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ABSTRACT
1. p  -Amylase was prepared from barley malt by salt 

extraction and purified by ammonium sulphate fractionation 
and gel filtration on Sephadex G-25 followed by chromato- j
graphy on DEAE-cellulose, Traces of oC-amylase activity 
were removed by low temperature storage under acid |
conditions* p-Amylase so prepared released no soluble blue 
dye from chromogenic cxl-1, 4-glucans .

2, The kinetic parameters (K^ and V^) of p -amylase hydrolysing
oL-l,4-glucan polymers were found to increase in the 
presence of cvC-amylase, This was explained in relation 
to the chain length of the substrate.

3# Amyloses of different degree of polymerization (DP) were 
prepared by ethanol fractionation of thymol-precipitated 
amylose from soluble starch. The values of and foa/
P  -amylase were shown to decrease with an increase in the
DP of the substrate. The values of for the non-reducing  ̂

terminal and of for the internal portions of the 
substrate were found to be O.OOlmM and O.OOOl^mM, 
respectively,

4. Series of dialdehyde amyloses and borohydride-reduced 
dialdehyde amyloses were prepared. An explanation was
given for the dependence of and upon the degree of
oxidation of dialdehyde and reduced dialdehyde substrates.

5* Inhibition studies involving maltose, dialdehyde and 4

reduced dialdehyde amyloses were carried out. A theory to 
explain the inhibitory effect of oxidized amyloses upon 
P  -amylase activity was put forward.

6. Immobilised p-amylase derivatives prepared using AE- 
cellulose and polyaminostyrene supports were found to 
retain 18^ and respectively, of the original activity :
of the soluble enzyme. The effects of pH and temperature

-r- i.frT "6



upon the immobilised derivatives was compared with the

effects upon soluble y^-amylase and the apparent value s

of K and V (K * and V M  for soluble starch and of m m m m
^i (K-') for maltose were determined for each preparat

ion .
7, The action patterns of the soluble enzyme and the 

immobilised derivatives on amylose were investigated 

by plotting the decrease in blue value of the amylose 

substrate against the increase in the reducing power of 

the solution as hydrolysis proceeded and were confirmed 

by chromatographic analysis of the reaction products and 

intermediates of maltoheptaose hydrolysis and explained 

in terms of the alteration of enzyme affinity towards 

the substrate upon immobilisation.

1



DECLARATION.

I hereby declare that the following thesis is 
based on work carried out by me, that the thesis is my 
own composition, and that no part of it has been presents 
previously for a higher degree.

The research was carried out in the Department of 
Biochemistry of the University of St, Andrews, under the 
direction of Dr. ¥,M, Ledinghain,



3.1

CERTIFICATE.

I hereby declare that Diane Cook has spent nine 
terms in research work under my direction, and that she 
has fulfilled the conditions of Ordinance No, l6 (St, 
Andrews), and that she is qualified to submit this thesis 
for the degree,of Doctor of Philosophy,



iii.

ACADEMIC RECORD.

I matriculated at the University of St, Andrews 
in October 1968, and graduated with the degree of Bachelor 
of Science, Upper Second Class Honours, in Biochemistry in 
June 1972.

In October 1972, I matriculated as a research 
student At the University of St, Andrews,



iv

ACKNOWLEDGEMENTS

I would like to thank my supervisor, Dr, W,M, 
Ledingham for his encouragement and guidance throughout 
this work and Dr, L,B. de Carvalho for the many helpful 
discussions•

My thanks also to Dr, ¥,E. Hornby and Dr, D.L. 
Morris for the provision of ethyl adipimidate,

Finally, I wish also to thank the University of 
St, Andrews for a Research Studentship,



ABBREVIATIONS AND SYMBOLS.
Abbreviations and symbols used in this thesis are 

as follows:
aminoethyl cellulose 
dimethyl sulphoxide 
3,5~dinitrosalicylic acid 
degree of polymerization 
malto-oligosaccharides with 
degree of polymerization n 

PAS:- polyaminostyrene
PS:- polystyrene

AE~cellulose : 
DMSO:- 
DNSA: - 
DP:-

Gn'-

All other abbreviations are those recommended by 
the lUPAC-IUB Commission on Biochemical Nomenclature as 
published in the Biochemical Journal Instructions to 
Authors (revised) 1975 (l)*



C O N T E N T S .
Page No.

Declaration ..........       i
Certificate . . . .  .........    ii
Academic Record   ...........................   iii
Acknowledgements  .........    iv
Abbreviations and Symbols  ..........  v

1. INTRODUCTION ....................................  1
1.1. General Introduction  ........   1
1.2. Assay of -amylase activity .... 12
1 .3 . Detection of endo-amylase contamin

ation in y3-amylase preparations. l4
1.3 .1. Chromogenic substrates . l4
1 .3 .2. Partially oxidized

substrates .............   15
1.4. Recent purification techniques .. I7
1 .5. Immobilisation of -amylase .... 19

2 . MATERIALS ......      23

3. METHODS  ................    26
3 .1. Assay of y3>-amylase activity 26
3 .2, Methods for protein determination 26

3.2 .1 . Polin-Lowry estimation ..... 27
3 .2 .2 . Biuret estimation  ......   28
3 .2 .3 » Modified Biuret estimation . 28
3 .2 .4 . Ultraviolet absorbance ..... 30

3 .3 » Determination of reducing sugars 31
3*3 .1 . Dinitrosalicylic acid

(DNSA) method      . 31
3 .3 .2 . Neocuproine method 32

3 .4 . Determination of glucose ......... 34
3 .5» Determination of total carbo

hydrate by the phenol-sulphuric 
acid method  ..............   3^



3*6. Preparation of modified sub
strates ...........«...........   37

3*6.1. Dialdehyde amyloses 37
3*6.2, Determination of the degree

of oxidation of dialdehyde 
amyloses .............    38

3*6.3* Preparation of reduced
dialdehyde amyloses .......  38

3.7. Use of modified substrates to
detect endo-amylase activity in 
exo-amylase preparations ....... 40

3 .7 .1. Dialdehyde amyloses ........ 40
3 .7 .2 . Chromogenic substrates .... 40

3 .8 . Enzyme purification.......    4l
3 .8 .1 . Extraction from barley malt 4l
3 .8 .2 . Ammonium sulphate precipitat

ion  ........  42
3 .8 .3 . Gel filtration on Sephadex • 42
3 .8 .4 . Ion-exchange chromatography

on DEAE-cellulose  ...... 43
3 .8 .4.1. Chromatography by 

gradient elution .... 44
3 .8.4.2, Chromatography by 

step-wise elution ... 44
3 .9 . Preparation of pure maltose ..... 45
3 .10. preparation of characterized sub

strates with a known degree of 
polymerization .................  47

3 .10.1 . Preparation of amylose by
thymol precipitation ....... 4?

3.10.2. Fractionation of thymol-
precipitated amylose ....... 48

3 .10.3. Preparation of raalto-oligo-
saccharides  ................  48

3 .10.3 .1. Preparation of partial 
acid hydrolysate of 
amylose ............. 49

3 .10.3 .2 . Fractionation of acid 
hydrolysate by gel 
filtration on Sephadex
G-25 .................  49



3.10.3.3. Fractionation of acid 
hydrolysate using a 
charcoal-Celite 
column ......    50

3*11* Determination of substrate chain
length  .........  52

3 .11.1 . Estimation 01 chain length by
periodate oxidation......   52

3 .11.2 . Estimation of chain length by
end-group analysis   ........  53

3 .11.2 .1 , Modified Nelson-Somogyi 
assay .................  53

3 .11.2 .2 . Determination of number- 
average molecular
weight (Mĵ )   5^
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1. INTRODUCTION
1.1 GENERAL INTRODUCTION

First reported by Ohlsson (2), -amylase ( oC -1,4- 
glucan maltohydrolase, EC 3.2.1.2) is an exo-enzyme which 
attacks alternate linkages of ot-1,4-glucan substrates from 
the non-reducing end, releasing y3~maltose by an inversion 
mechanism (Fig. l.l.l).

The enzyme has been found in higher plants, 
especially in cereal grains and sweet potato, and, more 
recently, -amylase has been located in certain bacteria.
(3, 4, 5).

Amylases from a number of sources (6) appear to be 
simple proteins with no requirement for essential, low 
molecular weight cofactors. Thoma ejb sT. (7) found -
amylase to be a te trainer, with a monomer molecular weight 
of 50»000 and one inhibitor binding site per monomer 
molecule. The binding site was thought to correspond to 
the catalytic site.

There exist three "classes of amylases, which have 
been extensively reviewed, (8, 9); Ot-amylases, ^  -amylases
and amyloglucosidases, which differ only in their position 
of attack upon their substrates. These enzymes can be 
described as endo- or exo-amylases. Exo-amylases act upon 
the terminal OC-1,4 bonds in the substrate, systematically 
degrading the glucan chain, whereas an endo-amylase is one 
which cleaves internal bonds in the substrate, rapidly 
decreasing the chain length and producing small oligo
saccharides which then function as secondary substrates, 

Amyloglucosidase, like -amylase, is an exo
amylase, releasing glucose from the non-reducing terminal



Fig. 1,1.1, Illustration of the action of ^-amylase
on -114-glucan substrates to release 
/b -maltose by an inversion mechanism.
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2.
of the substrate, whereas oC-amylase acts by endo-attack.
On account of its exo-amylolytic nature, -amylase is 
unable to by-pass an <x-l,6 branch point or any other than 
minor modifications in its substrate. Although amylo
glucosidase has exo-amylolytic activity, the Rhizopus 
deleinar enzyme is able to cleave <x-l,6 bonds, so that this 
enzyme, together with oc-amylase, has the ability to by
pass such anomalies*

Until recently there has been some dispute over 
the mode of action of -amylase. Cleveland and Kerr (lO) 
and Kerr and Gehman (ll) produced evidence for a single 
chain action pattern for barley -amylase acting on corn 
amylose with a degree of polymerization (dp) of 235»
(Fig, 1,1,2) Cowrie al (12) obtained similar results 
with a larger (DP 3200) amylose sample. The requirement 
for a single chain mechanism is that the enzyine-substrate 
complex is retained until the substrate is hydrolysed as 
completely as possible before forming a new enzyme-substrate 
complex with another substrate chain.

However, Bourne and Whelan (13) advocated a multi
chain action pattern (Fig, 1.1,2) in which one catalytic 
event occurred per enzyme-substrate encounter.

Poorly characterized substrates and impure enzyme 
preparations had been frequently employed to investigate the 
mode of action of the enzyme. Apart from obvious anomalies 
introduced by traces of an endo-acting enzyme or a non
specific oC-glucosidase, the products of hydrolysis of a 
substrate with a Poisson distribution and one with a most 
probable distribution could differ greatly, although both



Fig# 1.1.2. Illustration-of the attack mechanisms of
OC - 1 ,4“glucanases s 
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3.
distributions may have the same average DP (l4). Hence, 
it was realized that only polymer mixtures with narrow 
chain length distributions were suitable for the study of 
action patterns. Also, the chemical and physical properties 
of amylose samples can differ markedly, depending not only 
on their origin, but also on the maturity of the plant and 
the method of separation. Both for ease of comparison of 
enzyme preparations and for interpretation of kinetic data, 
much work has been carried out to investigate the activity 
of ^-amylase upon characterized malto-olig'osaccharides or 
amyloses of known DP.

The action pattern of p-amylase has been well 
reviewed recently (15» l6). The use of chromatographically 
pure malto-oligosaccharides (l?) led to the conclusion that 

-amylase quantitatively acts in a similar manner on small 
and medium-sized substrates and that chain-end effects were 
important only for smaller substrates. The accumulation of 
intermediates (maltotriose and maltopentaose) during the 

-amylolysis of maltoheptaose provided evidence for a 
multi-chain attack mechanism. However, single and multi
chain attack mechanisms are extreme examples of multiple 
attack (Fig. 1.1.2) and it has been found (18) that the 
action pattern of - amylase can be shifted towards either 
extreme by variations in pH and temperature.

Inhibition studies, using substrate analogues, have 
been invaluable in providing information concerning the 
mechanism of - amylase action. Substrate analogues have
been employed to attempt to discern the requirements for



4.
binding and for -amylase activity. The catalytic 
specificity of p> -amylase has been of interest because of 
its ability to distinguish between internal segments and 
the non-reducing terminal of the substrate chain.

Koshland _̂t (I9) proposed a mechanism of induced
fit for the catalysis of substrates by y2>-amylase, which 
was thought to have a specific requirement for an unsubstituted 

hydroxyl group at the non-reducing terminal of the 
substrate which is considered to allow correct alignment by 
its small steric bulk (20).

Weill and Caldwell (2l) investigated the nature of 
the active site of -amylase and concluded that the 
sulphydryl groups and the tyrosine residues were essential 
for activity, but that the free amino groups were probably 
not essential.

The intramolecular nature of oxidative inactivation 
of -amylase by thiol-selective reagents led England ^t aJ.
(22) to propose that ageing of the enzyme resulted in auto
oxidation of one thiol group not essential for activity but 
sufficiently close to an essential group to react with it in 
mercaptide formation.

Thoma and Koshland (23) investigated the inactivation 
of yO-amylase by iodoacetamide and found that alkylation of 
sulphydryl groups resulted in a modified enzyme with 2^ of 
the original activity. Inactivation was prevented in the 
presence of cyclohexaamylose. The pH-activity profiles 
of the native and modified enzymes revealed pK values 
Indicative of a carboxyl group (pK 3*7) and a protonated



5.
imidazole group (pK 7.0), evidence for the latter being 
substantiated by photo-oxidation studies,

Thoma et al (24) concluded that the surface thiol 
groups of sweet potato -amylase are not essential for 
activity. Gertler and Birk (6) further suggested that the 
thiol groups of soya bean and sweet potato y3-amylase do 
not participate in binding the substrate but do have a role 
in the catalytic step. Spradlin and Thoma (25) speculated 
that y^-amylase thiol groups are regulatory entities iu vivo, 
a proposal supported by the fact that the enzyme can be 
reversibly inactivated by disulphide interchanges.

An involved investigation of tlie catalytic site of 
malt y3-amylase was carried out by Zherebtsov (26) who found 
results indicating that the effect of pH was not only upon 
the active groups but also upon the structure of tlie 
catalytic site. His experiments demonstrated that imidazole 
and carboxyl groups were present at the active site, 
possibly in close proximity to each other, and led him to 
propose a mechanism for the effect of ^-amylase on 
c*. -1,4 glucosidic bonds.

The active site of -amylase is thought to have a 
distinct hydrophobic region (19) which enhances the polariz
ing effect of the imidazoliun ion, leading to a decrease in 
the activation energy of the reaction. Since y2>-amylase 
catalysis cannot be explained by a simple acid catalysis 
mechanism, an ion-pair mechanism operating in a hydrophobic 
environment may account for the large added rate needed to 
explain the enzyme action.



6 .
Marshall (27) reported that the expected conform

ational change in ^-amylase on interaction with cyclo- 
amyloses did not occur, and offered evidence in support 
of the involvement of sugar ring distortion during

-amylase catalysis, similar to that occurring with 
lysozyme# Marshall suggested that the shape of the binding 
site of y^-amylase is such that it optimally accommodates 
a complete turn of the amylose helix at the non-reducing 
terminal, which may account for the inhibitory effect of 
cyclohexaainylose, a cyclic compound with six glucose 
residues bound by (X.-1,4 linkages. He proposed that 
evidence was more consistent with a template-type 
specificity pattern,

Thoma (20) revised some of his earlier theories to 
explain the dependence of upon chain length in terms of 
both the degree of multiple attack and the self-inhibition 
caused by internal residues of the substrate chain.

A current hypothesis for amylase action was proposed 
earlier by Thoma (28), in which the chair conformation of 
a glucopyranoside residue is distorted towards the half
chair conformation when it binds at the active site, making 
the ring more susceptible to nucleophilic attack.
Imidazole is thought to act as a general acid, donating a 
proton to the acyclic oxygen while the carboxylate anion at 
the active site possibly stabilizes the developing oxy- 
carbonium ion. Removal of a portion of the solvation 
sheath may occur during binding of the substrate, enhancing 
the field of the anion and the resultant electrostatic



Fig, 1.1.3* Illustration of the mechanism of oc-l,4~
glucan hydrolysis by yS-amylase involving 
imidazole and carboxyl functions at the 
active site.
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7.
shielding- (Fig. 1,1.3).

The theory of induced fit was supported by Hollo 
et al (29). On the basis of their experimental results, 
these workers defined the mechanism of amylases in three 
stages.
1. The weak negative charge on the hydrated substrate 

and the hydration and weak positive charge at the 
active site attract each other, eventually bringing 
about a partial dehydration.

2. Hydrogen bonding develops between the partially 
dehydrated groups of enzyme and substrate.
Structural alterations in the enzyme molecule a.re 
induced by the partially spiral structure of the 
substrate and, owing to the slow formation of 
hydrogen bonds, a gradual fitting of the enzyme occurs.

3 . The induced fit causes alterations to occur in the 
spatial structure of the enzyme, making possible 
further hydrogen bonds. Consequently, the conformation 
of the glucosidic bond to be split is deformed and can 
be cleaved readily.

Chemically modified malto-oligosaccharides have 
been studied as substrates for y^-amylase action, Malto- 
tetraose, the smallest rapidly cleaved substrate, modified 
at either terminal has been found to inhibit enzyme action
(30).

Modification of the internal residues of a polymer 
substrate also adversely affects the activity of the enzyme, 
as seen by the action of yS-amylase on periodate-oxidized 
arayloses with a low degree of oxidation (31)»



8.
Cyclohexaainylose was found by Thoma and Koshland 

(32) to be a good competitive inhibitor and was thought to 
act by effectively mimicking the internal residues of an 
amylose chain. These authors proposed that on forming a 
reactive enzyme-substrate complex, the substrate induced 
the active site of ^-amylase into the correct configuration 
with the help of the Ĉĵ hydroxyl group at the non-reducing 
terminal. The internal residues of the substrate chain and 
cyclohexaamylose are considered to be bound by the enzyme 
in an unreactive conformation by inhibiting the alignment 
of the catalytic groups into the active conformation. As 
the chain length is increased, the number of internal 
segments able to form unreactive enzyme-substrate complexes 
also increases and the extent of the so-called "self- 
inhibition" would be expected to rise. This aspect will be 
dealt with more fully in section 4.3.

The predicted dependence of k^ upon DP was experi
mentally found by Thoma and Koshland (32) and by Hüsemann 
and Pfannemttller (33), who also found the expected variation 
in Vm for barley y3-amylase, using large polymer substrates.

Such dependence of the Michaelis parameters of 
depolymerases upon substrate chain length originally led to 
the speculation that such enzymes have a binding region 
composed of a set of related subsites geometrically comple
mentary to the monomer units of the polymer substrate (34). 
Lysozyme, which cleaves N-acetyl glucosamine polymer sub
strates, has been extensively investigated with respect to 
subsites and it was found that a substrate polymer composed of 
six N-acetyl glucosamine units fully occupied the active site



Fig. 1.1.4, Schematic representation of the productive
and non-productive binding modes at the 
subsites of the active site of -amylase, 
^ represents the catalytic site.

pig. 1.1,3' Histogram of the affinities of the
subsites of ^-amylase for oC-1 » 4-glucan 
substrates, t represents the 
catalytic site.
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9.
cleft and that some distortion of the substrate occurred.
It is now thoug}rb that substrate distortion plays an 
important role in the catalytic mechanism of amylases.
(28, 35).

It is generally thought that between four and six 
subsites exist for ^-amylase (32). Recently, Kato at aJL 
(36) estimated bhe number of subsites to be five for wheat 
bran yh-amylase. A schematic representation of the binding 
modes at the subsites, showing the formation of productive 
and non-productive complexes together with self inhibition 
is shown in Pig.' 1.1.4.

By using a series of linear substrates with a DP 
range of 2 to 12.5, Kato et aJL (36) established the presence 
of the catalytic site between subsites 2 and 3. Those two 
subsites were found to have negative subsite affinities, 
therefore the contributions made to the positive affinity 
for the substrate by subsites 1 and 4 is important and 
indicates that the smallest most readily-cleaved substrate 
is maltotetraose.

Fig, 1 ,1.5 displays a histogram of the affinity of each 
subsite towards a maltopentaose substrate.

The subsite model could be used to explain the 
variation in km and Vm with substrate chain length (37) if 
it is assumed that enzyme action is directly proportional 
to the fraction of productive complexes and that all bonds 
lying across the catalytic site are cleaved at equal rates. 
As the substrate chain length is increased, the ratio of 
internal residues to terminal residues also increases and
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the possibility of the correct bond being positioned 
across the catalytic site becomes less probable. Experi
mentally, (32, 36) it was found that the enzyme has a 
greater affinity for larger substrates, since the ratio 
of internal to external residues increases, but Vm 
decreases with increasing chain length due to self
inhibition as already described. Table 1,1,1 shows the 
values of Km and Vrn collected from various authors and 
determined from the action of ^-amylase upon substrates 
of increasing DP,

Amylases' are considered to have a catalytic 
function in reversion or condensation reactions of oligo
saccharides. Abdullah and French (39) reported that the 
action of y^-amylase on maltose resulted in a weak rnalto- 
tetraose spot after chromatography, Subsequent work on the 
reverse action of 5̂ -amylase was carried out by Hehre ejb aJL 
(40) who found that sweet potato ^-amylase rapidly synthe
sized maltotetraose from p-maltose with a much slower rate 
of condensation using oC-maltose. This corresponds to t>... 
known hydrolytic specifity of y^-amylase in releasing

-maltose as exclusive product from ot-1,4 glucans, The 
synthesis of maltosaccharides from y^-maltose involves a 
product inversion comparable to that for the hydrolytic 
action, showing the condensation mechanism to be one of 
maltosyl transfer.
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Table 1.1,1, KINETIC PARAMETERS FOR /2>-AMYLASE 

HYDROLYSIS OF SUBSTRATES OF INCREASING 
CHAIN LENGTH.

SUBSTRATE DP (M) (l'î/min) Reference

Maltotriose 3 9.5 X 10-3 1.2 X 10-5 36
Maltopentaose 5 12,5 X 10"”̂ 8.7 X 10-4 38
Maltohexaose 6 10.5 X 10”'* 8,6 X 10-4 38
Maltoheptaose 1' 2.9 X 10“^ 2.1 X 10-5 36
Amylose 2k 2.2 X 10-4 7.2 X 10-4 38

» 48 1.3 X 10“ 4 6,0 X 10-4 38
n 250 .2.8 X 10-5 3.1 X 10-4 38
II 250* 1.0 X 10-5 5.2 X 10-5 38
II 760** 1.8 X 10-5 2.5 X 10-4 36

Amylopectin 24*** 0 .36, X" "X" X- -X- 1,33 X 10-2 27

*

***
-K- ->f •H' -3f

bound to insoluble albumen for "infinite" moleco 
weight.
number average DP.
average outer chain length,

, _ —Iexpressed as mg,ml

r
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1.2. ASSAY OF AS-AMYLASE ACTIVITY.

On account of the heterogeneous nature of poly
saccharides, it is more usual to assay -amylase activity 
by measuring the rate of release of y^-maltose from an 
oC -1,4 glucan substrate. Since there is no rapid method 
to specifically measure -maltose, it is monitored by the 
more general methods for reducing sugars. Many of these are 
alkaline-oxidation methods, the simplest being the use of 
3,5"dinitrosalicylic acid (d .N.S.A.) (4i ), which suffers 
from the disadvantage of being inaccurate at low sugar 
concentrations and requiring a large sample volume.

Other methods involve alkaline-copper reagents (42, 4%), 
the most sensitive being the copper-neocuproine method (44) 
where neocuproine (2,9-dimethyl-l,10-phenanthroine) acts as 
a chelating agent for cuprous ions.

Useful information concerning the action patterns of 
amylases has been furnished by plots of the substrate blue 
value against the product reducing power during the course 
of hydrolysis. The blue value, or iodine absorption, of 
amylase is dependent upon the length of the helical regions 
in the polysaccharide, (45) a minimum of 25-40 glucose 
residues in helical arrangement being required for the blue 
colour, which has an absorption maximum at 6lOnm, The 
profiles obtained for different amylases are characteristic 
for their action patterns. oC-Amylase displays an initially 
rapid decrease in blue value with a small increase in reducing 
power due to its initial random cleavage of internal bonds 
of the substrate, resulting in a decrease in the length of



Fig* 1.2*1. Illustration of the action patterns
for oc-amylase and y2>-ainylase.
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helical regions. The second stage of ©C~amylase action, 
where shorter c)iain length substrates are hydrolysed more 
slowly by the enzyme, results in a rapid increase in reducing 
power compared to the relatively slow decrease in blue value 
(pig. 1.2.1) .

yS--Amylase, which is an exo-acting enzyme, is thought 
to act by a multiple attack mechanism (Fig. 1.1.2). This 
results in virtually no change in the blue value of the 
amylose substrate during the initial stages of the reaction, 
but a large increase in reducing power is apparent, since 
approximately three maltose residues are removed per enzyme- 
substrate encounter (45). However, as the hydrolysis 
proceeds, the blue value steadily decreases with an increase 
in reducing power, resulting in an action pattern profile 
as shown in Fig. 1.2.1,
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1.3. DETECTION OF ENDO-AMYLASE CONTAMINATION IN y3-AMYLASE

PREPARATIONS.
In the past, the detection of oC.-amylase contamination 

in an exo-amylase sample has depended upon product distribut
ion patterns, thermal and pH-stabilities, differences in 
action patterns, or action upon limit dextrins.

As improved methods for detecting trace amounts of 
contaminants were developed, the purification techniques for 
enzymes also improved. The more successful of these analyti
cal methods, involving the use of modified substrates, depend 
upon the ability of endo-amylases to by-pass structural 
modifications which otherwise block exo-amylase action,

1.3.1. ClIROMOGENIC SUBSTRATES,
Those substrates which, after enzymic hydrolyses, 

release a coloured product either directly or upon the 
addition of a single reagent can be defined as chromogenic 
substrates (47),

The introduction of dye molecules at random points 
into glucan chains produces a substrate which is insoluble, 
chromogenic and upon which exo-amylases have virtually no 
activity.

Rinderknecht _et aj. (48) prepared a Remazolbrilliant 
Blue derivative of starch (Fig. I.3.I.Î.).

A second, commonly used, chromogenic substrate, 
Cibachron Blue amylose (Fig. 1.3.1.1) was shown by Marshall 
(49) to be almost inaccessible to amyloglucosidase but able 
to be hydrolysed by endo-amylases.



Pig, 1,3.1.1, Illustration of the structures of chromogenic 
substrates,

Remazolbrilliant Blue Starch

Cibachron Blue Amylose
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Fig. 1.3.1.2. Schematic representation of the action
of and -amylases upon chromogenic
subs trates
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The action of oc- and -amylases upon such substrates 

is shown in Fig* 1.3*1.2. y2>-Amylase is able to release
maltose units from the non-reducing terminal until it 
approaches a substituted glucose residue, where the bulk of 
the dye molecule sterically blocks further hydrolysis. On 
the other hand, c^-amylase, through its ability to cleave 
internal bonds, can effectively by-pass the modifications, 
releasing short "dyed" oligosaccharide chains which are 
soluble and which can be monitored spectrophotometrically,

A combination of the older limit dextrin assay 
for the detection of oC-amylase, and of the use of chromo
genic substrates was proposed by Bilderback, (50) who 
prepared an amylopectin azure ^-limit dextrin. However, 
this does not appear to have any advantage over the usual 
chromogenic substrates which ^-amylase is unable to 
hydrolyse to any great extent, as already described. The 
disadvantage in preparing the "dyed" limit dextrin would be 
the prerequisite for an endo-amylase-free y5-amylase 
preparation, with apparently no criteria for establishing 
the purity of the exo-amylase sample.

1.3.2. PARTIALLY OXIDIZED SUBSTRATES.
The controlled action of sodium metaperiodate upon 

oc, -1,4 glucans results in the random oxidation of a number 
of the glucosyl residues, (Fig. 1.3»2,1) the extent of 
oxidation depending upon the amount of periodate used.

The idea of the random oxidation of polysaccharide 
residues by periodate was applied to oC-1,4 glucans by
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Druumond ^  (31) who found that oC-araylase hydrolysed an 
amylose sample, which had 5^ of its glucose residues oxidized, 
at only a slightly lower rate than the unoxidized substrate, 
whereas y3-amylase cleaved only of the maximum available 
maltosidic bonds compared with 75^ for the original substrate 
(Fig. 1.3.2.2).

Marshall and Whelan (51) developed the principle 
into a general method for the detection of endo-acting 
amylases in the presence of exo-enzymes acting on the same 
substrate.



Fig* 1 .3 .2 .1. Illustration of the effect of periodate
oxidation upon the glucosyl residues of 
oc. -1,4-glucans.
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Pig. 1,3*2.2. Schematic representation of the combined and 
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1.4. RECENT PURIFICATION TECHNIQUES.

In the past, the separation of od--and ^-amylases 
has posed problems, although techniques frequently used 
took advantage of their different physical and chemical 
properties. c<-Amylase could be selectively denatured at 
acidic pH and low temperatures, or by proteolytic digestion 
coupled with the removal of stabilizing Ca*^ ions by EDTA.

In the mature seed, -amylase is stored adjacent 
to the aleurone layer, covalently attached to glutenin.
The increase of y3-amylase activity in water or salt extracts 
during the malting process is generally regarded as a trans
formation of "bound" barley enzyme into "free" y3-amylase of 
malt. Both forms are considered to be present in the 
ungerminated grain and can be preferentially extracted (52), 
the bound enzyme being released from a larger protein 
aggregate or from cross-linked sulphydryl bonds by the use 
of papain or thiols, resulting in an increase in enzyme 
activity of the extract.

previous work has indicated that barley y3 -amylase 
is a multicomponent system (53) when isolated in the absence 
of thiols. Addition of thioglycollic acid to the hetero
geneous system resulted in only the smallest component being 
present, suggesting that the larger components were 
aggregates of the smallest.

The origin of cereal y3-amylase has been investigated. 
It has been shown (54) that no new yb-amylase synthesis 
occurs during the germination of wheat and it is widely 
accepted that the bound enzyme in barley is released by 
proteolytic enzymes acting specifically at disulphide bonds 
and that the enzyme is not synthesized de novo.
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-Amylase has been extracted from barley with 

reducing agents and has been purified and crystallized by 
Visuri and Nummi (55)» but no comparable crystalline 
preparation has been carried out for the malt preparation, 
although ^-amylase has been isolated from malt by LaBerge 
and Meredith (55)* Both methods involved the sequential use 
of gel filtration and ion-exchange chromatography.

Little kinetic data has been accumulated for 
comparably purified preparations, making it difficult to 
compare the enzyme purified in different laboratories, 
although the specific activity (222U.mg dry weight”'̂) 
obtained by Visuri and Nummi (54) compares favourably with 
that obtained by Meyer ejb aJ. (57)*
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1.5. IMMOBILISATION OF -AMYLASE

The preparation and uses of immobilised enzymes 
have been extensively reviewed in recent years (58, 59).
Four principal methods have been used to prepare biologically 
active, immobilised enzymes;

1, entrappment within gel matrices, the pores of which
are too small to allow escape of the protein,

2, physical adsorption on to solid surfaces of inert
carriers,

3 . covalent attachment to a water-insoluble carrier
or to itself via a suitable bifunctional reagent, 
and

4. microencapsulation within semi-permeable membranes.

Immobilisation of an enzyme and the study of its 
resulting activity could facilitate the detection and 
isolation of intermediates formed at the early stages of 
an enzymic reaction. It may also be expected that the 
properties of the enzyme would provide information about 
the mode of action of enzymes present in cell membranes 
since a large number of enzymes are thought to exist bound 
to the membrane or other subcellular particles.

Numerous Insoluble derivatives of aniylolytic 
enzymes have been prepared, but only those employing 
^  -amylase will bo dealt with here. Information on 
insoluble ^-amylase derivatives is given in Table 1,5.1.

One of the first Insoluble yb-amylase derivatives 
was prepared by Axen and Porath (60) using isothiocyano- 
Sephadex G-2'00 as a support coupled to the enzyme through 
oC -amino groups or the & -amino group of lysine residues. 
The preparation was biologically inactive with large
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polymer substrates, since the substrate was excluded from 
the active site due to steric hinderance. However, it 
was found that low molecular weight substrates were hydrolysed 
more efficiently.

Such steric restrictions have partially been over
come by the use of "spacer" molecules to remove the enzyme 
from close proximity to the carrier surface. By coupling 
cyanogen bromide-activated Sepharose with aromatic spacers, 
Vrettalad and Axen (6l) obtained an active y3-amylase 
derivative which was used for the continuous hydrolysis of 
dilute starch solutions over a period of 45-50 days at 23^0 » 
and which retained 90fa of its original activity over this 
time.

Martensson (62) prepared a yS-amylase derivative 
leading to an immobilised preparation of y2>-amylase and 
pullulanase, which is considered to be of industrial interest 
for the complete hydrolysis of starch.

Barker e_t (63» 64, 65) have undertaken a large 
number of investigations into the immobilisation of various 
amylolytic enzymes, including yg-amylase, which they 
immobilised using cellulose or polyacrylamide supports,

A wide range of hydrophobic and hydrophilic supports 
can be used for immobilisation. The nature of the support 
is often important in determining the activity of the bound 
enzyme (66, 67, 68). The effect of steric hinderance and 
charge effects upon enzyme activity are important for polymer- 
degrading enzymes and will be discussed later (section 4.9) 
with respect to y3-amylase. However, proteolytic enzymes 
have been found to display a lower specific activity towards 
proteins after immobilisation, but virtually no change in
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their activity towards lower molecular weight substrates (5&) 

The maximum percentage of activity retained after 
coupling (35^) is reported by Vretblad and Axen (6l) using 
Sepharose 6b and 4,4* methylene dianiline with crude 
amylase. Contamination of the preparation by ©C.-amylase or 
a low-specificity ot-glucosidase may account for such a high 
retention of activity after the conditions of coupling (6h, 
23°^, pH 6.0).

The stability of immobilised ^^-amylase preparations 
would appear to depend upon the method of coupling and the 
nature of the support. Preparations of greater thermal 
stability compared with the free enzyme were reported using 
Sepharose beads (6l), acrylamide-acrylic acid copolymers (62) 
and microcrystalline cellulose (63)* The use of poly
acrylamide beads (64) produced an enzyme derivative which 
ŵ as less stable at 45^0 than the soluble enzyme.

Few reports exist on the effect of immobilisation 
upon the pH optima and Ilichaelis constants, which are 
important in assessing the potential use of an immobilised 
preparation. Vretblad and Axen (6I) reported a broader pH 
profile for the immobilised barley ^-amylase compared with . 
the free enzyme. In the ^-araylase-pullulanase system (62) 
conditions were such that the y3-amylase component was rate- 
limiting, Martensson found an apparent Michaelis constant 
(Km*) six times larger than the Km value (l.2mg,ml ^) for 
the corresponding free enzyme system, and a value for 
maltose (l4.6 mM) approximately twice the k^ value (7»6mM) 
for the free enzyme.
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However, it is difficult to compare and contrast 

different immobilised -amylase preparations, since the 
substrates and assay conditions were not standardized. 
Until standardization of basic experimental conditions is 
achieved, little significance can be placed on results 
originating from different sources.
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2. MATERIALS.

The chemicals used in this thesis are listed below 
in the relevant sections, together with abbreviated names 
of the suppliers. The full names and addresses of the 
suppliers are given at the end of this section.

Unless otherwise specified, the chemicals listed are 
of laboratory grade.

Substrates
Amylopectin (potato starch)
Araylopoctin azure (A Grade)
Amylose.type I (potato)
Amylose azure (B Grade)
Maltose
Soluble starch (Analar)

Enzymes and proteins.
ov -Amylase, type IIA

B.D.H.
Calbiochem
Sigma
Calbiochem
B.D.H.
B.D.H.

/?> -Amylase, crude, type IIA 
(barley)

-Amylase, oc-amylase-free 
Grade)

Sigma

Sigma

Calbiochem
Bovine serum albumen, fraction V Sigma
Glucose oxidase, type II 
Lysozyme (grade l)
Peroxidase, horseradish, crude 

Chromatography components.
Amberlite resins 
Celite 535 
Charcoal
DEAE-cellulose (DE 32)
Dithiothreitoi
EDTA

Sigma
Sigma
Sigma

B.D.H,
Hopkin and Williams
May and Baker
Whatman
Sigma
B.D.H,
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2-Mercaptoethanol, type I Sigma
Sephadex G-25 (fine) Pharmacia

Supports and coupling agents,
AE-cellulose (Cellex-AE)
N-ethyl morpholine 
Polystyrene beads 
Sodium dithionite 

Miscellaneous.
Dimethyl sulphoxide, grade I 
DNSA
Folin-Ciocalteau reagent 
Glycine
Neocupreine-hydrochloride 
£~Dianisidine-dihydrochloride 
Sodium borohydride 
Sodium metaperiodate 
Thymol

All other reagents used were of Analar grade. All solvents 
were redistilled before use and dried over anhydrous sodium ' 
sulphate, except in the case of pyridine, which was stored 
over sodium hydroxide pellets,

Bio-Rad Laboratories Ltd., Bromley, Kent, England 
B.D.H* Chemicals Ltd., Poole, England 
Calbiochem, Los Angeles, U.S.A.
Fisons Scientific Apparatus Ltd., Loughborough, 
England
Hopkin and Williams, Chadweil Heath, Essex, England 
May and Baker Ltd., Dagenham, Essex, England 
Pharmacia (G.B.) Ltd., London, England 

Shell Chemical Co. Ltd., London, S.E.l, England

Bio Rad Laboratories 
B.D.H,
Shell
Fisons

Sigma
B.D.H.
B.D.H.
B.D.H.
Sigma
Sigma
Fisons
B.D.H.
B.D.H.
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Sigma (London) Chemical Co. Ltd., Surrey, England 
Whatman Biochemicals Ltd., Kent, England.
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3. METHODS.

3.1. ASSAY OF /5-AMYLASE ACTIVITY.
yO “Amylase activity was measured routinely by 

assaying the rate of release of reducing equivalents 
(maltose) during incubation at 37° with an OC-1,4-glucan 
substrate. Typically, the composition of the incubation 
medium was lÿ (w/v) soluble starch in G.lM-acetate buffer, 
pH 4.8.

At appropriate time intervals, an aliquot of the 
incubation mixture was withdrawn and the maltose content 
assayed by either the dinitrosalicylic acid method (3.3.1) 
of Bernfeld (4l) or the copper-neocuproine method (3*3.2) 
of Dygert al (44).

The unit of enzyme activity was defined as the 
amount of enzyme required to liberate 1 yumol of maltose 
per minute under the specified conditions.

3.2. METHODS FOR PROTEIN DETERMINATION.
Protein determinations were carried out by one of 

several methods which generally involved alkaline-copper 
solutions,

During the course of enzyme purification (3*8)» 
y3 -amylase was recovered by dialysis against ammonium 
sulphate solutions. To determine the protein content of 
solutions or suspensions of the enzyme, measurements were 
made together with a control to take into account the 
ammonium salt present in solution, since such determinations 
are considered to be affected to some degree by the presence 
of ammonium sulphate. The same is true for thiol-containing
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compounds, therefore a similar control was prepared using 
suitable dilutions of mercaptoethanol or dithiothreitol,

All protein determinations for y3""amylase were 
carried out together with one of a standard protein '
solution.

3.2.1. FOLIN-LOWRY ESTIMATION. ^
This method was developed by Lowry ut al. (69)

involving the reaction of copper in alkaline solution and i
ithe reduction of Polin-Ciocalteau reagent,

Reagents; ;
Solution A: 2̂ o (w/v) sodium carbonate in O.lM * OH, j
Solution B; Ig sodium tartrate was dissolved in |

water with 0.5& cupric sulphate penta- 
hydrate, 10 ml IM NaOH were added and |
the solution made up to 100 ml.

Solution C: 50 mlfl+ 1 ml B . |
Solution D: Polin-Ciocalteau reagent, diluted to

IM with distilled water.
Assay;

A calibration plot (Fig. 3.2.1.l) was prepared using 
a standard solution (5OO yug.ml"’*̂) of lysozyme in distilled 
water. A 0.5 ml aliquot of protein solution (I0~10(^g) was " 
added to 5 ml solution C, mixed well and left for 10 min, 
after which time 0,5 ml solution D was added. The solutions 
were mixed again, left for 30 min and the absorbance measured
at 500 and 750 nm against a control in which distilled water f

a
replaced the protein solution.
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3.2.2. BIURET ESTIMATION.
Llayne (?0) first described the Biuret method which 

depends upon a reaction between an alkaline-copper solution 
and peptides or proteins, with a minimum requirement for 
two peptide bonds, to produce a purple colour with an 
absorption maximum at $40 nm.
Reagents ;

Biuret reagent was prepared as follows;
Cupric sulphate pentahydrate (0.15g)- was dissolved 

in 50 ml distilled water with sodium potassium tartrate 
(0.6g). To this solution was slowly added lOÿ (w/v) NaOH 
solution (30 ml) and the solution made up to 100 ml with 
distilled water.
Assay;

A 1 ml aliquot of protein solution, not exceeding 
10 mg.ml ^ , was mixed with 4 ml Biuret reagent and left at 
room temperature (20-25°) for 30 min. The absorbance of the 
resulting solution was read at 540 nm against a control in 
which distilled water replaced the protein solution.

A calibration plot (Fig. 3.2.2.l) was prepared for 
1a range (1-9 mg.ml ) of lysozyme concentrations.

3.2.3. MODIFIED BIURET ESTIMATION.
A disadvantage of the Biuret and especially of the . 

Folin-Lowry methods for protein determination is the 
variability of colour intensity between different proteins, 
therefore making the choice of protein for the calibration 
plot important.
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Itzhak! and Gill (?l) suggested an alternative 

method for protein estimation, essentially a modification 
of the Biuret method, which gave less variability between 
different proteins but at the same time gave a reduction 
in accuracy.
Reagents :

Solution 1; 0.21^ (w/v) cupric sulphate penta
hydrate in 30*̂  (w/v) NaOH.

Solution 2: 30^ (w/v) NaOH.
All protein standard solutions were made up in 12^ 

(w/v) NaOH.
Assay;

Sets of solutions were prepared as follows;
; - 2 ml HgO + 1 ml Solution 1.

Ag : - 2 ml protein solution + 1 ml
Solution 1.

Bĵ  ; - 2 ml HgO + 1 ml Solution 2,
Bg : — 2 ml protein solution + 1 ml

Solution 2.
The solutions were mixed well and left for 5 min to 

allow for colour development. The absorbances were read at 
310 nm, reading A^ against A^ and B^ against Bĵ , giving 
values and Dg respectively,

A calibration plot (Fig. 3.2.3*1) was prepared for 
lysozyme, bovine serum albumen and oc-amylase in a concentrat
ion range of 0.2 - 1.5 mg. The difference, D^-Dg, was plotted 
as A absorbance against protein concentration for each 
protein.



Fig* 3.2,1.1. Calibration plot for the estimation
of protein by the method of Lowry _ejt ,
at 500nm ( O ) and at 750nm ( □ ).

Fig. 3*2.2.1. Calibration plot for the estimation
of protein by the Biuret method.
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Fig. 3 .2 .3.1. Calibration plot for the estimation
of protein by the modified Biuret 
method using lysozyme ( □•) , bovine 
serum albumen (A ) and oC-amylase ( O )•
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3.2.4. ULTRAVIOLET ABSORBANCE.

During later stages of enzyme purification, to 
quantitatively assay the column effluent, the absorbance 
of the y3-amylase solution at 280 nm was measured.
According to Visuri and Nummi (35) pure ^«-amylase has a 
specific extinction coefficient

= 15.0 at 280 nm.1cm
This information was used to determine the concen

tration of ^-amylase in solution.
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3.3. DETERMINATION OF REDUCING SUGARS.

3.3.1. DINITROSALICYLIC ACID (DNSA) METHOD.
The DNSA method of Bernfeld (4l) is based upon the 

reduction of 3 »3~dinitrosalicylic acid by reducing sugars to
3-amino, ^“'Uitrosalicylic acid. Although the reduced compound 
has a maximum absorbance at 44o nm, its appearance was 
measured at 5^0 nm, where 3 » 5"*dinitrosalicylic acid gave a 
minimum reading and at which wavelength there was most 
difference between the spectra of the two compounds.
Reagents :

DNSA rea’gent was prepared as follows i
100 ml NaOH (2m) was heated almost to boiling point 

and 3g DNSA added with stirring. When this w a s .completely 
dissolved, 50 ml distilled water and 150g sodium potassium 
tartrate were added. The cool solution was made up to 500 ml 
with distilled water.
Assay;

A 2 ml aliquot of reducing sugar solution was mixed 
with an equal volume of DNSA reagent, heated for 5 min in a 
boiling water bath and cooled in ice and water. The sol^r ans 
were diluted to 25 ml with distilled water and the absorbances 
measured at 5̂ 0̂ nra against a control in which distilled water 
replaced the sugar solution,

A calibration plot (Fig. 3*3.1*1) was prepared for 
a range (0.5™12.^^mol) of maltose solutions in distilled 
water.

To assay for the production of maltose in an 
incubation mixture, account was taken of the control values 
produced both by oC-1,4-glucan substrate and by mercapro-
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ethanol or dithiothreitol, which, on account of possessing 
reducing groups, interfered with the colour reaction.

3.3.2. NEOCUPROINE METHOD.
The method was devised by Dygert ejb ^  (44) with 

the advantage of requiring a small sample volume and 
resulting in increased sensitivity compared to the DNSA method.

Due to the greater sensitivity, thiols and oC-l»4- 
glucans produced substantial interference in the reduction of 
the cuprous ions involved in the colour reaction. Therefore, 
controls were used as in the previous method.
Reagents :

Solution A: 40g anhydrous sodium carbonate were
dissolved in 6O0ml distilled water, 
followed by l6g glycine then 0.45g 
cupric sulphate pentahydrate. The 
solution was made up to 1 litre with 
distilled water.

Solution B: 0.12g neocuproine-HCl was dissolved
in 100ml distilled water.

Assay;
Aliquots (0.1ml) of reducing sugar solutions were 

mixed with equal volumes of solutions A and B as indicated 
below, heated for 10 min in a boiling water bath and cooled 
to room temperature under running water. The solutions 
were diluted to 25 ml and the absorbance measured at 450 nra 
against a control in which distilled water replaced the 
sugar solution.
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A calibration plot (Fig. 3.3.2.1) was prepared 

using maltose solutions (0.02-0.75 y^mol), with volumes of 
solutions A and B as follows;

yUmol maltose  ml A______  ml B
0.02 - 0.15 1 1
0.16 - 0.3 2 2
0.31 - 0.45 3 3
0.46 *" 0.6 4 4
0. 6l — 0.75 5 5



Fig# 3.3.1.1. Calibration plot for the estimation of
maltose by the DNSA method.

Fig. 3*3*2.1. Calibration plot for the estimation of
maltose by the neocuproine method.
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3. 11. DETERMINATION OF GLUCOSE. 3^.
The glucose oxidase method for the estimation of 

glucose levels in solution (?2) is based on the following 
sequence of reactions:

glucose oxidase
glucose — ---  — --—--■> gluconic acid +

peroxidase
^̂ 2̂ ? o^cygen acceptor , H^O + oxidized acceptor

In this method, the oxygen acceptor used is £*~dianis-
ifdine.

Commercially - available samples of glucose oxidase 
often contain traces of (%^1,4-glucanase activity which may 
cause anomalous results if glucose is assayed in the presence 
of cC-1,4-glucans. Lloyd and Whelan (72) overcame this 
problem by the use of Tris as a component of Tris-phosphate 
buffer.
Reagents :

Tris-phosphate-glycerol buffer;
36.3s Tris and sodium dihydrogen phosphate
monohydrate were dissolved in distilled water and 
400ml glycerol added. The solution was made up to 
1 litre with distilled water and titrated to pH 7.0 
by the addition of solid sodium dihydrogen phosphate. 
Glucose oxidase reagent;
30mg glucose oxidase, 3ing horseradish peroxidase and 
lOOmg jo-dianisidine dihydrochloride were dissolved 
in 100ml Tris-phosphate~glycerol buffer.

Assay;
A 1ml sample of a solution containing not more than 

7(^g of glucose was mixed with 2ml glucose oxidase reagent
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and incubated at for 30 min. After this time, 4ml
5M“*HC1 were added to stop the reaction and the absorbance 
was measured at ^2^nm against a reagent blank.

The calibration plot is shown in Fig. 3#^t.l.
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3.5. DETERMINATION OP TOTAL CARBOHYDRATE BY THE PHENOL-

SULPHURIC ACID METHOD.
The phenol-sulphuric acid method of Dubois e_t al (73) i

is based on the dehydration of pyranose and furanose ring ï
structures in sugars by concentrated sulphuric acid. On ’
account of the sensitivity of this method, great care is 
necessary in avoiding contact with cellulosic materials which J
can affect the intensity of the colour produced.
Reagents ;

Solution A: 5^ (w/v) phenol solution in distilled
I'

water, ^
Solution B: 96^ sulphuric acid (sp.gr. 1,84) ,|

Assay: '1
A 1ml sample of carbohydrate solution (lO-lOOpg) in 

distilled water was mixed with 1ml solution A and placed in 
ice. Prom a fast-flowing pipette, 5^1 solution B was added 
to ensure good mixing and even heat distribution, A control 
was prepared, replacing the carbohydrate solution with 
distilled water. After 10 min the tubes were shaken and 
incubated at 25^ for 20 min. The absorbance of the resulting 
solutions was measured at 490 nm, against the control,

A calibration plot, prepared for glucose and soluble 
starch to compare the effects of chain length, is shown in
Pig. 3.5.1.



Pig, Calibration plot for the estimation
of glucose by the glucose oxidase 
method*

Fig, 3 .5 .1* Calibration plot for the estimation of
total carbohydrate by the phenol-sulphuric 
acid method using glucose ( O ) and soluble 
starch ( O ).
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3.6. PREPARATION OP MODIFIED SUBSTRATES.

3.6.1. DIALDEHYDE AMYLOSES.
The action of sodium metaperiodate on <^-l,4~glucans 

results in the random oxidation of the glucose residues as 
already described in section 1.3 (Pig. 1.3.2.1), producing 
dialdehyde (oxidized) oc-1,4--glucans .

Dialdehyde amyloses have been used to detect traces 
of oc-amylase activity in an exo-amylase preparation (31) 
by Marshall and Whelan who produced an amylose substrate with 

of its glucose residues oxidized ( 5^ oxidation). From 
their data, amyloses with various degrees of oxidation could 
be prepared.

Amylose type I (500mg) of DP 790, was wetted with 
ethanol and dissolved by warming with IM-NaOH solution, then 
titrated to pH 6.0 with acetic acid and made up to 40ml with 
distilled water. A calculated number of mois of sodium 
metaperiodate, determined from the data given below, was 
dissolved in 10ml distilled water and slowly added to the 
amylose with continuous stirring. The solution was covered 
and stored in the dark at 20^ for 4h, after which time it was 
exhaustively dialysed against distilled water and freeze- 
dried .

Prom the following data, amyloses of varying degrees 
of oxidation were prepared;

^ oxidation required mmol NalO,^ .jumol amylose”*̂
2 0.16
5 0.39
10 0.79
30 2.39
45 3.56
60 4.79 ____
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3.6.2, DETERMINATION OF THE DEGREE OF OXIDATION OF

DIALDEHYDE AMYLOSES.
The determination of the degree of oxidation of 

oL -1,4-glucans was carried out by complete acid hydrolysis 
of the amylose preparations followed by the determination of 
the glucose content of the hydrolysate. (74).

50mg of each dialdehyde amylose preparation was 
dissolved in 3ml lM~hydrochloric acid and heated in sealed 
hydrolysis tubes in a boiling water bath for 3h. The tubes 
were cooled and approximately 5nil iM-NaOH was added to each 
to bring the pH to 7.0. The solutions were diluted to 20ml 
with distilled water.

A control containing l.lmg.nil""^ glucose was treated 
in the same way to determine the loss of glucose residues 
during the hydrolysis.

The solutions were diluted ten-fold with distilled 
water and 1ml aliquots of each were assayed in duplicate by 
the glucose oxidase method (3.4) to determine the concentration 
of glucose residues.

3.6.3. PREPARATION OF REDUCED DIALDEHYDE AMYLOSES.
The disadvantage of the neocuproine method (3.3.2) for 

the determination of reducing equivalents is that high back
ground readings are obtained when dealing with oC-I,4-glucans, 
and this is greatly increased when dealing with dialdehyde 
amyloses since the large number of aldehyde groups which are 
produced on oxidation react with the chelating agent*

Strumeyer (75) has described a method for reducing the 
terminal reducing groups of soluble starch with sodium
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borohydride to decrease ülie interference in the assay by
the substrate.

An adaptation of this method was used to prepare
reduced dialdehyde amyloses. Sodium borohydride in 5 ml
cold, distilled water was added to a cooled, stirring 
solution of dialdehyde amylose (200 mg) in 20 ml distilled 
water. The quantity of borohydride used depended upon 
the degree of oxidation of the dialdehyde amylose being 
reduced, as indicated below.

The solutions were left at room temperature for 
lOh, after which time all effervescence had ceased, and 
were stored at 4°.

^ oxidation of amylose mmol NaBH^. lOOmg 
     amylase" ̂_________

5 10
10 20
30 100
45 300
60 400

prior to use, a 10 ml aliquot of the solution was 
withdrawn and 0.2 ml acetone was added dropwise to destroy 
excess borohydride. The solution was titrated to pH 7 with 
IM^acetic acid and suitably diluted to a standard volume 
with 0.IM-acetate buffer, pH 4,8.
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3.7, USE OF MODIFIED SUBSTRATES TO DETECT ENDO-AMYLASE 
ACTIVITY IN EXO-AMYLASE PREPARATIONS.

3.7.1. DIALDEHYDE AMYLOSES.
A 1^ (w/v) solution of dialdehyde amylose of each 

degree of oxidation was prepared by warming the amylose 
with a suitable volume of O.lM-acetate buffer, pH 4,8,
The solutions were incubated with c<-l,4-gluoanases at 37^ 
and at various time intervals 0.1ml aliquots were withdrawn 
and assayed for the presence of reducing sugars by the neo
cuproine method (3.3.2),

3.7.2. CHROMOGENIC SUBSTRATES. |
— 1 ^A suspension of amylose or araylopectin azure (2mg,ral ) •

in O.lM-acetate buffer, pH 4,8 was prepared and heated for I
I

3 min in a boiling water bath. The colloidal solution was ,3
allowed to cool to room temperature and an aliquot of (w/v) |
bovine serum albumen in distilled water was added to produce 
a O.l^o (v/v) protein solution. The addition of bovine serum 
albumen was to stabilize the dispersed substrate.
Assay;

A suspension of dyed substrate prepared as described /
was incubated, with stirring, at 37° with oC-1,4-glucanases.
At various time intervals, aliquots of 1ml were withdrawn, f
the reaction stopped with three drops of 5M NaOH and the 
suspension centrifuged at 7,000g for 1 min. The increase in 
absorbance of the supernatant, due to the release of soluble 
blue dye, was measured at 595nm against a substrate control.
The supernatants were then assayed for the presence of 
reducing sugars by the neocuproine method (3.3.2),
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3.8. ENZYME PURIFICATION.

3.8,1. EXTRACTION FROM BARLEY MALT.
The preparation of barley malt has been described 

by Whitmore and Sparrow (?6).
A suitable sample of barley (Hordeum vu1gare, var. 

Golden promise) was steeped in tap water at 37° for 48h with 
three changes of water. After this time the grain was 
removed from the water, spread out on a tray and maintained 
at 37° for several days. The grain was turned and watered 
twice a day to prevent unequal heat distribution and possible 
drying effects.

-Amylase liras extracted from the malt in an initial 
extraction by a combination of the methods of LaBerge and 
Meredith (56) and Visuri and Nummi (55).

The grain was first ground by hand in a cooled mortar 
and pestel, then slurried for 5 min in a homogenizer with 
cold 0.1M”Citrate buffer, pH 6,0 containing 0.35^ (w/v)
EDTA, 0.5^ (w/v) sodium chloride and ImM mercaptoethanol,
The slurry was filtered through muslin and re-extracted 
with more buffer. The combined filtrates were centrifuged 
at pOOOg for 20 min and the supernatant retained.

The volume of the supernatant was measured and the 
solution was assayed for protein content by the Folin-Lowry 
method (3*2.1) and for total o<L-1,4-glucanase activity by 
the neocuproine method for estimating reducing sugars 
(3.3.2).
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3.8.2. AMMONIUM SULPHATE PRECIPITATION. |IThe supernatant from 3»8.1 was treated with ammonium •

' 5
sulphate to a concentration of 20^ (w/v) with respect to the 
salt (1.05H). The ammonium sulphate was added slowly with 
stirring, to prevent high local concentrations due to large 
amounts of undispolved ammonium salt. |

The precipitate was removed by centrifugation at 4^ 
and iBOOOg for 20 min and discarded, and the supernatant was 
treated with more ammonium sulphate to 40̂ a saturation (2.1M), ï
centrifuged as before and the precipitate resuspended in 
distilled water containing lOmM-mercaptoethanol.

3.8.3. GEL FILTRATION ON SEPHADEX.
Gel filtration was carried out using Sephadex G-25 

to remove ammonium sulphate and any traces of globulins (77) 
from the redissolved crude protein solution obtained in 3*8.2# 
Globulins are relatively insoluble in distilled water and are 
therefore retarded on the column.
Preparation of the Sephadex G-25 column: %

50g of Sephadex G-23 (fine) were suspended in 500 ml 
distilled water and allowed to stand at room temperature for 
3h to swell. The finings were removed by successive décantat
ions and the swollen gel was made into a slurry with distilled 
water and packed into a 3 x 100cm Pharmacia column. The 
Sephadex column was washed with 2 1 of distilled water 
containing lOniM-mercaptoethanol and had a final bed volume 
of 3 X 80cm.
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Application of the sample;

The protein solution from 3.8.2 was applied in 20ml $
samples to the Sephadex column and eluted with cold distilled 
water containing lOmM mercaptoethanol. The column effluent 
was monitored by an L.K.B. U.V. recorder and 5 ml fractions 
were collected by an L.K.B. fraction collector.

The fractions containing protein were assayed for 
total oC-1,4-glucanase activity (3*1), for oc-amylase activity I 
using amylose azure (3*7*2) and for protein by the Folin-Lowry i 

method (3*2.1).
The contents of the appropriate tubes were pooled 

and dialysed at 4° against 2. IM-arnmonium sulphate solution 
containing lOmM-mercaptoethanol. The protein precipitate was | 
removed by centrifugation at 4° and lOOOOg for 20 min and 
dialysed into 5mM-phosphate buffer, pH 7*0, containing lOmM- 1 

mercaptoethanol.

3.8 .4 . ION-EXCHANGE CHROMATOGRAPHY ON DEAE-CELLULOSE. 
Preparation of the DEAE-cellulose (PE 32):

30g of DEAE cellulose (d E 32) were swollen overnight 
in 2 1 distilled water and washed several times by sedimentat
ion in water to remove the finings. The cellulose was then 
precycled, as recommended by the manufacturers, by washing 
alternately with IM-NaOH (300ml) and 0.3M-sodium dihydrogen 
phosphate solution (300ml) a number of times. The cellulose 
was made into a slurry with 0.5M-sodium dihydrogen phosphate 
solution and packed into a 5 x 60cm Pharmacia column and 
washed with 700ml O.O^M-phosphate buffer, pH 7*0, to a final 
bed volume of 5 x 15 cm. The column was then equilibrated

/j

w
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with 5wM-phosphate buffer, pH ?,0, containing lOmM-mercapto- 
ethanol.

3. 8. 4.1. CHROMATOCxRAPinf BY GRADIENT ELUTION.
An aliquot of the dialysed enzyme solution, containing 

about lOOmg of protein, was applied to the column and washed 
in with 20ml of the equilibration buffer. The column was washed 
with 500ml of the same buffer to remove any unbound material, 
and two linear gradients were applied, successively, of 5mM- 
50mM and 50niM to 500mM~phosphate buffer, pH 7*0, with mercapto
ethanol as before, such that 800ml of buffers were used in the 
gradient.

The column effluent was monitored, collected and 
assayed as previously described.

3.8.4.2. CHROMATOGRAPHY BY STEP-WISE ELUTION.
A suitable sample of dialysed protein solution, 

containing 100-150mg protein, was applied to the DEAE-cellulosa 
column which was washed, as in 3.8.4.1, with 500ml of the 
equilibration buffer. yO“Amylase was eluted either by 0,05M~or 
by 0.IM-phosphate buffer, pH 7*0.

Fractions were monitored, collected and assayed as 
previously described and those containing ^-amylase activity 
were pooled and dialysed against a 2.1M- ammonium sulphate 
solution containing lOmM-mercaptoethanol.

The protein was removed by centrifugation, as before, 
resuspended in 2.IM-ammonium sulphate solution, and stored as 
a suspension at 4^C in the presence of lOmM-mercaptoethanol or 
5mM-dithiothreitol•
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3.9. PREPARATION OF PURE MALTOSE.

Maltose was purified by the method of Wolfrom and 
Thompson (78).
Preparation of /3-maltose octa-acetate«

A suspension of 20g anhydrous sodium acetate in 
200g acetic anhydride was heated to boiling in a 500ml flask 
and 40g commercial maltose monohydrate was slowly added.
The exothermic reaction was induced by gently heating the 
flask in a flame and the mixture was maintained at boiling 
point by the gradual addition of maltose. After the addition 
of all of the disaccharide and when the reaction had subsided, 
the mixture was vigorously boiled then allowed to cool to 50-75° P 
when it was poured, with stirring, into 1 litre of ice and 
water. Stirring was continued for 5h.

The water was decanted from the solid acetate and 
extracted with 150ml redistilled chloroform. The solid 
material was dissolved in the chloroform extract and washed 
with distilled water again. The chloroform solution was 
dried with anhydrous sodium sulphate and evaporated under 
reduced pressure to a syrup. Residual chloroform was removed 
by repeatedly dissolving the acetate in redistilled ethanol 
and concentrating the solution under reduced pressure. The 
octa-acetate derivative was crystallized from 95^ (v/v) 
ethanol and three times recrystallized from 95/o (v/v) ethanol 
until pure.

The melting point of the derivative was 157° (uncorr.) 
compared with 159~l60° (corr.) reported by Uolfrom and 
Thompson (78).
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Preparation of /3-maltose monohydrate.

lOg of -maltose octa-acetate were suspended in 
100 ml absolute methanol to which was added 30 ml sodium 
methoxide, prepared from 0 ,15g sodium in 30 ml absolute 
methanol. The suspension was stirred at room temperature 
for 20 min and sufficient cation exchange resin (Amberlite 
IRC~50), pretreated with 0.IM-hydrochloric acid and washed 
free of acid by distilled water, was added to bring the pH 
to 7.0. The solution was filtered and the resin washed 
with absolute methanol.

The methanol fraction was concentrated to 25 ml, 
decolourized with carbon, filtered and concentrated to 5 m l . 
It was then left to crystallize at room temperature.

The crystals were filtered off from the mother liquor 
and dried at 60° in a vacuum oven.
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3.10. PREPARATION OF CÎLARACTERIZSD SUBSTRATES WITH A KNOWN ,
I

DEGREE OF POLYMERIZATION. :
Characterized oi.-1,4-glucans are those with a narrow :l

Idistribution range and of a known chain length. They are ;
not commercially available and therefore had to be prepared j
by standard methods in the laboratory, as described below.

3.10.1. PREPARATION OF AMYLOSE BY THYMOL PRECIPITATION.
Commercial amylose is thought to be oxidized to a £

small extent (79), the oxidation occurring during its i
ffractionation from starch. The effect of the oxidation of |

(X. “1,4-glucans has been mentioned in 1.3*2 and since such 
modifications in the glucose residues of its substrate can 
seriously' affect -amylase activity, it was important to |
prepare a sample which was protected against oxidation during 
its fractionation for use in further studies with -amylase,.

The linear amylose component of starch can be #
separated from amylopectin in a number of ways, the one most 
used being the dispersion of the starch granule in an aqueous | 
solution with subsequent precipitation of the amylose by the 
addition of polar organic solvents. The procedure used was 
as follows, with all solutions being gassed with N^/COg before 
use to prevent oxidation of the amylose component.

Soluble starch (40g) was refluxed three times with 
200ml redistilled methanol for Ih to remove any lipid material. £

IThe methanol was decanted from the starch, which was air dried. ;
Defatted starch (30g) was mixed to a cream with 150ml 

distilled water and poured into 1,5 1 boiling 2<p (w/v) sodium
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chloride solution. The solution was stirred until it was 
homogeneous and filtered through hot muslin.

To the filtrate was added 4.5g powdered thymol and 
the mixture was mechanically stirred for 36h. Amylose was 
precipitated as a thymol-amylose complex and the supernatant 
discarded.

The precipitate was washed six times with thymol- 
saturated water and four times with absolute ethanol and 
finally was air dried.

A sample of the amylose was found to be insoluble in 
boiling water, but to dissolve slowly in warm, dilute alka.1 i 
solutions and to undergo 59?̂  hydrolysis with -amylase.

3.10.2. FRACTIONATION OF THYMOL-PRECIPITATED AMYLOSE.
The method of Everett and Foster (80) was employed

with the amylose prepared in the previous section.
Amylose (7*5g) was dissolved in 500ml dimethyl 

sulphoxide (DMSO) and 200ml absolute ethanol was added at 4^. 
The precipitate was removed by centrifugation and discarded.

The supernatant %iras treated with gradually increasing 
volumes of ethanol to precipitate amylose fractions of 
decreasing DP. The precipitates were removed by centrifugat
ion at 2500g, washed several times with absolute ethanol and 
freeze dried. .

3.10.3. PREPARATION OF MALTO-OLIGOSACCHARIDES.
A mixture of malto-oligosaccharides was prepared by 

a partial acid hydrolysis of amylose, rather than of soluble
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starch, to prevent the production of branched products. 
Separation of the hydrolysis products was attempted either 
by gel filtration, using Sephadex G-25 (81), or by chromato
graphy on a charcoal-celite column (82).

3.10.3.1. PREPARATION OP PARTIAL ACID HYDROLYSATE OF
AMYLOSE.

Amylose (500mg), prepared as described in section
3.10,1, was heated with 250ml 0.IM-hydrochloric acid in a 
boiling water bath for approximately Ih, until the degree of 
apparent hydrolysis to glucose, measured by the glucose 
oxidase method (3.4), was 33/̂ . The solution was then cooliV 
neutralised with O.lM-NaOH and reduced to a small volume by 
rotary evaporation under reduced pressure. The concentrate 
was de-ionlzed by treatment with anion exchange resin 
(Amberlite IRA-400), pretreated with O.lM-NaOH and washed 
free of alkali with distilled water, followed by cation 
exchange resin (Amberlite IRC-50), pretreated with 0,IM- . 
hydrochloric acid and washed free of acid with distilled 
water. Each of the resins was washed with distilled water 
and the washings combined with the de-ionized solution 
which ivas then reduced to a syrup by rotary evaporation 
under reduced pressure.

3.10.3.2. FRACTIONATION OF ACID HYDROLYSATE BY GEL
FILTRATION ON SEPHADEX G-25.

The method used was an adaptation of that used by 
Flodin and Aspberg (8l).
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A Sephadex G-25 (fine) column was prepared as 

previously described to produce a packed bed of dimensions 
3 X 75cm, pre-equilibrated with distilled water.

The hydrolysate syrup prepared in the previous 
section was made up to 50ml with distilled water and a 25ml 
sample was applied to the Sephadex G-25 column. Elution 
was effected with distilled water and the effluent collected 
in 5ml fractions using an L.K.B, fraction collector.

The total carbohydrate content of the fractions was 
estimated by the phenol-sulphuric acid method (3.5)*

3.10,3*3. FRACTIONATION OF ACID HYDROLYSATE USING A
CHARCOAL-CELITE COLUMN,

Charcoal columns have often been used because of the 
adsorptive properties of charcoal. However, charcoal-Celite 
columns were adopted because they were found to be more 
effective in separating the components of malto-oligo- 
saccharide mixtures. The method of Whelan at (82) was 
used in this work.
Preparation of the column.

Equal weights (25g) of acid-washed charcoal and 
Celite 535 were mixed and washed with distilled water by 
filtration using a Buchner funnel. The powders were made 
into a thick slurry with water and poured into a column 
(2 X 40cm) containing a sintered glass filter, previously 
overlaid with a filter paper disc and 2cm compressed glass 
wool. The slurry was allowed to settle and the surface 
covered with another filter paper disc and 1cm compressed
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glass wool to prevent disturbance of the charcoal particles* 
The column was washed with 0.2M-citrate buffer, 7*0 
(500mls), to remove an iron-citrate complex reported to be 
an efficient amylase inhibitor (82), and with 1 litre of 
distilled water to a final bed volume of 2 x 30cm.
Separation of malto-oligosaccharides,

A sample (lOml) of the hydrolysate solution was 
applied to the column, washed in with two 10ml samples of 
distilled water and the column washed with 7*5^ (v/v) 
ethanol (200ml) to remove glucose and maltose. The effluent 
was discarded.

Selective elution of larger inalto-oligosaccharides 
was carried out using a range (15-28% v/v) of ethanol 
concentrations (82). Fractions of 10ml were collected and 
assayed for carbohydrate content by the phenol-sulphuric 
acid method (3.5) appropriate fractions pooled and evaporated 
to a syrup by rotary evaporation under reduced pressure.
Each malto-oligosaccharide syrup was made up to a standard 
concentration with distilled water.
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3*11. DETERMINATION OF SUBSTRATE CHAIN LENGTH.
One of two methods was used to determine the DP of 

prepared substrates. The first was based on the measurement 
of formic acid released after periodate oxidation of the 
OC -1,4-glucan (?4), and suffered from the disadvantage of 
requiring a relatively large sample of substrate for the 
estimation.

The second method was proposed by Hiromi al (83) 
using a modified Nelson-Somogyi method to relate the reducing 
power of the oc-1,4-glucan chain to its molecular weight.

3.11.1. ESTIMATION OF CHAIN LENGTH BY PERIODATE OXIDATION.
A sample (400mg) of substrate was dissolved in a 

small volume of O.lM-sodium hydroxide solution, neutralized 
with O.lM-hydrochloric acid and diluted to 25ml with distilled 
water. To this solution, 25ml sodium metaperiodate solution 
(0.05M) was added, with stirring.

Immediately, 25ml was withdrawn, mixed with 1ml 
ethylene glycol to degrade the periodate and left for 30 min 
at room temperature, after which time the pH of the solution 
was measured.

The other 25ml was stored in the dark at 4^ for 24h, 
after which time 1ml ethylene glycol was added and the 
solution left as before. The solution was then titrated to , 
the same pH value as the control with ImM-sodium hydroxide 
solution.

From the volume of alkali used in the titration the 
molarity of formic acid released, could be determined, from 
which could be calculated the DP of the sample as follows;
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23ml XM-formic acid Z yml ImM-NaOH

mmol formic acid - y x 10™^ x mmol.

Since 3 mol formic acid are produced per polymer chain,

mol formic acid 
no. of chains = — — --— ------

^ mol glucose in sample
and DP " n o . of chains

3.11.2. ESTIMATION OF CHAIN LENGTH BY END-GROUP ANALYSIS. 
This method was used to determine the number-average 

molecular weight (M^) of polymer samples and was found by 
Hiromi ejb al (83) to compare favourably with viscosity 
determinations•

The reducing power of oc-1,4-glucan solutions of 
equal concentration, measured by the Nelson-Somogyi method, 
is dependent upon chain length, Hiromi ejt al (83) adapted 
this method to determine the reducing power of solutions of 
oC. -1,4-glue ans of high molecular weight, using glucose 01 
maltose as standards for comparison.

3 .11.2 ,1. MODIFIED NELSON-SOHOGYI ASSAY.
This was an adaptation of the methods of Nelson (42) 

and Somogyi (43). IISolution A: The following were dissolved in 300ml of 3Idistilled water; -
2g cupric sulphate pentahydrate 

12g anhydrous sodium carbonate ■ IBg sodium bicarbonate 1
6g sodium potassium tartrate |

90g anhydrous sodium sulphate,
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Solution B: Arsenoraolybdate colour reagent was

prepared by dissolving 23s ammonium 
raolybdate in 430ml distilled water, adding 
21ml cone, H^SO^ followed by 3g sodium 
hydrogen arsenate heptahydrate dissolved in 
23ml water. The solution was mixed,\
incubated at 37° for 24h and stored in a 
dark bottle.

Assay;
A 2m1 aliquot of sample was mixed with 3ml Solution A 

and the mixture deoxygenated by bubbling with nitrogen for 
10 min. The solution was then placed in a boiling water bath 
for 20 min, to form a cuprous oxide precipitate, and cooled in 
ice and water. To this suspension was added 3ml solution B 
to redissolve the precipitate and the solution was diluted to 
20ml with distilled water. The absorbance was measured at 
300nm against a reagent control.

A calibration plot (Fig. 3.11.2.1,1.) was prepared 
using glucose and maltose standard solutions in a range of 
10 - lOO^g.ml

3.11.2.2. DETERMINATION OF NUMBER-AVERAGE MOLECULAR UEIGHT

(s „).
A sample of each amylose fraction (lOOmg) was dissolved 

in 1ml O.lM-NaOH overnight at 4°, then diluted to 10ml with 
water. This solution was used as described in 3.11.2.1.
The absorbance at 300î i" was measured using glucose or maltose 
as a reference

could be calculated from:
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\

where c - concentration of amylose in g,100ml ^
and R ~ molar concentration of glucose or maltose 

giving the same absorbance as the amylose 
sample.



Fig. 3,11.2.1.1. Calibration plot for glucose (O )
and maltose ( □ ) estimated by the
modified Nelson-Somogyi method.
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3.12. PAPER CHROMATOGRAPHIC TECHNIQUES. •-

3.12.1. SAMPLE PREPARATION.
A partial acid hydrolysate of aniylose, prepared as 

described in section 3.10*3.1, was used as a standard for 
paper chromatograms. To avoid "tailing" of spots and uneven 
staining, the hydrolysate was de-ionized as before (3*10.3*1)♦ 

Where possible, all enzyme incubations with oC-l,4- 
glucan substrates were carried out in distilled water contain
ing ImM-mercaptoethanol, All solutions of -amylase were 
dialysed against distilled water and mercaptoethanol before 
use and all insoluble /2>~amylase derivatives (3*13) were 
washed with the same solution*

Samples removed from an incubation mixture were 
either placed in a boiling water bath for 3 min in the case 
of the soluble enzyme or centrifuged at yOOOg for 1 min in 
the case of immobilized derivatives.

All samples were then reduced in volume and applied 
as small spots to Whatman 3mm chromatography paper (30 x 35cm), 
2cm above the bottom edge. The paper was then rolled into a 
cylinder, stapling the two side edges together so that the 
paper did not overlap.

3*12.2. S OLVENT SY STEM *
For optimum separation of malto-oligosaccharide 

mixtures from enzymic and partial acid hydrolyses, a one- 
phase n-butanol: pyridine : w'ater (6:4:3, v/v) system was 
chosen. Chromatography was carried out in a sealed tank 
using a multi-ascent technique. Each chromatogram was left 
in the solvent system for 5k, dried and rechromatographed.
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The process was repeated until at least four ascents had 
been carried out. Finally, the chromatograms were dried.

This method ensured the good separation of malto- 
oligosaccharides, enabling them to be identified more easily,

. 3.12.3. VISUALIZATION PROCEDURE.
A silver nitrate-sodium hydroxide system (84) was 

chosen for staining the chromatograms.
The visualization solvent was prepared by diluting 

a saturated silver nitrate solution (O.lml) with 20ml 
acetone and adding sufficient distilled water dropwise to 
redissolve the white precipitate.

After the final drying of the chromatogram, it was 
passed through the silver nitrate-acetone solution and allowed 
to dry before being sprayed with 0«5M“Na0H solution in 
ethanol. Black or dark brown spots on a brown background 
were further clarified by removal of excess silver oxide 
from the paper with 6M«»ammonium hydroxide.

The chromatogram was washed in running water for Ih 
and dried.
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3.13. PREPARATION OF IMMOBILISED DERIVATIVES OF -AMYLASE.

Two immobilised derivatives of -amylase were 
prepared by similar coupling techniques but using different 
supports. In both cases the enzyme was coupled to the 
support by means of the bifunctional reagent, ethyl 
adipiniidate (85).

3 .13.1, PREPARATION OF SUPPORTS.
Aminoethyl cellulose (Cellex AE) with a degree of 

substitution of 0,315 mequiv.g  ̂was washed successively 
with 0,5M-Na0H and 0.3M-HC1 before use. The cellulose was 
finally washed free of acid and alkali and stored as a 
suspension (lOmg.ml in distilled water at 4°,

Polystyrene beads were suspended in 47̂ 0 (v/v) HNO^ 
(sp. gr. 1.42) in H^SO^ (sp. gr. 1.84) at 0° and vigorously 
stirred for 20 min. The reaction was stopped by pouring 
the suspension into a large volume of water. The beads were 
washed well with distilled water and suspended in 6^ (w/v) 
^^2^2^4 2M-K0H and refluxed overnight. The polyamino- 
styrene so prepared (Fig, 3.13.1*1) was washed well with 
dilute (O.IM) HCl and water and air-dried.

3 .13.2 . COUPLING PROCEDURE.
The coupling agent, ethyl adipimidate was susceptible 

to hydrolysis, therefore coupling to the supports was carried 
out in non-aqueous solvents. The procedure is outlined in 
Fig. 3 .13.2.1.

lOOmg of prepared support material was suspended in 
a solution of 20^ N-ethyl morpholine in dry methanol and to



Fig. 3.13.1.1. Illustration of the preparation of
polyaminostyrene (PAS).
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Fig. 3 .13.2 .1. Illustration of the coupling of -
amylase to an arainated support (AE- 
cellulose or PAS) via ethyl adipimidate.
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this suspension was added a solution of lOOmg ethyl adipi
midate in the same solvent.

The suspension was stirred in the dark at room 
temperature for 15 min then washed with methanol (x5) and 
once with O.lM-N-ethyl morpholine-HCl buffer, pH 8.5*

A 1ml sample of -amylase (0.866mg,iiil ^) , suspended 
in 2 , IM-aminonium sulphate solution, was centrifuged and the 
pellet redissolved in a small volume of N-ethyl morpholine- 
HCl buffer, and the’solution added to the support suspension, 
which was stirred at 4^ for 2h.

After this time, the immobilised enzyme was washed 
with 100ml 0.5H"Na01 in O.lM-acetate buffer, pH 4.8, in 
aliquots. All aliquots were assayed for protein content 
(5 .2 .1), the amount of bound protein being determined from 
the difference between the amount originally used and the 
amount present in the washings.

The immobilised enzyme derivatives were finally 
washed with O.lM-acetate buffer, pH 4.8 and stored as 
suspensions in the same buffer at 4°.

3 .13.3 . ASSAY OF IMMOBILISED -AMYLASE ACTIVITY.
-Amylase activity was measured by the same method 

as the soluble enzyme (3*1). Typically, an aliquot of enzyme 
suspension was incubated at 37^ with ifb (w/v) soluble starch 
in O.lM-acetate buffer, pH 4.8, in a continuously stirred 
reactor, to reduce diffusional effects, which will be 
considered in later sections.

The appearance of reducing sugars in the suspension 
was measured as before (3 *1) after removing the enzyme 
derivative by centrifugation.
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Activity was expressed in terms of U.mg bound

-1enzyme
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3.14. DETFPvMI NATION OF THE ACTION PATTERNS OF A-AMYLASE

AND IMMOBILISED DERIVATIVES OF /b-AZIYLASE.
The characteristic action pattern profiles for 

oL -1,4“glucanases related to their mechanism of action has 
already been mentioned (1.2), A measure of the appearance of 
product plotted against the decrease in chain length of the 
substrate results in a graph considered to be characteristic 
of the action pattern of the particular amylase, (86).

In the present work, the appearance of reducing sugars | 
was measured by the neocuproine method (3*3.2) whilst the 
decrease in chain length of oc-l,4-glucan substrate (amylose) 
was measured for equivalent samples by the iodine absorption 
power or "blue value" of the amylose at 6lOnm,
Iodine Reagent ;

This was prepared as a O.OlM-iodine solution in 
0,02M™potassium iodide solution.
Assay of blue value.

An aliquot of enzyme solution or suspension was 
incubated at 37^> with stirring, with 10ml 0.1^ (w/v) amylose 
solution (dp 1340) in O.lM-acetate buffer, pH 4.8, Aliquots 
(o.lml) were removed at time intervals and mixed with 1ml 
iodine reagent. The solutions were made up to 3ml with 
distilled water and the blue value estimated by measuring 
the absorbance at 6lOnrn against a reagent blank. The blue 
values were expressed as ^ blue value of the original amylose 
solution and plotted against the ^ maximum reducing power of 
aliquots withdrawn at the same time,

I
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4. RESULTS AND DISCUSSION.

4.1. ACTION OF oC-l,4-GLUCANASES ON PARTIALLY OXIDIZED 
oL -1,4-GLUCANS.

As already mentioned (sections 1.3 and 3.6.1), 
Drummond ^  aL (31) reported that aniylose preparations with 
a low degree of oxidation were incompletely hydrolysed by 
exo-amylases, whereas an endo-amylase, such as oc-amylase, 
was able to hydrolyse the substrate to almost the same 
extent as the unoxidized ot-l,4-glucan,

The effect of the oxidative modification of amylose 
upon the action of oC-1,4-glucanases was investigated using 
oA -amylase, pure -amylase and crude yb-amylase (containing 
traces of csC-amylase activity) .

Suitable quantities of oC~amylase, type IIA (lU), 
oL -amylase-free yb-amylase (l,5U) and crude yb-amylase, 
type IIA (l.3U) were each incubated at 37^ with a 1ml aliquot 
of a 1^ (w/v) solution of 5^ oxidized amylose, prepared as 
previously described in section 3*6,1. At time intervals, 
O.lml aliquots were withdrawn and assayed for the release of 
reducing sugars by the neocuproine method (section 3.3*2). 
After 30 min, a trace of -amylase (lU) was added to the 
pure y3-amylase system and assaying was continued for a 
further 20 min.

The course of hydrolysis of the different enzyme 
systems is represented in Fig. 4.1.1, It can be seen 
that the pure y2>"*amylase preparation was able to hydrolyse 
only 10^ of the bonds in dialdehyde amylose, in agreement 
with the results of Drummond e_t aJL (31). The value of 10^, 
a percentage of the total number of glucose residues in the
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1amylose, is proportional to the average length of amylose 

chain between the non-reducing terminal residue and the 
first oxidized residue. I

The actions of oC-amylase and of crude -amylase ■
on 5/̂  oxidized amylose were similar, the presence of endo- ^
amylase in each preparation cleaving internal oi.-l,4 bonds i
and therefore by-passing the oxidation points. In the case ï
of crude yb-araylase, this effectively made available new :
non-reducing chain ends susceptible to renewed y2> -amylase 
attack. I

The addition of a trace of oC.-amylase to pure ^  - |
amylase rendered the substrate accessible to further ^ - f

4amylase attack by internally cleaving bonds as before. t
3I

4.2. ACTION OF oC-1,4-CLUCANASES ON CIEROMOGENIG SUBSTRATES. | 
Similar enzyme preparations to those in the previous 

section were used to investigate the action of endo- and 
exo-amylases on amylose azure and amylopectin azure.

The incubations were set up as before using 5ml 
aliquots of 0.2^ (w/v) solutions of the dyed substrates 
prepared as previously described in section 3*7*2. Aliquots 
were removed and assayed for the release of soluble blue 
dye (section 3*7*2) and for reducing sugars (section 3*3*2),
As in the previous section, after 20 min a trace of c<-amylase 
(lU) was added to the pure yb-amylase preparation and assay
ing was continued for a further 20 min. The course of 
hydrolysis of the different enzyme preparations was similar 
for am^rlose azure and amylopectin azure. Fig. 4,2.1. 
represents the release of soluble blue dye from amylose azure
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over a 40 min period. The plots for the release of reducing 
sugars from dyed substrates for the three enzyme preparations 
were similar to those obtained using 5̂ 3 oxidized amylose.
The explanation for the release of soluble blue dye during 
the incubation of each enzyme preparation with dyed substrates 
is as explained previously (section 4.1),

-Amylase, by cleaving internal bonds, rapidly 
decreases the substrate chain length, resulting in the 
release of small, soluble oligosaccharides carrying dye 
molecules, the presence of which could be assayed spectro- 
photometrically'at 595nm, Crude ^-amylase, containing 
endo-arnylase activity is also able to release soluble blue 
dye. However, pure -amylase, with no ability to by-pass 
the large, dye molecules in the substrate chain, releases no 
blue dye into solution, although small amounts of reducing 
sugars are released by pure y3-amylase action (cf, 10% 
hydrolysis of oxidized amylose by pure -amylase in 
section 4,l) from chain sections between the non-reducing 
terminal residue and the first dye-substituted residue.

.1



pig* 4,1,1. Time course of the hydrolysis of 5^
1

oxidized amylose with respect to the
release of reducing groups by oC-1,4- |
glucanases, using crude y5-amylase I

type IIA, 1.3U (□), -amylase, type
IIA, lU ( O )  and pure y)-amylase, 1.5U 4
( B ), ot-Amylase (lU) was added to the
pure -amylase system after 20 min as
indicated.

Fig, 4,2,1, Time course of the hydrolysis of amylose
azure with respect to the release of 
soluble blue dye by oC-1,4-glucanases, 
using crude y2>-amylase, type IIA, 1,3U 
( D  ) , c<-amylase, type IIA, lU ( O ) and 
pure -amylase, 1, ( H ) , oC-Amylase
(lU) was added to the pure yS-amylase 
system after 20 min as indicated.
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4.3. ASSESSMENT OF PURIFICATION TJ:CHNIQUKS .

4.3.1. DETERMINATION OF OPTIMUM MALTING TIME.
Since germination characteristics will differ with 

various strains of barley, the protein content, total 
amylase levels and amylase levels after heat treatment were 
assayed during germination as described below. In order to 
correlate the protein and enzyme levels throughout germinat
ion, seeds were sampled by number rather than by weight, 
since moisture content and grain weight would- alter during 
the course of germination.

Samples of 200 seeds were taken before steeping 
and at approximately 12h intervals thereafter. The grain 
was treated as already described in section 3.8,1, resulting 
in the supernatant obtained after centrifugation of the 
extract being assayed for protein content by the Folin- 
Lowry method (section 3.2.1) and for total amylase activity 
by the neocuproine method (section 3.3.2). An aliquot of 
the supernatant was heated in a water bath at 70° for 15 
min to inactivate y3-amylase (87)» cooled in an ice bath 
and assayed as before to determine the residual amylase 
activity, taken to be a measure of od-amylase activity.

The results are plotted in Fig. 4.3*1.1» from 
which it can be seen that -amylase activity reaches.a 
plateau level after approximately 72h, after which time, 

-amylase activity becomes detectable. Therefore, to 
obtain maximum levels of y3-amylase activity and reduced 
levels of oC-amylase activity, the malt was treated to 
extract y^-aniylase after 96h of malting.



Fig. 4.3.1,!. plot showing the release of soluble
protein (A), -amylase activity (o) 
andoc-amylase activity ( □  ) from barley 
during the course of germination.

Fig. 4,3.2.1. Elution profile of the chromatography of
the redissolved precipitate obtained 
after ammonium sulphate fractionation of 
a crude extract of malted barley on a 
Sephadex G-25 (fine) column (3 x 80cm).
An aliquot of protein solution (20ml, 
5rag.ml~^) was applied to the column and 
elution was performed at a flow rate of 
4ml.min"^ with lOmM-marcaptoethanol in 
distilled water and the effluent monitored 
for protein at 254nm and for oc-l,4-glucan- 
ase activity by the neocuproine method. 
Elution of oC-1,4-glucanase activity 
occurred in the first peak (peak l).
>1̂ indicates point of sample application.
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4.3.2. FRACTIONATION OF MALT PROTEINS BY GEL 

FILTRATION ON SEPHADEX G-25.
The application of a crude Çy -amylase extract from 

malted barley to a Sephadex G-25 column, and the elution 
of the enzyme from the column, was carried out as described 
in section 3.8.3* The elution profile obtained is shown 
in Fig. 4.3.2.1, with the majority of ct™I,4-glucanase 
activity occurring in the first peak,

A similar result was obtained by Nuniini jet ^  (77) 
with ^-amylase activity being eluted in the first peak, 
although fewer peaks were obtained than with the malt 
proteins, partly due to a thiol-free water extract being 
used in the initial extraction, and also due to barley being 
used as opposed to malt, since the level of soluble proteins 
in the latter increased during germination, resulting in 
the profile obtained upon gel filtration showing the 
presence of a number of protein peaks.

4.3.3. CHROMATOGRAPHY ON DEAE-CELLULOSE BY GRADIENT
ELUTION.

The chromatography of the protein sample obtained 
in the first peak eluted from Sephadex G-23 was carried 
out by gradient elution as previously described in section
3.8.4.1, and the resulting elution profile is presented in
Fig. 4,3.3.1.

A peak containing no amylase activity was eluted as 
unbound protein by washing the column with the equilibration 
buffer. Upon application of the gradients, a large number 
of poorly-separated protein peaks were eluted. The large.
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broad peak (vil), eluted at the boundary of the two gradients, 
contained the majority of -amylase activity.

Using 0,2^ (w/v) amylose azure (section 3.7.2) in 
O.lM-acetate buffer, pH 4.8, as an indicator of the presence 
of oC-amylase, peak IV was found to contain od-araylase 
activity, which "tailed" into peak VII.

However, the specific activity (5U.mg ^) of the 
pooled peak VII fractions emphasized that an unsatisfactory 
separation was obtained by this method of gradient elution, 
with the yd>-amylase fraction containing substantial amounts 
of other proteins.

4.3.4. CHROMATOGRAPHY ON DEAE-CELLULOSE BY STEP-WISE
ELUTION.

To attempt a more efficient separation between 
peaks, stepwise elution was used,

Nummi aJ. (77) suggested washing unbound protein 
from the column with 5mM-phosphate buffer, pH 7*0» followed 
by elution of -amylase with lOOmM-phosphate buffer.
However, Visuri and Nummi (33) recommended elution with 
30mM-phosphate buffer.

Both of these methods were used to attem%)t to 
improve the separation of y3 -amylase from other proteins, 
and the elution profiles for the two methods are shown in 
Pigs. 4.3.4.1 and 4. 3 *4.2 for lOOmM- and phosphate
buffers, respectively.

Each of the elution buffers gave a separation 
which was more satisfactory than the gradient elution, 
with 80^ of the total ^3-amylase activity being eluted in
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peak I.

However, elution with lOOraM-phosphate buffer was 
found to result in a p, -amylase peak with better resolution 
than the 3 0 phosphate buffer, possibly due to minor 
differences in the charge distribution at pH 7.0 between 
malt -amylase used in this work and barley -amylase 
used by Visuri and Nummi (53).

Also of possible significance is the increase in 
soluble (extractable) proteins which occurs during germin
ation, and the presence of which would demand different 
conditions of purification compared to the barley enzyme. 

Traces of oc-amylase activity were found to be 
present in the -amylase fraction, therefore causing an 
increase in the specific activity of -amylase (l66u.nig”^) 
eluted with lOOmM-phosphate buffer. If the possible 
presence of other proteins is taken into account, this 
value is comparable to that of 222U,mg~ quoted by Visuri 
and Nummi (33) for the barley enzyme.

Further purification by chromatographic techniques 
was considered unnecessary, although a trace of oi-amylase 
activity was present. The object of the purification 
procedure was to obtain a ^-amylase preparation free of 
other <^-1,4-glucanase activities, but not necessarily 
free of other contaminating proteins,

4.3.3. REMOVAL OF FINAL TRACES OF oC-AMYLASE ACTIVITY 
The removal of traces of oC-amylase activity from 

enzyme preparations has been achieved in the past by the 
use of EDTA (88), acid treatment (89) or by a combination



Fig, 4*3*3»1« Elution profile obtained for the chromatography
of protein from peak I in Fig, 4*3*2.1 upon a
DEAE-cellulose (DE 32) column (5 x 15om) by
gradient elution using a sample volume of 10ml
containing 8mg.ml  ̂protein. Elution was

~1performed a.t a flovf rate of 2.5nil.min and as 
Indicated in the chromatogram, washing unbound 
protein from the column with 5niM-phosphate 
buffer, pH 7.0, containing 1OmM-mercaptoethanol, 
prior to application of the gradients; 1, 
50mM“phosphate buffer, pH 7*0» 2, 50i)]M-500mM-
phosphate buffer, pH 7*0. The effluent was 
monitored as previously described.

^ indicates the point of sample application.

Fig, 4*3.4.1* Elution profile obtained for the chromatography 
of protein (as above) on DEAE-cellulose with 
10OmM-phosphate buffer, pH 7*0, after washing 
the column as before with 5mîÆ~phosphate buffer.
All other conditions were as above and the 
effluent was monitored as described in Fig, 4*3*2.1.
-Amylase activity was found in peak I.
4̂ indicates point of sample application.

Fig. 4,3.4.2. Elution profile obtained for the chromatography 
of protein (as above) on DEAE-cellulose with 
50mî'Æ-phosphate buffer, pH 7,0 after washing the 
column with 5mM-phosphate buffer. All other 
conditions være as above. /3-Amylase activity 
was found in peak I.

4̂ indicates point of sample application.
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of EDTA and proteases (90).
Cereal c<."amylases in dilute solutions are easily 

inactivated by titrating the solutions to below pH 4 and 
storing at 4^ for 12-l8h,

The -amylase fraction from DEAE-cellulose 
chromâtograiDhy was dialysed against 2 . IM-ammonium sulphate 
solution containing lOmM-morcaptoethanol and the protein 
precipitate was redissolved in a minimum volume of O.lM- 
acetate buffer, pH 4,8, containing lOmM-inercaptoetlianol,
The solution was titrated to pH 3 ,6 with O.lM-acetic acid 
and stored at 4^ for I2h. During this time, 0.2ml aliquots 
were withdrawn and assayed for the presence of c^-amylase 
activity by incubating with 1 .8ml 0 .2^ (w/v) amylose azure 
in O.lM-acetate buffer, pH 4.8, at 37° for 30 min. The 
inactivation profile is shown in Fig. 4,3»5»1»

To indicate the effect of the introduction of a 
trace of oC-amylase activity into a preparation of purified 

-amylase, -amylase (l.^U) was incubated with 1ml 1^
(w/v) solution of oxidized aniylose in O.lM-acetate buffer, 
pH 4.8, and with 3nil 0. 2ÿ (w/v) amylose azure in a similar 
buffer, as previously described in sections 4,1 and 4,2, with 
the addition of (X.-amylase (lu) after 20 min. The release 
of reducing sugars or of soluble blue dye was assayed as 
previously described (sections 3 *3.2 and 3 .7 *2).

Until the addition of oC.-amylase, ^  -amylase was 
able to hydrolyse up to 9^ of the bonds in 3/v oxidized 
amylose and to release no soluble blue dye from amylose 
azure, as shown in Figs. 4.3 *5* 2 and 4,3* 5*3» I'espectively, 
confirming the presence of y^-amylase alone.



Fig. 4.3.5.1. Time course of the inactivation of oC-
amylase by acid treatment at 4^ and pH 3*6, 
monitored by the release of soluble blue dye 
from chromogenic cC-1,4-glucans.
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Pig. 4.3.5.2, Time course of the hydrolysis of 5^
oxidized amylose with.respect to the 
release of reducing groups by dL-amylase 
( ■ ) and by peak I ( □  ) from DEAE-cellu- 
lose chromatography (Fig, 4.3.4.1) after 
acid treatment, oC.-Amylase (lU) was added 
to the ^-amylase system after 20 min as 
indicated.

Fig, 4,3 ,5 ,3, Time course of the hydrolysis of amylose
azure with respect to the release of 
soluble blue dye by oC-amylase (0 ) and 
peak I ( □ ) from DEAE-cellulose chromato
graphy (pig, 4.3 .4,1) after acid treatment. 
oL -Amylase (lU) was added to the -amylase 
system after 20 min as indicated.
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To finally determine the enzymic purity of the 

yO -amylase preparation, an aliquot of the enzyme (l*3U) 
was incubated with 1ml 1^ (w/v) maltose solution in O.IM- 
acetate buffer, pH 4»S, at 37° for 3h to assay for the 
presence of oc.-glucosidase (maltase) contamination, The 
incubation mixture was assayed for glucose release after 
this time by the glucose oxidase method of Lloyd and Whelan 
(section 3.1*^)* No glucose was found to be released, 
indicating that no detectable c<.-glucosidase activity was 
present,

An example of the progress of purification is given 
in Table 4.3.3 » 1 »
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4.4. KINETIC STUDIES ON p-AMYLASE USING UNMODIFIED 

oC -1,4-GLUCANS.
4.4.1. pH-ACTIVITY PROFILE.

The pH-activity profile of pure p-amylase was 
determined by incubating an aliquot of the enzyme (0»75U) 
in suitable buffer with 1ml l̂ o (w/v) soluble starch solution 
in 0.IM-citrate-phosphate buffer at various pH values (2,5" 
8,5) at 57°. The activity of the enzyme was assayed as 
previously described in section 5,1,\

The results wore plotted as ^ maximum activity 
obtained against pH values (Fig, 4,4.1.1), The optimum 
pH was found to lie between 4,5 and 5*0» in agreement with 
Zherebtsov (26) who also discussed the shape of the curve, 
attributing pK^ and pK^ values of 8,1 and 5*4 to imidazole 
and carboxyl groups, respectively, for malt y5-amylase. 
Similar values (pK^= 8,2, pK^ = 5*2) were found for pure 
malt -amylase used in the present work,

Zherebtsov suggested that the difference between 
the theoretical and experimental pH-activity profiles 
indicated that ions influenced not only the catalytically 
active groups but also the structure of the catalytic site 
i tself,

4.4.2. TEMPERATURE-ACTIVITY PROFILE,
Suitable aliquots (0,75U) of -amylase were 

incubated at various temperatures with 1ml 1̂ 1 (w/v) soluble 
starch solution in O.lM-acetate buffer, pH 4,8, and the 
initial velocity measured as in section 5*1 at each 
temperature.



Fig. 4,4.1.1. pH-Activity profile obtained for pure ^ -
amylase acting on 1^ (w/v) soluble starch 
solution in 0. IM-citrate-phospliate buffer 
at 37°.

Fig. 4,4.2.1. Temperature-activity profile for pure
/2> -amylase acting on lÿ (w/v) soluble 
starch solution in O.lM-acetate buffer, 
pH 4.8.
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Results were plotted as ^ maximum activity obtained 

against temperature (Fig. 4,4,2.!).
The optimum temperature for enzyme activity was found 

to lie between 40^ and 50^» which appeared comparatively 
high for an enzyme isolated from a plant source,

Temperature-activity profiles of this kind are not 
very meaningful since the optima are due to two competing 
effects, namely the normal increase in rate with increasing 
temperature and the inactivation of the enzyme at elevated 
temperatures. However, such determinations indicate the 
region of optimum activity, and when used together with 
thermal stability data, to be discussed in later sections, 
they can be used to determine a compromise temperature for 
optimum enzyme activity and stability.

The profile obtained in this case has one interesting 
feature in that a break occurs in the profile at 20^, in 
agreement with Piguet and Fischer (89) and corresponding to 
a change in activation energy,

4 ,4 ,3 , DETERMINATION OF KINETIC PARAMETERS FOR PURE 
fh -AMYLASE AND -AMYLASE IN THE PRESENCE OF 
oL -AMYLASE.

The and values for the two enzyme preparations 
were determined graphically by the method of Lineweaver and 
Burk (91) and also by a FORTRAN IV program (92) fitting data 
to the Michaelis-Menten equation, calculating standard errors 
and presented as an Appendix to this work.

Solutions (2ml) of soluble starch and amylose type I 
in 0,lM-acetate buffer, pH 4,8, were incubated at 37^ with
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pure y2>-amylase (2,35U) and with "impure" ^-amylase (2,7U) 
from DEAE-cellulose chromatography, prior to acid treatment. 

Double reciprocal plots for each enzyme preparation 
with soluble starch and amylose are shown In Figs. 4,4,3 * 1 
and 4,4.3*2, respectively.

For both substrates, the for pure -amylase 
(0.33 - 0,04ing,ffll ^ for soluble starch; 0,088 - 0,04mg,ml” '̂ 
for amylose) is smaller than for the preparation containing 
oC_ -amylase (2,21 - 0 ,109mg,ml*"^ for soluble starch, 3*1*7 - 
1, l4mg, ml ^ for amylose), although values were higher for 
the impure enzyme (4,607 ” 0,106ramo3. ,min ^ for soluble starch, 
4,8 - l,3mmol,min ^ for amylose) than for the pure enzyme 
(2,27 - 0,OSmmol,min ^ for soluble starch, 1,35 - 0,llmmol,min  ̂

for amylose),
The apparent decrease in affinity of y3-amylase for 

polymer substrates in the presence of od-amylase can be
explained in terms of the relative chain lengths of the
substrates, y)-Amylase is known to have a greater affinity 
for larger substrate molecules (32) since there is a greater 
number of binding modes (both productive and non-productive) 
than with shorter chain length substrates. The introduction 
of od-amylase into a system containing yb-amylase and a 
large polymer c<-l,4-glucan results in the rapid internal 
cleavage of the molecules, essentially producing short-chain 
substrates and resulting in a lower affinity for the chain 
and an increase in values.

The effect of the presence of od-amylase in
preparations of -amylase is to aid in the complete hydrolysis 
of the substrate molecule to maltose and maltotriose, with



Pig, 4,4,3.!, Double reciprocal plots obtained for
pure -amylase ( O ) and y3,-amylase 
containing traces of oC -amylase ( □  ) 
acting on soluble starch solutions in 
O.lM-acetate buffer, pH 4.8, at 37°*

Pig, 4,4.3.2, Double reciprocal plots obtained for pure
j2> -amylase ( O ) and yS -amylase contain
ing traces of od-amylase ( O ) acting on 
amylose (type l) solutions in O.lM-acetate 
buffer, pH 4.8, at 37°*
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some short chain, branched oligosaccharides in the case of 
branched c^-l,4-glncans, and would therefore be expected 
to be of industrial interest.

A similar effect upon and values was found by 
Carvalho (92) for amyloglucosidase, another exo-amylase.
In this case the DP of the substrate samples withdrawn 
during ot-amylase hydrolysis was estimated and these oC-1,4- 
glucans of different chain lengths were used as substrates 
for amyloglucosidase action, where values were found to 
decrease with increasing substrate chain length.

Conversely, the effect of smaller chain length 
substrates is to increase the values for ^-amylase since 
a larger proportion of productive to non-productive complexes 
are formed.

These effects will be considered more fully in section
'*.5.3.
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4.5. KINETIC STUDIES ON y3-AMYLASE USING SUBSTRATES OF

DIFFERENT CHAIN LENGTH.
4.5.1. PREPARATION AND CHAIN LENGTH ESTIMATION OF

AMYLOSE SUBFRACTIONS.
Amylose subfractions of various degrees of 

polymerization (DP) were prepared as described in section
3.10,2, and their DP values estimated by the method of 
Hiroiiii e^ ly. (83). The yield of each component and 
average DP are shown in Table 4,5.1.I and a distribution 
profile for the total amylose fraction is shown in Fig,
4.5.1.1. The first fraction produced an anomaly in the 
profile and could be considered to have a broader distribut
ion range than expected. No further fi'ac bionatiori was 
attempted with this sample.

TABLE 4,5 .1.1, PREPARATION OF AMYLOSE SUBFRACTIONS OF
DIFFERENT DP VALUES.

AMYLOSE SUBFRACTION SAMPLE WEIGHT 
(mg)

%n
xlO-3

DP

Thymol amylose 7.5 X 10^ 246.51* 1369*
240.84** 1338**

A 2.53 X 10^ 263.7 1465
B 2.78 X 10^ 161.3 906
C 215,2 38.0 211
D 99.7 20.7 115
E 39.2 17.2 93
F 35.9 12.8 71
G 20.8 10,4 58

* estimation by periodate oxidation 
estimation by end-group analysis.
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4.5.2. HYDROLYSIS OF AMYLOSE SUBFRACTIONS BY /3-AMYLASE.
^-Amylase (2,4u) was incubated at 37° with 1ml 

aliquots of 1^ (w/v) solutions of each amylose preparation 
in O.lM-acetate buffer, pH 4,8. Aliquots of 0.1ml were 
removed at intervals and assayed for the release of reducing 
sugars (section 3.3.2).

Results were expressed as ÿ maximum hydrolysis and 
plotted against time for the initial stages of the reaction
(pig. 4.5.2.1).

During the period of time in which the assays were 
performed, the enzyme displayed a more rapid attack upon 
smaller substrates than upon ones with a longer chain length. 
If it is remembered that Thonia and Koshland (32) predicted 
a dependence of and upon substrate size, the 
observation made for the amylose subfractions can be 
explained.

In section 4.4.3, /5-amylase was found to have an 
increased affinity and a decreased for large molecular 
weight c>b-l, 4“glucans and this was explained in terms of 
the ratio of productive to non-productive enzyme-substrate 
complexes. This effect is reflected in the initial 
velocity of -amylase hydrolysing the different amylose 
subfractions.

The hydrolyses were left for 18h at 37° and after 
this time, fractions A, B, C, D, E, F and G had undergone 
6l, 65, 73, 76, 82 and 84ÿ hydrolysis, respectively.



Fig. 4.5.1.1. Distribution profile obtained for the
amylose subfractions during the fraction
ation of amylose with ethanol (section
3.10.2).   represents the shape of
the expected profile.

Fig. 4.5.2,1. Time course of the initial release of
maltose from amylose subfractions by the 
action of y3-amylase.



3.01

O)
leen
I
co

1.0 "

S

300200100
molecular weight (Mp ) .10"̂

10.01

8.0"

"U

2.0-

A&B

2.0 12D10.04.0 8.06.0
tim e (min)



78.

4.5.3. DETERMINATION OP KINETIC PARAMETERS FOR ^3-AMYLASE
HYDROLYSING AMYLOSES OF DIFFERENT CHAIN LENGTH.

The determination of the values of K and V form m
each amylose subfraction was carried out at 37^ and pH 4*8 
with y3-amylase (0*95U) as previously described in section
4.4.3, and results were expressed as double reciprocal plots 
(Fig. 4.5.3.1).

As expected from section 4,4,3 and from the reports 
of other workers (32, 36, 93), the values decreased as 
substrate chain length was increased due to the binding of 
/3 -amylase with .internal residues of the substrate chain 
(Fig. 4, 5.3.2), The corresponding values of decreased 
as the chain length increased, due to the higher proportion 
of non-productive to productive enzyme-substrate complexes 
formed with larger substrate cliains (Table 4.5 ,3.1).

Ono ejb al (93) considered this effect with respect to 
amyloglucosidase and Thoma and Koshland (32) and Kato al. 
(36) with respect to -amylase, expressing the variations in 

and as a function of "self-inhibition" by the internal 
residues of the oC-l,4-glucan chain.

The effective inhibition of the enzyme by the internal 
regions of the substrate cannot be represented by the 
conventional equations (equations 1-5 below) since the 
concentration of the inhibitor is directly proportional to 
the concentration of the substrate.
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> E + P ........  (1)

=
k_l + Kg 

k. (3)

ki
k
W.

1
V

LVm
1 + 5,

[S]
(1 + I )

Ki (5)

Thoma and Koshland (32) stated that .for an exo- 
amylase combining with a substrate of n units there will be 
one active and (n-m) inactive complexes where m represents 
the number of substrate units spanned by the active site, 
ie. the number of subsites, which has been estimated as 
five by Kato ^t al (36). Therefore;

I = (n-m) [S]    (6)
which can be substituted into equation (5):--

m
^ ^ (n-m)

[S] K
(7)

It can be seen that equation (7) has the same form 
as the classical Michaelis-îîenten equation,

1
V

where
in

(1 + Km ) 
[S]

1 + (n-m) K m

(8)

(9)



80.

and

  1
1 + K ni

(10)

From these derivations, the inhibition constant, , 
for the internal regions of the substrate chain can be 
estimated from the slope of a plot of l/K^ against (n-m) 
values for each chain length (Fig, 4.5,3*3)• From the graph 
the value for the non-reducing terminal was found to be 
O.OOlmM and the value for the internal portions of the 
chain, calculated from the reciprocal of the slope, was
0.00015mM. Hollo e_t al (29) performed similar experiments 
using shorter amylose subfractions and assuming m to be 
equal to four, and found that the value of was 6,75 times 
greater than the value, drawing attention to the fact 
that each spiral of the amylqse molecule contains approximately 
6,8 glucose units. From the above values of and 
found for malt y3-amylase, a 6,7-fold increase was found for 

over indicating that, on average, 6,8 internal glucose
units possess an affinity identical to that of the non
reducing end.

Hollo aJ. (29) concluded that the inner spirals 
of the amylose molecule can bind to y3-amylase with the same 
probability as a spiral occurring at the non-reducing • 
terminal, a conclusion which appears to be supported by 
results from the present work.



TABLE 4.5.3.1. VARIATION IN KINETIC PARAMETERS FOR
p> -AMYLASE HYDROLYSING AMYLOSE SAMPLES

DP

OF DIFFERENT DP.

(mM) V^ (mmol .min""

1465 3.5 + 0,6 4.27 i 0,33
906 5.2 + 0.52 27.8 + 1.92
211 42.0 + 13.8 163.4 + 44,4

115 79.0 + 7,2 277.7 + 41.4

71 l40.0 + 20.9 396.9 37.5
58 200.0 + 13.3 694.4 + 59.2



Fig. 4.5*3.1. Double reciprocal plots obtained for
pure -amylase acting on solutions of 
amylose subfractions in O.lM-acetate 
buffer, pH 4.8, at 37°*
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Fig. 4,5.3.2. plot to show the behaviour of with
variation in the degree of polymerization 
(dp) of amylose substrates for ^3 -amylase,

Fig. 4.5.3 .3. Plot of l/K^' against (n-m) for y3-
amylase hydrolysing different DP amyloses, 
where n is the number of glucose residues 
in the substrate chain (DP) and m is the 
number of subsites, and taken to be equal 
to 5 (36).
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4.6. KINETIC STUDIES ON A  -AMYLASE USING MODIFIED

oL -1,4-GLUCANS.
4.6.1. DETERMINATION OP THE DEGREE OP OXIDATION OP

DIALDEHYDE AMYLOSES,
Complete acid hydrolysis, followed by the estimation 

of the glucose content of the dialdehyde ainylose hydroly
sates was carried out as described in section 3.6,2, and 
the results are presented in Table 4.6.1.1.

From the results obtained for the glucose control, 
it can be seen that approximately of glucose residues 
were hydrolysed by the acid during the course of hydrolysis, 
and this value was taken into account in estimating the fo 
original glucose for the dialdehyde amylose hydrolysates*

4.6.2. DETERMINATION OP KINETIC PARAMETERS FOR
fb -AMYLASE HYDROLYSING DIALDEHYDE AMYLOSES,

The oxidation of oC-I»4~glucans results in a decrease 
in chain length available to -amylase, as illustrated wish 
5fo oxidized amylose in section 4,1. An investigation into 
the effect of a decrease in chain length on ^  -amylase 
activity (section 4.5«3) demonstrated a dependence of kinetic 
constants (K^ and upon chain length. These two points
led to an investigation of the effects of increasing degrees 
of oxidation upon ^-amylase activity, with respect to the 
values of K^ and for. each dialdehyde amylose preparation.

The determination of the values of and for 
each substrate was carried out at pH 4,8 and 37^ with ~ 
amylase (0,558U).

Due to the large proportion of aldehyde groups 
present in these modified substrates (Pig. l,3»2,l), the
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neocuproine assay was not used initially, since very high, 
substrate background measurements were obtained. Although 
the measurement of the decreasing blue value of amylose 
(section 3.l4) with time during y3-amylolysis is not 
generally used for the determination of y^~ainylase activity, 
this method was employed for an initial investigation into 
oxidation effects upon and values.

However, the initial (lOO^o) blue values of the 
dialdehyde amylose samples were found to decrease markedly 
as the degree of oxidation was increased (Fig. 4.6.2.1). 
According to Erlander ejfc aJ (9^)» the oxidation of amylose 
results in the disturbance of the stabilizing hydrogen bonds 
which normally hold the polymer in a helical conformation. 
Between 5 and 30')o oxidation, rapid "unfolding" of the 
molecule occurs. If it is remembered that the blue value of 
the amylose sample is dependent upon the length of the 
helical regions in the molecule, the decrease in blue value 
mentioned above can be interpreted as a typical helix-coil 
transition.

To avoid inaccuracies resulting from a decrease in 
the blue value for dialdehyde amyloses, the determination 
of the values of and ŵ as carried out for each amylose 
preparation up to 30 =̂ oxidation using the neocuproine method 
(section 3,3*2), withdrawing samples after a short period of 
incubation to estimate the initial velocity of the reaction, 
Amylose samples of 43 and 60S oxidation could not be used 
since the background reading was too high.

Double reciprocal plots for each dialdehyde amylose 
were plotted in Fig. 4.6.2.3. It can be seen that values
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increase witji the degree of oxidation, whereas values 
remain constant.

The values of 1/K^* were plotted against the degree 
of oxidation (pig, 4,6,2,2.) and were found to result in a 
profile similar to that obtained with amylose preparations 
of different chain length (pig. 4.3*3*2), if a high degree 
of oxidation is regarded as being equivalent to a low degree 
of polymerization.

Although these results were subject to large errors 
because of the nature of the substrates (Table 4.6,2,1) 
they showed a definite trend in that values increased 
for substrates with higher degrees of oxidation. This would 
apparently agree with the dependence upon chain length
(section 4.3*3), since as the degree of modification
(oxidation) of the residues is increased, the chain length 
available for ^5-amylase action is decreased, although 
theoretically, the molecule has the same chain length as 
the original unoxidized sample, but with an altered chemical 
structure.

Hollo e_t aT (29) postulated that the hydroxyl
group of glucose residues was concerned with the fitting of
cL ~1,4-glucanases. In unmodified oc-l,4-glucans, this 
might partially explain the self-inhibitory effects induced 
by the binding of j2> -amylase with internal substrate 
residues, where the absence of a hydroxyl group (32) may 
prevent complete fitting of the active site of -amylase 
for hydrolysis to occur.

periodate oxidation of internal glucose residues in 
an cK.“*l, 4-glucan results in the cleavage of the bond
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between and C^, producing an aldehyde function at each 
of these positions (Fig. 1,3.2.1)*

The absence of a hydroxyl group may effectively 
make the substrate "unattractive" to the enzyme and it may 
not be regarded as a substrate molecule in the region of 
disturbed helical structures. Therefore, the degree of 
self“inhibition would decrease, resulting in an increase in 
the value.

The values of remained essentially constant for 
all dialdehyde amylose samples. If the decreasing available 
chain length is considered to be the only factor affecting 
fh -amylase action, would be expected to increase as the 
degree of oxidation increased, ie, as the available chain 
length decreased, as found for amylose samples of decreasing 
DP (section 4,5*3) • Ilow'ever, a strong interaction possibly 
occurs between amino groups in the enzyme molecule and the 
aldehyde functions in the ot-1,4~glucan, which may 
compensate for the increasing values as oxidation increases, 
to result in no apparent affect on Since barley p  «•
amylase has been shown by an analysis of its amino acid 
composition to contain basic amino acids as 15/o of the total 
amino acid residues (55), and since the amino side chains 
of these residues will be positively charged at the pH of

-amylase incubations (pH 4.8), it seems possible that the 
existence of a number of protonated amino groupings on the 
surface of the enzyme would bind with the aldehyde groups of 
the substrate molecule.



TABLE 4.6.2.1. KINETIC PARAMETERS - STANDARD ERRORS
FOR fb “AMYLASE HYDROLYSING DIALDEHYDE 
AMYLOSES.

OXIDATION K.„ (mg .ml-l) (yumol .min ’^)

0 0.0818 t 0.015 246.7 i 9.6
1.8 0.208 t 0.022 272.0 i 9.2

4.7 0.286 t 0.012 311.9 - 4.9
11.4 1.666 t 0.018 396.9 “ 17.3
32.1 3.000 t 0.018 308.6 ± 26.1

45.9 n.d. n.d.
63.6 n.d . n.d.

n.d. not determined.



Fig. 4.6,2.1. Plot of the decrease in the blue value
of amylose (DP 1340) as the degree of 
oxidation of the amylose preparation is 
increased•

Fig. 4,6.2.2. Plot to show the behaviour of 1/K^ for
yO -amylase with variation in the degree 
of oxidation of dialdehyde amylose sub
strates •



100

Q)D
§
0)2  50-jQ

50 604030
% oxidation

10.0

D)

2.5-

3010 20
% oxidation



pig. 4,6.2,3. Double reciprocal plots obtained for
pure y3-amylase acting on dialdehyde 
amylose substrates in O.lM-acetate 
buffer, pH 4,8, at 37°*
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4.6.3. DETERMINATION OF KINETIC PARAMETERS FOR

p> -AMYLASE HYDROLYSING REDUCED DIALDEHYDE 
AMYLOSES.

Dialdehyde starches have been used as supports for 
enzyme immobilisation, utilizing the property of the 
aldehyde groups to strongly bind to the amino groups of the 
enzyme protein or of "spacer" molecules (95» 96).

This same property may have induced anomalous binding 
of y)-amylase to dialdehyde amyloses, resulting in a decrease 
in the activity of the enzyme.

The dialdehyde amylose substrates were treated by 
borohydride reduction (section 3*6.3) to produce derivatives 
with a corresponding number of alcohol groups. The 
reduction also resulted in the removal of the high back
ground reading obtained using dialdehyde amylose substrates 
with the neocuproine method (section 3*3*2) as mentioned 
earlier.

The values of K and V were determined as beforem rn
for each substrate (section 4.6.2) using pure p-amylase 
(1.2u) and the results displayed as double reciprocal plots 
in Pig. 4,6.3,1. A plot of 1/K^ against the degree of 
oxidation (pig. 4.6.3*2) displayed a similar trend as that 
for dialdehyde amyloses, the values of l/K^ decreasing as 
the degree of oxidation increased. However, from Table 
4,6.3*1, the values for each amylose sample are several 
times greater than for the unreduced dialdehyde substrates.

It would appear that the aldehyde groups play some 
part in binding the enzyme more strongly to internal residues 
of the substrate chain, but the reduction of these groups
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resulted in the decreased affinity of the enzyme for the 
reduced dialdehyde substrates, as can be seen from the 
larger values of for each reduced dialdehyde amylose 
compared with those for the corresponding unreduced 
substrate.

After the reduction of the aldehyde functions, the 
behaviour of the values was as expected if the amylose 
was considered to decrease its available chain length as 
the degree of oxidation increased, until 30fo oxidation 
when no further increase in was found, probably due to 
the large proportion of distorted areas of the amylose 
molecule as a result of the breakdown of hydrogen bonding 
as already mentioned. The degree of distortion above 30fo 
oxidation may be such that the enzyme has difficulty in 
approaching the amylose molecule.



TABLE 4.6.3.1. COMPARISON OF THE KINETIC PARAMETERS
FOR fh -AMYLASE HYDROLYSING DIALDEHYDE 
AND REDUCED DIALDEHYDE AMYLOSES.

ÿ OXIDATION (rag.ml“^) V^(^mol.min~^)
dialdehyde reduced dialdehyde reduced

0 0.0818 1.75 246.7 4.44
1.8 0.208 n.d. 272.0 n.d.

4.7 0.286 3.93 311.9 4.763
11.4 1.666 5.714 396.9 7.216
32.1 3.000 16.66 308.6 11.55
45.9 n.d. 20.00 n.d. 9.72
63.6 n.d. 22.70 n.d. 9.72



Fig. 4,6.3,1. Double reciprocal plots obtained for
pure -amylase acting on reduced 
dialdehyde amylose substrates in O.lM- 
acetate buffer, pH 4,8, at 37°.

Fig. 4.6.3.2. Plot to show the behaviour of 1/K^ for
y3 -amylase with variation in the 
original degree of oxidation of reduced 
dialdehyde amylose substrates.
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4 . 6 . 4 .  DISCUSSION

/S-Amylase activity is dependent upon several inter
acting factors when hydrolysing dialdehyde amylose substrates
1. aldehyde-amino group interaction, which may be expected 

to enhance the affinity of the enzyme for its substrate,
2. increasing disruption of the helical regions of the 

amylQse molecule which would decrease the affinity due 
to "non-recognition" of the internal segments of the 
substrate by y^-amylase, resulting in a decrease in 
self-inhibition, and

3. the oxidative removal of the hydroxyl group from 
internal glucose residues, which is thought to be 
required for the binding of the enzyme, but not to 
induce correct fitting of the active site for hydrolysis 
(29). Therefore, if this group could be considered
to be partly responsible for self-inhibition by internal 
residues, its removal would be expected to decrease the 
affinity of -amylase for dialdehyde substrates.

Possibly a combination of these factors resulted in 
an increase in values as the degree of oxidation was 
increased. The effect of the aldehyde interaction upon 
values has already been discussed in section 4.6.2, and
resulted in virtually no change in V^.

The values of were substantially larger for 
reduced dialdehyde substrates, where the interaction between 
amino and aldehyde functions had been removed, and where the 
disruption of the helical regions and the removal of internal 

hydroxyl groups exerted a combined influence upon the 
affinity of -amylase for the reduced substrate, resulting
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in large increases in K values,m

It is interesting to note that the decrease in 
affinity for the substrate as the degree of oxidation is 
increased, corresponds with the decrease in blue value 
mentioned earlier (Fig. 4,6,2,1).

Therefore, it might be supposed tliat the disruption 
of the helical regions is more important in the effect on 

values than the removal of hydroxyl groups from
internal glucose residues.

The removal of the anomalous binding situation by 
the reduction of dialdehyde amyloses also affected the 
values, showing an increase in until the degree of
oxidation ( 30 «̂) was such that the disruption of the helix
probably imposed severe restrictions upon the approach of 
/2> -amylase to the substrate molecule, and a slight decrease 
in was found.
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4.7. INHIBITION STUDIES ON ^-AMYLASE.
Many enzymes are regulated in the cell by inhibition 

by their immediate products or by compounds several steps 
removed from their products in a multi-enzyme system.

p) -Amylase has been reported to be inhibited by 
-maltose (97)# and more recently by the internal regions 

of its substrate, resulting in competitive self-inhibition 
(32), often compared with the strongly competitive inhibition 
displayed by cyclohexa- and cyclohepta-amyloses (?)•

The for internal glucose units was estimated by 
Hollo et ajL (29} for sweet potato -amylase and has been 
calculated for malt -amylase in section 4.5.3.

To further characterise the malt enzyme, inhibition 
studies were carried out using maltose, to compare the 
enzyme with sweet potato -amylase used by Misra and French 
(97) and also using dialdehyde and reduced dialdehyde amyloses 
of high degrees of oxidation.

The determination of values was carried out by the 
method of Dixon (98) from the equations

E + S "<r ES
k-1

k.
El . . . . . . .  (2)

and if

then

K k
k'

V  = I m j l L
Km + [Si 
Vm |S]V (1 + | ) M S I

(3)

(4)
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where I is the concentration of inhibitor. Therefore

1 1 K „  J   (6)
- ° ^  ' ^ [ S ]  • ^

If 1/v is plotted against I at a constant value of 
S (equation 6), a straight line is obtained. If the 
velocity of the reaction is measured in the presence of 
inhibitor at two substrate concentrations, and S^» the
lines obtained by plotting 1/v against I will intercept at a 
point above the abscissa for competitive inhibition, so that

Km + 1 + Km . _I„. = K„ . 1 ^
[S7] [S%] K, [s;] K, .

or,

1_ (1 + I_ ) 1_ (1 + I_ )
[ S J  Kj, - [Sgl

which is true only if Sp or if I =
Therefore the intersection of the two lines occurs 

at a point equal to

4.7.1. INHIBITION BY MALTOSE.
Pure -maltose monohydrate was prepared as already 

described in section 3.9 and the value for maltose was 
determined by incubating y^-amylase (l.3U) at 37^ with 2ml 
aliquots of 0.4 and 0.04^ (w/v) amylose (DP 134o) solutions 
in O.lM-acetate buffer, pH 4.8, containing a range of 
concentrations (5“’55mM) of maltose. Aliquots of 0.1ml were 
withdrawn and the blue value measured as previously described 
in section 3*l4. The decrease in the blue value of the
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amylose preparation was taken as a measure of -amylase 
activity, because in the presence of maltose, extremely high 
background readings were obtained using the neocuproine 
assay method (section 3.3*2), The decrease in the blue 
value of DP 1340 amylose was found to be linear under the 
conditions used in the investigations into the inhibition of 
fh -amylase by maltose and modified amyloses.

The results were plotted in Fig. 4*7.1.! as the 
maltose concentration against the reciprocal of the velocity. 
The intercepts of each line with the ordinate and abscissa 

/ were computed psing a FORTRAN IV bivariance program for 
correlation analysis and discussed in an appendix to. this 
work,

Tlie lines were found to intersect above the abscissa 
(98), indicating competitive inhibition by maltose, with a 
of ô.lraM, in agreement with the value (6mH) obtained by Misra 
and French (97).

It is thought (9) that maltose acts as an inhibitor 
by combining with an enzyme form other than that which 
complexes with the substrate. Possibly the maltose product 
combines with -amylase to produce a non-productive complex 
which is usually formed after bond rupture has occurred but 
before maltose leaves the active site. Evidence for the 
suggestion that subsites must exist on both sides of the 
catalytic site has been provided by Kato e^ ah (36) who showed 
that the catalytic site is situated between subsites 2 and 3* 

In their studies on the binding site of sweet potato 
fh -amylase, Thoma _̂t aA (7) reported that one molecule of 
cycloamylose inhibitor bound with each binding, or catalytic



Pig. 4 .7 ,1,1. Dixon plot of maltose concentration
against the reciprocal of the velocity 
for -amylase hydrolysing 0.04^ and 
0.4®4 (w/v) amylose (DP 1^40) solutions in 
O.lM-acetate buffer, pH 4.8, containing 
10-50mM-maltose•

Fig. 4.7 .1.2. Plot of log [ I ] against log ((V^-V^)/V^)
for y2) -amylase hydrolysing 0.4fo (w/v) 
amylose solution as above.
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site as estimated from the slope, n, of a plot of log [l] 
against log( (V^~Vj^)/V^) , where and are the velocities 
in the presence and absence of inhibitor, I, respectively,

A similar plot (Fig. 4,7*1*2) was made for malt 
-amylase inhibited by maltose and the slope of the line 

was calculated to be 0,95, ie, one molecule of maltose was 
effective in blocking each binding site of y3 -amylase,

4.7.2. INHIBITION BY DIALDEHYDE AMYLOSES,
The internal helices of c?c-1,4-glucans are generally

regarded as displaying self-inhibition towards p-amylase
action (32), resulting in a decrease in both and with
an increase in chain length. However, after oxidation with
periodate, -1,4-glucans tend to lose their helical structure
(94) and a large number of aldehyde groups are introduced
into the molecule, with effects on the K and V values asm m
already discussed in sections 4.6.2 and 4,6,4. Dialdehyde 
amyloses can be described as modified substrates and they may 
display a type of inhibition other than the self-inhibitory 
action of internal residues in native amylose preparations.

The value of for internal chain portions 
(section 4.5*3) leads to the supposition that a complete 
turn of the amylose helix is involved in internal binding, 
therefore the effects of the oxidation of amylose upon the 
kinetic parameters of p-amylase may be influenced by the 
lack of helical regions, as previously mentioned, or by the 
presence of aldehyde functions (section 4,6.4),

Therefore inhibition studies were carried out by 
incubating p-amylase (l.3U) at 37° with 2ml aliquots of



Fig, 4,7 .2.1. Dixon plots of dialdehyde amylose
concentration against the reciprocal 
of the velocity for p,-amylase hydrolysing 
0.05ÿ and 0,2^ (w/v) amylose (DP 134o) 
solutions in O.lM-acetate buffer, pH 4,8, 
containing 0.l-lmg.ml”^ dialdehyde 
amylose.

A, 10^ oxidation; B, oxidation;
C, 45/0 oxidation; D, 605̂  oxidation.
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Fig, ^,7,2.2, plot to show the behaviour of with
variation in the degree of oxidation of 
dialdehyde amyloses acting as competitive 
inhibitors of y%-amylase action.

Fig. 4.7,2.3. Plots of log [l] against log ((V^~V^)/V^)
for -amylase hydrolysing 0.2ÿ (w/v) 
ainylose solution in O.lM-acetate buffer, 
pH 4.8 containing 0 • l-lmg.ml”’̂  dialdehyde 
araylose for each dialdehyde amylose 
preparation.
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0,05 and 0.2^ (w/v) amylose (DP 134o) solutions in 0,1M- 
acetate buffer, pH 4.8, containing a range of approximately 
10, 301 45 and 6ofj oxidized amylose samples (O.l •» Img.ml
as described for maltose in the previous section. Lower 
degrees of oxidation were not used since -amylase was able 
to hydrolyse 2 and 5f̂  oxidized amyloses to approximately 
10-15/0 hydrolysis. The velocity of p  -amylase action was 
measured by the decrease in the blue value of the amylose 
sample as before in section 4,7,1,

Dixon plots of dialdehyde amylose concentration 
against the reciprocal of the velocity (Fig. 4.7*2,1) 
showed each oxidized preparation to be a competitive inhibitor 
of ^-amylase action on amylose.

It was interesting to note that the values for 
each sample (Table 4.7 *3.1) decreased as the degree of 
oxidation increased (Fig. 4.7*2,2), ie. the amyloses became 
more efficient inhibitors, with tending to zero at 100^ 
oxidation,

This would seem to emphasize that the dependence of 
-amylase action on dia'ldehyde amyloses was related either 

to the intramolecular structure, such as the helical 
conformation, or to the presence of aldehyde groups, since 
the efficiency of inhibition was directly related to the 
degree of oxidation.

As in the case of maltose, plots of log [ l] against 
log ((Vg-Vj)/V^) were made (Fig, 4,7 .2,3) for each dialdehyde 
amylose preparation. From the slopes, the values of 0,81,
1,0, 0,99 and 1,03 were obtained for 10, 30, 45 and 60^
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oxidation, respectively, showing that one molecule of 
modified amylose was bound per binding site* The low 
value for lÔ o oxidation may be due to its being a less 
efficient inhibitor.

4*7.3. INHIBITION BY REDUCED DIALDEHYDE AMYLOSES.
As already mentioned, dialdehyde starches have been 

used to immobilise enzymes (95» 96) by virtue of the strong 
interaction between aldehyde and amino functions. To 
determine whether the inhibitory effect, like the effect on 
kinetic parameters, of dialdehyde amyloses was attributable to 
the loss of internal structure rather than to the strong 
binding forces already mentioned between the substrate and 
enzyme, reduced dialdehyde amyloses were used in inhibition 
studies•

The inhibitory effect of reduced dialdehyde amyloses 
upon -amylase action %fas investigated as described in 
sections 4,7.1 and 4.7*2 by incubating -amylase (l.3U) at 
37^ with 2ml aliquots of 0.1^ and Vp (w/v) amylose (DP 1340) 
solutions in O.lM-acetate buffer, pH 4.8, containing a range 
of reduced dialdehyde amylose concentrations (0.2-2mg.ml ^) 
for approximately 10, 30, 43 and 60^ oxidation.

The velocity of y^-amylase action was measured by 
assaying the rate of release of maltose at 37° from amylose 
by the neocuproine method (section 3.3*2), and also by 
measuring the reduction in blue value of the amylose substrate 
(section 3.14) to compare the accuracy of the two methods.

The results obtained by reducing sugar estimation 
and by blue value measurements were found to be comparable,
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with a variation of -5^*
The values for reduced dialdehyde amyloses were

found to be virtually the same as for the unreduced 
preparations (Table 4.?.3.1), varying as before, with 
amyloses of higher degrees of oxidation being more efficient 
inhibitors of -amylase action.

The values of the slope, n, obtained from plots of 
log [ I ] against log ((V^-V^)/V^) for each reduced dialdehyde 
amylose preparation (cf. Pig. 4.7.2.3) were 0,78, 0,92, 0.94 
and 0.95 for 10, 30, 45 and 604 oxidation, respectively.

Therefore, it would again appear that one molecule 
of inhibitor is effective in blocking one catalytic site.
As before (section 4,7.2), a low value was found for the 
10̂ 2 oxidized preparation, and may be due to the presence in 
the preparation of helical regions, making the molecule a 
less efficient inhibitor and resulting in errors for the 
velocity of y3 -amylase action.



TABLE 4,7 .3.1. INHIBITION CONSTANTS FOR DIALDEHYDE AND
REDUCED DIALDEHYDE AMYLOSES ACTING BY 
COMPETITIVE INHIBITION ON yJ-AMYLASE.

4 OXIDATION

11.4
32.1
45.9
63.6

(mg.ml™ )
DIALDEHYDE REDUCED DIALDEHYDE

0.975
0.45
0.3
0.15

0.9
0.4
0.34
0.15
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4.7.4. DISCUSSION. I

/3 -Amylase has been reported to be inhibited by
a number of compounds, including maltose (97)» oC-methyl 1
glucoside (99) and cycloarnyloses (32).

The effect of maltose as a competitive inhibitor t
has been discussed by Misra and French (97) and will not be j
considered further here. However, the inhibitory effect |
of dialdehyde amyloses has not been mentioned previously.
The investigations into the inhibitory effect of dialdehyde j

amyloses on -amylase activity were carried out by assaying i
the incubation mixtures at time intervals when virtually no |
hydrolysis of the inhibitors would have occurred, since the J
rates of hydrolysis of dialdehyde amyloses were much lower ;
than those of unmodified amylose preparations.

Since the values for the dialdehyde and the 1
reduced dialdehyde amyloses (Table 4,7.3*1) are similar, it i
would appear that the basic effect of inhibition by these |
modified amyloses is not dependent upon the presence of
aldehyde functions, in common with the behaviour of K 4' m i
values, which have been suggested to be independent of such f
functions (section 4.6.4) but to be affected by the loss of i
internal helical structure. |

Thoma and Koshland (32) proposed that yO-amylase was 
self-inhibited by the internal glucose residues of its f
substrate chain. The competitive inhibition displayed by 
dialdehyde amyloses cannot be interpreted as an enhanced self- J 
inhibitory state, since oxidation leads to a disruption of 
the intramolecular helical structure which has been important 
in self-inhibition.
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Hiromi (lOO) has suggested that the active site of 
amylases may resemble that of lysozyme in being a cleft on 
the surface of the protein and in which the oC-1 » 4">g3.ucan 
substrate would lie, y3 -Amylase binds in a productive complex 
with the non-reducing terminal of an o4.-1,4-glucan chain, 
breaking and forming hydrogen bonds (29) as the substrate 
slides over the active site cleft during its sequential 
hydrolysis,

The effect of the oxidation of its substrate upon 
/2) -amylase activity can be considered with respect to the 
oxidation either of terminal glucose residues or of internal 
glucose residues. As the degree of oxidation is increased, 
the probability of glucose residues at or near the non
reducing terminal being oxidized is increased. Therefore, 
the possibility of y3 -amylase recognizing the non-reducing 
terminal as a potential substrate with oC-1 ♦4-linked maltose 
units, is decreased. However, since the active site is 
considered to be composed of five subunits (36), the 
modified non-reducing terminal may bind with these subsites 
in a non-productive complex, blocking the access of true 
(unmodified) amylose substrate molecules to the active site.

Between 2 and 40^ oxidation, the internal structure 
of araylose changes from an ordered helical arrangement to a 
random coil (94), due to the oxidation of internal glucose 
residues. Since dialdehyde and reduced dialdehyde amyloses 
are competitive inhibitors of y3-araylase action, their action 
must involve their binding to the enzyme at a binding site 
or the catalytic site (7) to block the access of the true 
substrate to the catalytic site. It is possible that the
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random coil nature of the modified amyloses may result 
in their blocking the active site cleft by steric hinder- 
ance due to the size of the molecule rather than by 
specific binding with the subsites. Secondary binding 
may then occur between the aldehyde or alcohol functions 
on the inhibitor molecule and groups on the surface of the 
enzyme protein.

From the plots in Fig. 4,7.2.3 and from section 
4 ,7 .3 » it was found that one molecule of each modified 
amylose bound with one binding site, which is possibly 
identical with the catalytic site (7). A similar result 
was found for maltose (Fig. 4,7»1*2).

However, until the exact nature of the subsites 
of yb-amylase is known, the action of dialdehyde and 
reduced dialdehyde amyloses in inhibiting yb-amylase can 
only be suggested as being concerned with the breakdown 
in the internal structure of the amylose molecules.
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4.8. PREPARATION OP MALTO-OLIGOSACCHARIDES.
4.8.1. FRACTIONATION BY GEL FILTRATION ON SEPHADEX G-25

The preparation of a partial acid hydrolysate of
amylose and its application to a Sephadex G-25 column was 
described in section 3.10, The elution profile obtained is 
shown in Fig. 4.8.1.1.

The number of fractions containing unhydrolysed 
amylose extended over such a wide range that the amylose peak 
probably masked the elution of malto-oligosaccharides with 
DP greater than 3.

Therefore, this method, carried out as described, 
was considered to be unsatisfactory.

4.8.2. FRACTIONATION ON CHARCOAL-CELITE.
The method used for the fractionation of inalto- 

oligosaccharides on a charcoal-Celite column was described 
in section 3*10*3.3* The elution profile obtained with 
increasing ethanol concentration is shown in Fig. 4.8,2.1,
The fractions obtained for each ethanol concentration were 
pooled and centrifuged at room temperature and l^OOOg for 
20 min to remove charcoal which was present in all preparat
ions. As reported by Whelan e_t al (82) the fractions were 
all a pale yellow colour.

Since a more satisfactory separation of malto-oligo
saccharides was obtained by this method, the pooled fractions 
were stored at 4^ for further studies after their DP and the 
yield of each fraction had been calculated. The number- 
average molecular weight was determined by the method of 
Hiromi et. al (83) as described in section 3*11*2, and the



Fig. 4.8.1,1, Elution profile obtained for the separation
of malto-oligosaccharides on a Sephadex 
G-25 (fine) column (3 x 80cm).

I amylose
II rnaltotriose ?

III maltose
IV glucose

Fig. 4,8.2.1. Elution profile obtained for the
separation of malto-oligosaccharides on a 
charcoal-Celite column with ethanol.
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DP of each sample calculated from this data and presented 
in Table 4.8.2.1. Within experimental error, the values 
for DP obtained for the malto-oligosaccharides are 
comparable to the expected values.



TABLE 4.8.2.1. AVERAGE DEGREE OF POLYMERIZATION OP
MALTO-OLIGOSACCHARIDE FRACTIONS.

<0 (v/v) ETHANOL NT. OF SAMPLE lîn DP EXPECTED
FOR ELUTION (mg) DP

15 4.074 633.6 3.52 3
20 1.666 .730.8 4.06 4
23 1.676 955.8 5.31 5
25 1.204 1024.0 5.8 6
28 2.166 1278.1 7.1 7
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4.9. STUDIES ON IMMOBILISED y2>-AMYLASE DERIVATIVES.

Two different supports were used to immobilise 
-amylase to investigate any differences between the two 

enzyme preparations and between each preparation and 
preparations of other immobilised enzymes on similar supports. 

All experiments were carried out using -amylase 
preparations in continuously stirred vessels to reduce 
diffusional effects, which will be considered in the 
discussion.

The advantage of preparing immobilised derivatives 
of -amylase for kinetic studies lies in the fact that the 
enzyme can be recovered after each assay, washed with buffer 
and re-used, therefore eliminating the need to prepare large 
amounts of the derivatives,

4.9.1. AMINOETHYL CELLULOSE (AE-CELLULOSE) -yS -AMYLASE. 
An AE-cellulose derivative of yb -amylase was 

prepared as described in section 3 .13.2 ,
The specific activity of the enzyme before and after 

coupling was estimated as previously described (sections 
3,1 and 3 .13.3 ), the amount of protein bound (section 3.13.2) 
was determined by the Folin-Lowry method (section 3.2.1) and 
the values presented below;-

PROTEIN BOUND SPECIFIC ACTIVITY SPECIFIC
-1 a c t i v i t y

(mg. lOOmg support" ) (u.mg bound enzyme" ) RIIPAINED (^) 
0,4766 4.129 18.7
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4.9.1.1, pH-ACTIVITY PROFILE OF AE-CELLULOSE - -

AMYLASE.
The pH-activity profile was determined by incubating 

an aliquot of the immobilised enzyme suspension (0.39U) in 
0.IM-citrate-phosphate buffer in a continuously stirred 
vessel at 37° with 2 .5ml 1^ (w/v) soluble starch solution in 
O.lM-citrate-phosphate buffer at a range of pH values 
(3.0-8.5).

Aliquots of 0,5ml were withdrawn at time intervals, 
centrifuged at 7000g for 1 min and the supernatant assayed 
for the release of maltose by the neocuproine method (section 
3 .3 .2). The results were plotted as ^ maximum activity 
obtained against pH (Fig. 4.9.1.1.l), and compared with the 
pH-activity profile obtained for the soluble enzyme.

The optimum pH was found to lie between 4.5 and 5*5, 
in good agreement with the soluble enzyme, but the alkali 
limb of the profile was shifted towards lower pH values.

This effect was reported by Goldstein e_t aJ. (lOl) and 
explained by the polycationic nature of the support resulting 
in an unequal distribution of protons and hydroxyl ions 
between the "polyelectrolyte phase", within which the enzyme- 
was situated, and the outer solution. The local hydrogen 
ion concentration in the domain of the polycationic 
amylase derivative is lower than that measured in the 
external solution and consequently the pH-profile of 
amylase within a positively-charged carrier is displaced 
towards more acid pH values.
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4.9.1.2. TEMPERATURE-ACTIVITY PROFILE OP AE-CELLULOSE- 

fb -AMYLASE.
The tempei’ature-activity profile was determined by 

incubating an immobilised enzyme suspension (0.39U) in a 
continuously stirred vessel with 2,5ml 1^ soluble
starch solution in O.lM-acetate buffer, pH 4.8 at various 
temperatures. Assays were carried out as described in the
previous section.

The results were plotted at ÿ maximum activity 
against temperature and compared with the soluble enzyme 
(Pig. 4.9.1.2.1). AE-cellulose- /2> -amylase appears to be 
less stable at higher temperatures than the soluble enzyme, 
with the temperature for optimum activity between 30^ and 
50°.

4.p.1.3. THERMiVL STABILITY OF AE-CLLLULOSE~ A  -AMYLASE.
An aliquot (0,195U) of the immobilised enzyme 

suspension was pre-incubated at various temperatures (20- 
60*) for Ih, cooled in ice and assayed at 37° by incubation 
in a continuously stirred vessel with 2, ̂ ml lÿo (w/v) soluble 
starch solution in O.lM-acetate buffer, pH 4.8, monitoring 
the release of maltose as previously described in section

4.9.1.!.
Results were plotted as ^ original activity against 

temperature of pre-incubation (Fig. 4,9*1.3.1) and were 
compared with results obtained using the soluble enzyme 
(l.24u). It can be seen that AE-cellulose- /g -amylase has a 
lower thermal stability than the soluble enzyme over this 
range of temperatures.



Fig. 4.9.1.1.1. pH-Activity profile for AE-cellulose.
-amylase ( D ) and soluble y5- 

amylase ( O ) hydrolysing 1̂ 4 (w/v) 
soluble solution in 0.IM-citrate- 
phosphate buffer at 37°•

Fig. 4.9.1.2.1. Teniperature-activity profile for
AE-cellulose-p> -amylase ( □ ) and 
soluble -amylase (o) hydrolysing 
1^ (w/v) soluble starch solution in 
O.lM-acetate buffer, pH 4.8.
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Although a nuinbei’ of immobilised enzymes show 

enhanced thermal stability over the soluble enzyme, there 
have been reports of the immobilisation of enzymes to 
carriers (59) which resulted in a decrease in thermal 
stability. This may be related to there being less 
probability of an enzyme regaining its active conformation 
after incubation at certain temperatures, due to novel 
hydrogen-bonding possibilities with the support.

4.9.1.4. DETERMINATION OF KINETIC PARAMETERS FOR
AE-CELLULOSE”- - A M Y L A S E ,

The values of the apparent Michaelis constant (K^j) 
and the'apparont maximum velocity ) Tor AE-cellulose
- y2> -amylase were determined by incubating the immobilised 
enzyme suspension (0,398u) with 2,5ml aliquots of soluble 
starch solutions (O.l-lOmg.ml™^) in O.lM-acetate buffer, 
pH 4,8, at 37° in a continuously stirred vessel. The 
release of maltose was measured as previously described 
(section 4,9*1.1) and the results expressed as a double 
reciprocal Lineweaver-Burk plot (91) in Fig, 4,9*1.4*1 and 
compared with that for the soluble enzyme.

The value of was found to be 0,217 - 0,017
mg.ml*"^ compared with 0.33 nig.ml”^ for the soluble enzyme,
and the value of was 15,98 - 0.3& yUmol,min compared
with a value of 2,4195 mmol,min ^ ,

From these results, it would appear that -amylase
immobilised to an AE-cellulose support has a greater affinity
for soluble starch than the soluble enzyme and a V ’ valuem
150 times smaller than the soluble enzyme.



Fig. 4.9,1.3 .1 . Thermal stability of AE-cellulose~
py -amylase ( □ ) and soluble ^  - 
amylase ( O ) pre-incubated for Ih at 
various temperatures cooled and 
assayed by incubating at 37° with Ifo 
(w/v) soluble starch solution in O.lM- 
acetate buffer, pH 4.8,

Fig. 4.9.1,4.1. Double reciprocal plots for AE-
cellulose- -amylase ( □ )  and soluble 
p-amylase ( O ) acting on soluble 
starch solutions in O.lM-acetate buffer, 
pH 4,8, at 37 •
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These effects can be explained in terms of micro- 
environmental and steric hinderance effects and will be 
considered in section 4,9»3*

4.9.1.5. DETERMINATION OP INHIBITION CONSTANT OP
AE-CELLULOSE- A  -AMYLASE USING MALTOSE.

The method used for the determination of the 
inhibition constant (K^*) for AE-cellulose--amylase 
using maltose as inhibitor was essentially the same as that 
used for the soluble enzyme in section 4.7.1.

An aliquot of immobilised enzyme suspension (0.195U) 
was incubated j with stirring, at 3/ with 2.5)^1 aliquoks of 
0.1 and 1^ (w/v) amylose solutions in O.lM-acetate buffer, 
pH 4,8 containing a range of maltose concentrations (0.5- 
6mM). The measurement of the release of reducing sugars 
as maltose was limited for the same reasons as before, 
therefore the velocity of the reaction was followed by 
measuring the decrease in blue value at 6lOnm of the amylose
substrate (section 3•1^0 •

The results were expressed as Dixon plots (98) of 
maltose concentration against the reciprocal of the velocity 
for each substrate concentration (Pig* 4,9*i»5»l). The two 
lines were found to intersect above the abscissa, indicating 
competitive inhibition as found for the soluble enzyme 
(section 4,7*1)» but the for AE—cellulose— y3 —amylase
was 3iiiM maltose, half the value of K f o r  ohe soluble 
enzyme.

AS before (section 4.7*1), a plot of log [ l]against 
log ((V^-Vj^)/Vj^) was made (pig. 4.9*1*5«^) and from the value



Fig* 4*9,1.5»1* Dixon plot of maltose concentration
against the reciprocal of the velocity 
for A E - c e l l u l o s e - - a m y l a s e  hydroly
sing O.lfa and Ifo (w/v) amylose (DP 1340) 
solutions in O.lM-acetate buffer, pH 
4,8 containing 0, l-5niM-rnaltose .

Pig. 4 .9 .1 .5 .2 . Plot of log [I] against log ((V^-V^)/V^)
for AE-cellulosç- p> -amylase hydrolysing 
Ifo (w/v) amylose (DP 1340) solutions 
containing maltose as above.
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of 1,06 obtained for the slope of the plot (?)» it was 
found that one molecule of inhibitor binds with each 
catalytic site, therefore the basic mode of inhibition 
appears unaffected by immobilisation to a cationic support, 
although the value of K * is decreased,

4 .9 .1.6. ACTION PATTERN OF AE-CELLUL05E--AMYLASE.
To compare the effects of immobilisation to a 

cationic support upon the mode of -amylase action with 
the mode of action of the soluble enzyme, the action 
patterns were determined for both enzyme preparations 
(sections 1,2 and 3.14).

Soluble -amylase (O.IO7U) and AE-cellulose-y5 - 
amylase (0,198u) were each incubated as previously described 
(sections 3.1 and 3.13*3) with 10ml 1^ (w/v) amylose (DP 134o) 
solution in 0,IM-acetate buffer, pH 4,8. Aliquots of 0,25ml. 
were withdrawn at intervals and, after removing the 
immobilised derivative by centrifugation, were assayed for 
reducing sugars (section 3*3*2) and for blue value (section 
3 .14).

The results were plot;ted as ^ maximum blue value 
against ^ maximum reducing power (Pig, 4.9,1,6.l) for both 
enzyme preparations.

The soluble enzyme displayed an action pattern 
characteristic of a multiple attack mechanism (section 1,2, 
Fig* 1,2 ,1), However, AE-cellulose- y<3 -amylase appeared to 
display an action pattern tending towards a single chain 
attack mechanism (section 1,2, Pig, l,2,l), similar to that 
shown by oC-araylase,
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4.9.1.7. ACTION OF AE--CELLULOSE-y3 -AMYLASE ON MALTO-

HEPTAOSE.
To attempt to confirm a movement towards single 

chain attack as a result of the immobilisation of ^-amylase 
on a polycationic support, the soluble enzyme and the 
immobilised derivative were each incubated with a solution 
of maltoheptaose (l?) and the malto-oligosaccharide components 
of the incubation mixture were qualitatively determined by 
paper chromatographic techniques (section 3.12),

Assuming that the action pattern of AE-cellulose-y<3 
-amylase was shifted towards a single chain attack mechanism, 
the hydrolysis of maltoheptaose by the enzyme derivative would 
be expected to result in the presence only of the substrate 
and maltose in solution, with no detectable amounts of malto- 
pentaose and maltotriose intermediates since the enzyme would 
tend to more completely hydrolyse each maltoheptaose molecule 
before coinplexing with a new substrate molecule.

An aliquot of AE-cellulose- yO -amylase (O.I9817) was 
washed with 5>̂il volumes of distilled water (x 10) to remove 
all traces of salts and was resuspended in 0,5ml distilled 
water.

Soluble yO-amylase (0,4u), stored as a suspension in 
2,IM-ammonium sulphate solution was removed by centrifugation , 
at lOOOOg and 4° for 20 min, redissolved in a small volume of ] 
5mM“dithiothreitol in distilled water and dialysed at 4^ 
against the same solution to remove traces of ammonium 
sulphate.

Both enzyme preparations (O.^ml) were incubated with 
continuous stirring, at 37^ with 2,5ml maltoheptaose solution '
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(208.3ug.inl in distilled water. At 30, 60, 120 and 240 
mill, 0,75hi1 aliquots were withdrawn, the immobilised enzyme 
derivative removed by centrifugation at 7000g for 1 min and 
the soluble enzyme inactivated by placing the sample in a 
boiling water bath for 5 min. The aliquots were concentrated 
by rotary evaporation under reduced pressure and applied to 
Whatman 3mm paper as previously described (section 3*12,1) 
together with a similarly concentrated aliquot of malto
heptaose solution and a sample of de-ionized amylose acid 
hydrolysate (section 3*10*3*1)* The chromatograms were 
treated as previously described using a multi-ascent technique 
and staining bhe malto-oligosaccharide components with an 
NaOlI-silver nitrate system (sections 3*10*3*2 and 3*10,3*3)* 

The chromatograms obtained were copied to display 
the spots more clearly and are presented in Fig, 4,9»1*7*1*

The soluble enzyme, during the course of hydrolysis, 
produced small quantities of maltotriose and maltopentaose in 
the incubation mixture as the maltoheptaose spot decreased 
in intensity and the maltose spot increased in intensity. 
However, no detectable amount of maltotriose and maltopentaose 
was found for AE-cellulose-y5 -amylase, although the 
substrate and product spots behaved as those for the soluble 
enzyme.

It would therefore appear that the action pattern of 
y2> -amylase is shifted towards a single chain attack 
mechanism on immobilisation to AE-cellulose,



Fig. 4,9,1.6.1. Action patterns of AE-cellulose-yO
amylase ( □ ) and soluble yj-amylase 
( O ) hydrolysing IfS (w/v) amylose 
(dp 1340) solution in O.lM-acetate 
buffer, pH 4,8 at 37°.

Fig. 4,9.1.7 .1. Diagrams showing the separation of
reaction intermediates and products by 
paper chromatography during the hydrolysis 
of maltopentaose by soluble -amylase 
and AE-cellulose-y3-amylase.
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4.9.2. P OLYAMINO STYRENE (PAS) - -AT lYLA SE.

A PAS- -amylase derivative was prepared as described 
in section 3 .13.2 .

The specific activity of the enzyme preparation before 
and after coupling was estimated as previously described 
(sections 3.1 and 3 *13*3)» the amount of protein bound 
(section 3*13*2) was determined by the Polin-Lowry method 
(section 3*2.l) and the values presented below;-

PROTEIN BOUND SPECIFIC ACTIVITY SPECIFIC
ACTIVITY 
RETAINED (ÿ)

(rag.lOOmg support ) (U.mg bound enzyme*" )

0.1423 2.002 9.1

4.9*2.!. pH-AGTIVITY PROFILE OF P A S - - A M Y L A S E .
The pH-activity profile was determined by incubating 

an aliquot of the immobilised enzyme suspension (O.OySu) in 
0.IM-citrate-phosphate buffer in a continuously stirred 
vessel at 37° with 2,5ml aliquots of ifj (w/v) soluble starch 
solution in 0.IM-citrate-phosphate buffer at a range of pH 
values (3*0-8,5)* Aliquots of 0.5ml were removed, centrifuged 
at 7000g for 1 min and the supernatant assayed for the release 
of maltose by the neocuproirie method (section 3*3*2). The 
results were plotted as ^ maximum activity obtained against 
pH (Fig* 4.9*2.1.1) and compared with the profile obtained 
for the soluble enzyme.

The profile for PAS-yS -amylase is constricted 
compared to that for the soluble enzyme. A similar effect 
was obtained by Filippusson and Hornby (68) for polystyrene- 

-fructofuranosidase and for the soluble enzyme in the



110.

presence of dioxan and is considered to be attributable to 
the hydrophobic environment, which will be discussed in 
section 4.9.3*

4.9.2.2. TEMPERATURE-ACTIVITY PROFILE OF PAS-/3 -AMYLASE.
The temperature-activity profile was determined by

incubating an aliquot (0.0?2U) of the immobilised enzyme 
suspension in a continuously stirred vessel with 2.5ml 
aliquots of (w/v) soluble starch solution in O.lM-acetate 
buffer, pH 4,8, at various temperatures. Assays were carried 
out as described in the previous section.

The results were plotted for PAS-/3 -amylase and for 
the soluble enzyme as ^ maximum activity against temperature 
(Fig. 4.9.2.2.1).

Although the temperature at which the immobilised 
enzyme displays optimum activity is unaltered, PAS- /3 -amylase 
is less stable than the soluble enzyme at temperatures above 
50°, and displayed a constricted profile. However, the 
derivative showed an inflexion in the profile at 20°, 
corresponding to that of the soluble enzyme and indicating a 
change in the energy of activation.

4.9.2.3. THERMAL STABILITY OF P A S - ^  -AMYLASE.
An aliquot (0.0?2u) of the immobilised enzyme 

suspension was pre-incubated at a range of temperatures (20-60°) 
for Ih, cooled in ice and assayed by incubation at 37° with 
2.5ml l̂ C (w/v) soluble starch solution in O.lM-acetate buffer, 
pH 4,8, in a continuously stirred vessel, monitoring the 
release of maltose as previously described in section 4.9.1.1.



Pig, 4,9.2,1.1, pH-Activity profile for PAS-^-amylase
( □ ) and soluble -amylase ( O ) 
hydrolysing l̂ b (w/v) soluble starch 
solution in 0.IM-citrate-phosphate 
buffer, at 37°*

Pig. 4.9.2.2.1. Temperature-activity profile for PAS-y3
-amylase ( □ )  and soluble ^-amylase 
(O ) hydrolysing lÿ (w/v) soluble 
starch solution in O.lM-acetate buffer,
pH 4.8.
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Tlie results were plotted for P A S - - a m y l a s e  and 

for the soluble enzyme as ^ original activity against 
temperature of pre-incubation, (Fig. 4.9.2.3.1). PAS-^
-amylase was found to be more stable than the soluble enzyme 
at temperatures above 30°, but to show a similar retention 
of activity to the soluble enzyme at lô v’-er temperatures*

Since identical procedures were used for coupling 
-amylase to AE-cellulose and PAS supports, it is possible 

that the hydrophobic environment imposed by the polystyrene 
matrix is responsible for the increase in thermal stability

p-

mentioned above*

4*9*2.4. DETERMINATION OF KINETIC PARAMETERS FOR PAS-y5
-AMYLASE.

The values of the apparent Michaelis constant )
and the apparent maximum velocity (V^/) for P A S - - a m y l a s e  
were determined by incubating the immobilised enzyme 
suspension (0,072U) with 2*3^1 aliquots of soluble starch 
solutions ( 0, l-Smg.ral**^) in O.lM-acetate buffer, pH 4.8 at 
37° in a continuously stirred vessel. The release of 
maltose was measured as previously described (section 4,9*2 il) 
and the results, together with those for the soluble enzyme 
(section 4.4.3) were expressed as double reciprocal plots 
(91) as shown in Fig* 4.9*2.4.1.

The value of foi’ PAS- -amylase (1.23 ™ 0*4lmg*ral
was four times larger than that for the soluble enzyme (0*33nig. 
ml*”̂ ) and almost five times larger than the value (0,273
rag.ml"*^) for AE-cellulose--amylase. The PAS derivative 
had a value of 8*79 - O.OT^mol.min™^ compared with



Fig. 4,9.2.3.1. Thermal stability of PAS- ̂  -amylase
( □ )  and soluble ^-amylase (o) pre- 
incubated at various temperatures, 
cooled and assayed at 37^ by incubating 
with 1̂ 0 (w/v) soluble starch solution in 
O.lM-acetate buffer, pH 4,8.

Fig. 4.9,2,4.1. Double reciprocal plots for PAS-y3
amylase (□ ) and soluble y5-amylase 
( O ) hydrolysing soluble starch 
solutions in O.lM-acetate buffer, 
pH 4.8 at 37°.
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2 , 4 l9nimol. min”*̂  for soluble ^-amylase and 13 • 9^-imol, min  ̂

for AE-cellulose-^ -amylase.
Prom these results, P A S - - a m y l a s e  appears to have 

less affinity for its substrate than the soluble enzyme 
and to have a value 300 times smaller than soluble yS-
amylase. As with AE-cellulose-y3-amylase, these variations 
will be considered in section 4,9.3,

4.9.2.5. DETERMINATION OF INHIBITION CONSTANT OF PAS-y3 
-AMYLASE USING MALTOSE.

The method used to determine the inhibition constant 
(K^*) for maltose was the same as that described in section
4.9.1.3,

An aliquot of immobilised enzyme suspension 
(0.072U) was incubated, with stirring, at 37° with 2.3ml 
aliquots of 0,1 and 1<3 (w/v) amylose (DP 134o) solutions in 
O.lM-acetate buffer, pH 4.8, containing a range of maltose 
concentrations (0,23-6niM). On account of the interference 
by maltose in methods for reducing sugar assays, the 
velocity of the reaction was measured spectrophotometrically 
by monitoring the decrease in blue value of the amylose 
substrate (section 3.14) at 6lOnm,

The results were plotted as maltose concentration 
against the reciprocal of the velocity (98) for each 
substrate concentration (Pig. 4,9.2.3,1),

The two lines were found to intersect above the 
abscissa, indicating that maltose acted as a competitive 
inhibitor upon P A S - - a m y l a s e ,  with a value of 3.8raM,
comparable to that obtained for the soluble enzyme (6.1raM),



Pig, 4,9.2,3*1. Dixon plot of maltose concentration
against the reciprocal of the velocity 
for PAS- p> -amylase hydrolysing 0.1^ 
and 1̂ 0 (w/v) amylose (DP 1340) in O.lM- 
acetate buffer, pH 4.8, containing 0,1- 
3raM-maltose.

Pig. 4.9.2.3.2. Plot of log [ I 1 against log ((V^-V^)/V^)
for P A S - - a m y l a s e  hydrolysing Vp (w/v) 
amylose (DP 134o) as above.



251

0.1%
20*

10-

1%

—4.0 - 2.0 2,0 4.0 6.0
maltose (mM)

0.1

1.9

S’ Î.7

15-

13^:
2.2 2X 2.5 2.8 Î.0tog(ycM)

Vi

1,2 1.4



113.
As in previous sections, a plot was made of log [l] 

against log ( ^^^i ̂ l'or PAS-yS -amylase inhibited by
maltose, and the slope, n, was found to have a value of
0.97; indicating that one molecule of maltose binds with 
one catalytic site in the enzyme (Fig. 4.9 .2.3*2).

From these results, P A S ™ - a m y l a s e  displays 
identical properties to the soluble enzyme with respect to 
competitive inhibition by maltose.

4.9.2.6 . ACTION PATTERN OF P A S - ^  -AMYLASE,
The kinetic parameters and pH-activity profile of 

-amylase were found to be markedly affected by 
immobilisation upon a hydrophobic support (sections 4.9*2.1 
and 4.9 .2,5)* yb -Amylase has been reported to display a 
shift in its action pattern at extremes of pH and temper
ature (17); and upon immobilisation to AE-cellulose 
(section 4.9* 1.6) and therefore the action pattern of PAS-y3> 
-amylase was determined to study the effect of a hydrophobic 
environment on bhe mode of action of the enzyme,

PAS- j2> -amylase (0,l43U) was incubated with 10ml 
1̂ % (w/v) amylose (DP 1340) solution in O.lM-acetate buffer, 
pH 4,8, at 37^ in a continuously stirred vessel. Aliquots
of 0 .25ml were withdrawn at intervals and assayed for the
release of reducing sugars and for a decrease in blue value 
of the amylose substrate as previously described in section
4.9 .1*6 .

The results were plotted as original blue value
against maximum reducing power (Fig. 4.9.2.6.1) together
with the results obtained in section 4.9 * 1 * 6 for the soluble 
enzyme preparation.
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It was found that the action pattern of PAS-y3 - 

amylase was shifted towards a multi-chain attack mechanism 
(section 1,1, Pig, 1.1,2).

4.9.2.?. ACTION OF PAS- A  -AMYLASE ON MALTOHEPTAOSE.
As in section 4.9«1.7» the incubation of PAS-p> - 

amylase with a solution of maltoheptaose was carried out to 
attempt to confirm the shift in action pattern, the samples 
being taken at time intervals to qualitatively determine the 
malto-oligosaccharide nature of the incubation mixture.

The mode of action of -amylase upon immobilisation 
to a PAS support appeared to be shifted towards a multi
chain attack mechanism, and therefore, with a decreased 
number of bonds being hydrolysed per enzyme-substrate 
encounter, it would bo expected that maltotriose and malto
pentaose intermediates would be detectable during the course 
of maltoheptaose hydrolysis.

An aliquot of PAS- y3 -amylase (0,072U) was washed 
with 5m1 volumes of distilled water (x 10) to remove all 
traces of salts and resuspended in 0.5ml distilled water.
The enzyme suspension was incubated, with continuous stirring, 
at 37° with 2.5ml maltoheptaose solution (208,3mgoml'^) in 
distilled water. At 30, 60, 120 and 240 min, 0,73ml aliquots 
were withdrawn, centrifuged, concentrated and applied to 
Whatman 3iiiiii paper together with untreated maltoheptaose and 
de-ionized amylose acid hydrolysate as a standard as 
previously described in section 4,9.1.7 »

The chromatogram was treated as previously described, 
using a multi-ascent separation technique and staining as
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before (sections 3.10.3.2 and 3.10.3*1)• A copy of the 
chromatogram is shown in Fig. 4,9.2.7*1; together with the 
chromatogram obtained for the soluble enzyme in section

4.9.1.?.
Maltotriose and maltopentaose intermediates were 

detectable during the course of hydrolysis by PAS-y3 - 
amylase, and produced darker spots on staining than the traces 
of intermediates detected during the course of maltopentaose 
hydrolysis by the soluble enzyme. Since the experimental 
conditions were identical, it appears that more intermediates 
were produced by PAS- /3 -amylase action as a result of the 
shift in its action pattern towards a multi-chain attack 
mechanism after immobilisation.



Pig, 4.9.2.6.1. Action patterns of PAS- yb -amylase
( □ )  and soluble ^-amylase (o) 
hydrolysing l̂ o (w/v) amylose (DP 134o) 
solution in O.lM-acetate buffer, pH 4,8 
at 37°.

Fig. 4.9.2.7.1. Diagram showing the separation of
reaction intermediates and products 
by paper chromatography during the 
hydrolysis of maltoheptaose by soluble 
y3 -amylase and PAS- y3 -amylase.
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4.9.3. DISCUSSION OF THE EFFECTS OF IMMOBILISATION ON

/3 -AMYLASE ACTIVITY.
The immobilisation of -amylase both on a cationic 

(AE-cellnlose) and a hydrophobic (PAS) support resulted in 
changes in a number of the enzyme’s characteristics, which 
will be considered in this section.
1. pH-Activity profile.

The alkaline limb of the pH-activity profile for 
AE-cellulose-yO -amylase was shifted towards lower pH 
values than the corresponding limb for the soluble enzyme, 
although the same optimum pH values were obtained for each 
preparation. This effect was explained in section 4,9*1 
with respect to the local proton concentration around the 
immobilised enzyme being lower for a polycation-supported 
enzyme than for the bulk solution (lOl). Zherebtsov (26) 
proposed that an electrophilic-nucleophilic pair formed 
between an imidazole and carboxyl function at the active 
site was responsible for the shape of the pH-activity curve 
for malt -amylase, with the extended alkaline limb being 
due to a possible buffering action at the active site between 
these functions, reducing the effect of removing the proton 
of the positively-charged imidazole group, important in the 
hydrolysis of the substrate (Fig. 1.1,3). As the pH value of 
the solution containing AE-cellulose-y<3 -amylase was increased, 
the nature of the cationic support would cause an increase 
in the distribution of hydroxyl ions around the immobilised 
enzyme surface compared with the concentration in the bulk 
solution, resulting in an apparent decrease in p, -amylase 
activity at a given pH value due to the hydroxyl ions removing
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the electrophilic-nucleophilic buffering action mentioned 
above. The pH activity profile for AE-cellulose-y3 - 
amylase therefore appears to approach the theoretical 
profile for the soluble enzyme mentioned by Zherebtsov (26), 

PAS- p  -amylase displayed a constricted pH-activity 
profile,, compared to the soluble enzyme, an effect previously 
reported for polystyrene-y3 -fructofuranosidase (68) and 
considered to bo due to the hydrophobic environment imposed 
by the matrix,
2. Thermal Stability,

Immobilisation often results in a decrease in thermal 
stability of the enzyme, as found for AE-cellulose-yC3» - 
amylase. It has been suggested (59) that such a decrease may 
be due to the difficulty of the enzyme in regaining its 
active conformation after heat treatment, possibly because of 
steric hinderance from the support and also because of 
hydrogen bonding introduced between the support and the 
enzyme in an inactive conformation,

p  -Amylase coupled to cellulose carriers has been 
reported to show increased thermal stability by Barker e_t 
(63) and by Vretblad and Axen (6I) using sepharose,

PAS- p  -amylase was found to be more thermally stable 
than the soluble enzyme, possibly due to the conformation 
of the enzyme on the hydrophobic support. However, Campbell 
(102) reported that polystyrene immobilized glucose oxidase' 
was less thermally stable than the soluble enzyme and 
presumed the decrease to be due to the proximity of the 
hydrophobic matrix to the enzyme, Epton e^ pU. (IO3) found 
that hydrophilic carriers conferred greater therjiial stability
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on thermolysin preparations than did hydrophobic carriers 
and suggested that the latter may compete for amino acid 
side cliains involved in the hydrophobic bonds maintaining 
the tertiary structure of the enzyme.
3. Kinetic parameters.

The natrire of the support was significant with 
respect to the kinetic parameters and V^') for the
immobilised -amylase derivatives.

AE-cellulose- p> -amylase displayed a lower 
value ( 0 * 274mg.ml”*̂  ) and a lower V^' value ( 15 • ̂ S^unol ♦min'”^) 
than the soluble enzyme ( 0 ,33ing.ml”^ ; 2.4l95mmol.min~^).
Bayne (104) found that the V^* values for AE-cellulose-yeast 
alcohol dehydrogenase preparations decreased on immobilisat
ion and the values increased for a number of substrates,

A ’ polyacrylamide-immobilised derivative of another 
hydrolase, thermolysin, (103) displayed extremely large
decreases in K ’ and V • values, in m

However, P A S - p  -amylase showed an increase in K^* 
value (l.25mg,ml*^) and a decrease in value (8,79^tnol,
min’^). Polystyrene-^)-fructofuranosidase (68) was found to 
display a two-fold increase in and a nine-fold decrease
in , possibly due to the particulate nature of the 
support isolating the enzyme from the bulk solution (66) or due 
to the hydrophobic environment affecting the distribution of 
the substrate around the enzyme, Geynes and Sehon (I05) 
found that the behaviour of polystyrene-antigen complexes 
depended on the degree of amination of the polystyrene, since 
this would determine the steric configuration of the complex.
If the polystyrene was highly arninated, it may result in an
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unfolded structure, whereas a low degree of amination may
produce a coiled structure stabilized by hydrophobic
bonding. If this theory is extended to PAS-/6 -amylase,
it can be seen that the degree of amination, by affecting
the structure of the PAS-enzyme complex, will affect the
access of substrate to the active site of the enzyme. A
large c^-l,4-glucan molecule will be less able to approach
/3-amylase if the immobilised enzyme is involved in a
coiled structure, where a certain amount of enzyme may be
trapped inside the coil. Therefore, if the value of V * ism
taken as a measure of substrate saturation of the enzyme, it 
can be seen that if less enzyme is available, ie. a 
proportion is enclosed within a strongly hydrophobic 
structure, substrate saturation would occur at lower substrate 
concentrations, and the apparent maximum velocity would 
decrease.

Pew reports exist concerning the effect of
immobilisation upon the kinetic parameters of /3-amylase, 
but Martensson (62) reported a K ' value of 7.0mg,ml"^ 
for soluble starch, compared with 1.2mg.ml ^ for the soluble 
enzyme in a /3-amylase-pullulanase system immobilised to an 
acrylic copolymer.

The K. value for maltose was found to decrease forX
AE-cellulose-/^ -amylase (3mM) and to remain constant for 
PAS- /3 -amylase (3 « 8mM) compared with the soluble enzyme 
(6.1mM). Martensson (62) reported a K.* of l4.6mM compared 
with a K , value of ?,6mM for the immobilised ^3-amylase- 
pullulanase system, but made no comments upon this increase, 
pilippusson and Hornby (68) reported an increase in the K,"
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value for Tris and a decrease in K^* for aniline by y3-
fruetofuranosidase . Doth comi^ounds wore affected by the
hydrophobic support, since aniline is an aromatic compound
and would be in a favourable environment around the enzyme,
whereas Tris, being a highly charged molecule, would be
partitioned such that its concentration around the enzyme
would be lower than that in the bulk solution.

If the nature of the support is considered, in a
simple case, to be the only factor affecting the kinetic
parameters of A-amylase, the variations in K * and V ' can / in ra
be explained as follows,

AE-cellulose-^ - amylase, by virtue of its cationic 
nature, places the enzyme in a positively-charged environ
ment, where it is attached to a large polymeric support.
In the soluble state, the enzyme is small compared to its 
oc -1,4-glucan substrates and is considered to carry a 
slight positive charge at its active site which attracts the 
overall slight negative charge of its substrate. The 
enhanced positively-charged environment created by 
immobilisation to AE-cellulose increases the attractive 
force between the enzyme and its substrate and results in 
an increased affinity, or lower K^' value (lOl),

This decrease in would also be contributed to by
the effect of substrate distribution between the environment 
around the supported enzyme and the main solution, since the 
charge effects mentioned above would result in a higher 
concentration of substrate around the enzyme than in the 
main solution, leading to ^-amylase apparently reaching its 
maximum velocity at a lower substrate concentration and there-
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fore displaying a lower value.
However, the size of the supported enzyme would 

be such that a large polymer substrate would be sterically 
hindered in its approach to the active site. Also, some 
weak binding may occur between the substrate and the support, 
resulting in a decrease in for the immobilised enzyme.

The decrease in obtained using maltose can
also be explained in this way, since maltose carries a weak 
negative charge, and its distribution between the main 
solution and the environment around the enzyme would be such 
that its concentration would be greater at the surface of the 
enzyme particles and inhibition would occur at apparently 
lower maltose concentrations.

PAS- -amylase showed less affinity for its substrate 
than the soluble enzyme since y^-amylase was situated in a 
hydrophobic environment and hydrolysing a hydrophilic 
substrate. The concentration of c^-l,4-glucan substrates a„t 
the enzyme surface would therefore be expected to be lower 
than in the bulk solution and, for reasons similar to those 
already mentioned, the value would increase. Similarly,
an increase in was found for polystyrene- yb -fructo-
furanosidase (68) hydrolysing sucrose,

Steric hinderance by the support and the distribution 
of the substrate between the environment around y3-amylase 
and the bulk solution, as mentioned above, resulted in a 
lower value.

However, the ’ value obtained for PAS-y5 -amylase 
using maltose was unaltered. Possibly maltose is a 
Sufficiently small molecule, with little charge, so that it
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may act as an uncharged molecule and be unaffected by the 
strongly hydrophobic environment imposed by the polystyrene 
matrix.
4. Action patterns.

The action patterns found for y3>-amylase preparations 
were each different from the multiple attack pattern found 
for the soluble enzyme,

AE-cellulose-y3 -amylase displayed an action pattern 
which was shifted towards a single chain attack mechanism.
This effect can explain the variation in kinetic parameters 
already discussed. For a single chain attack mechanism to 
occur (an extreme case), the life time of the enzyme~substrars 
complex formed between y3-amylase and an oC-l,4-glucan chain 
must be sufficient to allow the enzyme to completely 
hydrolyse the o<. ~1,4-glucan chain, and would be more favoured 
under conditions where the affinity of the enzyme for its 
substrate is increased. Therefore, in the case of AE-cellulose 
- -amylase, the enzyme may be expected to bind more strongly 
with its substrate.

During the course of hydrolysis, dissociation of the 
active enzyme-substrate complex may occur, but unless the 
substrate molecule (the residual oC-1,4-glucan chain) 
diffuses sufficiently far from the active site to be 
indistinguishable from other CpC-1 > 4-glucaii chains, the 
dissociation is not regarded as such, since the "dissociated" 
substrate has a greater possibility of binding, or re- 
complexing with yO-amylase than an average substrate chain 
in the remaining solution. For this situation, where the 
formation of an enzyme-substrate complex is favoured more
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than its dissociation, the equilibrium constant, is
larger, and therefore the value is smaller, than in
the situation where there is less affinity between enzyme 
and substrate. To extend the idea of "true" dissociation 
to the AE~cellulose- yA -amylase system, the number of "true" 
dissociations occurring during the action of the immobilised 
enzyme upon its oC~l»4~glucan substrate would therefore be 
less than for the soluble enzyme, since the positively- 
charged environment retains the substrate near the active 
site of the enzyme. Also, less competition would occur 
between substrate molecules for access to the active site 
due to steric hinderance imposed by the size of the matrix. 
Therefore, more catalytic events, ie, removal of maltose 
units, would occur for each productive enzyme-substrate 
complex than in the case of the soluble enzyme,

A similar explanation can be given for the shift 
towards a multichain attack mechanism for PAS- y3> -amylase. 
Similar dissociations would occur during the course of 
hydrolysis of the substrate as those described above, but 
the nature of the environment would be such that the hydro
philic substrate would be less likely to recombine with the 
enzyme in a hydrophobic environment and would tend to diffuse 
from the active site so that the next productive complex 
formed could be with any substrate molecule, since all would 
be indistinguishable from each other. Therefore, fewer 
catalytic events would be expected to occur for each 
productive enzyme-substrate complex and the action pattern 
would show a shift towards a multi-chain attack mechanism. 
Similar results have been reported for polystyrene- JL. -
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amylase (106) and for polystyrene-ainyloglucosidaso (IO7), 
which both showed a shift in action pattern towards a 
multi-chain attack mechanism for similar reasons to those 
proposed for ^-amylase.

In the discussion above, the nature of the support 
has been regarded as the sole factor in determining the 
activity of immobilised enzymes, whereas the effects of 
immobilisation upon the kinetic behaviour of enzymes can be 
classified as foilow s: -
1. Conformational changes, where the enzyme may be in a 
different conformation on the support (108) due to chemical 
modification induced by its linkage to the support and also to 
the type and number of bonds and the nature of the support. 
Adipimidate introduces a positive charge into the enzyme 
environment and therefore the retention of activity found
for AE-cellulose-^ -amylase (18̂ ,) and for PAS- -amylase 
(9 ,1^) may be duo to the stabilization of the positive charge 
of lysine residues, for which adipimidate is specific,
2, Steric hinderance. The activity of immobilised de
polymerases has been found to be decreased for polymer 
substrates but almost unaffected for smaller substrates.
This was demonstrated for proteases acting on protein and 
peptide substrates (IO9) and was mentioned by Axen and 
Porath (60) to explain the lack of activity of 3̂ -amylase 
immobilised to Sephadex, This may also partly explain the 
low V ^ ’ values found in this work for immobilised ^-amylase 
derivatives,
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3, E nvironmental effects, whei'e the enzyme is subjected
to a change in reaction environment, induced by the nature
of the support. This has already been mentioned with respect 
to the environments created around amylase by AE-cellulose 
and PAS supports, and is related also to the next factor,
4. Partitioning effects. Several factors can affect the 
distribution of che substrate around an immobilised enzyme,

i) Specific interactions may occur between the substrate
and the matrix and between protons and the matrix (llO),
This effect can explain the shifts in pH-profiles found
for a number of immobilised enzymes on charged supports
(lOl) and for AE-cellulose- -amylase (section 4,9.1<-l)
If the matrix and substrate have opposite charges the
distribution of the substrate around the immobilised
enzyme would be increased and this in turn would affect
the value as found for AE-cellulose- ̂  -amylase in
section 4,9.1.5.

ii) The physical nature of the support may be different
from the nature of the surrounding solution, A large
number of enzyme reactions occur in aqueous solution
with hydrophilic substrates, as in the case of
amylase. The immobilisation of ^-amylase upon a
hydrophobic support, eg. polystyrene, would be expected
to affect the distribution of the substrate around the
immobilised enzyme so that the enzyme is placed in an
environment where the substrate concentration is less
than in the bulk solution and therefore an increase in
K ' is obtained (68), m ' '
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iii) Diffusional limitations may affect the distribution

of substrate around the enzyme. Swollen gel particles 
can bind protein within their structure and therefore 
the binding capacity of a swollen gel is a function 
of the total number of its residues. Non-enzymic 
heterogeneous catalysis is limited by the rate of 
diffusion of the reactants to the active centre and 
therefore diffusion is rate-limiting to the kinetics 
of the catalytic reaction. In solution, few 
enzymic reactions are sufficiently fast that they are 
affected by diffusion, but solid-supported enzymes, 
ie, those in a heterogeneous system, are generally 
considered to be subject to diffusional limitations 
unless their activities are extremely slow (ill).

Two types of diffusion are important in immobilised 
enzyme systems; interparticulate, or film, diffusion and 
intraparticulate, or pore, diffusion,
a . Film diffusion

Substrate molecules diffuse from the bulk solution 
to the surface of the support, to reach the immobilised 
enzyme, through a diffusional layer which is a film around 
each particle,

Lilly _ejb af (66) studied the kinetics of CM-cellulose- 
ficin both in a stirred reactor and in packed beds and found 
that the of the enzyme preparation in packed beds was
dependent upon the flow rate, the decreasing as the flow
rate was increased, and at high flow rates the value
tended towards that for a stirred reactor. If each enzyme 
particle is regarded as being surrounded by a diffusion layer,
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the thickness of which is inversely proportional to the 
flow rate, the rate of diffusion of substrate to the enzyme 
is therefore directly proportional to the flow rate.
Similarly, Lilly ^  aJL (ll2) observed that the rate of 
hydrolysis of substrate by CM-cellulose-chyinotrypsin particles 
increased with the rate of stirring since the diffusional 
film contracted with increased stirring.

However, it can be assumed that the -amylase 
systems investigated in this work were not diffusion-limited 
since all experiments were carried out with the enzyme in a 
rapidly-stirred reactor,
b . Pore diffusion

As already mentioned, certain porous supports can 
bind enzyme protein internally within their structure, creat
ing a lattice structure round the enzyme with pores through 
which the substrate can diffuse.

In the case of yA™amylase derivatives, both AE- 
cellulose and PAS beads are porous and theoretically it could 
be expected that diffusional limitations would occur.
However the size of the macrosubstrate is such that virtually 
no diffusion of such a large molecule could be expected 
through the pores of the matrix and therefore any internally 
bound enzyme would make a negligible contribution to the 
overall activity of the preparation.

From the above considerations it can be seen that the 
effect of immobilisation upon the kinetic parameters and the 
action patterns of yG-amylase are due to a number of inter
acting effects and not to such a simple system as that 
considered earlier.
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The use of immobilised amylases is now gaining 

industrial importance, with uses in the treatment of 
effluents from a number of industries and also in food 
processing where a number of ot-l,4-glucanase preparations 
have been immobilised on a single support (62) for use in 
the breakdown of soluble starch to fermentable sugars.
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5. SUMMARY.
1. -Amylase was purified from barley malt by ammon

ium sulphate fractionation and gel filtration on 
Sephadex G-25 followed by chromatography on DEAE- 
cellulose. Traces of c<-amylase activity were 
removed by low temperature storage under acid 
conditions,

2. Pure -amylase was shown to release no soluble blue 
dye from chromogenic oC-1,4-glucans.

3. The kinetic parameters and of ^-amylase were
found to increase in the presence of traces of c<.** 
amylase. This was explained in relation to the cliain 
length of the substrate.

4. The’ values of and for y3-amylase were shown to
decrease with an increase in the degree of polymerizat
ion of the substrate. The values of K for the non-m
reducing terminal and for the internal portions of 
the substrate were determined,

5. An explanation was given for the dependence of and
upon the degree of oxidation of dialdehyde and 

reduced dialdehyde substrates.
6. Inhibition studies involving maltose, dialdehyde and 

reduced dialdehyde amyloses were carried out, A 
theory to explain the inhibitory effect of oxidized 
amyloses upon -amylase activity was put forward,

7* Immobilised yG“amylase derivatives were prepared using
AE-cellulose and PAS supports. The apparent values of
K and V for soluble starch and of K. for maltose were m m 1
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determined for each preparation.

8. The action patterns of the soluble enzyme and
immobilised derivatives on aniylose were investi
gated, confirmed by chromatographic analysis of the 
reaction products and intermediates of maltoheptaose 
hydrolysis and explained in terms of the alteration 
of enzyme affinity towards the substrate upon 
immobilisation.
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6. APPENDIX. ' I

DATA PROCESSING (l)
All K and V values throughout this work were r a m  ^

VM - .m

DD ~ Denominators used to simplify arithmetical
operations•

82 - Experimental variance.
81 - Square root of 82 (sigrna) ,
SECK, SEV - Standard errors of estimates of and 

respectively, ,

I,J,K - Counting indices for DO-loops.

I

estimated using a FORTRAN IV program modified by Carvalho 
(92) from an original program by Cleland (II3).

Symbols used in the program were:
V(l), v(2), etc. - Experimental velocities, |
A(1), A(2), etc. - Corresponding substrate concentrations,
V(l), ¥(2), etc. « Weighting factors for velocities,
S(l;l), S('l,2), etc. - The array in which , yG i ^ andoA

are solved.
q(1), Q(2) etc, ~ The array used to calculate the S 5

array,
2SV2 - Summation of V .

1:JJ - Number of data sets processed, j
NP - Number of data cards following title card,
M - With M ~ 1, the matrix solution subroutine uses |

statements I5 and 16 to make provisional 
estimates of and V^. With M = 2, statements 
17 and 18 are used to make fine estimates of

Km Ai*
CK - K^.

NT Number of iterations.
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C PROGRAM HYPER
DIMENSION V(100) ,A(100) ,?/(lOO) ,S(2,3) ,Q(3) ,88(6)
PRINT 100

100 FORMAT (35H FIT TO HYPERBOLA V « VMAX-5̂ A/(K-}-A)///)
11 FORMAT(13, 17X,46H ANYTHING HERE WILL BE PRINTED DURING OUTPUT) 
1 FORMAT (3F10.5)
J J w 0

14 READ 11,NP 
IF(NP) 99,99,12

12 M =  1 
SV2 = 0
P = NP - 2 
JJ = JJ H- 1 
PRINT 11,JJ 
PRINT 37

37 FORMAT(5H DATA,5X,8HVEL0CITY,5X,9HSUBSTRATE,5X,6E//EIGHT)
GO TO 2

15 READ 1, V(I),A(I),W(I)
PRINT 38,V(I),A(I),W(i)

38 FORMAT(10X,F10.5,3X,F10.5,2X,F10,5)
IF(W(I)) 19,19,20

19 W(l) = 1
20 q(l) = V(I)**2/A(I)

Q(2) = V(I)*»2 
Q(3) = V(I)
SV2 = SV2 = Q(2)
GO TO 13

16 DD « (8S(6)*88(l) - SS(5)*8S(2))
CK - ((8S(4)*SS(5)) - (88(6)*8S(2)))/DD 
NT « 0 
M = 2
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GO TO 2
17 D « CIC + A(l)

4(1) = a (i)/d 
4(2) « ~4(1)/D 
4(3) = V(I)
GO TO 13

18 DD = (8S(l)*SS(4) - SS(2)**2)
D1 = ((8S(4)*SS(5)) - (S8(2)*8S(6)))/DD 
B2 = ((SS(l)*SS(6)) ~ (SS(2)*SS(5)))/DD 
CK = CK + B2/B1 
VM = B1 
NT = NT + 1 
IF(NT-3) 2,21,21 

21 82 « SV2 - B1*SS(5) » B2*8S(6)
82 = 82/P 
81 = SORT(82)
SECK = (S1/B1)*SQRT(SS(1)/DD)
SEV = S1*SQRT(8S(4)/DD)
PRINT 30,CK,SECK 
PRINT 31,VM,SEV 
PRINT 35,82,81

30 FORMAT(7H0K = F12.6,13H 8.E.(K) = F11.6)
31 F0RÏÆAT(7H K = F12.6,13H S.E.(V) « F11.6)
35 FORMAT(12H VARIANCE = E14.5,10H SIGMA = FI2.7//) 

GO TO 14
MATRIX SOLUTION SUBROUTINE

2 DO 3 J - 1,3 
DO 3 K = 1,2

3 S(K,J) = 0
DO 4 I = 1,NF 
GO TO (15,17),M
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13 DO 4 J « 1,3 
DO 4 K = 1,2 

4 S(K,J) = S(K,J) + Q(K)*Q(J)*W(I)
1 =  0
DO 7 J = 1,3 
DO 7 K = 1,2
I = I 4- i 

7 8S(I) = S(K,J)
GO TO (16,18),M 

36 FORMAT(23H FROGRAIÆ COMPLETED FOR 14,6H LINES) 
99 PRINT 36,JJ 

STOP 
END
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Statements l4 and 15 formulâte the input according 
to formats 11 and 1, An initial card used in front of each 
data set contains the number of data points (columns 1-3) 
and any desired title (columns 21-69). The data set follows, 
with a data card for each point, providing velocity, substrate 
concentration and weighting information in columns 1-10, 11-20
and 21-30» respectively. In this way, any number of data sets 
may be used in the data deck, with data input terminated by 
using a blank card after the last data set,

A full explanation of the program has been given by
Carvalho (92), involving rough (provisional) estimations of

and values, followed by three iterations resulting in
finely adjusted values together with standard errors for
and V and the experimental variance for the data set# m

DATA PROCESSING (2).
A number of investigations during the course of this 

work required plots drawing a best fit line through a set of 
data points to give accurate information of the intercepts of 
the line at the ordinate and abscissa (section 4.5*3) and also 
to allow an evaluation of the point of Intersection of two 
lines (sections 4.7,1, 4.7.2, 4.7.3, 4.9.1.5 and 4.9.2.5).

A standard FORTRAN IV bivariance statistical program 
(ESBIVjVR; autJior, ¥.E, Stephens, Department of Geology, 
University of St, Andrews), stored in the University of St, 
Andrews computer was used for correlation analysis.
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