyrosine 17
Phenylalanine 18

Enzymic properties: The enzyme was active towards CKC, The Michaelis-
Menten constant Km withcello-oligosaccharides as substrate are

shown below.

Substrate
o, o, o 8 o
K (x0%M) 190 31 28 1.0 1.0

The location of the glycosyl bonds most susceptible to attack
was determined by using reduced cellopentaose (4-£}tetra7ﬂ3-1,4-
gluoosylfg-sorbitol) as substrate. The relative frequencies of
attack at the 4 glycosyl bonds starting from the non-reducing

end were 1 ¢ 3,2 : 28.8 : 2.2,
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Optimum pH: With amorphous cellulose; broad plateau 4,0-5.0.
¥With CKC, sharp opticmum at 5.3.
An Arrhenius plot from 10° to 57°C with amorphous cellulose
gave a linear relationship with a calculated activation energy
of 5.1Kcal mole Y. The Arrhemius plot with CMC indicated an
activation energy of 6.4Kcal mole + from 37° to 60°C. Below
37°C there was an abrupt change to 16,7Kcal mole-l. This reflects

a phase change from a solution to z gel.

Species: Trichoderma viride Source: Onozuka P.

Enzyne: [3 -1,4-glucan cellobiohydrolase ard
/3 ~1,4~-zlucan glucohydrolase

Isolated by Shikata and Yisizawa (100).

Physical properties: K.W. 53,000, Carbohydrate content: 4.8,

Enzymic properties: The enzyme caused an increase in reducing power
of CKC without noticeable decrease in viscosity. The main product
of hydrolysis was cellobiose and the reation stopped at nearly
25% hydrolysis of CKC. The enzyme is an exo-type. FKith cello-
biose or reduced cellotriose the enzyme resembled aﬁ,-glucosidase.
The enzyme also attacked xylan removing xylobiose residues one
by one. Hydrolysis of p-nitrophenyl ﬁ —cellobioside proceeded
stepwise indicating that the enzyme was acting as aﬁ -glucosidase,
In contrast to other /3-1,4—g1ucan cellobiohydrolases the enzyme
had no activity towards various kinds of insoluble cellulose.
Optimum pH: 4.5-5.0. The enzyme was stable up to 60°C after

which the activity was rapidly lost.

Species: Trichoderma viride Source: Onozuke.

Enzyme: /_3 -1,4-glucan glucanohydrolase EC 3.2.1.4



- 34 -

Isolated by Nisizawa et al. (101).

Physical properties: M.W. 44,000,

Enzymic properties: The enzyme hydrolysed CMC and Avicel very slightly.
The ratio of Avicelase to ClCase activity was less than O.1. The

hydrolysis of CMC was random.

Speciess Trichoderma viride Source: Worthington Biochemical Co,

Enzymes f}-l,4—glucan cellobiohydrolase

Isolated by Maguire (154).

Physical properties: M.W. 44,000,

Enzymic properties: The enzyme did not hydrolyse CMC or p-nitro-
phenyi./BTQ;glucopyranoside. Reaction with cellulose fibre gave
mainly cellobiose as product (96-97%). The kinetics of reaction of
the enzyme with the insoluble substrate were carried out and it was
shown that the initial rate of reaction varied directly with the
surface area of the cellulose whén the enzyme concentration is large.
The association constant for adsorption was calculated to be

1.19 x 104M—l. Cellobiose was found to inhibit the reaction,
Optimum pHs 5.2. The energy of activation of the overall reaction

between 5 and 60°C was 5¢3 Kcal.mole-l.

Speciess Trichoderma viride Source: Enzyme Development Corp.,

New York, N.Y. Lot No. WR1432,
Bnzymess 3 Cellobiases
Isolated by Gong et al. (155).
Physical properties: M.W. 76,000.
Enzymic properties : Three chromatographically distinct cellobiases
had similar kinetic properties., They hydrolysed cellobiose to glucose

via a noncompetitive mechanism and were subject to significant product

inhibition.
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Species: Trichoderma viride Source: Onozuka SS.

Enzyme: /3-Glucosidase EC 3.2.1.21

Isolated by Berghem and Pettersson (102).

Physical properties: M.W. 47,000, No carbohydrate present.

Anino acid composition: Tryptophan : 10

Lycine 14
Histidine 6
Arginine 16
Aspartic acid + asparagine 58
Threomine 33
Serine | 38
Glutamic acid + glutamirne 31
Proline 26
Glycine ‘ 50
Alanine | 417
Half-cystine 6
Valine 38
Methiorine 6
Isoleucine 22
. Leucine 33
Tyrosine 16
Phenylalanine 12
Total 462

Iso—electric point: pH 5.74 (10%).

Enzymic properties: No activity was found towards Avicel or CMC,
The Michaelis-Menten constants for the reactions with cellobiose,
cellotetraose and p-ritrophenyl ﬁ -g-glucopyranoside (PNPGl) ere

shown belov.



Substrate
02 a 4 PNPGl
K (xa0™M) 15 3.5 2.8
Vmax ( mol.minfl.mg~1) 33 19 32,200

The enzyme activity was inhibited at high concentrations of

cellobiose and cellotetraose.

Species: Trichoderma viride Source: Wheat bran-sawdust cultures

as described by Toyama(104).

Enzymex/3-Glucosidase EC 3.2.1.21

Isolated by Li, Flora and King (73).

Physical properties: M.W. 76,600. Carbohydrate content: 0-2%.

Amino acid composition: Tryptophan -

Lycine 14
Histidine 1
Arginine 16
Aspartic acid 65
Threonine 38
Serine 46
Glutamio acid 35
Proline 34
Glycine 55
Alanine 50
Half-cystine 3
Valine 25
Methionine 5
Isoleucine 21
Leucine 32
Tyrosine 18

Phenylalanine 19
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Enzymic properties: All of 13 p-glucosides were hydrolysed including
6 azyl/},-glucosides, p-l,z, /3-1,3, /3-1,4 andﬁ—l,6 di-
sapcharides of glucose, cellohexaose, cellobionic acid, C!MC
and F)-—l, 3~glucan, Yo C({-glucosyl bonds were hydrolysed, nor
were ﬁ-l,2 and /3-1,6~g1ucans. The lichaelis-lenten constant, Kn

wWith cello-oligosaccharides as substrates is shown below,

82 G3 G4 | 65 G6

W (aohk) 22 1.8 0.65 0.60 1.6
The hydrolysis of the substrates relezsed glucose predomirantly
in the {-configuration. With reduced cellopentaose it was shown
that the enzyme removed successive glucosyl residues from the
non-reducing erd of the polymer chain. Catalytic rumbers for
g'-n_i‘_trophenyl p—__]_)_—glucoside, cellotriose, cellobiose ard
CMC were 1320, 676, 397 and 301 moles/min/micromole of erzyme,
respectively.
Optirum pH: 4.9, Arrhenius plots indicated activation energies

1 for

of 6.54Kcal mole ! for celiotetraose and 7.20Kcal mole”
carboxymethyl cellulose. After 3 mimtes incubation the recover;
of activity was 17%.

Species: Trichoderma viride Source: Worthington Biochemical Co.

Enzyme: Cellobiase ‘ EC 3.2.1.21
Isolated by Maguire (153).
Physical properties: M.W. 45,000.
Enzymic propertiess The enzyme hydrolysed cellobiose and p-nitro-
phenyl /_’, zg-glucopyranoside. The Michaelis-lienten parameters
are given in the following table.
Cellobiose p-nitrophenyl glucoside
Km (x107M) 2.68 0.334
Vmax (x10~%s71) .24 0.843
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Species: Triohoderma viride Source: Meicelase.

Enzyme:p -1,4-xylan xylanohydrolase EC 3.2.1.8

Isolated by Hashimoto, Murematsu and Funatsu (103).

Physical properties: M.W. not given. The enzyme was orystallised
and the crystals show a thin rhombic shape.

Enzymic proerties: The enzyme hydrolysed soluble xylan and glycol
Xylan. Insoluble xylan was not hydrolysed.
Optimum pH: 3..9.
Optimum temperature: 50°C. The enzyme was stable up to 4o°c

after which the activity rapidly fell off.
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Species: Irpex lacteus (Polyvorus tulipiferae). Source: Own cultures

Enzyme: 'Avicelase!

Isolated by Karda, Wakabayashi and Nisizawa (105).

Physical properties: M.¥W. 56,000, Carbohydrate content: 12.2%.
The amino acid composition is listed.

Enzymic properties: The enzyme hydrolysed insoluble cellulose, CMC and
cello-oligosaccharides. The main product in all cases was cellobiose.
But with p-nitrophexyl ﬁ-—cello'biosidve equal amounts of glucose
and cellobiose were produced.

Optimum pH: 4.0-5.0. Optimum temperature: 50°C.

Species: Irpex lacteus (Polyporus tuliviferae). Source: Own cultures

Enzyme: 'Avicelase!
Isolated by Kanda, Wakabayashi and lisizawa (105,106).
Physical properties: M.W. 7,700.

Enzymic properties: The enzyme hydrolysed irsoluble cellulose and ClC,

Species: Irpex lecteus (Polyporus ‘bullpiferae). Source: Own cultures

Enzyme:/j-l,d,—glucan glucanohydrolase EC 3.2.1.4

ﬂ-l,4-nrlan xylanohydrolase EC 3.2.1.8

Isolated by Kanda, Wakebayashi ard Misizawa (105,106).

Physical properties: M.W. 35,600,

Enzymic properties: The enzyme hydrolysed both carboxymethyl cellulose
and xylan. Kinetic experiments showed competitive inhibition
between CIiC and xylan and it appeared that the same active site
of the protein catalyses the hydrolysis of CLEC and xylan.

The enzyme, when mixed with either of the above Avicelases
showed remarkable synergic action.

Optimum pH: 4.0-5.0, Optimum temperature: 40°C.



0.

Species: Fusarium moniliforme Source: Own cultures.

Enzymet: Cellulase

Isolated by Matsumoto et al. (88).

Physical properties: M.W. 25,000. Carbohydrate content: 26%.
Enzymio properties: The enzyme hydrolysed_cellulolytic substrates in

the order filter paper>>CMC>Avicel.
Optimum pH: 4.5, Optimum temperature: 60°C. Helf the

activity was lost on heating for 30 mimtes at 80°C.

Speciess Sporotrichum pulverulentum Source: Royal College of

Forestry, Stockholm.
Enzymes: Five /3 -1,4~glucan glucanohydrolase EC 3.2.1.4
Isolated by Eriksson and Pettersson (107).

Physical properties: M. W, Carbohydrate content Iso-electric pt.

32,300 10,5% pH 5.32
36,700 0% pH 4,72
28,300 7.8% pH 4.40
37,500 4.7% PH 4.65
37,000 2.2% PH 4.20

. The amino acid composition for each enzyme is listed.
Enzymic properties: The activities of the five enzymes towards CHMC

are in the ratio 4 ¢+ 1 : 1 ¢ 1 ¢ 1 respectively.

Species: Sporotrichum pulverulentum Source: Royal College of Forestry,

Stockholm.

Enzyme:/3-1,4-glucan cellobiohydrolase
Isolated by Eriksson and Pettersson (90,108).
Physical properties: M.W. 48,600, Carbohydrate contents O%.

The amino acid composition is listed.
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Enzymic properties: The enzyme mainly produces cellobiose by an
end-wise attack at the non-reducing end of cellulose and higher
oligosaccharides. A strong synergistic response was observed
between the five endo-1,4-glucanases and the exo-1,4-glucanase
when these enzymes were allowed to degrade de-~waxed cotton and
Avicel. Mo synergism was observed if phosphoric acid-swollen
was used. The 35971,4-f3-g1ucanase released its products in the

X -configuration.

Species: QGeotrichum candidum (strain 3S) Source: Own cultures

Enzyme: C, component

1

Isolated by Rodionava et al. (92).

Physical properties: M.W. 64,600,

Enzynmie properties: The enzyme bad no activity on cotton fibre but
hydrolysed filter paper.

Optimum pH: acetate buffer, 4.0; citrate/phosphate buffer, 5.0.

Species: Geotrichum candidum (strain 38) Source: Own cultures.

Enzyme: ﬁ3-1,4—g1ucan glucanohydrolase EC 3.2.1.4
Isolated by Rodionova et al. (92).
Physical properties: M.¥W. 51,700,
Enzymic properties: The enzyme hydrolysed CMC.
Optimum pH: acetate buffer, 4.0; citrate/phosphate buffer, 3.5.

The separate C, and Cx enzymes did not act on cotton fibre even

1
after prolonged incubation of high concentrations of the enzyme
with the substrate after 20 days. With the joint use of Cl, Cx

and a cellobiase there was an almost total cleavage of cotton

fibre to glucose in 5-6 days.
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Species: Aspergillus niger Source: Sigma Chemical Co.

Enzymez/3-d,4-glucan glucanohydrolase EC 3.2.1.4

Isolated by Hurst et al.(109).

Physical properties: M.W. 26,000, Carbohydrate content: O%.

‘ The amino acid composition is listed.

Enzymic properties: The enzyme was active towards CMC but not towards
P-nitrophenyl p-g-glucoside or cellobiose. Kinetic studies
gave pK values between 4.2 and 5.3 for groups involved in the
enzyme-substrate complex. |

Optimum pH: 3.8-4.0. Optimum temperature: 45°C.

Species: Fusarium solani Source: F. solani I.M.I. 95994

Enzyme: Cl comnponent.

Isolat.ed. by Wood and KcCrae (110).

Physical properties: M.W. 41,000,

Enzymic properties: The purified enzyme showed little oapacity for
hydrolysing Avicel or cotton fibre, but phosphoric acid-swollen
cellulose and soluble cello-oligosaccharides such as cellotetraose
and cellohexaose, were readily hydrolysed; cellobiose was the
principal product in each case, The hydrolysis of CKC was

mininal and ceased after the removal of a few unsubstituted

residues from the end of the chain. These facts indicate that

~ - . _ - b IS, NI T PN I SN

e _.a e N ~ a4 _a_____ __1
1 component is a [&-1,4-g1ucan cellobiohydrolase.

Synergic action was found on combination of the enzyme with cx*

the C

components in the solubilisation of cotton fibre.
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PREPARATIVE EXPERIMENTAL

General

Melting points were recorded on a Kofler-Reichert hot stage
melting point apparatus and all are uncorrected.

IR Spectra were run on a Perkin Elmer 151 spectrophotometer,

UV Spectra were recorded on a Unicam SP800 spectrophotometer.

FER Spectra were run on either a Va:ian T60 spectrometer,
Varian HA 100lHz spectrometer or & Varian XI~100 XMR spectrometer
with VFT-100 Fourier trarsform accessory.

Carbon-13 NiR spectra were recorded on the Varian XI~100 INMR
spectrometer with the VFT-100 Fourier transform accessory.

Optical rotations were measured on & Perkin Elmer 141
Polarimeter.

Elemental analyses were determined by Mrs. W. Harkness,

University of Clasgow., The figures quoted are percentage weights,
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Preperation of the Peracetylated Oligomers of 3 -1, 4-
!

Linked Glucose

Penta~0-acetyl-X~D-glucopyranose (AcGl)

Anhydrous glucose was converted to the O{-~penta acetate by the
standard method of addinrg glucose slowly to a stirred solution of
acetic anhydride with perchloric acid as catalyst (122). ‘fhis gave
the X-acetate in 90% yield, with mp 110-112°C (lit.(122)112-113%).
The O{-configuration was confirmed by mmr which showed that the
anomeric proton at &= 6.3ppm was a doublet with splitting 4Hz.

Octa~O-acetyl-0{ — cellobiose (AcGz)

Cellobiose (Koch-Light Laboratories) was acetylated by the
above method to give the X -ecetate in 85% yield, with mp 228°¢C
(1it. (123)229°C). mr (coe1,), S =6.3(d, JwqHz, 1H), 5.6-3.4(m, 13H),
2.3-2.0(8 CH, s, 24H). [cX )= +39.8° (15t.(123)+41°). The rmr amd
optical rotation confirms the presence of the Ql-configuration.

Per—O-acetates of cellotriose, —tetraose and —pentaose (AcG 4 5)
9%

The mixture of acetylated cellodextrins was prepared by & mod-—
ification of the methods of Dickey and Wolfrom(124), Wolfrom ard
Dacons (125)end Miller et 21 (126).

¥hatmen Cellulose Powder (120g) was slowly added to a stirred
colution of acetic anhydride (430ml), acetic acid (430ml) and con-
centrated sulpkturic acid (45ml). The reaction was carried out in an
jce bath to ersure that the temperature did not rise above 40°C.

(Any further increase in temperature leads to ceramellisation). Tke
Teaotion was then maintained at 30°C. After 48 hours the mixture was
monitored every 2 hours by tloc until the predominant oligomer was the
tetramer. This took a further 6 hours. The reaction was stopped at
this point by pouring tke solution into 10 liires of vigorously stirred

ice water, Tbe precipitated oligomers were then filtered off, washed

with sodium hydrogen carbonate solution and water, and dried. Yield 200g.
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Tlc of this material showed that it contained oligomers with D.P.
1l to 9. By dissolving this in a minimum volume of refluxing methanol
cellobiose octa-acetate selectively crystallised out, enriching the
mother liquor in higher oligomers. This also provided a further
source of the dimer. The filtered solution of oligomers was poured
into 5 litres of saturated brire and left for a few hours for the
precipitate to coagulate. This was then filtered off and well washed
to ensure the mixture was free of salt. The mixture of cello-oligomers
was air dried and stored in a vacuum dessicator. Yield 105g, 49%.
This provided a stock for chromatographic separation.

The separation of the cellodextrins is normally carried out on
the free sugars using carbon-celite or gel filtration columns,
For the purposes of further synthesis it would be advantageous to
obtain'a-qupply of acetylated cello-oligomers directly from the
peracetylated mixture (rather than deacetylation, separation and
subsequent acetylation). Ballardie and Capon(127)have successfully
obtained the oligosaccharide peracetates of chitin in preparative
quantities using a large silica columnn. The conditions which
Ballardie and Capon used for the separation of the chitin oligo-
saccharides (10% methanol/chloroform) only succeeded in washing the
cellodextrin acetates straight through the column, This difference
in polarity can only be due to the N-acetyl group on carbon 2 on
each of the sugar residues of acetylated chitin oligomers, compared
with the O-acetyl group of the glucose based oligomers. After much
trial ard error the following system was developed.

The adsorbent used was Mallinckrodt Silicic Acid, 100 mesh,
activated for 12 hours at 200°¢, 1,8kg were used, and 5g of the
cellodextrin acetate mixture could be separated. The column (210cm x

4.2cm) was packed wet with a slurry of the adsorbent and carbon
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tetrachloride. The mixture of acetylated oligomers was applied in a
minimum volume of 30:70 chloroform/carbon tetrachloride. The column
was eluted with 30:70 chloroform/carbon tetrachloride with 1% methanol
added., The proportion of methanol was found to be critical since too
much methancl caused the oligomers to come off the column together
and too little caused them to adhere to the column. 30ml fractions
were collected using an L.K.B. UltrSvac fraction collector over a
period of 10-14 days. The separation of the acetates was monitored
by tlc amrlysis of every tenth tube on 20cm x 20cm silica gel plates.
Solvent 2% methanol in 30:70 chloroform/carbon tetrachloride. The
fractions were shown by development with ceric sulphate. 'Homogeneous
fractions were pooled and the solvent removed on a rotary evaporator.
Cellobiose octa~acetate could be recrystallised from methanol but was
rormally discarded. Cellotriose, cellotetraose ard cellopentaose
acetates were recrystallised from ethanol,. The following table shows

a typical distribution when the column is separating well.

Fractions (30ml) Compound Typical weight
221-261 A002 0. 3g
291-321 AOG3 l.3g
381-461 AoG4 l.6g
471-501 A¢G5 | 0.8g
511-551 AOG6 0.5¢g

The fractionated peracetylated cellodextrirs were further
characterised through their 100Mdz mmr spectra, optical rotation

and melting points. Their properties are shown in Table 2.



- 47 -

(0%2)
8€C-SEC

(9€2-6¢€2)
2€7-0€T

(s22-£22)
6TT-£2¢

(622)
822

(eniea °3ITT)

0,/3uT0gd SUIITSH

(oL 7+
ON+

(,£14)
o2 01+

(,T2+)
ol 12+

(,194)
o8 6E+

(entea *3TT)
AQ_U_ ) uorje3zoy 1eoT1ado

*SUATIAVHOOVSOODITO0~-0TTED TALIIVIId 0 SIII¥AA0dd

‘¢ dI9VL

0°2-€°C

(HZY)
0°z-€°2

(HEE)
0°2-€°¢

(1%2)
0°'2-€°¢

sTAYIaN
2318390y

6°€-9°¢

(HLZ)
G°€-9°¢

(HOZ)
GS*'€-9°¢

(HET)
9°€-9°¢

suojoag

3ury

(zH/r) wdd/aunN-H

"€z 9

(H1)
("%T°9

(H1)
AL AL)

(HT)
(Mvz9

uojoig

dTaswouy

1

NV

ooV

ooV

ooV



=48 -

Carbor-13 NKR of the Acetylated Cello-oligosaccharides

To further characterise the cello-oligosaccharides, their
C-13 ¥MR spectrz were recorded with some interesting results.

The structures of the acetylated oligosaccharides are shown
in Pigure 7 . The structures are drawn with the aromeric acetoxy
group in the of-configuration as determined by protorn NMR.

The chemical shifts of the carbon atoms of glucose penta-acetate
and cellobiose octa-acetate were assigned by comparison with the
results of Gagnaire, Taravel ard Vignon(128). The chemical shifts
are given in Table 3., As pointed out by Gagraire the chemical
shifts of carbors 6 and 6' in cellobiose octa-acetate cannot be
specifically assigned to any one etom. The C-13 XMR spectra of
hepta-_g-acetyl-z;-nitropherorlp-cellobioside was recorded in the
hope that the chemical shift of C-6 on the reducing ring would be
altered. As can be seen from the accompanying data on the cello-
bioside this did not occur.

To &ssign the spectrum of AcG3 it is assumed that the carbon
atoms of the glucose rings at the reducing end and the nor-reducing
end have similar chemical shifts to those of AcG2 and thet the new
signals which arise come from the internal glucose ring.

The atoms of C~1l, C-4, and C-6 for each ring are readily
assigned (the ambiguity for the outer C-6's remains, although the
C-6 sigmal of the internal ring is unique). Carbons C-2, C-3 and
C-5 of the reducing ring are easily picked out as is C-2 of the
non-reducing ring. The value of 72,09ppm for C-2 of the internal
ring and 71.89ppm for C-5 of the non-reducing ring may be inter-
changed as may be the values of 72.80ppm for C-3 of both the ron-
reducing ring and the intermal ring and 72.92ppm for C-5 of the

intermal ring.



Structure of Acetylated Cello-oligosacchdrides
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BC- NMR of Acet'ylated Cello-oligosaccharides
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TABLE 3

,’.

CHEMICAL SHIFTS FOR 130-NMR SPECTBA OF ACETYLATED CELLO-OLIGOSACCHARIDES

AcG C1 89,08

1

c2 69.25

€3 69.86

C4 67.96

c5 69.86

€6 61.51

AcG, €1 100.89 C1 88.96
c2 T1.69 c2 69.38

€3 72.99 C3 69.38

c4 67.88 C4 76.05

c5 T1.99 c5 70.80
C6 61.65 €6 61.50

Ao, . C1 100. 81 C1 100.81 c1 88.98
c2 T1.68 c2 72.09 C2 69.45

€3 72.80 c3 172.80 C3 69.45

c4 67.85 C4 176.17 C4 T6.17

c5 T1.89 c5 72.92 c5 70.80
c6 61.57% C6 62.26 c6 61.32%

AoG, €1 100.81 €1 100.54 C1 100. 81 c1 88.98
€2 T71.66 €2 T2.05 c2 72.05 €2 69.42

C3 72.87 €3 72.71 C3 72.71 C3 69.42

C4 67.84 C4 176.15 C4 T6.15 C4 76.15

c5 T71.87 c5 7T2.87 c5 72.87 c5 70.79
c6 61.58% c6 62.15 c6 62.15 c6 61.33

Acq.  C1 100.81 C1 100,53 C1 100.53 C1 100.81 c1 88.96
> c2 T1.66 c2 71.9 c2 T1.95 c2 T1.95 c2 69.40

C3 72.86 C3 172.66 C3 72.66 C3 T72.66 C3 69.40

c4 67.83 C4 76.13 C4 76.13 C4 76.13 C4 76.13

c5 T1.95 c5 72.86 C5 T72.86 c5 72.86 c5 70.80
66 61.56° o6 62.12  C6 62.12  C6 62.12 6 61.34"
Cellulose Acetate : C1 100.45; C2 72,003 €3 72.603 C4 76.105 C5 72.95;

C6 62.15.

¥ Chemical ehifts may be interchanged.



Structure of AcLNPGz
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Figure 10

CHEMICAL SHIFTS FOR 13C-NHR SPECTRA OF HEPTAACETYL -

4-N1TRozmmma,/3-CELLOBIOSIDE

€1 100.81 cL  97.84
2 T1.62 c2  72.29
€3 72.85 c3 71.11
c4  67.83 C4  76.20
C5  T1.98 6 13.22
C6  61.85 6  61.66

* Chemical shifts may be interchanged.
TABLE
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The /3—anomeric carbons of AcG3 have the same chemical shift

value of 100.81ppm. On addition of a glucose residue to form AcG4
& new anomeric resonance at 100.54ppm. On addition of a further
glucose residue to form AcG5 the C-13 NMR spectrum shows 2,8‘—anomeric
carbon resonances at 100,8lppm and 2 at 100,53 ppm as well as the
-anomeric carbon resonance at 88.%ppm. The chemical shift at
100,53ppm is typical of the anomeric carbon of a 'mormal' internal
ring of cellulose acetate. (A 'normal' ring is one in the middle of
the long chain polymer). Since one resonance at 100,8lppm is attri-
butable to the anomeric carbon of the glucose ring at the non-
reducing end of the cello-oligosaccharide chain; the othér must
belong to a ring which is special compared to that of the 'normal!
internal ring of cellulose acetate.

It cannot definitely be said whether this 'special' glucose ring
should be considered to be inserted between the reducirg ring and the
internal ring or the non-reducing ring ard the internal ring of AcG3
but a good guess is that this 'special' ring is the one next to the
reducing end.

This 'special' internal ring is only characterised by its dif-
fering chemical shift of the anomeric carbon.

If the 'special’ ring is adjacent to the reducing end, the
anomeric carbon would be 5 atoms away from the carbon at which there
is a structural difference from the 'normal' ring. (A 'normal' ring
is one in the middle of a long chain polymer). If the 'special' ring
were adjacent to the non-reducing end of the chain the anomeric carbon
would be 8 atoms away from the carbon at which a structural difference
from & 'normal'! ring occurs. Therefore the reducing end would be

expected to make the larger contribution to any deviation. Cn this

basis the chemical shifts were assigned to the carbon atom of AcG4
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as shown in Table 3 ., The assigments for C~1, C-4 ard C-6 of each
ring are readily made (again there is ambiguity for the outer €-6's).
C-2, C-3 and C-5 of the reducing ring and C-2 of the non-reducing
ring are easily pioked out. Other assigrments are made on the
basis of the first assumption (that the outer rings retain their
characteristic chemical shifts) and that the internal rings are
beginning to be typical of cellulose acetate.

On addition of a further glucose residue to form Ach, the
C-13 NMR spectrum does not become more complicated. Assuming that
the outer rings retain their chemical shift identity, the 'special’
ring is adjacent to the reducing ring, and that the oligosaccharide
terds towards the polymer cellulose acetate; the assigrments shown
in the table result.

Taking a broader look at tthe C-13 NMR spectra of the acetylated
cello-oligosaccharides it can be seen that the C-13 NMR spectrum of
AcG, is not representative of the spectrum of cellulose acetate.

2
The spectrum of AcG, still does not explain the spectrum of the

3

polymer although the chemical shift for C-6 of cellulose acetate is
represented by the chemical shift of the internal C-6. It is not
until the tetrameric compound is studied that all the chemical shifts
of the carbons of cellulose acetate are explained.

From the above results the following underlined glucose units
represent the internal glucose residues responsible for the C-13
NMR spectrum of cellulose acetate,

Glu - Glu - Glu - Glu - Glu - Glu - Glu - Glu - Glu - Glu




-55 =

Preparation of the Oligosaccharides of [3 -1,4-Linked Olucose

Q{=D-Glucopyrancse ( G )

D-glucose was obtained from B.D.H. and was of 'Analar' grade.

It was used without further purification.

X -Cellobiose (02)

Cellobiose was obtained from Koch-Light Laboratories and was
used without further purification,
X ~Cellotriose (GB)

Peracetyl-X~cellotriose (0.5g) was dispersed in anhydrous
methanol (5ml) and sodium methoxide (1.5ml, 0.5g ¥a in 100ml) added.
The slurry was shaken for 40 mimtes by which time the mixture had
become clear., Amberlite IR 120 (B') ion exchange resin was added until
the sodium had been removed. The resin was filtered off and the
methanol removed on a rotary evaporator to give an amorphous white
powder which was recrystallised from 1l:1 ethanol/water.

Yield 0.22g, 88%. mp 207-213%C (1it. (129) 206-209°C; (130) 224°C.

1

IR Xo acetates present. V) = 3600-3100cm -, O-H. (KBr).

[0<), = +30.5° (vater, 0.28g/100m1). (1it. (130) +32° 5 423°).

X -Cellotetraose ((}4)

Peracetyl-X~cellotetraose (0.5g) was treated with sodium
methoxide in methanol as for the trimer. The oligosaccharide
dissolved and then the de-_(_)_—acetylated material began to crystallise
out. The mixture was shaken for a further 30mimtes, cooled to o°¢c
and filtered to afford the tetramer. Yield 0.20g, 77%.
mp 245-251°C (1it. (229) 252°C; (131) 256-257°C).

IR No acetates present. \) = 3600-3100cm *, 0-H.  (XBr).
[X]), = +14.4° (vater, 0.19g/100m1). (1it. (129) +16°).

O(-Cellopentaose (05)

Peracetyl-ol—cellopentaose (0.3g) was treated with sodium
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nethoxide in methanol as before. As with the tetramer the de-O-
acetylated material crystallised out. The mixture was shaken for
a further 30 mimtes, cooled to 0°C and the cellopentaose filtered
off. Yield 0.12g, 75%. mp 262°C (1it. (129) 266-268°; (132)
268.5°C)

IR No acetates present. )) = 3600—31000m_1, O-H. (xBr).

[0, = +11.7° (vater, 0.11g/100m). (1it. (129) +11°;

(132) +12.4°).
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Preparation of 3,4-Dinitropheryl-B -D- Glycosides of
[ |

Gy Gy G, and G,

It is well known that the reaction of mcleophiles with
acetobromo -glucose gives a product with a 1l,2-trans-relationship
between the acetoxy group on carbon 2 and the added rucleophile on
carbon 1. The use of the acetobromo-sugars was therefore employed

in the synthesis of the aryl B -D-glycosides.

3,4-dinitrophenyl 2, 3,4, 6—tetra-0-acetyl-;8 ~D-glucopyranoside
(1034DNPG1)
Acetobromo-glucose was prepgred pure and in high yield by the
method of Haynes and Fewth(133) mp 87-88°C (1it.(134)87°C).
Acetobromo-glucose (3.5g), anhydrous potassium carbonate (2.5g)
and 3,4-dinitrophenol (1.5g) were stirred together for 5 days in
50ml dry acetone. The solution was then poured into 100ml of ice-
water and the glucopyranoside eﬁmcted with 4 x 100ml chloroform.
The solution was dried over anhydrous magnesium sulphate, filtered
and the solvent removed on & rotary evaporator, The resultant
yellow syrup readily solidified and was recrystallised from metharol.
Yield 2.9g, 66%. mp 169-171°C.
Analysis: Calculated for 020H22N2014:c,46.70; H,4.313 X,5.45.
Pound:C,46.50; H,4.52;3 N,5.25.
IR V) =1755, C=0; 1615cu *, aromatic. (Majol).
mr (CDCL,), S - 8.00 (4,7 = 8.5Hz, 1H), 7.42 (d,J = 2.5Hz,1H),
7.26 (q,J = 8.5Ez, 2.5Hz, 1H), 5.40-5.05 (m,4H), 4.30-3.90 (m,3H),
2.20-2,05 (4s,12H).
UV Q max = 282mm, log € = 3.78 (methanol).

COCID' =—42,3° (chloroform; ¢, 0.46g/100ml).
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3, 4-dinitrophenyl lB-D—glucopyranoside (34DNPGl)

The acetate groups were removed by the method of Zemplén (135).
Ac34DK¥G, (1g) was dispersed in methanol (10m1) and sodium methoxide
(2.5m1, 0.7g ¥a in 100ml methanol) added. The slurry was shaken for
30 mimites, by which time the solution was clear. Amberlite
IR 120 (H+) ion exchange resin was added to remove the sodium ions.
The solution was filtered and the solvent removed on a rotary
evaporator to afford the crude glucopyranoside. The product was
recrystallised from a 1:4 solution of methanol/water.

Yield 0.6g, 90%. mp 105-109°C.

Analysis: Calculated for c12314n§olo(néo): C, 39.563 E 4.433 N 7.69
Fourd:C 39.09; H 4.72; N 7.61.

IR Fo acetates presemt.V =3600-3100, 0-H; 1615cm L, aromatic. (iBr).

mr (pyridine-ds), S =8.04(d, J=8.5Hz,1E), 7.79 (d, J=2.5Hz,1H),

7.48 (q, J=8.5Hz, 2,5Hz, 1H), 5.78 (d, J=8Hz,1H), 4.68-4.05 (m,6H).

(pyridine—ds/Dzo) additional singlet at § =5.6 (4H).

UV Amax = 282m, log € = 3.8 (water, pH=S).

["(JD- -67° (waters ¢, 0,1g/100ml).

3,4-dinitropheryl hepta-O—acetyl7B — cellobioside (A034DNP02)

Collobiose octa-acetate was converted to the hepta-acetyl
bromide in 92¢ yield by the method of Haynes and Newth (133).
mp 189-191°C (1it.(136) 182°C).

Acetobromo - cellobiose (3.5g), potassium carbonate (2g)
and 3,4-dinitrophenol (1g) were stirred togetber in 100ml of dry
acetone for 5 days at room temperature. The mixture was then
treated as for Ac34DNPGl to give pale yellow crystals from 50:50

: (o]
methanol/ethanol. TYield 2.1g, 52.3% mp 240-2427C.
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Analysis:Calculated for 032 38 A 22 3Cy 47.89; H, 4.773 N, 3.49.
Found : C, 47.955 H, 4.973 N, 3.30.

IR Val755, C=0; 1615cw >, aromatio. (Majol)

mr (cnc:13), S =8.02 (4, J=8.5Hz, 1H), 7.42 (d, J=2.5Hz, 1H),

7.26 (q, J=8.5, 2.5Hz, 1H), 5.42-3.60 (m, 14K), 2.24-1.92 (7s, 21E).

UV Amax = 282m, log € = 3.75 (methanol).

[0(]]) - -370, (chloroform; ¢, 0.24g/100ml1).

3,4-dinitrophenyl ,B — cellobioside (34DNEG,)

Do-f}aoetylationvof Ao34DNPG2 was a&complisﬁed under Zempleén
conditions.,

A034DNPG (1g) was deacetylated to give 0.58g of the aryl
cellobioside, recrystallised from 1:4 methanol/water. mp 187-192°C.
Amlysis 1 Caleulated for C gH, N,0,.(K,0) & C,41.075 H4.98; K5.32.

 Found : C, 41,005 H, 5.01; N, 5.32.
IR gé acetates present. V) =3600-3100, O-H; 16150m~l, aromatic.(KBr)
rmr (pyridine-dS), S = 8,00 (d, J=8.5Hz, 1H), 7.75 (d, J=2.5Hz, 1H),
7.42 (q, J=8.5Hz, 2.5Hz, 1H), 6.70 (s, 7 0-H), 5.74 (d, J=8Hz, 1H),
5.16 (d, J=8Hz, 1H), 4.70-3.85 (m, 12H).
UV Anpax = 284m, log € = 3.8 (water, pH=5).
[o(]D = =166.3°, (water; o, 0.154g/100ml).

334-diritrophenyl deca—acetyl-f3 — cellotrioside (Ac34DNPG3)

Peracetyl cellotriose. 56.43) was added to dichloromethane (5ml)
and 40% hydrogen bromide in acetic acid (2.5m1) and left at room
temperature for 2 hours. The solution was then poured into 10ml
of ice water, the bromide extracted with chloroform and washed with
sodium hydrogen carbonate solution. After drying over magnesium
sulphate the solvent was removed to give a pale yellow syrup which
golidified on trituration with ether. Yield 0.35g, 85%.

The acetobromo-cellotriose was immediately reacted with potassium
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carbonate (0.5g) and 3,4-dinitrophenol (0.2g) in 25ml dry acetone.
After 5 days the cellotrioside was worked up as for Ac34DNPGl to
&glve & pale yellow syrup. This syrup would not crystallise. Tlc
analysis of the product showed that the aryl glucoside and cello-
bioside were present as impurities. The product was then separated
on lmm, 20cm x 20cm silioa gel plates using 2% methanol in 30:70
chlorofom/carbon tetrachloride as eluent. Three bands were shown
to be present by uv. The lovwer bard was washed from the silica with
chloroform and evaporated to give a clear syrup which was easily
recrystallised from ethanol, It was shown to be the peracetate of
the aryl cellotrioside. Tield 0.15g, 40%. mp 135-139°C.
Analysis s Calculated for C44HS4N2030 ¢ C, 48.445 H, 4.99; N, 2.57.
FPourd : C, 48.25; H, 5.033 N, 2,28,
IR V = 1755, C=0; 1615cm ~, aromatic. (Majol).
mnr'(cbc13), 8§ = 8.02 (a4, J=8,5Hz, 1E), 7.42 (d, J=2.5Hz, 1H),
7.26 (q, J=8.5Hz, 2.5Hz, 1H), 5.45-3.60 (m, 21E), 2.26-1.90 (10s, 30H).
UV A max = 282rm, log € =3.8 (metharol).

(X3, = -22,2° (chloroform; ¢, 0.216g/100ml).

3,4-dinitrophenyl ’8 — cellotrioside (34DNPG3)

Ac34DNPC, was de-O-acetylated by the method of Zemplén.
15034DNPG3 (0.1g) was deacetylated to give & pele yellow syrupy
product. Weter (lml) was added and the solution passed through a
colunn of Sephadex G-15 (1.6cm x 20cm). The effluent was monitored

its uv absorption at 282rm, The homogeneous fraction was freeze

o
dried to give a white amorphous powder. TYield 54mg, 88%. mp 165-170 C(dec. )

Analysis s Calculated for 0241134112020 s+ C, 43.003 H, 5.113 X, 4.18,

Found : C, 43.223 H, 5.373 N, 4.20.

-1 .
IR No acetates present. ) = 3600-3100, O-H; 1615cm , aromatic, (kBr).



oy (.'D20), 6= 8.16 (4, J=8.5Hz, 1H), 7.62 (4, J=2.5Hz, 1H),

7.44 (q, J=8.5Hz, 2,5Hz, 1H), 5.28 (d, J=7Hz, 1H),4.54 (d, J=8Hz, 1H),
4.46 (8, J=8Hz, 1H), 4.10-3.16 (m, 18H),

BE-0-D signal at 4.78§.

UV Amax = 282mm, log £= 3.75 (water, pH=5).

[X], « -23.4° (waters ¢, 0.0%5e/100m1).

3,4-dinitrophenyl trideca~O-acetyl-/3 — cellotetraoside (A034DNPG4)
] B

Since the reaction of the peracetyl cellotriose with hydrogen
bromide led to partial degradation, it was expected that that of the
peracetyl cellotetraose would do so as well. This was fournd to be so.

Peracetyl cellotetraose (0.5g) was dissolved in e mixture of
dichloromethare (3ml) and 40% hydrogen bromide in glacial acetio
acid (2.5ml). The solution was left at room temperature for 2 hours.
It was treated as for the cellotriose acetate to give a clear syrup
which solidified on trituration with ether. Yield 0.44g, 86%.

The acetobromo-cellotetraose was immediately added to a stirred
mixture of pofa.ssimn carbonate (0.5g) ard 3,4-dinitrophenol {0.2g)
in 25nl dry acetone. The reaction was left for 5 days at room
temperature and then worked up as for A034DNP01 to give a pale
Yellow syrup. As with Ac34DNPG3 it would not orystallise and tlec
analysis showed that the glucoside, cellobioside and cellotrioside
were presentas impurities. Unfortunately preparative separation on
lmm thick silica gel plates did not resolve the tetramer from the
trimer. It was necessary to use & column (2cm x 40cm) packed with
dry silica gel. The sample was applied to the top of the column in
& minimum volume of 30:70 chloroform/carbon tetrachloride. The
column was eluted with 2% methanol in 30:70 chloroform/carbon
tetrachloride. Fractions (25ml) were colleg¢ted and their cortents

analysed by tlc. The Ac34DNPG4 fractions were pooled and the
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solvent removed on a rotary evaporator to give a clear syTup wWhich
was easily recrystallised from ethanol. Yield 0.25g, 53%. mp 140-146°C.
Analysis: Calculated for 056H70Né038 s C, 48.77s H, 5.123 N, 2,.03.
Found : C, 48.40; H, 5.10; ¥, 2.50.
IR )= 1755, C=0j 1615cm >, aromatic. (Majol).
mr (Cm13), § = 8,00 (4, J=8.5Hz), 7.42 (d, J=2.5Hz), 7.26 (a,
J=8,5Hz, 2.5Hz), 5.44-3.58 (m), 2.26-1.92 (cH, singlets).
UV Anmax = 284rm, log€ = 3.8 (methanol).
[OCID = -19.2° (chloroform; c, 0.24g/100ml).

The carbon-13 rmr spectrum of A034])131’0'4 was recorded, The
resonances of the carbon atoms in each ring are tabulated below., The
assigmments were made on the basis of the carbon-13 studies of tke
acetylated cello-oligosaccharides and heptaacetyl—-4-ritrophenyl

/3-cellobioside.

CHEMICAL SHIFTS FOR 13C-NMR SPECTRUM OF Ac34DNPC

4
Cl 100.78 Cl 100.47 Cl 100.47 €l 97.84
c2  71.63 C2  172.06 C2  T2.06 c2 173.12
C3  72.40 €3 72.67 C3  72.67 C3 71.03
C4 67.79 C4  T15.97 C4 T15.97 C4 176.58
c5 171.78 c5 72.89 c5 72.89 05 73.60
C6 61.9 c6 61.9 C6 61.96 c6 61.55

The values going from left to right refer to the glucose rings

going from the ron-reducing emd of oligosaccharide to the aryl group.

3,4~dinitropheryl /3 —cellotetraoside (34DM>G4)
A

A034DNPG4 vas de—O-acetylated by the method of Zemplén..

Ac34DNPG 4 (0.2g) was de-O-acetylated and the crude glycoside passed

through the Sephadex G-15 column as for 34DNPG The eluate containing

3.
the aryl cellotetracside was freeze dried to give a white amorphous

powder. Yield 104mg, 86%. mp 183-187°C (dec. ).



Analysis: Calculated for (23011441\72025 : Cy 43.273 Hy 5.333 N, 3.37.
Fourd : C, 43.12; H, 5.57; N, 3.26.

IR Yo acetates present.Y) = 3600-3100, O-H; 1615cm Y, aromatic. (KBr).

mr (D,0), &= 8.16 (4, J=8,5Hz, 1H), 7.61 (4, J=2.5Hz, 1H),

7.44 (q, J=8,5Hz, 2.5Hz, 1H), 5.28 (d, J=THz, 1H), 4.50 (m, 3H

4.,10-3,12 (m, 24H). B-0-D signal at 4.78S.

UV Amax = 283m, logf = 3.75 (wa.te::;,' pH=5).

[X] p = =14.4° (vwater; c, 0.16g/100m1).

3,4-dinitroohenyl 3 —chitotrioside
LA

This compound was prepared by M. Cuthbert according to the pro-

cedures described in reference 127.

3,4-dinitroohenyl /3 —chitotetraoside
/

This compound was also prepared by M. Cuthbert according to the

procedures described in reference 127.
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Preparation of Modified 3,4-Dinitrophenyl /3 -D-Glucopyranosides
/

3;4-dinitrophenyl tri-0O-acetyl-6-deoxy— /3 ~D-glucopyranoside
/

6-Deoxy-D-glucose (Koch-Light Laboratories; 0.2g) was acetylated

with acetic anhydride and perchloric acid in the same manner as for
glucose. The resultant clear syrup was treated with 40% hydrogen
bromide in acetic acid (1ml), This. was left at room temperature
for 3 hours and the acetobromo—sugar‘worked up as for acetobromo-
glucose to give a pale yellow syrup.

To the acetobromo-6-deoxy-glucose in 10ml dry acetone was added
3y4~dinitrophenol (0.2g) and potassium carbomate (0.2g) and the
mixture stirred for 5 days at room temperature. The mixture was
poured into 50ml ice-water and the deoxy sugar extracted with 4 x 50ml
chloroform, dried over anhydrous magnesium sulphate and the solvent
removed on a rotary evaporator to give & syrup which was triturated
with ether to cause solidification. The solid was recrystallised
from methanol. Yield 0,18g, 32%. mp 176-178°C.

Analysis: Calculated for 018H20N2012: C, 47.383 H, 4.42; X, 6.14.
Pound: C, 47.5; H, 4.41; N, 6.44.

IR V) = 1755, C=0; 16150m-1, aromatic. (Majol).

nmr(CDC1,), S = 8,00 (4, J=8.5Hz, 1H), 7.42 (d, J=2.5Hz, 1H),

7.24 (q, J=8.5Hz, 2.5Hz, 1H), 5.40-5.10 (m, H), 3.88-3.46 (m, H),

2,22-2,02 (38, 9H), 1.26 (d, J=6Hz, 3H).

UV A max = 284mm, log §= 3.76 (methanol).

[),, = -83.5° (chloroform; o, 0.07g/100m1).

3,4-dinitropheryl 6-deoxy /3 —D-glucopyranoside

The aryl tri-_(_)—a.cetyll 6-deoxy-glucopyranoside was de-O-acetylated
by the method of Zemplén, De-O-acetylation of the 6-deoxy glucoside
(0.1g) followed by recrystallisation from 1:1 ethanol/water afforded

3,4-dind trophernyl 6-deoxy 3 -D-glucopyrenoside, Tield 0.07g, 93%.

mp 95-98°C.
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Analysis & Caleulated for C),H) N,0.(H,0): C, 41.39; E, 4.63; ¥, 8.04.
Found: C, 41.62; E, 4.75; ¥, 8.19.

IR Yo acetates present. V= 3600-3100, O-H; 1615cm ', aromatic. (KBr).

mr (pyridine—dS), S$=8.04 (4, J=8,5Hz, 1H), 7.80 (da, J=2.5Hz, 1H),

7.48 (q, J=8.5Hz, 2.5Hz, 1H), 5.76 (4, J=8Ez, 1H), 4.72-3.96 (m, 4H),

1.28 (a4, J=6Hz, 3H). (pyridine-d5/1)20), S = 5.50 (s, H-0-D, 3H).

UV  Amax = 282mm, log €= 3.85 (water, pH=5).

l[3 44~dinitrophenyl tri-O-acetyl-6—chloro—b—deoxy-/3-D-glucopyranoside
/

~dinitrophenyl tri-O-acetyl-6—chloro-6—deoxy-/s-D-glucopyranoside
6-Chloro-6-deoxy-D-glucose was supplied by Professor B, Capon(137).
6-Chloro-6~deoxy-_2-glu:ose (0.2g) was acetylated and treated with
404 hydrogen ‘brom;de in acetic acid as for 6-deoxy-D-glucose to give
acetobromo-6-chloro-6-deoxy-glucose as a clear syru;. Yield 0,32g, 82%.
'I'l_xe acetobromo-sugar was added to a stirred mixture of 3,4-
dini trophenol (0.2g), potassium carbonate (0.2g) and dry acetone (10ml).
After stirring for 5 days,the product was isolated using the same
methods as for the 6-deoxy glucopyranoside. The meterial was re-
orystallised from methanol to give small, pale yellow crystals,
Yield 0.28gz, 69%. mp 177-181°C.
Analysis : Calculated for 018111911201201: C, 44.045 H, 3.903 H, 5.72;
Cl, 7.23.
Fourd : C, 44.20; H, 3.88; X, 5.99; Cl, T.24.
IR V1755, C=0; 1615cm o, aromatic. (Majol).
mmr (cnc13), S = 8.02 (4, J=8,5Hz, 1H), T.42 (&, J=2.5Hz, 1H),
7.24 (q, J=8.5Hz, 2.5Hz, 1H), 5.42-5.02 (m, 4E), 4.34-3.92 (m, 3E),
2,20-2.00 (3s, 9H).
uv Amax = 284rm, log &= 3.82 (methanol).

[], = 69.3° (chlorotomms e, 0.15¢/100ml).
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344~dinitrophenyl 6-chloro-6-deoxy /3 ~D-glucopyranoside
344~dinitrophenyl 6-—chloro-6-deoxy /3 ~D-glucopyranoside

7
— v e i e e pmemden vty vae wo vauw O Zemplén.

~ 3y4-Dinitrophenyl tr.i.-g-a.cetyl—6-chloro—6—deoxy—/3-g—glucopyramside(0.2g)
was de-O-acetylated to give a pale yellow syrup which crystallised
on trituration with ethanol., The glucoside was recrystallised from
1:1 ethanol/water. Tield 0O.1llg, 74%. mp 135-13900.
Analysis : Calculated for 012H13N20901(H20): C, 37.653 H, 4.233

N, 7.32; C1, 9.26.

Found : C, 37.47; H, 4.53; XN, 6.96; C1, 9.68.

ir Fo acetates present. ) = 3600-3100, O-H; 1615cm_1, aromatic.
rmr (pyridine—dS), S= 8,00 (4, J=8.5Hz, 1E), 7.42 (4, J=2.5Hz, 1H),
7.26 (q, J=8.5Hz, 2.5Hz, 1H), 5.74 (d, J=8Hz, 1H), 4.70-3.94 (m, 6H),
(pyridine-d5/1)20), S = 5.56 (s, B-0-D, 3H).
uv A max = 283rm, log E=3.78 (water, pH=5).
[X] , = ~40.9° (water; ¢, 0.22g/100m1).

3,4-dinitrophenyl tri-O-acetxl—6—0—methyl/B -D-glucopyranoside

6-9-1~ietﬁy1—-l)-_—g1ucose was supplied by Professor B. Capon (137).
6-0~Hethyl D-glucose (0.5g) was comverted to 3,4~-dinitrophenyl
tri-g-acetyz-é-g-methyl ﬁ-—g-glucopyranoside by the usual sequence.
(Acetylation, treatment with hydrogen bromide in acetic acid and
then reacting the acetobromo-sugar with 3,4-dinitrophenol (0.4g)
erd potassium carbonzte (0.4g) in 20ml dry acetone )e The compound
was recrystallised from methanol to give a white, fluffy
orystalline mass. Yield 0.56g, 60.4%.  mp 201-204°C.

Analysis : Calculated for 0191122}?2013: C, 46.91; H, 4.563 N, 5.78.
Found : C, 47.0235 Hy 4.545 ¥, 5.5.

IR V= 1755, C=0; 1615cm Y, aromatic. (Mujol).

mr (cnc13), S = 8,02 (d, J=8.5Hz, 1H), T.42 (4, J=2.5Hz, 1H),

7.24 (q, J=8.5Hz, 2.5Hz, 1H), 5.62-5.10 (m, 4H), 4.30-3.58 (m, 3H),
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3.40 (s, 3H), 2,18-2.04 (3s, 9H).

WY Amax = 284m, log £= 3.8 (methanol).
ID(]D = ~42° (chloroform; ¢, 0,148g/100m1).

344—-dinitrophenyl 6~0O-methyl B-D-glucop}[ranoside
/

The Zemplén method of de-O-acetylation was used to prepare the
aryl 6-0O-methyl glucopyranoside. 344~Dinitrophenyl tri-O-acetyl-
&Q—methyl—p -D-glucopyrancside (0.4g) was de-O-acetylated to give a
white solid which was recrystallised from 1:1 ethanol/water,

Yield 0.24g, 81%. mp 148-150°C. |

Analysis : Calculated for Cl3H16N2010(H20):: C, 41.273 H, 4.79; N, T.43.
Fourd : C, 41.57; H, 4.74; ¥, 6.99.

IR Mo acetates presemt.)) = 3600-3100, O-H; 1615cm >, aromatic.

ymr (pyridine—ds), S=17.98 (4, J=8.5Hz, 1H), T.42 (4, J=2.5Hz, 1E),

7.26 (9, J=8.5Hz, 2.5Hz, 1H), 5.76 (4, J=B8Hz, 1H), 4.70-3.98 (m, 6H),

3.42 (s, 3H). (pyridine-d5/1>20), S= 5.5 (s, E-0-D, 3H),

UV Amax = 282mm, log €= 3.78 (water, pH=5).

[o<], = -111.4° (vater; ¢, 0.07g/100u1).

324-dinitrovhenyl tri—O-acetyl-lB-D-zylopyranoside

Xylose (10g) was acetylated by the same method as that used for
glucose to give a colourless syrup which could not be induced to
crystallise. Yield 20.5g, 96%.

Tetra-O-acetyl-0<~D-xylose (10g) was treated with 40% hydrogen
bromide in acetic acid ?25:111) to give acetobromo-xylose after the
usual work up. The acetobromo-xylose was obtained as a colourless
syrup which crystallised on standing in the refridgerator under dry
ether for 3 days. The compound was recrystallised from ether.

Yield 8.7g, 81%. nmp 100-101°C (lit. (138) 101°C).

Acetobromo-xylose (2g), 3y4~dinitrophenol (1g) and potassium

carbonate (1g) were stirred together in 20ml dry acetome for 5 days.
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The acetone mixture was poured into 100ml ice-water and the xylo-
pyranoside extracted with 4 x 50ml chloroform, dried over anhydrous
magnesium sulphate, filtered and the solvent removed on a rotary
evaporator to give a pale yellow solid. The product was recrystallised
from methanol. Yield 1.6g, 61%. mp 181-183°C.

Analysis : Caloculated for 017318 s C, 46.153 H, 4.103 N, 6,.35.

%02
Pourd : C, 46.22; H, 4.20; N, 6.60,

IR V) = 1755, C=0; 1615cm‘1, aroratic. (Nu:jol)f

mr (cnc13), § = 8,00 (4, J=8.5Hz, 1H), 7.39 (4, J=2.5Hz, 1H),

7.29 (q, J=8.5Hz, 2.5Hz, 1H), 5.46-4.80 (m, 4H), 4.22 (q, J=12Hz,4Hz, 1H),

3.68 (q, J=l2Hz, 6Hz, 1H), 2.20-2.08 (3s, 9H).

UV Amax = 282mm, log €= 3.76 (methanol),

[OC]D = =116.4° (chloroform, 0.22g/100ml).

‘}L4‘-dihi;ti'ophen;y1 /B ~D-xylopyranoside

3, 4-Dinitrophenyl tri—g-acetyl-p-_]l-xylopyramside (1g) was
de-_(_)_-aoe‘l;ylated by the method of Zemple': to give the crude aryl
xylopyranoside which was recrystallised from methamnol. Yield O, 52g, 73%.
mp 142-144°C (phase change at 130-133°c).
Analysis & Calculated for 01113121(209 : C, 41.77s H, 3.82; N, 8.88,

" Found : C, 41.78; H, 3.87; ¥, 8.55.

IR JNo acetates present. ) = 3600-3100, O-H; 1615cm"1, aromatic.
rmr (pyridine-d5), § = 8,00 (4, J=8.5Hz, 1H), 7.58 (4, J=2.5Hz, 1H),
7.34 (q, J=8.5Hz, 2,5Hz, 1H), 5.74 (4, J=8Hz, 1E), 4.60—3.62 (m, 5H).
(pyridine/DQO), S = 5.60 (s, H~0-D).

UV  Amax = 282m, log €= 3.82 (water, pH=5).

[o(]D = =70.5° (water; o, 0.15g/100ml).
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S34-dinjtrophenyl 2-acetamido~2-deoxy-/3~D-glucopyranoside
1

A sample of this material was prepared by M. Cuthbert. It had
the following characteristics:

mp 138-139°C

Analysis: Calculated for CBHI’INBOIO’ C, 43.423 H, 4.423 N, 10.85.

Foum:: C, 430%; H, 4.59; N, 100799

g:nitrophg;zl_P -D-glucopyranoside

This compourd was synthesized by the methods already described.
Acetobromo~glucose (5g), 4~nitrophenol (2.5g) and potassium
carbonate (2.5g) were stirred together in 50ml dry acetone., After
4 days tixe reaction mixture was poured into 200ml ice-water, extracted
with 4x100ml chloroform, dried over magnesium sulphate, filtered and
the solvent removed under reduced pressure. The material was re-
orystallised from ethanol. Yield 3.8g, 67% mp 176°C (1it. (139) 174-
176°¢c).
rmr (ch13), S = 8,14 (4, J=8Hz, 2H), 7.56 (d, J=8Hz, 2H),
5.40-4.66 (b, 4H), 4.28-4.14 (m, 2H), 3.94-3.68 (m, 1H), 2,20-2.00
(4s, 12H).

4~Y¥itrophenyl tetm—g—acetyl-ﬁ ~D-glucopyranoside (1g) wes de-0~
acetylated by the method of Zemple’n to give a white product.
Yield 0.46g, 73% mp 164-165°C. (lit. (139) 164-165°C).
rmr (ds-pyridine), S = 8,08 (4, JuBHz, 2H), 7.74 (d, J=8Hz, 2H),
5.49 (4, J=8Hz, 1H), 4.64-3.94 (m, 6H).
(pyridine/D,0), &= 5.56 (s, B-0-D).

4-nitrophenyl 2-deoxy-]B ~D-glucopyraroside

A sample of this material was also prepared by M. Cuthbert.
It bhad mp 165-166°C (1it. (140) 167-169°C).
Avalysis: Calculated for C),F ;N0;: C, 50.,53; H, 5.305 N, 4.91.
Found: C, 50,733 H, 5.633 N, 5.48.
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Preparation of an Affinity Column Specific for'B-Glucosidases

Cuatrecasas(141 )bas purified a,KS-galactosidase by affinity
chromatography. The column was prepared by covalently linking a
specific inhibitor to an agarose matrix. A spacer arm was required
to affect binding of the enzyme to the column. Using the methods
Shah and Bahl(142)for the preparation of the ligand and a commercial
affinity chromatographic product, Affi-Gel 10, an affinity column
specific for /3-giucosidases was constructed.

4-nitrophenyl tetra—O—acetyl:%3-D—thioglucopyranbside

The sodium salt of 4-nitrothiophenol was prepared by a combination
of the methods described by Waldron and Reid(143)and Vogel (144).
4-Chloronitrobenzene (157g) was suspended in ethanol (150ml) ard
sodium disulphide (prepared from sodium sulphide ard sulphur;llOg)
slowly added and left to stir for 5 mimtes. The dark red solution
vas.adéed'to 2 litres of ice-~water and the unreacted diaryl disulphide
filtered off. The red solution wes acidified to precipitate the
impure mercaptan, This was filtered off immediately and dissolved
in 500ml of a boiling 5% sodium hydroxide solution. The red solution
was allowed to cool and a saturated solution of sodium hydroxide
adde to precipitate the sodium salt. The thiophenolate salt pre-
cipitatedlas golden flakes which were filtered off and dried in a
vacuum desiccator. Yield 110g, 63%.

Acetobromo-glucose (8g) and sodium 4-nitrothiophenolate (5g)
were stirred together in 200ml of dry acetone for 4 deys. The flask
was flushed with nitrogen before being stoppered. After the 4 days
the solution was poured into 300ml ice-water and the thioglucopyran-

- oside extracted with 4 x 100ml chloroformydried over anhydrous
magnesium sulphate, filtered and the solvent removed on a rotary

evaporator. The crude thioglucopyranoside was recrystallised from
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methanol to give pale yellow needles. Yield 7.2g, 76%. mp 184-185°C.

Analysis: Calculated for 020H23N0118: C, 49.49; H, 4.78; N, 2.89; S, 6.59.
Fourd: Cy 49.22; H, 4.773 ¥, 2.833 S, 6.81.

IR Y = 1750, C=0; 1600cm >, aromatic. (Mujol).

ymr (cnc13), § = 8.14 (4, J=8.5Hz, 2H), 7.57 (d, J=8.5Hz, 2H),

5¢38-4.76 (m, 4H), 4.28-4.15 (m, 2H), 3.94~3.70 (m, 111),'

2.20-2.00 (4s, 12H). ‘

W A max = 313m, log£e= 3.97 (methanol).

[0<]D = =35.5° (chloroform, 1.2g/100ml).

A-~yd trophenyl IB -D-thioglucopyranoside

The peracetylated thiogluocopyranoside (5g) was de-O-acetylated
by the method of Zemplen as for Ac34DNPGl to give the crude product
which wa amino ﬁe-ﬂl } _from 134 methanol/water to give pale yellow
needles, Yield 3.12g, 95.5%. mp 165-167°C.
Amalysis: Calculated for 01231511073(320): C, 42.99; H, 5.11; N, 4.18;

S, 9.55.
Found: C, 42.95; H, 5.18; N, 3.89; S, 10.57.
IR Yo acetates present. V = 3600-3100, O-H; 160001:1-1, aromatic.
' (pyridine-a5), S« 8,06 (4, IJ=8,5Hz, 2H), 7.76 (4, J=8.5Hz, 2H),
7.00-4.80 (broad singlet,4 O-H), 5.48 (d, J=9Hz, 1H), 4.66-3.94 (m, 6H).
~  Apax = 312m, logE= 3.95 (1:1 methanol/water).
£
D

4~aminophenyl /3 ~D-thioglucopyranoside
ra

= =113° (1:1 methanol/water, 0.42g/100ml).

4=~Nitrophenyl /3-2-thioglucpyranoside (1g) and 10% palladium/
barium sulphate catalyst were stirred in methanol (150ml) under
1 atmosphere of hydrogen for 18 hours. Filtration through celite
and removal of the methanol under reduced pressure afforded the
orude amine. This was recrystallised from n-propanol to give pale

gray orystals. Yield 0.38g, 42%. mp 144-145°C. (1it. (245) 147-148°C).
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Analysis: Calculated for 012317110 Ss ¢, 50,1635 H, 5.963 H, 4.87; S, 11.16.
Fourd: C, 50.36; H, 6.23; N, 4.885 S, 11.36.
IR V) = 3600-3100, O-E and N¥-H; 1600cm~), aromatic.

oy (pyridine—d ) § = 7.78 (@, J=8,5Hz, 2H), 6.62 (d, J=8.5Hz, 2H),

- am L - e -\ a LA a =N

Exchangeadble protons at 7.20 and6.32 5
UV Amax = 252mm, log £ = 2.95 (water, pH=S).
(0] = ~43° (111 methanol/water; o. 14g/10001)5 )

Affinity column nl).
Affinity column

The support matrix for the /S-thioglucopyranoside ligand was
Affi-Gel 10 (Bio-Rad Laboratories). Affi-Gel 10 is an N-hydroxy-
succinimide ester of succinylated aminoalkyl agarose support. The
spacer arm is anchored to the matrix by an ether linkage. The
structure of the ligand is shown in Figure 11.

.Fr;m 1-;he data supplied with the gel it was calculated that the
amount of bound ligand for each gram of gel would be 140 /.lmoles.

4~Ami nophenyl ﬁ ~D-thioglucopyraroside (60ng, 210 /uM) was

dissolved in 25ml O.1lM phosphate buffer, pH 7. This solution was
added to Affi-CGel 10 (1g) and the gel shaken for 24 hours. The
imtial addition was carried out at 406. After coupling wes complete
the slurrj was poured into a column (1l.6cm x 20cm) and washed with
1M sodium chloride solution until the absorbance at 260nm reached
baseline., This indicates removal of the N-hydroxysuccinimide

released during coupling.
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ENZYME PURIFICATION

The chromatographic columns used in the enzyme purification
procedures were obtained from Pharmacia Fine Chemicals and were
fitted with water jackets. Diagram 1 shows the column arrangenent
for the enzyme fractionations. The enzyme solution to be separated
was poured into the syringe barrel., 3By means of the 4-way valve
and the flow adaptor the solution was placed directly onto the
column packing. The esluent was allowed to pass through the column
by turning the valve back again.

The absorbance at 280nm of the effluent was contimously moni-
tored by a Cecil CE 212 Variable.uavelength Ultraviolet Monitor.
Fractions were collected and stored at 4°C until required.

Eluent buffer was normally 0.06M acetate., This was prepared
by addition of sodium hydroxide to a 0.,06M acetic acid solution
until the pH was 5. Acetate buffer used for assay and kinetic

studies was such that the ionic strength was 0.1M,



Column Arrangement for Fractionation of

. Enzymes

Reservoir

_ - | 2|Syringe
il Barrel

4

‘ L-way valve

W

) F

p> €=

%ﬁitor

Diagram 1
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Cellulase Enzyme Assays

Activity towards carboxymethylcellulose (CHC)

4 solution of carboxymethlcellulose was prepared as follows.
CMC (5.1g), low viscosity with degree of substitution 0.7-0.8 (BDH),
was dissolved in 350ml of water at 90°C over a period of 2 hours.
When the solution was cool 100ml of 0.5M citrate buffer (citric
acid (4.375g) and sodium citrate (12.25g) in 100ml water) was added.
Glucose (0.05g) was also added and the solution made up to 500ml.
This gives 1% CKC, 0.1 citrate buffer pH 5 and 0.lmg/ml glucose.
This glucose compensates for the destruction of reducing sugar.

Figure 12 shows the idealised structure of carboxymethyl-—
cellulose with DS 0.75.

The amount of reducing sugar present was determired by the
method of Miller et al. (146).

" The reagent was made up as follows:-
3,5-Dinitrosalicylic acid (5g), phemol (1g), sodium sulphate (0.25g)
apd potassium sodium (+) tartrate (100g) were dissolved in a 2%
sodium hydroxide solution (250ml) and the solution made up to 500ml.

The amount of reducing sugar present was determined by taking
2m) of the solution to be analysed and adding 3ml of the dinitro-
salicylic acid reagent (DNSA), heating the solution in boiling
water for 15 mimites and then measuring the absorbance at 640rm.

A calibration curve was obtained by preparing standard
solutions of glucose over the range O-lmg reducing sugar/ml ard
measuring the absorbance of the solution at 640mm after treatment
with the DKSA reagent. From Figure 13 it can be seen that this
gave a direct relationship over this range. The reducing power of

the carboxymethyl cellulose solution was determined to be 0.(2mg/ml

(as giucose). The enzyme assay was carried out at room temperature.
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For enzyme assays, lml of the CMC solution was placed in a
10ml conical flask and lml of the enzyme solution added. This was
incubated for a specific time (usually 15 mimtes), treated with
the DKNSA reagent and the absorbance measured. From the calibration
curve the amount of reducing sugar produced could be determined.
The units of ClC-ase gctivity are given in.;(moles reducing sugar
produced/leO /hinute. (Absorbance of the enzyme is before dilution).

Activity towards Avicel (Microcrystalline cellulose)

Avicel-hydrolysing activity was assayed by measuring the amount
of reducing sugar produced from Avicel (FMC Corporation, American
Viscose Division, Marcus Hook, Pennsylvania). The reaction mixture
contained 7Omg of Avicel, 3ml of O.,1M acetate buffer, pH 5, ard 1iml
of the enzyme solution. The mixture was incubated at 30°C for
7 days, fhen filtered. To 2ml of the filtrate, 3ml of the DNSA
reaéent vas added ard the mixture heated in boiling water for
15 mimtes, cooled and the absorbance read at 640rm.

One unit of ‘'Avicelasge' activity was defined as /Amoles
reducing sugar produced/A280 Jday.

B -Glucosidase activity
i

This was determined using 3,4-dinitrophenyl ﬁ3-D~g1ucopyranoside
as substrate. A stock solution of 2 x 10-3M glucoside was made up
in 0,1M acetate buffer, pH 5. 109%1 wag added to the enzyme solution
in a2 10mm UV cell. The absorbance at 400rm was measured on the
Cecil CE 212 Variable Wavelength Ultraviolet Monitor. The output
was connected to the chart recorder, giving a graph of absorbance
at 400mm against time, From the graph the ﬁB-glucosidase activity
can be measured from the initial slope. The /B-glucosidase
activity is given in }4moles 344-dinitrophenol produced/AzBo /mimite.

The temperature in the UV cell chamber was between 20 and 25°C.
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Activity towards 3,4-dinitrophenyl cello~oligosaccharides

An assay using the series of aryl glycosides was carried out as

follows.

Stock solutions (2 x 10-3M) of 3,4-dinitrophenyl [3-D-gluco-
. ~3 . )
mStock solutions (2 x 1-0 M) of 3,4—d1mtroplferi3,t1‘ /B--__13'-5;111_%.-:!yl /8-

. - - - /-

cellotrioside and 3,4~dinitrophenyl /3-cellotetraoside were made up
in 0.1M acetate buffer, pH 5. 200/u1 of the enzyme solution to be
asgsayed wes added to 2,3ml of O.1M acetate buffer, pH 5, in a 10mm

UV cell. 109;41 of the stock solution of the aryl glycoside was
added and a graph of the absorbance at 400mm against time, which
indicates the rate of release of'3,4-dinitrophenol from the glycoside,
obtained, This was done for each substrate in turn and the graphs

superimposed. The temperature of the cell chamber was 20 - 25°C.

Yiscometric assay

The 1% carboxymethylcellulose solution, pH 5 described earlier
was used in the viscosity studies.
| ' CMC solution (40ml) was poured into an Ubbelohde
capillary viscometer and the enzyme solution (0.25-1.0ml)
to be assayed, added. The specific viscosity (778p)
was measured as a function of time and the results

graphed. The specific viscosity was determined from

17 ) t - to
sp to

the equation

where t = time for the CMC solution to pass down
Ubbelohde

through the capillary, and
Viscometer

to = time for an equivalent solution of the
monomer, in this case a 1% glucose solution, to pass through the

same capillary. This reaction was performed at room temperature.
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Purification of the Enzymes

Commercial cellulase from Trichoderma viride (B.D.H.) was

extracted with 0, 06M acetate buffer, pH 5 (1g in 30ml). The extract
wag filtered through a sintered glass filter. This gave the initial
crude cellulase solution., Its activity against cellulolytic
substrates is shown in Table 5,

From the rate of release of B,Kedinitrophenol from the aryl
glycosides it can be seen that the crude cellulase solution is rich

iJlﬁ?-glucosidase activity. The release of the phenol fronm 34DNPG2

and 34DR?G4 shows an induction period. This presumebly occurs

because ﬂ-glucosidaSes remove glucose units from the nor-reducing

erd of the cello-oligosaccharide chain., OCnly with 34DNPGI is there

no discernible induction period. If only’/?—glucosidases were

present the aryl glycoside bond of 34DNP62 should bé hydrolysed

before 34DHPG4 but as can be seen from the graph this is not so.
Clearly another enzyme (or enzymes) is present which requires more
than two glucose .units in tke chain for optimum substrate

properties. These results are shown in Figure 14.

DEAF~Sephadex A-25 column chromatography

‘Figure 15 shows the result from chromatography of the enzyme
after glass-filtration. The crude cellulase solution (25ml) was
applied to a column (2.6cm x 70cm) of DEAE-Sephadex A-25 (Pharmacia
Fine Chemicals) equilibrated with O, 06X acetate buffer, pH 5. The
column was eluted at a rate of lml/mimute with the same buffer. A4
salt gradient was applied as shown in the diagram to elute the more
t;ghtly bound enzymes. The fractions FI to FVII, as shown in the
diagram, were assayed towards the various cellulolytic substrates.

The results are shown in Table 5.

From the graph of absorbance at 400mm against time for the
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TABLE 5
CELLULASE ACTIVITIES IN EACH FRACTION AFTER DEAE-SEPHADEX A~-25

CHROMATOGRAFHY OF THE CRUDE

Crude FI FII FIII FIV FY FI  FVII

Avicelase 1.48 0.91 0.6 0.66 0,08 0.44 0.17 -
CMCase 0.39 0,60 1.74 3.61 0,51 0.20 0.23 -
p—Glucosidase 1.77 5.88 6.00 2,67 - - 0.40 -
f~Cello- 0.10 3,68 1.25 = - - 0.24 -
tetraosidase

~ TABLE 6

CELLULASE ACTIVITIES IN EACH FRACTION AFTER SEPHADEX G-75

CHROMATOGRAPHY OF FRACTION FI

FI FIA FIB FIC FID FIE
Avicelase : 0.91 0,09 0.34 0.11 -
CkCase 0,60 3.86 0. 92 0.49 2.66 0. 02
F—Glucosidase 5.88 39.0 9.54 1,01 1,00

B-Cellotetrao— 3.68 0.48 1.37 6.91 0. 88
sidase

TABLE
GELLOTETRAOSIDASE/GLUCOSIDASE ACTIVITIES FOR EACH FRACTION

AFTER RECHROMATOGRAPHY ON SEPHADEX G-75 OF FRACTION FIC
FICi FICii FICiii FICiv FICv FICvi FICvii
PB-Cellotetraosidase

[}- - 0.94 1l.79 9,98 18.1 9.50 6.92 3.45
Glucosidase
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reaction of the aryl glycosides with fraction FI, it can be seen
that 34DNP02 still shows an induction period but now 34DNPG4 does
not, The most important enzyme in this fraction is still a
ﬁ3-glucosidase. This is shown in Figure 16.

Sephadex G-75 column chromatography

Fraction FI was lyophilised and the lyophilised éowder
dissolved in 10ml of 0. O6M acetate buffer, pH 5. There was almost
no 1oss'of activity. This was applied to a column (2.6cm x 70Ocm)
of Sephadex G-75 (Pharmacia Fine Chemicals) equilibrated with 0.06M
acetate buffer, pH 5. Figure 17 shows the result of this
fracotionation, Fractions FIA to.FIE were assayed towards the
cellulolytic substrates. The results are shown in Table 6, From
the graph of absorbance at 400rm against time for the reaction of
fraction FIC with the aryl glycosides, it can be seen that the aryl
glycoside bond of 34DNP§4 is now hydrolysed faster than that of
34DNPG1. This clearly shows that an enzyme other than a ﬁ-glucosid—

ase is present in this fraction. This is shown in Figure 18.

Rechromatpgraphy on Sephadex G=75

Fraction FIC was lypphilised ard the lyophilised powder dissolved
in 10ml 0,06M acetate buffer, pH 5. This was applied to the same
Sephadex G-75 column as above., Figure .19 .shows the result of re-
chromatography of FIC. Fractions of 10ml were collected amd labelled
FICi to FICvii., Table 7 shows the ratio of activities of the
various enzyme fractions towards 34DNPG4 and 34DNPGl. As can be
seen fraction FICiv shows an 18 fold increase in activity towards
the ar&l cellotetraoside compared with the glucoside. To remove the

/3-glﬁcosidase fraction, fraction FICiv was passed through an affinity

column specific for /3-g1ucosidases.



Affinity chromatography

The affinity column used was that described in the Preparative
Experimental section.

To be sure that the column was specific for/B-—glﬁcosidases, a
sample of fraction FI was passed through the column. The column was
equilibrated with 0,06M acetate buffer, pH 5. By means of the 4-way
valve,fraotion FI (2ml) was applied to the column and eluted with the
same buffer. The column was successively eluted with 0.2M glucose,
PH 5 and 0.2M cellobiose, pE 5. The result is shown in Figure 20, .
The glucose solution was given time to equilibrate before being
used but, a8 can be seen, was ineffective in removal of the enzyme.
Elution of the column with cellobiose solution caused gradual release
of the enzyme as measured by its absorbance at 280rm., When the
column was eluted with 1M sodium chloride, pH 5 instead of cello-
biose ;olﬁtion the enzyme was released from the column in a small
volume. The protein which passed through the column showed 1little
ectivity towards 3,4-dinitrophenﬁl/S-E-glucopyranoside compared
with the original fraction. The enzyme eluted with cellobiose
caused hydrolysis of the aryl glucopyranoside but the activity was
somewhat reduced., This reduced activity is presumably caused by
cellobiosé acting as a competing substrate. The column therefore
eacts as an affinity column for ﬁ-glucosidases.

The column was regenerated by eluting with 0.06M acetate
buffer, pH 5.

Fraction FICiv (10ml) was applied to the column and eluted
with the acetate buffer. The majority of the protein passed through
the column and, on elution with 0.2H cellobiose, a small amount of

/3-glucosidase was released., This can be seen in Figure 21. The

enzyme fractions were labelled FICiwvx and FICigﬁ respectively.
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TABLE 8

CELLULASE ACTIVITIES OF FRACTION FICive

Avicelase -
CMCase 0.68
ﬁ ~Glucosidase 0.078
/S-Cellotetraosidase 10.4

ﬂ —Cellotetraosidase

133

ﬂ-(}lucosidase

Purification Step Activity towards 34DNPG

| PARLE 9

PURIFICATION OF CELLULASE EI FROM TRICEODERMA VIRIDE

4
l. Crude 0.10 (1)
2. DEAE-Sephadex A-25 3.68  (36.8)
3. Sephadex G-75 6.91 (69.1)
4. Rechromatography

Se

on Sephadex G=75

Affinity column 10.40 (104)
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Protein peak FICivx was designated as Cellulase EI. Cellulase
EI was assayed towards the various cellulolytic substrates. The
Tesults are shown in Table 8 and Figure 22.

Bnzyme Purity 1) SDS-Gel Electrophoresis (147).

The purified cellulase was subjected to electrophoresis in
polyacrylamide gel (7.5%, w/v) in the presence of sodium dodecyl
sulphate (SDS) buffer, pH 6.6. The pre-cast gel was obtained from
Bio~-Rad laboratories and measured 5.5mm x 100mm.

The protein was mixed with glycerol, SDS ﬁuffer and bromophenol
blue (Bio-Rad Laboratories). Bromophenol blue acted as tracker dye.
The sanmple (IOO‘ﬂl) was applied to the top of the gel. Electro-
phoresis was conducted at a constant current of 12mA per gel for
about 3 hours. The gel was stained with Coomassie Brilliant Blue
(Bio-?ad_Laboratories) ard destained by standing in 7.5% acetic
acid, 5.0% methanol. The results showed only one band to be present
&t the lower end of the gel.

2) Molecular Sieve Chromatography

Cellulase EI behaved as a single protein on passage through

both Sephadex G-75 and Sephadex G-100 columns (2.6cm x 7Ocm).

Determination of Molecular Weight of Cellulase EI

A column (2.6cm x 70cm) of Sephadex G-100 was equilibrated with
0. 06K acetate buffer, pH 5. The void volume (Vo) of the column was
estimated with Blue Dextran 2,000 (mol., wt. 2,000,0003 Pharmacia
Fine Chemicals). The column was calibrated with three marker
proteins (Sigma); cytochrome ¢ (mol. wt. 12,400), trypsin (mol,.wt.
23,000) and ovalbumin (mol. wt. 45,000).

A few milligrams of the marker proteins were dissolved in
2.0ml of the purified enzyme solution, applied to the column arnd
then eluted with the same buffer at a rate of 1ml/5mimites. The

proteins were located in the effluent by their absorbance at 280rm.
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The elution volume (Ve) was calculated from the mid-point of
the peak. The result is shown in Figure 23. The molecular weight

of cellulase EI was estimated to be about 12, 000.

See introduction to 'KINETIC EXPERIMENTAL' for the computerised
methods of determining the rates of reaction using the spectrophoto-
metric substrates.
pH Optimum

Figure 24 shows the effect of pH on the hydrolytic activity of
cellulase EI towards 3,4-dinitrophexwi./3-cellotetraoside at 40°C. The
release of the phenol was measured by its absorbance at 400mm. The
extinction coefficient of 3,4-diritrophenol at the various pHs was
determired by adding 20ﬁl of a stock solution of the phenol to 2.5ml
of the buffer ard measuring its absorbance directly on the Cary 16.
The pH, extinction coefficient of 3,4-dinitrophenol and the rate of
bydrolysis of 34DNPG4 are listed in Table 10.

pH optimum is between 4.5 and 5.5. The activity falls off more

rapidly on the acidic side than the basic side of the plateau.

Temperature Optirum

Acetate buffer (2.3ml) pH 5.02, I = O,1 was thermostatted in
the Cary 16 cell chamber at the temperature under study. 2y1 of the
stock enzyme solution was added to the UV cell. The system was left
for 10 mimutes and then_209u1 of the stock solution of 34DHPG4 added.

Figure 25 shows the effect of this treatment on the activity of
cellulase EI from 20-70°C, The temperature/rate data is listed in
Table 1l.

Optimum temperature for the activity of cellulase EI was found

to be 60°C.

No loss of activity was observed after 24 hours at 40°C.



Effect of pH and Temperature on the Activity of
Cellulase EI
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‘Rate (108 moles/1/s)

16}
].2..
G"‘Q—@\O
08 ' \
04} )
0 N
3 5 6 7 8
pH
Figure 24
40f
0]
o N
©
20}
10+ o
/O/
o 'y 'y [y . L § —
O30 20 50 & N

Temperature ( C)
Figure 25



TABLE 10

Effect of pH on the Activity of Cellulase EI

pH _400 (3,4-dinitropherol) Rate (10°M/1/s)
3,96° 1000 0. 301
4.56% 2780 1.046
5.01% 5450 1. 061
5.63% 10500 1.064
6.30° 11750 0. 952
7.02° 13000 0.403

Acetate buffer I = 0.1 T = 40°C.

Phosphate buffer I = 0.1

TABLE 11

Effect of Temperature on the Activity of Cellulase EI

Temperature (°C) rate (10%1/1/s)
20 0.242
30 . 0.695
40 1.124
50 2.803
60 3.738
70 2.587

Acetate buffer, pH = 5,02

Enzyme concentration = 1.04 x 10'7M/1.

Substrate concentration = 2.38 x 10'4M/1.
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Substrate Specificity

Cellulase EI was incubated with a 1% xylan 93-444-linked xylose
units) solution and a 1% amylose (0(-&,4;1inked glucose units) solution,
An increase in the amount of reducing sugar indicated enzyme activity.

With the amylose solution no hydrolysis took place even after
incubations of up to 2 hours. With the xylan solution activity was
as large as that with carboxymethyl cellulose. No real comparison
can be made since all the xylose residues of the xylan are unsubstituted
whereas with CMC there are substituents on the glucose rings which
will probably reduce the activity. With 3,4—dinitrophenyl/3 -
chitotrioside or 3,4-dinitropheny1/3 —chitotetraoside as substrates
under the conditions employed for the assay with 34DNPG4 no enzymic

release of 3,4-dinitrophenol was observed.

Randomness of CMC-saccharifying ActiQity of Cellulase EI

Celluiase EI was incubated with CKC under the assay conditions
already described. The decrease in viscosity of the CMC solution by
cellulase EI is compared with that of cellulase EII, Cellulase EIII
will be shown to be an exo-cellulase which removes glucose residues
successively from the non-reducing end of cello-oligosaccharide chains.

The conditions for the viscosity studies are such that cellulases
EI and EII have the same activity towards carboxymethyl cellulose.
The graph of viscosity against time during the hydrolysis of CMC by
cellulases EI and EII is shown in Figure 26,

The results show that cellulase EI produces a rapid decrease in
viscosity indicating random cleavage of CMC whereas cellulase EII

shows little change in viscosity on hydrolysis of CMC.
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The above results strongly suggest that the enzyme isolated
from the commercial sample of a cellulase extract of Prichoderma
viride is & 1,4 f3 -D-glucan 4-glucanhydrolase [EC 3.2.1.4]. The

enzyme may also be referred to as an endo-cellulase.



- 103 -~

The fraction labelled FIA shows a vast increase ir1/3-—glucoeidase
aotivity over the crude. This enzyme fraction was looked at in
closer detail.

Sephadex G-100 chromatography

Fraction FIA was lyophilised and the lyophilised powder dis-
solved in 5ml of acetate buffer, pH 5. This was applied to & column
(2.6cm x 70cm) of Sephadex G-100 (Pharmacia Fine Chemicals)
equilibrated with the same buffer. Figure 27 shows the result of
tﬁis fractionation. This cellulase component was designated
cellulase EII. The enzyme was assayed towards the various
cellulolytic substrztes. The reéults are shown in Table 12,

Figure 28 shows the reaction of cellulase EII with the aryl glycosides.

The purification of the enzyme is summarised in Table 13,

Bnzyme Purity 1) SDS-Cel Electophoresis (147).

Cellulase EII was subjected'to the same gel electrophoretic
corditions as(for cellulase EI. A single band was observed.
2) Molecular Sieve Chromatography

Cellulase EII behaved as a single protein on.passage through
both Sephadex G-75 and Sephadex G-100 columns (2.6cm x 70cm).

Determination of Molecular Weight of Cellulase EII

The column of Sephadex G-100 which was used in the molecular
weight estimation of cellulase EI was used. The same marker proteins
-Were also used. The result is shown in Figure 23, The molecular
weight was estimated to be about 74,400,
pH Optimum

Figure 29 shows the effect of pH on the enzyme activity assayed
towards 3,4—dinitro§heny1/3 1g-glucopyranoside at 40°C. The
measured pH, extinction coefficient of 3,4-dinitrophenocl at 400rm

at this pH and the measured rate of release of the phenol are
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TABLE 12

CELLULASE ACTIVITIES OF CELLULASE EII

Avicelase -
CkCase 4,06
ﬂ—(}lucosidase 44.0

TABLE 13

PURIFICATION OF CELLULASE EII FROM TRICHODERMA VIRIDE

Purification Step Activity towards 34 DNPG

1
1. Crude 1.77 (1)
2. DEAE-Sephadex A-25 5..88 (3.32)
3.. Sephadex C-75 39.0 (22.0)

4. Sephadex G-100 44.0 (24.9)
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Effect of pH and Temperature onthe Activity of
Cellulase EII

Rate (107 moles/1/s)

Rate (107 moles/!1/s)
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pH
Figure 29
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Temperature (°C)

Figure 30
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TABLE 14

Effect of pH on the Activity of Cellulase EII

pH 400 (3,4~dimitrophenol) Rate (10'M/1/s)
4.02% 1025 0.110
4.29" 1750 10.208
4.61% 2970 0.307
5.19" 6760 . - 0.331
5.47° 8530 - 0. 328
5-67b 10650 0.240

® Acetate I = 0.1 ? = 40°C.

b

Fhosphate I = 0.1

TABLE 15
Effect of Temperature on the Activity of Cellulase EII
Temperature (°C) Rate (107%/1/s)
20 0.105
30 0,186
40 0. 327
50 0.464
60 0. 804
70 0.311
80 0. 075

Acetate buffer, pH = 5,02

Enzyme concentration = 2.3 x 10'811/1.

Substrete concentration = 1,208 x 10~ “M/1.
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given in Table 14.

The pH optimum was found to form a plateau between 4.5 and 5.5.

Temperature Optimum

The reaction of the enzyme with 34DNPG, was carried out at

1
PH 5.02 at different temperatures (20-80°C) in the Cary 16 spectro-
photometer. The results are shown ;n Figure 30. The measured values
are given in Table 15. Optimum températﬁre for the activity of
cellulase EII was found to be 60°C.

Substrate Specificity

Cellulase EII was incubated with the 1% xylan ard the 1% anmylose
solution but no increase in the amount of reducing sugar was observed
with either substrate.

The enzyme was also allowed to react with a series of aryl
glycosides. The experiments were carried out at 40°C in the Cary 16
spectrophotometer, The activity of cellulase EII on the aryl glyco-
sides was determined by measuring the rate of release of the phenol.
The results are given in Table 16 . Only with 3,4-dinitrophenyl
2-acetamido-2-deoxy-/3?grglucopyranoside was there any spontaneous
bydrolysis observed. This was regligible compared to the enzymic
rate of hydrolysis.

The ernzyme was assayed towards the aryl cello-oligosaccharides..
The result is shown in Figure 28, As can be seen there is no induction
period with 34DNP01 but with 34DNPGQ, 34DNPG3 and 34DNPG4 an increasing
induction period is found. This is consistent with the enzyme

successively removing glucose residues from the non-reducing end of

the cello-oligosaccharide before the phenol ocan be released.



PABLE 16

Cellulase EII catalysed hydrolysis of aryl glycosides.
P = 40°C; PH = 5.02 (acetate buffer, I = 0.,1)
Extinction coefficient of 3,4-dinitrophenol at 400mm = 5500

Extinction coefficient of 4-nitrophenol at 350mm = 2550

Rate E of
Substrate (x10 El/s) Glucopyranoside

3,4-Dinitrophenyl ‘
B -D-glucopyranoside 1485 100
3,4-Dinitrophenyl 2-acetamido-
2—deoxy—[.’> -D-glucopyranoside 59..09 3.97
3,4-Dinitrophenyl 6-deoxy-
ﬁ -D-glucopyranoside 8.66 0.58
3,4-Dinitrophernyl
ﬁ -D-xylopyraroside 1.52 0.10
3,4-Dinitrophenyl 6~-chloro-
6-deoxy—/3 -D-glucopyranoside 1.04 0.07
3,4-Diritrophenyl 6-0O-methyl-
[_’;—_Q)—glucopyranoside 0.23 0.01
4-¥Yitrophenyl ﬁ -D-glucopyraroside 1153 100
4-Nitropheryl [3 -D-galactopyranoside 4.33 0.37
4-Nitrophenyl 2-deoxy- .
p ~D-glucopyranoside 0 0

Enzyme concentration = 2,3 x 10"4M/1.

Substrate concentrations=1,2 toazx 10'4)(/1.
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Rarndomness of CliC-saccharifying Activity of Cellulase EIIX

Cellulase EII was incubated with CMC under the viscosity assay
corditions already described for cellulase EI. The viscosity results
for cellulase EI and EII are shown in Figure 26 and taken together
show that cellulase EII does not cause a rapid decrease in viscosity
although hydrolysis is at & rate similiar to that of cellulase EI,

This irndicates that cellulase EII behaves like an exo-cellulase.
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Induced Hydrolysis

Experiments were carried out to see if the endo-cellulase
possessed any transglycosylation properties.

Cellotriose, cellotetraose or cellopentaose and 3,4-dinitrophenyl
F—g—glucopyranoside were dissolved in acetate buffer, pH 5.02,I = 0.1
(2.3m1) in a UV cell and a solution of the enzyme (20931) added. The
fimal concentrations are given in Table 17. The absorbance of the
reaction mixture was monitored at 400m. Any release of phenol was
taken as an irdication that trensglycosylation was indeed taking
place sirce incubation of the substrate with the enzyme, but without
any oligosaccharide, under the conditions described did not result in
any observable release of the phenol. The rate of release of 3,4~
dinitrophenol after various time intervels and the percentage reaction
are given in Table 17 for each of the cello-oligosaccharide in turn.
The amount of 3,4-dinitrophenol released compared to that of the

1
The results show that &s the chain length of the oligosaccharide

starting concentration of 34DNPG, gives the percentage reaction.

increases the inmduction period before hydrolysis Begins is reduced.
The results also show that the rate of release of {the phenol from
the transglycosylation product with 05 as the oligosaccharide is the
greatest. Cellopentaose was therefore used in future experiments.
Similar experiments were carried out with the modified aryl
glucosides to investigate the features which make the aryl oligo-
saccharides subsirates for the enzyme. The substrate concentration

was increased by a factor of 5. The experimental results and the

conditions employed are given in Table 18.



TABLE 17

Rate of Formation of 3,4-Dinitrophenol During Incubation of
Cello-oligosaccharides and 3,4-Dinitrophenyl F)-—_]}-glucopyranoside

with Cellulase EI

Time (mins) Rate (xlOloM/l/s) Percentage Reaction

Gy 5 o 0
10 0 o
20 0 o

30 2.69 0. 02

60 2.72 0.61

120 2.75 1.50
g, 5 0 0
10 o 0

20 2.75 0. 30

30 3.14 0. 46

60 3.69 0.78

120 4.04 1.66
E‘i 5 o o

10 3,03 0. 02

20 3.87 0. 46

30 4.54 0,61

60 4.95 0. 91

120 5.02 2.58

Enzyme concentration = 4.16 x 10-6}4/1.
Oligosaccharide concentration = 6.0 * 1.0 x 10"316/1.
Substrate concentration = 1,208 x 10"414/1.

Temperature = 20 + 2°C,



TABLE 18

Rate of Formation of 3,4-Dinitrophenol During Incubation of
Cellopentaose and Modified 3,4-Dinitropheryl P-P-_-glucopymnosides

with Cellulase EI

Time (mins) Rate (xloloM/I/s) Percentage Reaction

3,4-Dinitrophenyl [3 =D-glucopyranoside
1 )

0 0 0

5 0 0
30 6.06 0.17
60 8.48 0.40
90 10. 90 0.73

120 12.25 1.07

150 12,23 1.33

3,4-Dinitrophenyl /3 -D-xylopyranoside
[4

0 0 0
5 0 0
30 10,38 0.40
60 12,12 0..80
90 12,12 1.17

3,4-Dinitrophenyl 6-deoxy-[3 =D-glucopyranoside
I

0 0 0
15 0 0
30 14.54 0. 37
60 20,60 0. 97

90 22,51 1.67



Time(mins 2

Rate (x10" %1/1/s )

Percentage Reaction

3,4-Dinitrophenyl 6-chloro-6-deoxy— Ifj -D-glucopyranoside

0
45
60

120
240
600

334-Dinitrovhernyl 6-O-methyl-/3-D-glucopyranoside
I .

0

0
2,20
3.89
4.12
4.66

(o
50
60
90

120

0

o
3.03
3.03
3.03

4~Nitrophenyl ﬁ =-D-glucopyranoside
/

0 0

5 0
30 4.58
60 6.67
120 10.33

~Nitrophenyl 2-deoxy-/35-D—gluco

No phenol was liberated even after incubation of the reaction

for 3 hours.

Enzyme concentration = 4.16 x 10-61-1/1.

0

o
0.23
0. 40
0.63
1.33

0.13
0.20

0.27

0

0
0.13
0.33
0. 90

Concentration of cellopentaose = 5.7 x 10-311/1.

Substrate concentration = 6.0 10.5 x 10'314/1.

Temperature = 20 2°C,
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KINETIC EXPERIMENTAL

General

Kinetic experiments with the aryl glycosides were carried out
in a Cary 16 spectrophotometer operating on line to a Digico Micro
16 P computer. Quartz cells with a path length of 10mm were used in
a thermostatted cell block, The majority of the reactions were
carried out at 40°C. The kinetic procedure was generally: equili-
bration of the buffer in the UV cell fof 15 mimtes, addition of the
enzyme (usually %ﬂl) then addition of the substrate solution to give
a total volume of 2.50 :0.0Bml. After initiation of the reaction
the absorbance values at )max of fhe phenol (400mm for 3y4-dinitro-
phenol and 350rm for 4-ritrophenocl) were gathered on line at a pre-—
determined time intexrval. The initial rate of release of phenol was
determined by fitting the data to a quadratio equation of the form:
2

A, =2 +dt+ct

by the generalised least squares method(148). Alisting of the program
is given in Appendix I.

Two methods for the determination of the Michaelis-Menten constants
Km and Vmax from the values of initial rate and substrate concentration
were available. One was the generalised least squares method of
Wentworth (148), the other was a weighted linear least squares method
of Cornish ®»— Bowden (149). These two programs are listed in
Appendix II and Appendix III respectively.

The enzyme concentrations were calculated from their respective
extinction coefficients. For cellulase EI the measured extinction
coefficient was 17,800 1.4 ent and 21,100 1.8 .em! for cellulase
EII, . These values were obtained by de-salting the enzyme on a
Sephadex G-15 column (l.6cm x 40cm), lyophﬁlising the free enzyme
-and then measuring the absorbance at 280nm of a measured concentration

of the enzyme using the estimated molecular weight.



TABLE 19

Cellulase EI catalysed hydrolysis of 34DNPG2
T = 40°C; pH 5..02 acetate I = 0.1

Extinction coefficient of 3,4-dinitrophenol at 400mm = 5500

Substrate cone. (x10%1/1) Initial rate. (xlOSM/l/s)
0. 985 0.154
1.477 0.206
1..970 0.267
2.463 0. 312
2.955 | 0..339
3.448 0.401
5.420 0.525
7.450 0.606

Enzyme concertration = 1,04 x 10'7M/1.

Vmax = 1.01 x 10"8}4/1/ g Standard deviation = 5.2%.
0.89 x 10~0M/1/s®
Xm = 6.02 x 10"%/1% Standard deviation = 7.8%.

4.68 x 10'4M/ 1P

Calculated by method of Wentworth (148) - Appendix 2.

b Calculated by method of Cornish — Bowden (149) -~ Appendix 3,



TABLE 20

Cellulase EI catalysed hydrolysis of 3.4])19?('}3

% o 40°C; pH 5.02 acetzte I = 0.1

Extinction coefficient of 3,4-dinitrophenol at 400rm = 5500

Substrate conc. (:1041.1/1) ~ Initiel rate. (xloexvg/ljs)
0.475 - 0,172
0. 980 0.237
1.459 0. 364
1.929 0,451
2,392 : 0.538
3.518 0.896
4.600 1.107
5.863 1.055
6. 900 1.151

Enzyme concentration = 1,04 x 10-71~I/1.

Vmax = 2.11 x 10~M/1/s”

2.9 x 10’814/1/ g Standard deviation = 28%.
Km = 6.08 x 10’41%/1b
9.8 x 10'474/ 12 Standard deviation = 36%.

2 Galculated by method of Wentworth (148) - Appendix 2.

b Calculated by method of Cornish — Bowden (149) - Appendix 3.



TABLE 21

Cellulase EI catalysed hydrolysis of 34DNPG4

T = 40°C; pH 5.02 acetate I = 0,1

Extinction coefficient of 3,4-dinitrophenol at 400mm = 5500

Substrate conc. (x10%M/1) Initial rate (x10°1/1/s)
0.595 0.148
0. 952 0,283
1.190 0.351
1..488 0.447
1..785 0.536
2.083 0.543
2.380 0, 682
2.975 0.875
3.272 1.161
4.362 1.200
6.543 1.259

Enzyme concentration = 1.04 x 10-715/1.

Vmax = 1.97 x 10’8M/1/ s? Standard deviation = 31%,
2.26 x 10~M/1/sP
-8 /.8 e s
Km = 6.37 x 10 H/1 Standard deviation = 3T%.

5.13 x 10~m/1°

2 Calculated by method of Wentworth (148) — Appendix 2,

b Calculated by method of Cornish — Bowden (149) - Appendix 3.



TABLE 22

Cellulase EII catalysed hydrolysis of 34DNP01

T = 40°C; pH 5.02 acetate I = 0.1

Extinction coefficient of 3,4-dinitrophenol at 400m = 5500

Substrete conc. (x1071/1) Initia) rate. (x16%/1/8)
0.1253 0.196
0.2496 0.334
0.4951 0.426
0.7366 0.564
0.9742 | 0. 897
1.2080 0.979
1.4381 1.045
1.6646 1.033
1.8875 0.973
2.1070 1.028
2.3231 1.107

Enzyme concentration = 2.3 x 10'8E/1.

Vmax = 1.51 x 10’8M/1/ s? Standard deviation = 6.1%.
1.44 x 1071/1/s?
Km = 8.3 x 10"5m/ 12 Standard deviation = 12.4%.

7.09 x 10~°M/1°

2 Calculated by method of Wentworth (148) —~ Appendix 2.

b Calculated by method of Cornish —— Bowden (149) - Appendix 3.



- 120 -

DISCUS3ION
The enzymes which are responsible for the breakdoun of native
cellulase consist of 3 main typess-—
1) a/@ -1;4-glucan cellobiohydrolase which removes cellobiose residues
from the non-reducing end of the cellulose polymer. This enzyme type

has been isolated from culture filtrates of Trichoderma viride (73,

93,94,95,101), Trichoderma koningii (81,82), Irpex lacteus (105) and

Fusarium solani (110). This enzyme is strongly inhibited by its

product, cellcticse, but when this was removed continuously it
extensively degraded native cellulose (94).

2) a/G ~1,4-glucan glucanohydrolase which randomly cleaves the cellvloso
chain. This enzyme is extensive in its occurrence being present in
probzbly every species utilising cellulose. Prom kinetic experiments
these enzymes require the cellulose subsirate to contain at least

5 or 6 glucose residues for efficient hydrolysis. Most reports say
that the enzyme has no activity towards native cellulose, but it

could be that the enzyme is sirongly inhibited by medium length cello-
oligosaccharides. No one has performed a similar experiment to that
of Pettersson (94) with the /3 -1,4-glucan cellobiohydrolase, that is,
continuous removal of the products (if any) to ensure there is no
inhibition.

3) a cellobiaée and/or aqﬂ3-glucosidase wnich degrades small cello-
oligosaccharide chains to glucose by successive removal of a glucose
residue from the non-reducing end.

To study the complete cellulase complex the obvious choice of
substrates to use is cotton and Avicel. But to study the enzymes
indeﬁendently and determine their enzymic properties more fully,
the substrates themselves must be fully characterised. In this

respect substrates like phosphoric acid-swollen cellulose and
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partially degraded cellulose are poor. Carboxymethyl cellulose

which hes been the most important substrate in determining cellulolytic
activity iz again a poor substrate in that substitution of the hydroxyl
groups&cn carbons 2,3 and 6 cause large deviations from the najural
substrziz. DParfondry and Perlin (150) have recently shown by 13

NMR studzzs on CHMC with DS 0.7 that the hydroxyl groups of cell-

ulose  ==zct in the order OH-2> OH-6>> OH-3. They also showed that
residues rsieased by enzymic action did not contain substituents on

the 2 position. More useful are the cello~oligisaccharides or the
methyl B -cello-oligosaccharrides first used by Whitaker (31) in that
they can be fully characterised and are fully soluble, The problem
here is ihai in order to determine the position of cleavage lengthy
separations of the reaction products have to be undertaken,

Spectrophotometric substrates have found little favour in
determining the activiity of celiulolytic enzymes. Nisizawa has used
g-nitropheaylig-cellobioside in his studies of cellulases (53,100)
but their use has only been for determining the position of cleavage
of the two possible sites, The longer chained spectirophotometric
substrate, p-nitrophenyl /3 —cellotetraoside has also been used by
Hisizawa (34) but again this was only used to determine the position
of cleavage by the enzyme. This type of substrate has not been
pursued by Nisizawa or any other workers,

From the present knowledge of the enzymes in the cellulase
system it was thought that a series of anyl/S —cello-oligosaccharides
could be used to determine the presence of various enzymes present
in a crude cellulase mixture and that these substrates could be uged
to determine ihe enzymic properties of each of these enzymes. Aryl
/3-D—glucopyranoside would be a substrate for a cellobiase or a

[S—glucosidase. It was hoped that an anylls ~cellobioside would
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serve as a substrate for a /3—1,4-g1ucan cellobiohydrolase and an
aryl [3 —cellotetraoside would be a substrate for a ﬁ;-l,d,—gluca.n
glucanohydrolase.

B;ilardie and Capon (127), working on catalysis by lysozyme,
found <2zt the best leaving group frem synthetic aryl chito-oligo-
sacchariies in terms of activity and stability was 3,4-dinitropkenol.
For this reason 3,4—dinitr0phenyl/3—cello—oligosaccharides with DP
from *1' to 4 were synthesised. These were prepared by coupling
the acelobromo-sugar and 3,4-dinitrophencl in dry acetone in the
presence of potassium carbonate, Figure 31 shows the lH NMR spectrum
of 3,4-diniirophenyl trifg—acetyli/B12—xylopyranoside. The splitting
patterna of the proton resonances for the aryl group is typical of all
the compounds incorporating this aromatic system. The acetylated
aryl giycosides were de-O-acetylated by the method of Zempléﬁ (135)
without much methanolysis of the aryl glycoside bond. The structure
of 3,é~dinitrophenyl/3 ~cellotetraoside is shown in Figure 32.

The use of aryl glycosides possesses the obvious advantage of
ease of kinetic measurements and the fact that only one process is
measured spectrophotometrically, namely fission of the glycosyl-
aryloxy bond. The disadvantages are that the mechanism of hydrolysis
may be different from that of the natural subsirate and that the
aryl residue will bind differently (i* at all) from a glucose residue
in the enzyme/substrate complex., Nevertheless, any substrates for
which the mechanism of action of cellulolytic enzymes can be more
fa11ly understood would be valuable. In this respect an enzyme was
sought for which 3,4—dinitrophemf1/3-cellotetraoside would be a

substrate,

A commercial cellulase from Aspergillus niger (Koch-Light

Laboratories) and two from Trichoderma viride (B.D.H. and Worthington
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Enzymes) were assayed towards BADNPGi, 34DNPG, and 34DNPG,. Only

2 4
with the 2rude cellulase from B.D.H., was there any evidence of a
component wnich might use 34DNPGA as substrate. This assay is shown

-

in Figurc 14, The crude cellulase was fractionated on a DEAE-Sephadex

column %< 7ive T fractions as shown by the absorbance at 280nm of the
eluate., “his fractionation is shown in Figure 15. All 7 fractions
were assz 24 towards 34DNPG1, 34DNPG2 and 34DNPG4 as well as the
conventicnzl substrates., Fraction FI showed a greater increase in

activiiy iowards 34DHPG4 than towards BADNPGl

release of 3,4-dinitrophenol from the aryl glucoside was still the

although the rate of

greater (Pigure 16). From Table 5 it can be seen that Fraction II
was very rich in/}—glucosidase activity and possibly this is due to
a differext enzyme than the enzyme with /S—glucosidase activity in
fraction I, This possibility was not investigated. PFraciion FIIIX

showed an increased activity towards 3I4DNPG Is this activity due

4.
solely %o Qﬁ:/3—glucosidase component? No activity towards 34DNPG

.

1

was found in fractions FIV and FV but reappeared in fraction FVI,
Another /5—g1ucosidase must be present in the crude cel}ulase.

Since fraction PI showed the most promise it was further
fractionated on a Sephadex G-75 column into 5 other components. This
is shown in Figure 17. All fractions were z2gain assayed towards

2

fraction FIC was now greater towards 34DNPG

34DNPG1, 34ADWPG,. and 34DNPG4 and it was found that the activity of
4 than towards 34DNPGl.
This is shown in Figure 18 and in Table 6. Also interesting was the
T~fold increase in /S-glucosidase activity of fraction FIA over that
that of fraction FI, This fraction was investigated further,
FPraction FIC was subjected to znother passage through the szme

Sephadex G-75 column and 7 fractions were collected as shown in

Figure 19, Table 7 shows the ratio of activities towards 34DNPG4
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and 34DNPG1 for each of these 7 fractions. PFraction FICiv showed the
largest ratio of activity between the two substrates.

Passage of this fraction through an affinity column specific for
/3-gluggsidases successfully removed most of the/B -glucosidase

activity ziving a ratio of 133 ¢ 1 for activities towards 34DNPG

4
and 34DNPC-1 respectively. The affinity column was regenerated and
the enzyme fraction passed through again but still the enzyme showed
a ratio of 133 : 1 for rates of hydrclysis of the spectrophotometric
substrates. Since the column has been shown to he effective in
removal of‘/S—glucosidases it must be concluded that the enzyme
which is hydrolysing 34DNPG4 readily is also responsible for the
slight/3‘g1ucosidase activity found in this fraction.

This fractionation procedure has resulted in the isolation of
an enzyme with activity%owards}t‘r‘DNPG4 and 34D§PGI in the ratio
133 s 1 from a crude cellulase mixture with activity towards the
substraztes in the ratio 1 : 17. The purity of the enzyme, designated
cellulase EI, was ascertained by SDS-gel electrophoresis and by its
behaviour on both Sephadex G-75 and G-100. In all three cases the
enzyme behaved as a single protein, The molecular weight of the
enzyme was estimated at 12,000 by comparison with other proteins of
known molecular weight as shown in Figure 23. The pH optimum was
found to be in the range 4.5-5.5 which is comparable to the pH
optimum for the majority of cellulolytic enzymes. This suggests
that the mechanism of hydrolysis of the aryl glycoside bond is the
same as hydrolysis of the natural substrate. The temperature optimum
is also similar to that of other cellulolytic enzymes, being 60°0,

The enzyme caused a rapid decrease in the viscosity of a CMC

solution indicating a random hydrolysis action on the polymeric

substrate. This is typical of a’/3-1,4-g1ucan glucanohydrolase.
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In addition to CMC as substrate the enzyme also hydrolysed xylan which has
f}—l,d-linkei xylose residues. It did not hydrolyse amylose which has
O(-1,4~-1linkxed glucose residues, or substrates for measuring chitinage
activit;. it was not expected that the enzyme would hydrolyse the
aryl /3-§;;to—oligosaccharides since the cell witlle of the fungus
are comz:z2d mainly of chitin, It appears that the enzyme is specific
for-/3—&,;—linked glucose and xylose residues. The enzyme's activity is
susceptiti=2 40 substitution on carbon 2 of the glucose rings but
does not require any substituent on carbon 5.
These results will be discussed further when considering the induced
hydrolysis results;

By viriue of its enzymic properties, molecular weight and its
source, csilulase EI is probably the same enzyme as that isolated by
Pettersson et al. (99), page 30, and Selby and M=zitland (78,79),

vpage 31.

34 ‘DN
9 J‘DNPG3 and 34DIPG4

" Kinetic studies of the enzyme with 34DNPG
as subsirzie were carried out under the conditions described on

page 115. Values of Xm and Vmax were obtained for each substrate.

These resulis are summarised in the following table.

34DNP02 34DNPG 34DNPG

3 4
Vmnax (xlOBM/l/s) 1,01 2.11 2.26
Km (x1074/1) 6.02 6.08 5.13
Koat(s ™) 0.097 0,203 0.217
K¢, 4/Km (157570 161 334 423

The values of kcat/Km for the lysozyme catalysed hydrolysis of

3,4—dinitrophemyl/3~—chito—oligosaccharides are given for comparison.

'34DNP(NAG)2 34DNP(NAG)3 3ADNP(NAG)4
Koat/Km (1.671.571) 0,064 1.9 232
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The kcat/Km value increases as the chain length of the cello-oligo-
saccharide increases. The value doubles on going from 2 glucose
residues to 3 but chows a less marked increase on going from 3 to 4.
This ighin contrast to the kgat/Km values for the lysozyme catalysed .
reacticn of 3,4-dinitrophenyl ;3~chito-oligosaccharides at pd 5.08
and 40°C shown in the table above, where there is a large increase

on going from 3 N-acetyl glucosamine residues to 4.

Th

W

natural subsirate for lysozyme is the cell wall of Gram—
positive bacteria. This has the general structure of alternating
/3—J,A—linked_§~acety1»D—g1ucosamine (NAG) and N~-acetyl-muramic acid
(¥AM) residues which are cross linked'by short polypeptide chains.
Lysozyme degrades this cell wall by hydrolysing ithe polysaccharide
betwzen a NAM and a NAG residue. Oligosaccharides with just/3-4,4-
NAG residues zare also hydrolysed. The maximum reaction rate is
attained with the hexasaccharide, (NAG)é, which is hydrolysed into

(NAG), 2nd (NAG) Philips and his co-workers (151) formulated their

2.
mechanism of action in terms of (NAG)6. The X-ray studies of the
enzyme with the non-productive binding complex with (NAG)3 led them

to the model for productive binding shown in Figure 33. It was

A B C D E F
NAG — NAG --NAG—NAGT NAG —NAG

Figure 33

postulated that one residue of the (NAG)6 occupied each of the
binding sites labelled A to F and thal hydrolysis was catalysed by
the close proximity of two residues, namely, glutamic acid 35 and
agspartic acid 52.

From the kinetic studies of cellulase EI i{ appears that the
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numnber of binding sites on the enzyme on the the glycone side with
the aryl siycosides as substrate is probably 3.
The composite values for cellulase EI catalysed hydrolysis of

34DNPG4 == pH 5,02 and 40°C and those for lysozyme catalysed hydrolysis

TTNAT TS o~y T 0/\ >
of 34DLF ..3) . at pH 5.08 and 40°C is showa below.
Lé

Cellulase BI + 34DNPG Lysozyme + 34DNP(NAG)

4
Koot (577 0.217 2.01 x 1073
Km (Ml‘l} 5.13 x 1074 9.83 x 1070
keat/Km (1.0 1) 423 205

Km for 34DNP(NAG)4 with lysozyme is 50 times smaller than Km
for 341)1‘.‘?!;‘1‘i with cellulase EI, that is, the substrate appears to be
more strcagly bound with lysozyme. The value of kcat is 100 times

greater with cellulase EI and 34DNPG, than with lysozyme and 341)1@(}3;.(;)‘1

4
This probably is a result of the greater importance of non-productive
binding with lysozyme since the values of kcat/Km which are egual to
k2/kS differ only by a factor of 2.

Experiments were carried out to investigate the transglycosyl-
ation prcperties of the enzyme. The experimental conditions are
described on page 111 and in Table 17. The induction period before
release of 3,4-dinitrophenol decreased from 20 minutes to 10 minutes
t0 5 minudes cn increasing the length of the cello-oligosaccharide
chain from 3 to 4 to 5. Also the rate of release of phenol increased
as chain length increased. If the number of subsites on the enzyme
on the glycone side is 3, then, since 05 shows the highest tendancy
to cause induced hydrolysis (and also a high rate of release of 3,4-
dinitrophenol) it could be that the number of subsites on the aglycone
side is 2. These ideas lead to the mechanism shown in Scheme 1 for

the appearance of 3,4-dinitrophenol from 3,4-dinitr0phemy1/3 =D~

4 .
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glucopyranoside and cellopentaose in the presence of cellulase EI.

In criler to test whether small modifications of the substrate
would cause any effect on the rate of the enzymatically catalysed
reactié;, “ke induced hydrolysis of modified 3,4-dinitrophemﬁl/3—-
D-glucezi—unecsides was studied in the presence of cellopentaose
and cel_=_.zse BI. The preparation of the modified glycosides is
describtei iz the 'Preparative Experimental' section. The conditions
and resulis are given in Table 18.

The results show that for enzymic hydrolysis to occur the
requirements around carbon 6 are very few, in fact, removal of the
hydroxyl or even the hydroxymethyl substituent on carbon 5 to give
the xyIOpyr;noside, slightly increased the hydrolysis rate. Replacement
of the 6-hydroxyl by a chlorine atom lengthened the induction period
and lowered the hydrolysis rate. Replacement of the hydroxyl proton
by methyl caused an even greater lengthening of the induction period
and lowzring of the rate., These results suggest that the last two
compounds form voor aryl oligosaccharide substrates due to a steric
effect rather than an electronic interaction effect. These results
as well as the fact that the enzyme hydrolyses xylan stimulate the
question s is the enzyme a cellulase or a xylanase? One method may
be to compare the enzyme activity towards substrates such as cello-
pentaose and wyylopentaose or 3,4-dinitrophenyl /3—cellotetraoside
and 3,4-dinitrophenyl /3-xylotetraoside. One other way may be to
ask wvhat the purpose of the enzyme is? Organisms appear to produce
enzymes in response 1o the substrates which are present. It is not

known what the growth conditions for this commercial cellulase

preparation from Trichoderma viride were. If it were grown on

wheat bran-sawdust then both cellulases and xylanases would be produced.

If, however, the sole carbon source were cellulose then the enzyme
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would most likely be a cellulase, ’It could be that cellulases and
xylaneses are the same and that some organisms may produce an enzyme
capable of hydrolysing boih ﬂ3—1,4—1inked glucose and xylose polymers.
This péésibility has not been fully examined since most 'cellulase!
workers, when isolating the various enzymes assay them towards
cellulose, and 'xylanase' workers assay their enzymes towards xylan.

Similar experiments have been carried out with iysozyme (152)
using tkhe 3,4-dinitrophenyl glycosides of 2-acetamido-2,6-dideoxy-
f}:gfglucose, 2—aoetamido—2,6~dideoxy-6-chloro—ﬁ5égrglucose,
2—acetamid0—2,6—dideoxy—6—fluoro—ﬁ3ﬁg:glucose as well as 3,4-dinitro-
phenyl 2—acetamido-2—deoxy—f5:g—xlepyranoside, 3y4—~dinitrophenyl
}3?2?g1ucopyranoside and the 'mnatural' substrate 3,4-dinitrophenyl
2—acetamido—2—deoxy—j3?grglucopyranoside in the presence of both
(NAG)A and (NAG)5. Only with the last two aryl glucosides was any
induced release of 3,4-dinitrophenol observed. Clearly the mechanism
of action of the two enzymes differs greatly, at least in their

requirements for substituents on carbon 6 and carbon 6 itself.
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As stated earlier, fraction FIA showed a large increase in
/3-—glucosidase activity. This fraction was further purified by Sephadex
G-100 gel filtration. This is shown in Figure 27. The enzyme fraction
desiggzved cellulase EII was judged to be pure by SDS gel electro—
phoresis 2nd gel filitration. The molecular weight of this enzyme was
estimaled to be about 74,400. The pH =and temperature optima were
similar to that of cellulase EI. The increase in activity of the
enzyme over the crude cellulase was 25 fold. Cellulase EII showed
little 2bility to cause a reduction in the viscosity of a CHMC solution
although hydrolysis was %aking place. This sugsasts that the enzyme
is of ine exo-type removing residues from the end of the polymer
chain. With the series of 3,4-dinitrophenyl /5~cello—oligosaccharides
the enzyme rapidly hydrolysed SADNPGI and on going from 34DNPG2 to

34DEPG, the release of the phenol was characterised by an increasing

4

induction period. This is shown in Figure 28. The results are
consiztent with an enzyme which removes glucose residues from the
non-reducing end of the oligosaccharide chain., From these results it
seens feasible that the enzyme isolated is similgr 10 that isolated
by Li, Filora and King (73) or one of three chromatographically distinct,
yet kinetically similar, cellobiase fractions of molecular weight
about 76,000 isolated by Gong et al. (155).

The enzyme was very specific in its substrzate requirements.
No activity was found with either xylan or amylose as substrate as
determined by the increase in reducing power. The enzyme is very
sensitive to modification at the carbon 6 position of the aryl
glucoside, Replacement of the hydroxyl group by hydrogen caused a
172~-f0ld decrease in activity and complete removal of the CHQOH
group reduced the activity 1000 times. Replacement of the hydroxyl

by a chlorine atom was even more severe resulting in a 1430-fold
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decrease in activity. When a methyl group was substituted for the
proton of the hydroxyl group on carben 6 the rate of release of
3,4-dinitrophenol dropped by a factor of 104 compared with the
parent‘ényl glucopyranoside.- Substitution on carbon 2 also affected
the activity. Replacement of the hydroxyl group by a proton resulted
in complete loss of activity and replacement by an acetamido group
caused & 25-fold decrease in activity compared with the parent
glucopyranoside. Altering the configuration of the hydroxyl on
carbon 4 from eguatorial to =zxial caused a 270-fold decrease in
activity. These results show that ﬁhe/g-—glucosidase is very specific
in its subsirate requirements. The consiraints iiposed on the atoms
around carbvon 6 are very rigid.

Substitution of a methyl group for a hydrogen atom on the
hydroxyl group cf carbon 6 reduces the rate of hydrolysis by
cellulase EIT almost to zero suggesting that either the steric
requirenents are well defined or that the hydroxyl group is required
for hydrogen bonding to the enzyme, With chlorine in place of the
hydroxyl group the rate is again drastically reduced. This may be
due to the loss cof the hydrogen for association with the enzyme or
that the size of the cihlorine za2tom is not allowing efficient substirate
binding. Both oxygen and chlorine are hydrogen bond acceptors and
the important fact could be the size of the chlorine atom., This
may be resolved by using 3,4-dinitrophenyl 6-deoxy—6—f1uoro-f3—£-
glucopyranoside since oxygen and fluorine have similar atomic radii.
On removal of the hydroxyl group on carbon 6 or the hydroxymethyl
group itself the activity is greatly reduced. This emphasises the

need for the CH,.OH group on the vyranose ring. The hydroxyl on

2

carbon 2 is important since removal causes complete loss of enzymic

action. However, replacement by an acetamido group still leads to
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enzymic activity. The reduced activity may be due to the steric
effects of the acetamido group ard it may be trhat the 2~amino-2-deoxy-
glucopyranoside would be a good subsirate., The inversion of con-

L
figuration of the hydroxyl group on carbon 4 leads to a much reduced

activiir. Again this may be a steric effect and by using 3,4-dinitro--
phenyl 4—ieoxyu%312—glucopyranoside as substrate this question may
be answered. Another compound which would be worth preparing as a
probe to the enzyme/suhstrate requirements would be 3,4-dinitro-
phenyl 3—deoxyj%312—*lucopyranoside.

Thnese relative raites of hydrolysis may be cémpared with the
results obtained by Gough (156) for a series of aeoxy-metny1/3 -D-
glucopyranosides hydrolysed by Almond emulsin and by Reesg‘gj.gl.(157)
for_g—nitrophenyl /3-ﬁ2-glucopyranosides and methyl /3-?%—g1ucopyranosides
substituted at carbon 6 hydrolysed tw‘/3-—glucosidases from various

sources. These resulis as well as the results obtained for the

ls-giucesidase from Trichoderma viride are given in Table 23.
The most obvious difference is for that of the 6-deoxy compounds

where the relative rate with Trichoderma viride is much less than

the relative rates found with the other enzymes. Jermyn (158) using a

/3-g1ucosidase from Strachybotrys atra found the ratio of kcat/Km for
p-nitrophenyl /3 —-D-glucopyranoside ard the 6~deoxy compourd was 240:1.
The Michaelis-Menten constants for tha enzyme were determined

using 34DNPG. as substrate. The results are shown in the following

1
table,
Vmax (ﬁ.1"1.3~1) l.44 x 10_8
Km (M.l‘l) 7.09 % 1072
Koot (s—l) . 0.63

Koat/Kn (1.6 1,57 8830
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The aryl glucoside is therafore a reasonable substrate for the

enzyme heving a 10 fold smzller Km value than 34DHPG4 with cellulase
EI and 2 wvalue of kcat/Km 20 times greater.
o
From the experiments performed on cellulase EII it is not
possiblz s say if the enzyme is truly a FS—glucosidase or a cellobiase.
The key .-Zference between these enzymes is the number of binding sites

on the exzyme. A /S*glucosidase

whereas = -ellobiase will have z

will only have one binding site

binding site for each residue of

cellobiose., The kcat/Km value for a/@ —glucosidase should be larger
for E—nitrophenyi.;3ﬁg—g1ucopyranoside {or 3,4-dinitropheny1/31gr
glucopyranoside) compared with that of cellobiose due to the aryloxy
group being a better leaving group. A cellobiase, on the other hand,
would have é more comparable k.,4/Km value for cellobiose and p-nifro- .
pheny1/5 :gmglucopyranoside due t¢ the extra enzyme activity obtained
from the binding of the second glucose moiety.

An esxample of this argument is the enzyme isolated by Berghem
and Pettersson (102). The catalytic constants for the enzymic action

on_g—nitrophemyl/3 -D-glucopyranoside and cellobiose is given below.

Cellobiose p-nitrophenyl glucoside
Vmax (xlO_6M.s_l) 0.55 536.7
Km (x1o3M) 1.5 0.28
Koot (870 25.8 25,200
Koat/Km (0.5 17,200 9 x 10!

There is no doubt from this analysis that the enzyme isolated by
Berghem and Pettersson is a./S-—glucosidase.
Another example of this type of analysis can be worked out for

the enzyme isolated by Maguire (153). The ratio of the keat/Km

values for'B—nitrophemyl/3 -D-glucopyranoside and cellobiose is
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5.5 : 1. This small variation strongly suggests that the enzyme
isolated by iiaguire is indeed a cellobiase,
An indicaiion to the nature of cellulase BII may be obtained

[
2

from the rz2lative rates of hydrolysis of 34DNPG, and 34DNPG. as shown

1 2
in Figurs 23. After 4 minutes the amount of 3,4-dinitrophenol

released ~cm 34DNPG. is only about double that of 343NPG2. This

1
implies <:2% the cleavage of the first glucose residue from the
cellobiosizz proceeds at a similar rate to the cleavage of the aryl
glucoside nond. _E—Nitropheny1/3-2—glucopyranoside, as 2 leaving
group, musi be similar fo glucose itself and therefore some assistance
probably arises from binding of the second glucose residue in the
cellobioside which suggests that the enzyme is a cellobiase,

This is only tentative and obviously a more detailed kinetic

study of the hydrolysis of cellobiose is reguired.

From the work undertaken in this project it appears that
3,4-dinitropkenyl /3-—cello—oligosaccharides will be useful substrates
for the rapid determination of the presence and activity of cellnlase
enzymes. The substirates may find a use in determining the ratio of
/3—1,4—g1ucan giucanchydrolase activity to/G-—glucosidase activity
since they have the same leaving group. This is in contrast to
substrates used at present, namely, carboxymethyl cellulose and
E—nitrophenyl/s1Q—g1ucopyranoside whose ‘'structures' and 'leaving

groups' are very different.
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APPENDIX 1| - INITIAL SLOPE PROGRAM
' \
WRITEA ‘
7T !"TYPE RUN NUMBER"
9A RN

18VECTOR AB(1,1,255)

12T !"TYPE NUMBER OF POINTS TO BE COLLECTED"
13A N

14F I=1,N3S Y(1)=0

I1ST !'"TYPE CARY 16 SCALE"

16A OB

178 1=13S V=@

18T ¢

20S Y(1)=¢

30Z1Pl1,1,10,08,AB

40F0RJ=1,10G35S Y(1)=Y(1)+.0001*0B*AB(J)
451F(V-6),50,46,46

46S V=05T !

SAT X5.04,YC1),"//" ' —

681IF(N-1),140,140,65
655 VU=V+]
78S 1I=1+1
75S X=4000
80F pP=1,X3S KL=0
99G0202
1485 TC=29.25
1455 EC=5590
1585 PL=1
178T 1!
1885 P=@
21085 AClL,1)=Y(1)
220S A2,1)=C(Y(6)-Y(1))/5*%TC
2308S A3, ,1)=CY(N)=-ACLL1IXXTC*x(N-1))/(TC*x(N=-1>12)
3235 EY=.001
3380S ER=1.
3405 P=P+]
345F R=1,43F Q=1,435 B(R,Q)=0
346S X=0
350F 1 2;N:D0369/485
3683G0 498
378S X=X+TC
380S OFC4)Y=Y(I)-AC1,P)-A(2,P)%*X-A(3,P)*Xt2
398S OF(l)y)=-)
490S OF(2)==-X
41085 OF(3)==-Xt2
42@S 0Y=1
430S 0OP=-A(2,P)-2%A(3,P)*X
440S L=0X/ER+0Y/EY
450S R=0
460S R=R+l]
470F Q=1,43S B(P,Q)=B(R,Q)+0F(R)*0F(Q)/L
48l IF(R~-4),460,485,485
485
490S BO=B(1,13%(B(2,2)*B(3,3>~-B(2,3)12)
5@01S BO=BO-B(1,2)%(B(1,2)%B(3,3)~-B(2,3)*B(1,3})
5025 BO=BO+B(1,3)%(B(1,2)%B(2,3)-B(2,2)*B(1,3))
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5@83S D(1,1)=(B(2,2)*B(3,3)-B(2,3>12)/B0

S18S D(1,2)=(-B(1,2)%*B(3,3)+B(2,3)%B(1,3))/B0

5280S D(1,3)=(B(1,2)%B(2,3)-B(2,2)*B(1,3))>/B0

5255 D(2,2)=(B(1,1)>%B(3,3)-B(1,3>t2)>/B0

530S D(2,3)=(-B(1,1)*xB(2,3)+B(1,2)%*B(1,3))/B0

S49S D(3,3)=(B(1,1)%xB(2,2)-B(1,2)12>/B0

558S D(2,1)=D(1,2)

56@8S D(3,1)=D(1,3)

5708S D(3,2)=D(2,3)

580S Q=P+! . .

59@0FOR R=1,35D0 610/620@

608G0 6343 o
610S DL(R)=D(1,R)*B(1,4)+D(2,R)*B(2,4)+D(3,R)I*B(3.,4)
620S A(R,Q)=A(R,P)-DL(R) —~—
630S S=B(4,4)-B(l,4)*DL(1)-B(2,4)%DL(2)-B(3.,4)*DL(3)
635T !,2,AC1,Q),AC2,2),A(3,Q), '
64031F(FABS(P~-1)~10t(~-1000)),340, 6508, 65@ -

658 1IF(FABS(P-4)-10+(-1000)), 670,660, 560

668 IF(FABS(A(2,Q)-AC2,P))-+01*%A(2,P)),670,340,349
670

818T !“ENZYMIC HYDROLYSIS OF 34 DINITROPHENYL CELLOTETRAOSIDE"
81ST !'"JOHN W. THOMSON®"

820G0 840 :

840

84S5T "™ RUN NUMBER ",Z4.00,RN

850T !"ABSORBANCE DATA"

860

878S P=P+|

888T I™INITIAL SLOPE PROGRAM"

8943T 1,%21.00,P=-1," ITERATIONS NEEDED"

899F 1=1,33S SDC(I)=FSQT(S*D(I,1)/(N=5))

900T !"A=",%Z,A(1,P)," EST A",AC1,51),1,"STeDEV+",SD(1),
.18t ™ “,100%SDC1)3/AC1,P)-"PER CENT"

915

928T 11"B=",A(2,P)," A.U. PER SEC"," EST B=",A(2,1),

921T 1" ",60*%A(2,P)," A.U. PER MIN",1!," '",A(2,P)/EC*PL,
922T "MOLE/LITRE/SEC'",!,"ST. DEV.","=",SD(2),

923

934T ! ", 188%SD(2)>/A(2,P)," PER CENT",

9408T !!,"C=",A(3,P)," EST C",A(3,P),!,"ST DEV",SD(3)
958T " ", 1080%SD(3)/A(3,P)," PERCENT

955G07 '

964T !!"FULL DATA LIST YES TYPE1/,NO TYPE-1/"

978A CO

9801F(C01,1809,993,990

998T !1!"“TIME/S ABS CALABS RESIDUALS"™
991S X=¢

1600F 1=2,N;D01002/1004
1691G0o1209

1882S X=X+TC

10@03S SR=Y(I)=A(1,P)-A(2,P)*X-A(3,P)*Xt2

1004T 1,%,X0"  ",25.04,YCI1)," ",Y(I)-SR," '",SR
1009QUIT
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JAPPENDIX 2 - MICHAELIS-MENTEN PROGRAM

WRITEA

SCOMMENT MICHAELIS MENTEN PROGRAM

6T !"TYPE RUN NUMBER"

7A RN :
18T !"TYPE NUMBER OF SUBSTRATE CONCENTRATIONS"
20A N
30
35T ! )
40T I"TYPE POWER FACTOR FOR RATES FORMAT lE-X"
45A PR :
47T I1"TYPE POWER FACTOR FOR SUBSTRATE CONCS. FORMAT lE-Y":
48A PS

49T !“TYPE INITIAL RATES(M/L/S)»ZST.DEVS.,SUBSTRATE CONCS.(M/L)"

S@T 11
S2F 1=1,N;D055/64
53G0 65 4 : )
S5SA VCIILEVCINLSCINST ™ /7%, -
68S V(I1)=V(I)*PR :
625 EVCII=EV(I)*VC(I1)/1088
64S S(1)=S(I1)*PS
65T | :
78T !"“TYPE ESTIMATED K-M"
80A ACl,1) .
815 AC1,1)2=AC1,1)%PS
8ST !"TYPE ESTIMATED V-MAX"
93A A(2,1)
91S A(2,1)=A(2,1)*PR
955 P=0
1885 P=P+1
118F R=1,33F @=1,33S B(Q,R)=0
120F 1=1,N3DOl46/270
136G0 280
149 g
1505 OF(3)=V(I)~CAC2,P)*SCI)/CACL,PY+SCI)))
168S OF(2)==SCIX/CACL1,PY+SCI))
178S OFC1)=A(2,P)*S(1)/(CAC1,P)+5CI1))12)
1885 0X=A(2,P)*S(I)/C(CAC1,PI+SCI))T12)=AC2,P)/CACI>P)+S(1))
1985 oY=1 ‘
20085 WY=1/(EV(I)12)
2105 WX=1/¢(SCI)*.01)12
220S L=0X12/WX +0Yt2/UY
2305 Q=1
240F R=1,335S B(Q,R)=B(Q,R)+0F(Q)*0F(R)/L
2505 Q=Q+1
26B1F(Q-4),248,270,240
279
280S BO=-B(1,1)%B(2,2)+B(1,2)12
290S DAC1)=(B(1,2)%B(2,3)-B(2,2)*B(1,3))/B0
291
300S DA(2)=(B(1,2)*B(1,3)-B(1,1)*B(2,3))/B0
301
3185 Q=P+l
315F R=1,23S A(R,Q)=A(R,P)-DA(R)
3201F(P-5),100,333,100
330

-~
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340

358S S0=B(3,3)-B(3,1)*DA(1)-B(3,2)*DA(2)
351S S0=-S0

3555 SD(1)=FSQT(B(2,2)*50/B0*(N-2))

357S SD(2)=FSQT(B(1,1)*S0/BO0*x(N=-2))

360

- 365T !"JOHN W. THOMSON RUN NUMBER",Z%Z4.88,RN

378T 1!'1"SUBSTRATE CONC. EXPERIMENTAL RATE CALC+RATE"
371T 1" MOLES/LITRE MOLES/LITRE/SEC M/L/S"
388F 1=1,N;D0400/410

3855 P=P+l

3992G0428

4308S BACI)I=AC2,P)*S(I)/CAC1L,PI+S(I))

4108T 1,R,5C1)," TLUCId N ",BACI)

415 ‘ o -
416 .

420T I UMAX ’ K-M . ITERATED"
430F I=1,L,P5T 1AC2,1)," ", AC1L D)

44T " VHAX K-M"

- 45@T 1"CALCULATED",A(2,P)," Y,ACL1LP)
468T I"ESTIMATED ",A(2,1)," ",A(1,1)
478T !"STAND.DEV.",SD(2),"  '",SD(1)
S@8T tI1!"FULL DATA LIST YES TYPE | /NO TYPE -1/"

S82A Z

5831F(2),550,550,585 HRRES
S@5T !"RESIDUALS VEXPT=-VCALC+"

S10F I=1,N3;D0520/530

515G0549

52@S BB(1)=V(I)-BA(CI)

S36T !1,BBC(I)

540

S50QUIT



!

- 152 -

APPENDIX 3 - MICHAELIS - MENTEN PROGRAM

v

WRITEA ’
1 2COMMENT 1] EQUATION CORNISH-BOWDEN P179
20T !'"NO OF POINTS" ;A N
25T !"POWER FACTOR FOR VELOCITIES"3A Y
30T !"VELOCITIES™!3F I=1,N3A V(I)iS V(I)=V(I)*1arY
35T !"POWER FACTOR FOR CONCENTATIONS"j A X
49T !“CONCENTATIONS"!3F 1=1,NJA C(I)3S C(I)=C(I)*10X
SOF 1=1,53S S(I1)=0
68F 1=1,N3D08@/120
78G01308
88S S(1)=5(1)+V(I>t4/C(I>*2
985S S(2)=5(2)+V(l)tra
106S S(3)=S(3)+V(CI)>*3

11@8S
128S
13@8s
140
-158T
1685
170T
188S
198F
200F

SC4)=SC4)+VCIdt4/CCL)
S(5)=5(5)+V(I>t3/C(1)
D=3 (1)*5(3)~5(4)*5(S)

1,%,(5(1)%S(2)-5¢4)12)/D
K(1)=(5(2)%S(5)-5(4)*5(3))/D
K(1)

p=1 _

1=1,55S S(1)=8
I=1,N;D0228/270

210G0289

228s
238S
2408
2588
2605
2785
280S
2855
2988
30T
318s
320T

LCI)=C(K(P)+S(1))>t2
SCII=SCII+UCINT2/L(L)
S(2)=5(2)+(CCIXt2)%(VCIXT2)/L(1)
S(3)=5(3)+C(1HX»*VCI>*t2/L(1)
SC4)=5C4)+(CCI)t2)*VCII/LCI)D
S(5I=S(SHX+C(IX*VCI)/L(CI)
D=S(1)%5(4)~5¢3)*S(5)

P=pP+]
UCP)=(S(1)*5(2)-S(3>12)3/D
1LUCP)
K(P)=(S5(2)*5(5)~-S(3)%5C4))/D
KP)

3381F(P-7)5190,334,334

3327
334T
335F

I{"JOEN W. THOMSON"
I"CONCENTRATION VOBS
I=-1,N3D0337/338

336G0339

337T

1,000 MLULIDNLY ¢

38T UCPI/CL+K(PY/CC(IY)
3391F(P~T7)5340,378,370

34@S

K(P)=g

3505 P=p+1
362G0192
37@0QUIT

VCALC"



