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After a brief account of the properties of the starch compe

onents, the action patterns of the more important starch-metabolising
engynes,; and the importance of these enzymes in determining the struc-

tures of amylose and amylopectin have been discussed.

The physical and enzymic technigues used in this study have
been outiined. A procedure for the extractlion of starch from potatoes
has been described and the conventional method of fractionating potato
starch by dispersion into boiling water has been discussed,

starch, pretreated with liguid amumonia, dimethyl sulphoxide or
alkall has been dispersed in water at room temperature and successfully
fractionated using a "critical concentration™ of butanol, The amylose
sanples obtained from such fractionations were incompletely degradad by
3 =amylase. fthese results indicate that the structural-anomaly present
in large anylose molecules 1s unlikely 10 be an artefact which has been
introduced during the fractionation of starch at high temperatures,
Fractionation of potato starch by the method of Killion and Foster (1960)
yielded samples ol anylose and amylopectin whose properties have been
shown to be similar to those of the products from a conventional fract-
ionation. |

Unheated, agueous solutions of pretreated potato starch have
been examined in the ultracentrifuge and have been shown {0 contaln 1wo
components. This result suggests that the "lUnitarian Concept" of starch
is iancorrect. |
Investigations on the preparation of samples of linear amylose
have been carried out; agqueous leaching of starch granules at 60 = 6500.,
followed by a dimethyl sulphoxide/ethanol fractionation of the leached
material, was found to be the most efficlient method for preparing such
sanples.

A detailed study on the extraction, purification and propert-
ies of soya bean Z~enzyme has been made. The action pattern of this
enzyme has been investigated and found to be similar to the action
patterns of other plant | —-amylases.

J =anylases from broad beans, barley and malted barley have also
been examined. Various procedures for determining [ -~amylase activities
have been discussed and the method finally adopted in this work has been
-described. Using viscometric technigues, kinetic studies on the action
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of these enzymes on linear-amylose substrates have indicated that the
JA=amylases hydrolysed the substrate in a completely random fashion.
However, chromatographic examination of the products of the action of
these enzymes on oligosaccharides showed that there are six linkages in
such substrates which are relatively difficult to hydrolyse - these are
the first five linkages from the non-reducing end and the linkage at the
reducing end of the molecule. The extremely slow rate of attack of
these plant J-—amylases on small oligosaccharides compared to that of
salivary A -aunylase has been shown by & study on maltotetraose; the
salivary engyme hydrolysed this subsirate some 100 x faster than did the
plant enzymes.

The relative rates of attack of the [-amylases on various

starch-type substrates were found to be: amylose > amylopectin > glyco=-
gen., . :
Investigations of the extraction and purification of R-enzyme
from broad beans have shown that the removal of J~amylase impurity from
such preparations is extremely difficult. However, methods for remov-
ing this impurity have been discussed,

The action pattern of crystalline sweet potato ‘3-&mylase on
fractions of linear amylose has been exemined by measuring the molecular
gize of the dextrin-product. Jhen wigorously subfracticnated aaylose
samples were used, the reaction mechanism hags been found to be almost
completely multie-chain at pi 5.0. The results of comparable experim-
ents using fractions with a wider molecular-weight distribution indic-
ated that the reaction was apparently single-chain, This bebaviour
has been predicted by French (1961).

A comuercial preparation of potato phosphatase has been
purified and shown to be frce from (—amylase, The action of this
enzyme on glucose O-phosphate, amylopectin, amylopectin«p-limit dextrins
has been studied. Although the glucose 6-phosphate and /=-limit dext-
rin were raplidly attacked, only very small amounts of phosphate were
removed from the other two substrates. The implications of these
results have been discussed.
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CERNERAL INTRODUCTION

Although the main structural features of the starch
components - amylose and amylopectin - are now generally accept-
ed, the fine-structures of these polysaccharides are still in
dispute. Chemical techniques are not sufficiently sensitive to
detect possible slight modifications in the general structures of
these large molecules and s0 enzymic and physical techniques
have to be employed. The enzymes used in such studies must be
pure, and most of the work in this thesis describes attempts to
isolate and characterise several starch-modifying enzymes.

A brief account of the properties of the starch
components and of the most widely used starch-metabolising
enzymes is given in Section 1, while the next section surveys the
experimental techniques used in this work.

The heterogeneity of amylose is discussed in Section 3.
Solutions of amylose samples which had not been heated above
room temperature were investigated to determine whether the
barrier, to R —amylolysis is an artefact introduced during
fractionation of the starch granules, or whether this barrier is
inherent in amylose molecules. This section also includes an
investigation and discussion of the "Ugitarian Concept® of
starch.

With the exception of malted-barley [ -amylase, plant

A =amylases have not previously been extensively studied. In
Section 4, the extraction, purification and properties of some
plant [ -amylases are discussed. Ihe action-pattern of soya-

bean i-enzyme is compared to those of the -amylases from
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broad bean, barley and malted=barley. The properties of
these plant [-amylases have been contrasted with those of
J —-amylases from various sources.

Section 5 describes attempts to prepare R-enzyme with
special reference to the removal of trace amounts of [ -amylase
impurity from such preparations.

Lxperiments to determine the action-pattern of sweet
potato p-—amylase were carried out and the implications of the
results from these experimentsfare discussed in Section 6.

An investigation on potato phosphatase was carried out
and the results are described in Section T. A commercial
preparation of the enzyme was used and contaminating |-amylase
had to be removed before the action of the enzyme on starch-type

substrates could be studied.
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STARCH AND ITS COMPONENTS
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Starch and its Components

Starch is the most abundantly distributed reserve
polysaccharide in plants; the resting cereal seed and the
potato tuber contain large amounts of starch which can be
rapidly assimilated on germination or sprouting. Barly
methylation studies (Haworth, 1928; Haworth and Percival,1931)
showed that starch was a polymer of D-glucose units and was
composed of chains of finite length. Kinetic studies on the
acid hydrolysis of starah(Freudenberg, 1930, 1936) indicated
that the chain-forming linkage in starch was L -glucosidic.

In 1905, Maguenne postulated that starch consisted of
two substances, amylose amnd amylopectin, which had the same
chemical properties but had different degrees of physical
aggregation. Later, Staudinger (1937) suggested that starch
was a polymeric~homologous series, i.e. starch was a mixture of
molecules of varying size but which were built to the same
chemical pattern. This is the "unitarian®™ theory of starch
structure and it still has some supporters (Bauer and Facsu,
1953). However, starch is now generally considered to consist
of a mixture of amylose and amylopectin.

Ihe Fractionation of starch. lieyer and his co-workers

(19400 used the technigue of agueous leaching. to obtain
fractionation of starch granules. This method involved the
extraction of swollen but intaect starch granules with successive
portions of water at 70°C, until no further soluble material was
removed. Separation was achieved by either filtering or

centrifuging the resulting suspensions. The soluble extract
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represented the amylose component and the residue of swollen
granules contained the amylopectin. High temperatures and the
use of chemicals were avoided in this procedure but complete
separation of the two components was not achieved. Although
the amylose samples obtained were apparently pure the amylopect—
ins were contaminated with amylose.

Schoch (1942) devised a more efficient method of
fractionation in which he obtained complete dispe:sion of the
starch granule by autoclaving at high temperature and pressure.
The amylose component was separated as an insoluble complex by
the addition of a polar organic substance to the starch solution
and the amylopectin was obtained from the supernatant liquid.
rure amylose was obtained by repeated recrystallisation but the
anylopectin fraction could not be purified further. some of the
principal properties of the two components are shown in Table

1.01.

Amylose

Ihe Fine Structure of Amylose. Investigations of the fine

structure of this component have been mainly concerned with the
problem of heterogeneity.

The methylation procedure of Haworth (1928) was the
first technigue to be used in this study. lieyer (19400
proposed that amylose possessed an unbranched structure when he
found that the degree of polymerisation of maize amylose obtained
from methylation studies corresponded to that derived from

osmotic pressure meas urements on the acetylated derivative. This
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Table 1.01.

A comparison of the properties of amylose and amylopectin,

Froperty

Amylo se

Anylopectin

liolecular conrige-
uration

liolecular weight

Stability in aque-
Eoua solution

f

glodine colourat-—-
ion

Amax. of absorp-
tion spectra (my )

f — amylolysis limit
Action of p-amylase
t Z~enzyme

Complex formation

X-ray diffraction

Average chain leng-

th (glucose residues)

Lssentially linear

ca. 108

Unstable, tends to
retrograde

Intense blue

680

| ca. T0-80% convers—
- Ton into maltose

Complete hydrolysis

Readily forms comp-
lexes with polar
substances.

Crystalline

100 - 6,000

Into maltose

Branched molecule

ca. 108

Stable
Furple~brown
53C-540

ca. 55% conversion

High molecular
welight dextrins

Very limited complex
formation with polar
substances,

Amorphous or weakly
crystalline patterns|

20 - 25
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view was disputed by Hess (1940) who maintained that amylose
was not entirely linear. leyer, Wertheim and Bernfeld (1941)
and Hassid and liecCready (1943), however, presented evidence
confirming that potato amylose was not branched.

In 1945, Hirst and his co-workers applied the
technique of periodate oxidation to end-group analysis. Using
this procedure, Fotter and Hassid (1948) determined the
molecular weights of some amylose samples and compared them
with values obtained from osmotic pressure measurements on
acetylated samples of the amyloces,. They concluded that
potato amylose was unbranched, although results for other amy-
loses (tapioca, wheat, maize, sago) indicated a small degree of
branching, These results for potato amylcse were substant-
ially confirmed by lMieyer and Rathgeb (1948). FPotato amylose
was subfractionated by successive partial precipitations from
agueous solution with octyl aleohol (Lansky et al. 1949).

These subfractions were examined by Fotter and Hassid (1951)
who again coancluded that potato amylose was unbranched,

It is doubtful, however, if much significance can be
attached to these early chemical investigations. The amylose
samples used in the experiments were probably contaminated with
small amounts of amylopectin and the experimental techniques
were not sufficiently precise to indicate the precence of a very
small number of structural modifications in the anylose molecules,

A more rigorous approach to this problem has been the
use of starch-metabolising enzymes. The greatest care, however,
must be taken to ensure that the enzymes employed are pure. For

instance, additional early evidence for the linearity of amylose
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chains was based on the finding that amylose was completely
converted into maltose by [ -amylase. It was later shown
(Peat et al., 1949) that crystalline sweet potato R-amylase
converted only ga. 80% of the available amylose into maltose.
When an iwmpurily, Z-enzyme, was also present, the hydrolysis
approached 100% conversion. These results afforded
conclusive proof that amylose was not completely linear. Later
workers (Cowie and Greenwood, 1957bj; Arbuckle and Greenwood,1958;
Banks et al, 1959a) showed that there were two types of aumylose
molecules present in starch granules: (i) some which contained
a randomly situated barrier to 3 -amylolysis; (ii) others which
were completely linear.

The anomalous linkages or units in amylose have been
investigated by many workers, but no widespread agrecment exists
as to the nature of the structural anomaly. As already shown,
early workers presented chemical evidence for the existence of
a small amount of branching in the amylose molecule. reat et
ale (19522) thought that the barriers to R —anylolysis were p-1:

5 glucosidic linkages joining single glucose residues to the

main chain. This was refuted by Heufeld and Hassid (1955),

who showed that the enzymic system used by rPeat et al. (1952a) was
grossly impure. darriers to 3-amylase action may be in-
advertently introduced during fractionation (Banks et al. 1959Db),
and they may take the form of modified glucose units containing
aldehydic or carboxylic groups on C; . It appears unlikely

that ester-phosphate groups (which are known to be present in
potato starch) constitute the barrier (Banks and Greenwood 1961).
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Recent physico-chemical studies on the hydrodynamic behaviour
of some amylose samples suggest that the anomaly might be due
to a small amount of branching in some amylose molecules
(Greenwood, 1960). Kjglberg and Manners (1963) have presented
enzymic evidence confirming this result.

Amylose in agueous solution. The instability of aqueous

starch solutions is due to the amylose component which rapidly
precipitates on standing at room temperature. Dried amylose is
only sparingly scluble in hot water and separates again in an
insoluble form (retrogradation) when the solution is stored. On
the other hand amylose can be readily dispersed in dilute alkali
but neutralisation of the alkali again leads in a short time to
precipitation. According to lieyer (1942), amylose in agueous
solution is in the form of a long linear chain with a high
content of hydrophilic groups. Associative forces cause these
chains to aggregate parallelwise until colloidal dimensions are
exceeded and precipitation occurs. Retrogradation is exceed-
ingly complex and the rate of precipitation from solution is
dependent upon a2 number of factors including pH, concentration of
the amylose solution and the size of the amylose molecules
(Foster and Sterman, 1956; Whistler and Johnson, 1948; Loewus
and Briggs, 1957). The last comsideration is particularly
important in studies on the enzymic synthesis and degradation of
amylose. Lansky et al. (1949) have shown that the retrogradate
ion time of a series of amylose subfractions is inversely
proportional to their chain-length until a certain ecritical
value is reached, below which the molecules are too small %o

form visible aggregates, These resulits explain the appearance
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of precipitates during the A -—amylolysis of concentrated
solutions of amylose (Walker and Whelan, 19609.

Since dried amylose samples cannot be maintained in
neutral solution (retrogradation), or in acid solution
(degradation), alkali is normally used as the solvent and this,
too, raises the possibility of degradation. Wolff et al, (1950)
showed that at 0°C, the viscosities of amylose samples dispersed
in alkali (1M.) did not perceptibly decrease over a period of
48 hours. At higher temperatures, however, oxygen must be
excluded from such solutions. Bottle et al. (1953) showed that
in the absence of oxygen potato amylose was stable in agueous
solution and in potassium hydroxide (0.2M.) even at 100°C. 1In
the presence of oxygen the viscosities of the samples in agueous
solution decreased slowly but the samples in alkali were very
rapidly degraded.

Baum and Gilbert (1954) have suggested that amylose
contains oxygen sensitive bonds which are hydrolysed at high
temperatures and in the presence of oxygen.

It is obviously very difficult to obtain satisfactory
solution of dried amylose samples, but agueous solutions may be
readily prepared from the amylose-butanol complexes.  Lxcess
butanol can be removed by centrifugation and the hard-packed
complex is readily soluble in cold water. These solutions are
stable at room temperature for many hours. because of the
basic instability of amylose in the presence of oxygen, all
fractionations and recrystallisations should be carried out in

an inert atmosphere.
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Amylose Complexes. One of the most important properties

of amylose solutions im their ability to form complexes with
iodine and with polar organic compounds such as thymol and
butanol. It has been shown by optical and i-ray investigat-
ions (Rundle and Edwards, 1943; Rundle and French, 1943) that
the solid complexes which amylose chains form with iocdine and
butanol are coiled in the form of a helix, each turn of which
containg six glucose residues., Rundle et al. (1944) and, more
recently, Rao and Foster (1963) have respectively shown that
both the amylose-~iodine-iodide complex and the amylose-
butanol complex assume the helical form in solution. Ketzbeck
and Kerr (1950) postulated that complex—formation is not an
adsorption phenomenon, but that the complexing agents penetrate
inside the helices formed by the long amylose chains. The
formation of such chains is supposed to stabilise the helix.

Whistler (1950) reported that the minimum chaine
length of amylose molecules required for the formation of
insoluble complexes varied according to the nature of the com=
plexing agent. The minimum size of maltodextrin chain which
would form a visible complex with butanol was twenty glucose
units in length. On the other hand, Thoma and French (1960,
1961) furnished evidence to indicate that iodine will react with
units as small as maltose and maltotriose -~ these complexes, of
course, are not visually detectable.

1t has been sugzested (Mould, 1954) that stable,
resonating and extended iodine~iodide chains are formed within
the helical structure of amylose molecules. These polyiodine



[C.

complexes yield the characteristic blue colour of starch-iodine
interactions. As the length of the amylose chain decreases,
however, the iodine-~iodide resonating structure breaks up into
discrete complex groups and the gradually increasing polarisat-
ion of the iodine molecules by lodide ions has the effect of
shifting the absorption maxima to shorter wave-~lengths. Thoma
and French (1960) have shown that as the amylose chain decreases
in size so the amount of triiodide ion present in the complexes
increcases. iWhen the glucose chain is less than eight units
long, thé.triiodide ion predominates in the complex but, since
this species does not give a visible colour, short chain
maltodextrins do not give visible colours with iodine.
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Amylopectin,

The Fine structure of amylopectin, Barly methylation studies

indicated that the average length of unit chain of amylopectin
was 20 - 25 glucose residues. This finding was confirmed by
Brown et al.(1948), using the periodate oxidation technigue.
Amylopectin has also been found to have virtually no redueing
power and a high molecular weight. The only explanation for
these facts is that the amylopectin molecule is highly branched.
The presence of [ =l: 6 inter-chain linkages in
amylopectin was indicated by liontgomery et al. (1949) when they
isolated the vranched disaccharide, isomaltose, from enzymic
hydrolysates of waxy maize starch. Further proof of their
presence was provided by Thomson and Wolfrom (1951) who showed
that the partial acid hydrolysis of amylopectin yielded the
branched trisaccharide, panose. The technique of periodate
oxidation has also afforded convinecing proof that the greater
proportion of branch-linkages in amylopectin are of the 1: 6 =
type. The isolation of small gquantities of glucose from the
acid hydrolysates of periodate-oxidised amylopectin samples
(Abdel=shker et al, 19523 Hamilton and Smith, 1956) indicated the
presence of 1: 2 or 1l: 23 linkages in amylopectin, lanners and
lercer (1963), however, were unable to confirm these findings.
From the above results it is clear that amylopectin
consists of a number of short chains of L =1l: 4-linked
anhydroglucose units joined to each other by L =1: 6 - linkages.
Three types of structure have been proposed for amylopectin to
show how the unit-chains are joincd to one another. They are
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shown in Fig, 1.01. The "laminated" structure of Haworth et
al, (1937) and the "herring-bone" structure of Staudinger and
Husemann (1937) were originally proposed to account for the great
difference between the molecular D.Py (degree of polymerisation)
and the wnite-chain D.,P. of amylopectin,

liyrback and Sillén (1949) pointed out that the three
structures postulated for amylopectin contained different
arrangements of the same basic chains. Peat et al, (1952)
suggested that these chains should be termed A=, B-, and C=-
chains, The A~ chain is linked to the rest of the molecule
through its reducing group by an A «~l: 6 linkage; the B- chain,
in addition to being linked as an A= chain, is also substituted,
through the 05 hydroxyl group, in one or more of its constituent
glucose units; the C= chain is joined to the molecule only by
substitution through the 06 hydroxyl group and it carries the
sole reducing group in the amylopectin wmolecule, From Fig.1l.01
it is obvious that in a) there is only one A~ chain; in b)
there are no B- chainsy in ¢) there are approximately egqual
numbers of A~ and B-~ chains, Since the structures each contain
ong C= chain they differ only in their proportion of A~ and Be-
chains.

Engymic evidence has shown that the lieyer structure
is the most probable representation of amylopectin, Peat et al.
(1952) distinguished between the three structures by examining
the maltosaccharides liberated when the g = limit dextrin of
waxy malze starch was submitted to the debranching action of
R -enzyme., (See later). The yield of maltose and maltotriose



{2a

ElG 1.01

taudi t O I

i fo
O Non reducing end qroup
,L &=1:6 linlg




i3,
from the outer A= chain stubs was 12.8%. A "tree=type"
molecule containing egual numbers of 4= and B~ chains would
have yielded 10.4%, whereas "laminated" or "herring-bone"
structures would have yielded less than 0.1% or 20.8% of malt~-
osaccharides, respectively.

Larner et al.(1952) treated wheat and maize amylopect—
ins with phosphorylase in the presence of inorganic phosphate.
The residual dextrin contained A~ chains which had been reduced
to single glucose residues, and B- chains which had been reduced
to five glucose units (Bori and Larmer, 1951). Treatment of
the dextrin with amylo «l: 6 - glucosidase removed the exposed
A= chain stubs, liberating glucose. After inactivation of the
debranching enzyme, the residual polysaecharide was again incub=-
ated with phosphorylase. Treatment of this second dextrin with
amylo -~1l: 6 - glucosidase. again yielded glucose, but the amount
was less than that obtained by the first treistment. These
experiments eliminated both the Haworth structure, which would
have yielded a much smaller and constant amount of glucose on
each successive hydrolysis with amylo =1l: 6 = glucosidase, and
the Staudinger structure which, after the first treatment with
Amylo -1: 6 = glucosidase, would have been completely degraded
by phosphorylase.

The isolation of an oligosaccharide, containing two
branch points, from the products of salivary L- amylase action on
amylopectin (Roberts and Whelan, 1960) provided additional
evidence that lieyer's multiply-branched amylopectin structure

is probably correct.
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Carbohydrase Enzymes

Almost all synthetic and degradative rcactions of
polysaccharides which are catalysed by enzymes can be expressed
in terms of a reaction between a donor and an acceptor sub-

strate as shown in the following equation.

D= OR <+ He=0A — D = 0A + He-OR
Donor subsirate Acceptor substrate

In the reaction, the group OR, in the donor substrate,
is removed and replaced by OA from the acceptor substirate. For
example,the action of B - amylase on glycogen, Fig. 1.02,
illustrates this type of reaction (Mayer and Larner, 1959). The
glycogen molecule is the donor substrate (D = OR) and the accept=-
or substrate (H -~ 0A) is water. The enzyme removes an anhydro-
maltose unit from the glycogen and transfers it to an hydroxyl
group of the water to form maltose. In splitting the donor
substrate the enzyme could hydrolyse either the C - 0 bond ox
the © =« H bond, It has been shown for a number of enzymes €.8.
muscle phosphorylase, sucrose phosphorylase (Chbn, 1949), almond
emulsin (Bunton et al. 1954), p — amylase, pig pancreas . —amylase,
B. subtilis 4 =-amylase (lMayer and Larner, 1959) that the
transfer involves the glycosyl (D) and not the glucosidic (DO)
grouping.,. This has been done by using acceptor substrates of
the type H - OlaH and demonstrating that in the products the
heavy oxygen isotope is contained in D=0A and not in [-OR.

Fig. 1.02.
Starch metabolising enzymes have yielded much

valuable information concerning the fine structures of amylose
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FIG 1.02

p-amylolysis of &-1:4 glucans.
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and amylopectin,. These enzyunes may be divided into two main

classes - synthesising enzymes and-degzrading enzymes and
degrading enzymes (Whelan, 1958).

Starch Synthesising Enzymes

D-enzyme. (Peat, wWhelan and Rees 1953, 1956; lPeat, Whelan and
Kroll, 1956). This engzyme is a transglycosylase, transferring
two or more glucose units from a maltodextrin substrate to a
suitable acceptor forming oanly |- 1l: 4 - glucosidic bonds. The
maltodexirin chains, themselves, act as acceptors in this reaction.
If the glucose produced in the reaction is continuously removed
then the enzyme is capable of forming linear chains of amylose
from maltodextrin substrates.

Fhosphorylase. (Whelan, 1955). The enzyme successively
transfers | =glucosyl units from J-D=glucopyranose l-phosphate
(G 1=F) to primer chains containing at least three /=D=glucose
units, The single glucose residues are attached by means of
A= 1: 4 linkages to the non=reducing end of the primer chains,
Fhosphate ions are liberated in the reaction, If phosphorylase
is incubated with amylose and inorganic phosphate then the
reverse reaction takes place; Gl - P is formed by the transfer
of L =glucosyl units from amylose to the phosphate groups. This
reaction is similar to (3 —amylolysis in that the hydrolysis of a
linear substrate by both g -amylase and phosyhorylasIe is halted
by a structural anomaly in the chain.

g=enzyme., (Barker et al. 1950; Gilbert and Patrick, 1952; Baum
and Gilbert, 1953). This enzyme is a transglycosylase., It
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severs the .[ ~1: 4 bond in an amylose-type chain and transfers

the portion carrying the newly exposed feducing group to another
chain with the formation of an [ -l: 6 linkage between the
reducing end of the severed portion and a primary hydroxyl group
in the acceptor molecule. For the reaction to take place at a
significant velocity, amylose chains containing at least 40
JAd=D=glucose residues are required but they do not require to be
completely linear. The end-product of the reaction is a

branched polysaccharide which is very similar to amylopectin,

starcgh Degrading bnzymes.

il

Exoamylases. These enzymes, [3 -amylases, hydrolyse alternate

linkages in amylose and in the external chains of amylcpectin
and glycogen with the production of (3 -maltose. This neces-
sitates a Walden inversion during the hydrolytic process. The
enzymic hydrolysis commences at the non-reducing end of the
substrate molecule and is inhibited by any structural anomaly in
the chain,

Endoanylases. These enzymes, J —auylases, catalyse the random

hydrolysis of _ =1l:4 linkages. With linear substrates the
main produscs of the reaction are maltose and maltotriose. Since
the [ --amylases cannot hydrolyse the . -~1:6 linkages of
amylopzctin and glycogen, re%iion with these substrates leads

to the formation of high molecular weight branched dextrins.

Debranching Enzymes. R-enzyme (Hobson et al. 19513 FPeat et

al., 1954; liacwWilliam, 1958) severs the _/ =1:6 linkage in
amylopectin, but it has an almost insignificant action on



[,
glycogen, probably because of the greater compactness of the

glycogen molecule.

Amylo -1l:6-glucosidase. (Goerdeler, 1958) removes terminal

A =glucose units joined by . -1:6 linkages to primary hydroxyl
groups in the muscle-phosphorylase limit dextrins of amylopectin
and glycogen.

Isoamylase. (Gunja et al, 1961). This enzyme is similar to

R-enzyme in that it hydrolyses the outer | -1:6 inter-chain
linkages in amylopectin.



SECTION 2.
GENERAL EXPERIMENTAL TECHNIQUES
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2a. ULITRACLNTIRIFUGATION

If the density of a material suspended or
dissolved in a liquid differs from that of the liguid, then
a force field applied to the system will separate the solute
and the solvent, The particies in a suspension will %end to
settle out under the influence of the earth's gravitational
field, but particles of colloidal dimensions require force
fields many times greater than gravity in order to overcome
diffusion and promote a measurable sedimentation rate.
Centrifugation at high speeds is the most efficient method of
achieving such force fields. Speeds as high as 60,000 r.p.m.
may be required and they are achieved in an ultra-gentrifuge.
The technical difficulties involved in the construction of
this instrument were overcome by Svedberg (1940).

In this work the ultracentrifuge has been used to
study rates of sedimentation and polymer homogeneity.

Sedimentation velocity. When a sufficiently
large Fforce=field is applied to a particle in solution it will
sediment in the direction of the applied force. The rate of
movement of the particle will depend on its size, shape and
density, the density and viscosity of the medium and the
magnitude of the gravitational field, assuming that no
convection or electric currents interfere with its motion.

After initial acceleration, the rate of
sedimentation will be constant because the centrifugal forece
is balanced by a frictional force. At a distance x, from the
axis of rotation, the centrifugal force is

wha (i— < P)m
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w is the angular velocity; m is the mass of the sedimenting
molecule; v is the partial specific volume; F)ia the density of
the solution. The frictional force is the product of the
velocity (g%;) and a frictional coefficient (f). Thus

WAl = zo)
; d _ v _ ¢ :
& & @%”CE?x g ﬂﬂLﬁL@L_ - S 2.02

The sedimentation coefficient is the velocity of sediment-
ation per unit force field.

Sxperimental. A Spinco Model E ultracentrifuge
capable of speeds of up to 60,000 r.p.m., was used in this work.
The cell containing the solution to be examined consisted of a
centrepiece with a sector-shaped cavity clamped between quartz
discs, and held in a c¢ylindrical housing. Two types of cell were
employed, having cavities 12 mm. and 30 mm in length, respectively.
The latter was used with dilute solutions (Ac»l%), since the
increased optical path length gave better definition. The cell
was radially aligned in the rotor by means of scribe marks. It
is important that the cell be properly aligned otherwise convect-
ional disturbances affect sedimentation. The rotor chamber was
evacuated (pressure < |y mercury prior to acceleration. During
the run the temperature was maintained at 20 % 0.02° by means of
a Rotor Temperature Indicator and Control Unit. The schlieren
optical system gave a direct measure of the variation in
refractive index gradient throughout the cell. Photographs of
the sedimentation boundaries were taken at known time intervals.
The distance of the maximum ordinate of the peak, on the schlieren

pattern, from a reference line was measured with a travelling
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microscope. After correction for a magnification factor,
this distance was related to the absolute distance (x), of
the sedimenting boundary, from the axis of rotation. The
sedimentation coefficient was then evaluated from a plot of

log x versus time, when

S = 2-303 Cvl JOﬁL

= 1c w2 2.03

Dependence of sedimentation coefficient on concentration.

Sedimentation studies ought to be carried out on
infinitely dilute solutions so that each molecule may sediment
freely. At high concentrations the probability of molecular
entanglement is greatly increased so that the molecules lose
their individual character and there is no free: sedimentation.
Although nearly all polymers exhibit concentration-dependent
sedimentation, the degree of dependence varies according to the
physical properties of the macromolecules. Rigid, spherical
molecules such as glycogen show very little dependence upon
concentration, but rod-like molecules such as amylose are
markedly concentration dependent,

Since it is not practicable to measure sedimentation
coefficients in very dilute solutions they are measured over a
range of concentrations and the values obtained are extrapolated
to zero concentration. Gralén (1944) has shown that for many

systems the extrapolation may be achieved by

S = so 2,04
1+ K.C

where 5 is the sedimentation coefficient at concentration ¢, So

is the corresponding value at infinite dilution and k is a constant
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characterising the concentration dependence. This function
is usually plotted as;% versus ¢, ylelding a straight line.
This is a purely empirical relation,

rolymer Homogeneity. The technique of ultracentrifugation
may also be successfully applied to the problem of homogeneity
in solutions of macromolecules. If the polymeric species

under examination has a broad distribution of molecular weights
then a broad schlieren pattern is obtained on ultracentriBugation
because the smaller molecules tend to trail behind those of
average size and the larger ones tend to move ahead. More than
one peak may appear showing that the polymeric species is hete-
TOgeneous.

This is particularly pertinent to the field of protein
chemistry where it is often desirable to know the purity of
protein samples after attempted purification by fractionating
techniques. Care must be taken in interpreting the resultis
obtained from such an investigation. Although the appearance
of two or more peaks signifies that the sample is heterogeneous
the converse is not necessarily true; one peak may, in reality
be two components of closely overlapping molecular weight
distributions. The protein should be re-examined in a
radically different solvent and if it still appears to be
homogeneous then another method of assessing homogeneity, such

as electrophoresis, should be used.
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LIGHT SCATTERING

e

The basis of light-scattering measurements is gquite
simple. A beam of monochromatic light is allowed to pass
through a solution of the polymer and the intensity of the
light scattered in various directions is measured by a
photoelectric cell and related to the intensity of the primary
beam., Since light scattering is essentially an optical
diffraction phenomend in which the particles of the medium act
as secondary sources of radiation of the same frequency, the
method only gives information about the molecular size, weight
and shape of the polymer and not about its chemical constitution.
Light Scattering is the most satisfactory method of obtaining
the weight average molecular weight of a polymeric system.
Theory for small molecules.  Rayleigh (1871) investigated
the scattering.of light by small molecules. As long as a

scattering molecule is small, compared to the wave-length of
light, it may be treated as a point source.
If light of a given intensity 1, and of wave-length
:{0 (in vacuo) falls on a small molecule of finite polarisability
A s an alternating dipole of the same frequency is induced in
the particle which thus becomes a source of radiation. If the
incident light is unpolarised, the intensity L of light
scattered at an angle & from the incident beam, at a distance
from the molecule is
T o 4 o *(1+cos*B) T, 208
e * A

This is the intensity of light scattered by a single molecule.
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In a dilute gas where the molecules are completely independent
of each other, the total scattered intensity is merely the sum
of the contributions of the individual molecules. A dilute

solution of isotropic spheres can be treated in the same way.

- 2p) T,
Hence IO - ;%'Ij‘iilv(i-t-Cos e)I, 2.06
(4]
Here ¥ - no. of particles /c.c. = NC/M
N = Avogadro's Number,
c - concentration,
M = molecular weight.
Equation 2.06 can be simplified by defining the Rayleigh Ratio,
e
RG’ as R = —I@_‘r
e pe &
o
Hence equation 2.06 becomes
Ry = B2. Mo . *(1+cos™) 2.07
M
Further
J = na;jﬂ where n_ is the refractive
= TN index of the solvent.
Therefore
[29 = K.¢ H(l—t—cos""e) 2.08
where K = 21T zﬂ“’; g:i&)z
N Ao

This relation has been derived for a dilute solution
in which the scattered intensity is that derived from solute
particles alone, i.e. the excess scattering of solution over
solvent.

In concentrated solutions the molecules cannot be
treated as individual entities because intermolecular inter-
ference takes place. This leads to a decrease in the intensity
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of the scattered light. Since no light at all would be
scattered from a completely homogeneous medium the scattering
from a concentrated solution may be calculated in terms of its
departure from complete homogeneity. The result of this

calculation is KC (1 + 0032 & )=-:i:'+ 'ZALC. + higher terms in c.

Ro My 2.09
Ay is the second virial coefficient and is a measure of
is the weight average

intermolecular attraction, and M,

molecular weight.

=) iy
M = >0 M, n is the number of species i
v Sn; M with molecular weight M
Theory for large molecules. When a dimensionaf the solute

molecule exceeda‘%}‘lo , differences in path length cause
interference in the light scattered from various parts of the
molecule, leading to a reduction in scattered intensity. This
decrease is not symmetrical, a greater phase difference existing
in the backward than in the for_ward direction. The departure
from symmetrical scattering increases with molecular size and
is dependent on the shape of the molecule. The Particle
Scattering Factor, }0, is defined as the ratio of the observed
intensity, to that in the absence of interference. The
particle scattering factor has been calculated for the various
models by which polymer molecules may be represented (Debye,
1947; Zimm, Stein and Doty, 1945), and it can be shown that
Ke = L L2pa, 4+ .- 2,10

RG i;1—»'\« %
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asquation 2,10 is usually used to derive molecular
weights by either (1) the dissymmetry method, or (2) the
extrapolation method.

The dissymmetry method. For all models, PQ decreases
smoothly from unity at € = 0 and so the ratio of intensities

at two angles defines the dimensions ¢f a particular model.

Light scatiering determinations normally involve the measurement
of Rgo°' and, if the scattering is not symmetrical, the ratio of
the intensities at two other angles, The angles usually
selected are 45° and 135°.  The ratio I,g/I,,; is known as the
dissymmetry ratio and is denoted by Z. From the value of 2, Pgo
is obtained by using the tables constructed by Doty and Steiner
(1950). This method is very simple, but it requires a knowledge
of the shape of the polymer molecule in solution. Its use is
thus limited to molecules for which other physical measurements
have indicated their molecular shape.

The extrapolation method. Pyo for all models is unity, and,

if the value of Ry0 can be established, the molecular weight can
be determined. It is not possible to do this directly, but from
measurements made at sufficiently low angles, a reliable
extrapolation to 0° can be made. The procedure of .Zimm: (1948)
was used. % is plotted as a function of Sina"'g +K'e,

k' is an arbitrary constant chosen so that the concentration
term is comparable in magnitude with sin = . By this

method the data is spread out and a grid-like graph is obtained.
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By extrapolating the lines of constant angle to zero
concentration and the lines of constant concentration to zero
angle and extending them both to the %3 axis, a common
intercept is obtained. From equation 2.10 this intercept
(%)f_’jg is equal to the reciprocal of the weight average
molecular weight.

Description of the photometer. The instrument used in this

work was the commercial model supplied by rhoenix rrecision
Instrument Co., Fhiladelphia, bullt to the design of Brice,
Halwer and Speiser (1950).

Because the scattered light is usually of low intensity,
it is necessary to have a powerful light source. This is
provided by a mercury vapour lamp. A filter is incorporated in
the instrument to enable monochromatic light of a desired wave-
length to be chosen. A sultable light intensity is ovtained
by using four neutral filters, either singly or in conjunction
with one another. The cell containing the solution is placed
on the cell table about which the photomultiplier can be
rotated. On the opposite end of the photomultiplier arm an
opal glass diffuser, the working standard, is mounted. This
is always in the path of the incident light at 0° and serves to
reduce the light intensity. The sensitivity of the photo-
maltiplier is adjusted by means of a potent;@eter network. The
output from the photomultiplier is then measured by a

galvanometer.,
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POLLNTIOMETRIC IODINE TITRATION

The two components of starch show greatly differing
affinities for iodine - amylose stains blue and anylopectin
stains red. Bates et al. (1943) introduced a potentiometriec
iodine titration method which enabled a quantitative estimation
of this difference to be made. They measured the potential
between a bright platinua electrode in the starch-iodine-iodide
solution and a standard calomel elactrode and so were able to
calculate the egquilibrium concentration of free iodine in the
mixture.

Anderson and Greenwood (1955) modified a more
satisfactory differential technique which had been proposed by
Gilbert and Marriott (1948). In this technique, the starch-
iodine-~iodide solution and the blank-iodine-iodide solution
were arranged a&s opposing half-cells connected by a salt bridge
as in Fig.2.01. The equilibrium free-iodine concentration in
the starch solution was then found directly. The electrodes
were made of platinum foil fused to platinum wires which were
each sealed through glass tubing containing mercury. The
solutions in the half-cells were stirred continuously.

Preparation of sample solutions. Fatty acids and complexing

agents were removed from the sample, by extraction with boiling
methadel, prior to titration because they prevent the formation
of the iodine complex. This leads to anomalous results.
Samples of amylose (3 - 5mg.) starch (10 - 15mg.) or
amylopectin (25 - 30mg) were placed in a weighing stick and

dried in a vacuum oven at 70°c. for twelve hours. The samples
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were then carefully weighed out and dissolved in potassium
hydroxide (10 ml; 0.2M.). The solution was brought to FPH5,85
by the addition of a predetermined amount of phosphoric acid
(Oe4bi, ). A blank containing the same volumes of potassium
hydroxide and phosphoric acid was also prepared.
bxperimental The electrolyte solution contained

potassium iodide (210 ml.; %b), phosphate buffer (15 ml.;*%5;
PH 5.85) and distilled water (1,775 ml.). Egqual aliquots
(800 ml.) of this solution were added to each half-cell. The -
solution containing the sample and the blank solution were
added to their respective half-cells and the flasks were rinsed
with aliquots (25 ml.) of distilled water to make the final
volumes in the cells about 840 ml. The salt bridge containing
‘electrolyte was fitted, the stirrers started and the circuit
checked to make sure that there was no significant off-balance
potential.

Small increments of iodine-potassium iodide solution
(0ul ml.,; 0.,01M.), were added to the cell containing the solution
by means of an "Agla" syringe. About five minutes were then
allowed for equilibrium to be reaehed before the potential
produced by the free iodine was balanced by adding the same
iodine~iodide sclution to the "blank" cell until the galvanometer
deflection caused by the potential difference was zero. The
difference between the‘volumas of iodine added to the half-cells
gave the amount of iodine bound by the sample. A titration
curve was thus constructed by plotting the amount of iodine
bound (mg./100 mg. of polysaccharide)against the total free
iodine in the solution Fig. 2.02. The iodine affinity of the

polysaccharide was obtained by extrapolating the linear Portion
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of the graph to zero free iodine concentration.

Under these conditions the large difference between
the iodine uptake of amylose and that of amylopectin is readily
apparent. Fure potato amylose was found (o bind 19.5% of its
own weight of iodine and pure potato amylopectin less than 0.2%.
Using this value for amylose the amylose-amylopectin content of
a particular starch product may be determined from its iocdine
affinity.

2.d. Estimation of the phosphorus content of starch and its

components
Many starches contain phosphorus (present as the ester-

phosphate group on C, of a glucose residue) although the amount
present varies considerably depending or the botanical source of
the starch and on the maturity of the starch-containing orgsn.
Although Schoch (1942) has shown that the phosphorus is
associated mainly with the amylopectin fraction, Peat et al. (1952)
have reported that potato amylose contains one atom of esterified
phogphorus in 2,000 anhydro=glucose units,.
Analytical Method
Reagent. Anmonium molybdate-sulphuric acid solution
Ammonium molybdate (10 g.) was dissolved in
distilled water (100 ml.). To this solution was added a
solution of sulphuric acid ( sp. grav. 1.84; 10 ml,) and Qdistil-
led water (100 ml,).
Procedure
The carbohydrate material must be totally destroyed
to enable the liberated phosphate groups to be estimated. The
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method of Gieseking et al-(1935) and Smith (1953) was uséd,
The starch-~type samples were dried under vacuum at 65°¢c - 70%
before the estimations were carried out.

Samples of polysaccharide (starch or amylopectin -

100 mg; amylose 500 mg - 1lg.) were mixed with concentrated
nitric acid(0.25 ml) in a 25 ml . conical flask. The mixture
was heated on a hot plate and, after the initial reaction had
subsided, it was boiled until almost dry. The mixture was
removed from the hot plate and 0.5 ml. of a mixture of equal
parts of nitric acid (8N)and perchleric secid (704)wae added. CThe
solution was gently heated until it became colourless, indicating
that all the cirgunic material had been destroyed, and was then
evaporated to dryness. The residual salts were dissolved in
hydrochloric acid (0.5 ml; 2N,.,) and this solution was used for
the determination of phosphate by the method of Fogg and
Wilkinson (1958).

The acid solution obtained after the destruction of
the organic matter was diluted to ca. 40 ml., amuonium molybdate-—
sulphuric acid solution (4.0 mlJ) and ascorbic acid(loo mga were
added and the solution was boiled for one minute when a blue
colour was produced. The solution was cooled, diluted to 50 ml
in a graduated flask and its absorbance at 575m}J was measured
on a spectrophotometer. A blank control determination in which
the polysaccharide was omitted was carried out to determine the
phosphate content of the reagents.

Standard solutions of KH2 P04 wexre prepared containing

accurately known amounts of phosphorus. A standard graph of
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ultra=-violet absorbance against phosphorus content was
prepared. This enabled the phosphorus content of the
polysaccharide to be determined.

2.e. pusstimation of rrotein Nitrogen

There is a small amount of protein associated with
most pure starches, but it has not yet been determined whether
it is an integral part of the granule or whether it is an
impurity.

The semi-micro Kjeldahl method of Chibnall et al.
(1943) was used to determine the J[ - amino N = content of
starch granules. The weighed solid sample was boiled with
concentrated sulphuric acid (2 ml. "Analar", N - free grade)
containing a catalyst (0.2g.; a mixture of aﬁhydrous sodium
sulphate, copper sulphate pentahydrate and sodium selenate in
the ratio 80; 20: 1 w/w) until the solution became clear. It
was transferred to a Iregle micro-distillation apparatus and
potassium hydroxide (1ON.; 10 ml.) was run in. The liberated
ammonia was reacted with standard hydrochloric acid (ga:N/T0)
and the amount of protein present was determined by multiplying
the weight of nitrogen by 6.25.

2.%. Viscosj-t!
One of the characteristic properties of a polymer is

its ability to increase the viscosity of the medium in which it
is dissolved. Generally, solutions of large polymers are more

viscous than solutions of smaller polymers for the same amount



of dissolved polymer.

To study the behaviour of individual polymer
molecules interaction eifects must be avoided by measuring the
viscosity at a number of concentrations and by extrapolating
some function. of it to zero concentration.

The ratio of the viscosity i of a solution to the
viscosity 1 of the pure solvent is called the relative
viscosity 1;

1= 'l/'lo 2.11

The relative increase of the viscosity is called the

specific viscosity I,

‘15? :- fL _rlq.c - ll-"-- ' 2.12

The specific viscosity divided by the concentration is
the viscosity number Qe'
1. = ‘],sp,/t 2.13
The value of the viscosity number at infinite dilution
is the limiting viscosity number or intrinsic viscosity [q:]

{TL] ::.c[l::?flc = cli—?o Qsp./c Rk

The concentrations of the polymer solutions are given in
gm./ml. and the intrinsic viscosity has the dimension of the
reciprocal of concentration.

The intrinsic viscosity of a polymer in a particular
solvent is dependent not only on the size of the polymer molecules
but also on their shape in that solvent. If, for example, the
intrinsic viscosity of a polymer containing negatively charged

groups was measured in saline and also in water the two resulis
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would generally be different. In water the charges on the
molecule would tend to mske it rod-like and inflexible whereas
in saline, where the charges would be neutralised, the molecule
would become more flexible and so have a lower intrinsiec
viscosity.

The solvent system may also change the shape of
uncharged polymer molecules. This was investigated by Alfrey
et al. (1942). If a poor solvent is employed, i.e. one which is
energetically unfavourable to the process of dissolution, then
solvent-polymer contact will be at a minimum. The polymer seg-
ments will attract one another in solution and polymer-polymer
contact will be enhanced. The polymer will then tend to curl
up on itself.

1f, however, a good solvent is employed, i.e. one which
is energetically favourable to the dissolution of the polymer,
the solvent-polymer contact will be at a maximum and the polymer
chain will be surrounded by a solvated sleeve which will keep
polymer-polymer interaction at a mninimum, Uncurled configurat-
ions will be favoured and the molecule will become more rod-like.

ZThe Relationship between viscosity and M.V
Berl (1910) and Biltz (1910) were the first to show

that a general relationship existed between the viscosity of a
polymer solution and the molecular weight of the polymer. The
first mathematical formulation of this relationship was given by
Staudinger (1932) in the expression

'Isﬂ/c = KM 2.15
where K is a constant and M is the molecular weight of the polymer.



At infinite dilution flsp_}c = J:ru and the equation becomes
[n] =KM 2,16
It has been found by many workers that this simple
relationship is not strictly true and the following equation
was proposed by Kuhn (1934) and Mark (1938).

] - KR

Houwink (1940) confirmed the validity of the equation for a
number of polymers having values of [3 between 0.5 and 0.8.

The constants K’ and 3 may be found by carefully
fractionating a polymer into samples of differing molecular
weight and determining for each fraction both [’l] and the
molecular weight; the latter by a separate absolute method
giving a weight-average value. A plot of log m] against log M
then gives a straight line of slope [3 and intercept k"on the
log [(] axis. The constants must be calculated for each solute-
solvent system.

The above equations are mainly empirical and a
theoretical treatment has been applied to this problem by
Kirkwood and Riseman (1948), Flay and Fox (1949, 1950, 1951).

They proposed that the intrinsic viscosity is
proportional to the effective hydrodynamic volume of the molec=—
ule in solution divided by its molecular weight. If the polymer
in solution has the configuration of a random}yccoiled chain
then its effective volume can be shown to be proportional to
the cube of a linear dimension of the chain. A convenient

parameter for this linear dimension is the root-mean-square

_2Y2 _ 2%
distance (1'9 between the ends of the polymer chain, Hence(r ) %
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is a measure of the volume of the polymer molecule in solution.

This expression may be split into two factors -
_Z% i 75/2.
a) Fﬁ%) which is the unperturbed value of (r )

i.e. where there are no inﬁ}actions between the chain segments

s R
and their environment (’7"0?b G = ("" .) ¥

b) 463 a volume expanding factor by which the linear
dimensions of the molecular chains are increased becamse of

segment-segment and segment-solvent interactions.
e DN
Rt ("F:z);ﬁ' = (’T;A)/Z', ,,(,3
~2\ %%
Gt

M3 £ =15

2,18

o .3
ﬂ'm%’-d—

= K
wheve K .—.LP(EJZ/MQL] 2,19

(P is a universal constant and has a value of 2'1% a-g;x;o?’(F%)
has to be calculated from light scattering data. This relation
only applies to linear molecules but there is not a corresponding
one for branched molecules.

Apparatus and Procedure

All viscosity measurements were carried out in

viscometers of the modified Ubbelohde type Fig.2.03 (Ubbelohde
1937; Davis and Elliot 1949). The viscometers were immersed
in a bath thermostated at 25 X 0-0i°C. Both solvent and
sclution were filtered through a G4 sintered filter before being
inserted into the viscometer. One of the advantages of this
type of viscometer is that it is not necessary to know exactly
the volume of the ligquid present in the viscometer, This
permitted the use of modified pipettes containing long stems
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which were able to pass through tube A and reach bulb D. Thus
solution and solvent were added directly to bulb D.

Viscosities were measured by either of the two
methods outlined below depending on the amount of solute avail=-
able,

A. Iwo pipette loads of filtered solvent were added to
bulb D and allowed to come to temperature equilibrium. Tube B
was closed with a glass stopper and pressure was applied
through tube A from a nitrogen cylinder until the liquid level
had reached the middle of bulb . , The pressure was then
released, the stopper removed and the time taken by the liquid
level to pass the two marks G and H was measured on a stop
watch to within 0.1 sec. One pipette load of filtered solution
was added to bulb D and thoroughly mixed with the solvent
already there by a gentle stream of nitrogen entering at tube B.
The flow time of the solution was recorded. This procedure
was repeated three times.

B. Two pipette loads of the filtered solution were
initially added to bulb D and aligquots of pure solvent were
added. The flow times for the various dilutions were determined.
Ihe solvent flow time, of course, was determined on a separate
run.

In both cases the concentration of the initial
polymer solution after filtration was determined by the alkaline
ferricyanide method.

Calculation of Results.

In a capillary viscometer of the Ubbe_lohde type, the

viscoeity is given by
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| = Kpt - %ﬁ 2,20

where K and B arc constants, 1 is the flow time of a fixed volune
f)is the density of the liquid.
[3 is tkhe kinetic energy facior and is due to the lignid leaving
the capillary with a finite velocity. By the use of standard
liguids the value of B was shown to be negligible for the

viscometers used in this work.

Hence
q - K‘mt for the solution
and 1, = K fgt'o ®m ® golvent
The specific viscosity is, therefore, given by
.., = BE s 2.21
N gt 2

and for dilute polymer solutions where it may be assumed that

P=R>

;z s .E:_E?_ 2,22
Having thus obtained experimental values of 'lsp for several

concentrations a graph of 3 against C was drawn. By
extrapolation of the plot to infinite dilution the intrinsic
viscosity [ {U was obtained.

|
s Fo TR

—

M, ® 7=
v Zn,{, m4,

n is the number of species i with molecular weight .
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2g. kxtraction of potato starch

(Banks, Greenwood, Thomson 19599.

The potatoes were thickly peeled and gquickly covered
with mercurie chloride (10'21.) to prevent enzymic modification
of the starch. They were then chipped, minced and extracted w
with mercuric chloride (10™2M.) in an Atomix blendor for three
minutes. The slurry was passed through muslin and the filtrate
was quickly centrifuged. The residue from the muslin
filtration was re-extracted with mercuric chloriae;(lo'am.)
for a further three minutes, passed through muslin and centri-
fuged. The residues from the sedimentation procedure were
suspended in sodium chloride (10'2%.) and purified by sediment-
ation.

Any protein which might still be present in the starch
was denatured by suspending the granules in saline and shaking
them overnight with toluene (I% volume) (Greenwood, Robertson
1954). This was repeated with fresh aliguots of tolwme and
saline until the toluene layer remained clear. The starch was
stored in saline suspension under a layer of toluere at 2%,

Before use the starch was thoroughly washed with water.

2h., Determination of the Gelatinisation Temperature of Starches.

(Sehoch and Maywald 1956).
Starch granules are insoluble in cold water but they
swell up on warming, Initially, this swelling is reversible.
If the starch suspension is gradually heated, microscopic
observation shows that the granules continue to swell slowly
until, at a certain temperature (55 - 60°C. in the case of potato
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starch), they expand in volume very rapidly and lose their
sharp outline. This very rapid swelling is irreversible and
does not take place at the same temperature for all the granules
but extends over a range of 5 - 10 degrees. Immediately prior
to the rapid swelling phase the granules lose their polarisation
crosses when viewed through an Ahrens analyzer. The
gelatinisation temperature is the temperature at wnich the starch
granules lose their birefringent properties. As indicated,
the {rne gelatinisation temperature of a starch is a range of
temperatures which is characteristic for that particular starch.,
In practice, the gelatinisation temperature is very often taken
to be the temperature at which half the granules have lost their
birefringence.
Lxperimental. To determine the gelatinisation range, a small
quantity of starch was slurried in water to give a suspension
(0.1 to 0.2%). One drop of this slurry was placed on a glass
slide and surrounded by & ring of highly viscous oil. A
cover glass was placed over the slurry and oil in such a way
that there were no air bubbles under it. The o0il prevented
air channels from penetrating under the cover glass and
disturbing the field. The glass slide was placed on a "Kofler"
electrically heated microscope stage and the temperature raised
fairly rapidly to about 45%¢. Thereafter it was raised at
about 2°C. per minute. The field was watched continuously
under normal light until the first few granules had irreversibly
swollen and loss of birefringence in these granules was
confirmed by introducing the Ahrens analyzer. This was the
initial temperature in the gelatinisciion range. Heating was
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continued until all but the last few granules had lost their
polarisation crosses and this temperature was the final

temperature in the gelatinisation range.

2.i. (Conventional Fractionation of Fotato Starch.

Introduction Any detailed investigation into the fine

structure of amylose and amylopectin necessitates, that both
should be isolated from the parent starch in a manner causing
minimum degradation and yet achieving maximum purity of the
components. Fractionation techniques, involving selective
retrogradation (Maguenne and Roux, 1905), electrophoresis

(Samec et al, 1941), or chromatography using an alumina column
(Fischer and Settele, 1953; Ulmann and Wendt, 1954), have been
used in attempts to isolate the components in a pure, undegraded
form., Although separation may be achieved by these procedures,
the most successful method yet devised is that of selective
precipitation (Schoch, 1942). 1In this method, an aqueous dis—
persion of starch is prepared and the amylose is precipitated as
an insoluble complex by the addition of a polar organic substance.
Whereas it is relatively simple to obtain pure amylose (by
repeated recrystallisation ), the removal of residual amylose
from the amylopectin fraction is more difficult. Methods
involving selective adsorption of the amylose on cotton wool
(Tanret, 1914) and complex formation with stearic acid (Meyer
and Gibbons, 1950) were shown to be misconceived (Gilbert,
Greenwood and Hybart, 1954). It is essential, therefore, that
the first precipitation should give amylopectin of maximal
purity. Greenwood and Robertson (1954) showed that this could
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be achieved by using thymol as the initial precipitant.
Lxperimental. Distilled water was bolled for one hour under
nitrogen to remove oxygen., Sufficient starch, in a slurry of
cold, deaerated water, was added to the boiling water to give
a 0,5% final solution. The suspension was stirred and boiled
under nitrogen for 20 - 30 minutes when it was allowed to cool
to 60°C. and powdered thymol (lg./litre) was added. The
solution was thoroughly mixed and left at room temperature for
T2 hours. The amylose complex was removed on a Sharples super-
centrifuge and recrystallised threce times as the butanol complex.
After removing the amylose, the supernatant liquid was shaken
with ether to remove excess thymol. The ether was removed on
a rotary evaporator at a temperature'<4ooc. The solution was

finally freeze-dried to give the amylopectin fraction.

2.j. wmstimation of heducing Sugars and rolysaccharide Concentration

It is often necessary, in starch chemistry, to determine
the reducing power of solutions. e.g. in the determination of
p-amylolysis limits. This involves the estimation of maltose
in the preseénce of iodine-~staining residual polysaccharide. The
copper reagent of Somogyl (1945) thus cannot be used, because the
iodine used in the titration reacts with the residual polysac—
gharide making the titration procedure difficult. In the method
of Lampitt et al.(1955), there is no interaction between the
polyséccharide and the reagents.

The concentration, of any starch solution, may also be
conveniently determined by hydrolysing the polysaccharide to its

component sugars and then estimating tiae reducing groups formed.
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This is readily carried out by hydrolysing an aliquot of the
starch solution with sulphuric acid (3N) for two hours in a
boiling water-bath and then estimating the resultant glucose
by the technique of Lampitt et al. (1955).

The method has to be calibrated using starch and
maltose.
uXxperimental., "Analar" soluble starch was heated in a
vacuun drying line at 65 - 70°C. for twelve hours. A series
of standard starch solutions was then prepared in dilute alkali.,
They contained from ga.0.5 mg. starch/ml, - 3 mg. starch/ml.

Three aliquots (lml.) of each solution were placed in
Quickfit boiling tubes and sulphuric acid (1lml; 3N) was added to
each. The tubes were placed in a boiling water-bath, stoppered,
and left for two hours. They were removed and quickly cooled
to room temperature when their reducing power was estimated in
the following way. Bromocresol green indicator (0.05 ml.) was
added to each and the solutions were carefully neutralised with
potassium hydroxide (1N.). To each solution were added sodium
carbonate solution (2.5ml; 0.2ii,) and potassium ferricyanide
solution (2.5 ml; 0.05M.). They were carefully shaken, the
insides of the tubes were washed down with distilled water to
make the total volume in each tube about 10 ml., and they were
then returned to the boiling water-bath for fifteen minutes.
The tubes were removed and cooled. Sulphuric acid (5 ml; SN)
and Lylene cyanol FF indicator (4 drops) were added to each
tube before it was titrated with standard ceric sulphate
solution (ca. 0.0 IN). At the end-point of the titration the

colour of the solution changed from sage-greeﬁx;o whisky yellow.
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The results are shown in Fig, 2.04..

Standard maltose solutions were prepared in water and
aligquots were put through the reducing part of the above
procedure. The results are shown in Fig. 2.04.,.

The ceric sulphate solution was prepared in
sulphuric acid (2N.) and it was standardised with standard ferrous
ammonium sulphate solution. The calibration factors for
maltose and starch, are directly proportional to the normality
of the ceric sulphate solution and they are calculated in terms
of ceric sulphate (0.0lN.).

From Fig. 2.04,
8 ml. 0.01063 N. ceric sulphate = 2.51 mg.starch

1. 1 ml, 0.01N. ceric sulphate 0.295 mg.starch
and

7 ’;;lo 0.01063“. ceric Sulphate

3.2 mg. maltose

/ ;
‘e 1 ml. 0.01N. ceric sulphate 0.430 mg.maltose

2.k. isstimation of 3 - amylolysis Limits.

Starch and its components are degraded by 3 - amylase
by the step-wise removal of maltose units from the non-reducing
ends of the molecules. T'he extent of degradation depends upon
the number o& Bafuctural modtfications in the polysaccharide
molecules - the more abundant they are the smaller is the
extent of (3 - amylase hydrolysis. An important characteristic
of starches and their components is, therefore, their percentage
hydrolysis into maltose by the action of [ - auylase.

wxperimental. Digests were prepared containing the poly-
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saccharide solution (20 ml; 20 mg. polysaccharide) and acetate
bufter (4 ml; O.283; rH4.8). Aliquots (1 ml. x 3) were removed
for concentration determinations. p—- amylase solution
(200 units) was added and the digests were incubated at 35°¢, for
twenty four hours when aliquots (3 ml. x 3) were removed for
reducing power determinations. Appropriate blanks were also
prepared. The percentage conversion of the polysaccharide

into maltose was then calculated.
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3.2, Studies on the Fractionation and Subfractionation

of Amylose.

Introduction In the present work, /- amylases from

various plant sources and ecrystalline Fz - amylase from sweet
potatoes were investigated in an attempt to elucidate their
action patterns. Since these enzymes hydrolyse J- 1l: 4 =
glycosidic linkages, completely linear amylose (i.e. amylose
which is completely hydrolysed by ﬁ - amylase) was required as
a substrate.

Banks et al. (19599 showed that completsly linear
amylose may be obtained by aqueous leaching (at 60 - 6500.) ef
potato starch granules which had been pretreated with 80%
boiling methanoly By this method about 40% of the total
amylose present in potato starch is obtained.

kverett and Foster (19599 indicated that amylose could
be dissolved in dimethyl sulphoxide and fractionated by the step-
wise addition of ethanol at 400. From viscosity and light
scattering results they showed that the fractions had different
molecular weights. Later, Banks (1960) investigated this
fractionation technique and found that not only did the amylose
fractions have different molecular weights but that they also
had different g - amylolysis limits. The high molecular
weight fractions had low [ - limits and the low molecular
weight fractions were completely hydrolysed by (3 - amylase.

Foster and Killion (1960) found that dimethyl
sulphoxide was a good solvent for starch granules at room
temperature. The addition of butanol to the resulting solution

led to quantitative co-precipitation of the amylose and
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amylopectin; this mixture was then readily soluble in water
at room temperature. The amylose component was separated in
the usual way by forming the butanol complex after a brief
heating of the aqueous solution at 70°¢C. The amylose sample,
obtained in this way, was almost completely degraded by
crystalline fg - amylase indicating that it contained very few
structural anomalies. It was concluded from light scattiering
and viscosity results that the amylose was not degraded since
its molecular size agreed favourably with that of amylose
samples obtained from conventional fractionations.

The results from the latter procedure imply that
native amylose is completely linear and that the barriers to
p - amylase action are introduced during the conventional
preparation of amylose samples. These methods, therefore, were
investigated with two aims in view; (1) to find a way of
preparing large amounts of linear amylose and (2) tc show whether
or not native amylose contains structural anomalies.

A difficult problem in starch chemistry is the nature
of the starch granule. The extent of the association, if any,
of the two components in the "native" state is not readily
de termined. It has been suggested that starch is a giant
homogeneous molecule and that its apparent separation into
components is the result of degradative or hydrolytic action.
This is the unitarian theory of the starch granule. Pacsu
(1947) suggested a structure for starch involving a small
number of non-cyclic hemiacetal linkages. Dumazert (1950)
postulated a structure involving 1, 5 - acetal cross-linkages
between open chains of 1, 4 - linked D = glucose units whilst
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Blom and Schwarz (1952) proposed a structure Gontaining chains
of alternating D - glucopyranose and D - glucofuranose units.
Chemical evidence against these theories can be readily
presented (Breenwood, 1956). A phosphate cross~link between
the components was suggested by Sutra (1950) and this idea was
elaborated by Bauer and Pacsu (1953). These cross—linkages
were thought to be easily hydrolysed and so were readily broken
during normal fractionation procedures.

Starch granules can be dissolved directly in cold
water after their pretreatment with liquid ammonia, alkali or
dimethylsulphoxide. An ultracentrifugal investigation was
undertaken to determine how many components there were in such

solutions in which the granules had received no heat treatment.

Lxperimental

Isolation of potato—-starch. The starches were isolated by

the procedure described in the general experimental section.

rretreatment of starches. If not used directly as prepared,

potato starch was pretreated in one of the following ways.
a) Methanol pretreatment (Schoch, 1942). The starch granules

were heated under reflux with boiling 80% agqueous methanol for
two hours. The methanol was filtered off and the process yas
repeated for a further two hours.
b) Liquid ammonia pretreatment. (Hodgey Montgomery and Hilbvert,
1948)
Ligquid ammonia (50 ml.) was added to starch (10 - 15g.),

which had been moistened with ethanol. After fifteen minutes
a large excess of ethanol (200 - 300 ml.) was added and the
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suspension was left overnight to allow the ammonia to evaporate.
The starch was filtered off and thoroughly washed with alcohol

to completely remove the remaining ammonia.
¢) Dimethyl sulphoxide pretreatment. (Killion and Foster, 1960).

Starch was added to dimethyl sulphoxide to make a 0.5% suspension
which was thoroughly sparged with nitrogen. The suspensgion was
gently shaken at room temperature for three days when dissolution
was complete. In later experiments, water (10%) was added to

the suspension and solution was achieved more guickly (Schoch,
1962). The starch was precipitated by the addition of excess
butanol and the presence of a pinch of salt was found to aid the
coagulation of the precipitate. The gummy material was
centrifuged, thoroughly washed with butanol, hardened and dried
with ethanol.

Fractionation Procedures.

a) The conventional fractionation of potato starch in agueous
dispersions at 100°C., by the addition of a polar organic
compound, has been described in the general experimental section.
b) Agqueous leaching at X 9c. Distilled water was deaerated
and allowed to come to X °c. Starch was added in a cold
deaerated water slurry to make a 0.5% suspension which was
maintained at X °C., under nitrogen and gentle shaking, for ten
minutes. It was then quickly cooled in ice and centrifuged.

The clear supernatant was passed through a grade J sintered filter
and saturated with butanol. The amylose was recrystallised
twice as the amylose~butanol complex.

All the amylose samples from dimethylsulphoxide
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pretreated starches were purified by four recrystallisations
from aqueous dispersions at the appropriate temperature.

Anyloses were stored either in the form of the
amylose = butanol complex or in the solid form, after dehydrat-
ion of the butanol-complex.

Puxrity of Starch.

The purity of starches and amylopectins was determined
from measurements of the iodine-~binding, power of the samples,
using a semi-micro differential potentiometric apparatus. Under
the experimental conditions, the iodine affinity of potato
amylose was 19.5% by weight (Cowie and Greenwood, 1957). Appar-
ent amylose contents were calculated from [(Iodine affinity
of sample) /19.5 |x 100.

Enzymic degradation was used to determine the purity
0f the amylose samples. The percentage conversion of the
samples into maltose under the concurrent action of B - amylase
and Z - enzyme was measured. This estimation is discussed in
detail later.

The accuracy of these measurements is =+ 2%.
Subfractionation of Amylose.
Dimethylsulphoxide/ethanol precipitation. (Everett & Foster 195%)

Dried amylose was dissolved in dimethylsulphoxide to give a
0.5% solution. 20% ethanol (v/v) was added and the mixture was
cooled to 4°C. Small aliguots of ethanol were slowly added,
with continuous stirring, until precipitation occurred. After
removal of the precipitate on the centrifuge, the stepwise
addition of ethanol was continued until no more polysaccharide

remained in solution (ca. 60% ethanol). Precipitates were
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washed with ethanol and dried in vacuo at 60°C. The recovery
of amylose during this procedure was ca. 90% - the losses
being entirely mechanical.

The solid amylose fractions obtained in the above
manner were sometimes not readily soluble and they were more
easily handled if their butanol - complexes were formed. This
was achieved by one of two methods:

(i) The alcohol -~ washed precipitate (without further
drying) was dispersed directly inte boiling water (under
nitrogen). Excess butanol was added and the amyloseé - butanol
complex was formed on cooling. This was then redispersed and
recrystallised with butanol to ensure complete removal of
dimethylsulphoxide.

(i1) The dried solid sample was moistened with ethanol, and
then dispersed in boiling water with vigorous stirring, under
nitrogen, for ten minutes. Butanol was then added to the
solution and the required amylose-butanol complex was ohtained
on ¢ooling.

Freparation of acetyl-derivatives of amylose. (Higginbotham
and Morrison, 1948.)

Some potato amylose sub-fractions were acetylated to
form the tri-acetate. The amylose-~butanol complex was
dehydrated using dry butanol and suspended in dry pyridine
(15 ml./g. amylose) with vigorous stirring. The suspension
was then centrifuged and the precipitate washed twice with
further portions of pyridine to displace the butanol. The
precipitate was suspended in a mixture of pyridine and acetic
anhydride (10 ml. of each/g. of amylose) and left at room
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temperature for three days. The clear solution was poured
into a mixture of ice and water and the product was washed with
distilled water before being dried at low temperature.

rreparation of amylose solutions.

Solid amyloses were dissolved in the appropriate
molarity of KOH at 2%. by standing overnight at this temper-
ature in a nitrogen atmosphere. The solutions were used
directly, or, if examination in agueous K(l was required, they
were carefully neutralised with HT1l to pH Y using a pH-meter.

Butanol-amylose complexes were centrifuged and
dissolved directly in either water or alkall.

In all cases, concentrations were determined by
hydrolysis and estimation of the resultant glucose using the
alkaline ferricyanide method (Lampitt, Fuller and Coton, 1955).

Characterisation of amylose samples.

a) Viscosity. Viscosity measurements were carried out using
a modified Ubbelohde viscometer as described in the general
experimental section. Measurenents were made in potassium
hydroxide (0.l5H) at 25°G, unless otherwise stated.

b) Lightscattering. The instrument used was the model
supplied by rhoenix Precision Instrument Co., Philadelphia which
was described in the general experimental section.

Clarification of solvent and solutions. Nitroethane was

fractionally distilled in an all glass apparatus directly into
the lightscattering cell. Solutions were filtered through a
grade 4 glass sinter directly into the lightscattering cell.
The results were evaluated by the method of Zimm
(1948).
HEMISTRY LIBRARY
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¢) Sedimentation. A Spinco kodel = Ultracentrifuge was

used. sedimentation coefficients were evaluated as described
by Banks and Greenwood, 1963. When dilution-series were

obtained, results were expressed in the form

u -1
5" — T +!SSQ

where 5 is the sedimentation coefficient at concentration C,
§° is the corresponding value at infinite dilution, and és is

a constant.

Besults and Discussion
Fractionation of dimethylsulphoxide-pretreated starch granules

In all fractionation procedures where potato starch
granules are heated to temperatures greater than 65°C. the
resulting amylose fractions are incompletely degraded by
B=amylase. When methanol pretreated starch granules are
leached at 60 - 65°C. amylose samples are obtained which
have relatively small values of viscosity but they are completely
hydrolysed by (3 -~amylase (Banks et al, 195%). The possibility
has to be considered, therefore, that treating potato starch at

temperatures greater than 65°¢. modifies the amylose structure.
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Killion and Foster (1960) claimed that they had quantitatively
fractionated starch at 70°C. and had obtained an amylose
sample which was completely hydrolysed by ﬁ.wamylase. The
experiment was repeated and the properties of the resultant
amylose were compared to those of a sample obtained from a
conventional dispersion without pretrsatment. The resultis

wexre as follows:

Treatment Dispersion temperature x| (BY  |{p+2]
None 100%¢. 525 84 | 100
Dimethylsulphoxide 70%¢. 500 | 84 | 101

Amylose samples with large values of [qx were obtained
but the (3 ~amylolysis limits were the same in both cases.

The method was examined, therefore, in more detail for
two potato starches which, on conventional fractionation, had
yielded amyloses with different values of [P i.e. 80 and 85,
respectively. Amyloses were isolated at various dispersion
temnperatures as shown in Fig., 3.01. It is to be noted that
although Killion and Foster (1960) had reported that precipit-
ation of a butanol complex was not possible unless the dispersion
had been heated (in their experiments to 70°C.), the use of the

“gritical concentration of precipitant,” introduced by linetgeert
(1961) enabled a complex to be formed at any temperature (see
below). The properties of the various amyloses obtained from
the two different samples of potato starch are shown in Table
3.,01. It can be seen that all the amyloses have essentially
the same [3 —amylolysis limits and limiting viscosity numbers.
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Properties of amyloses obtained

Sh.

Table 01l

from potato starch

granules treated with dimethylsulphoxide.,

Fraction;

var, Redskin
A=20
A=60
A=TO
A=~QH

A0

var. Pentlard Crown
A=20
A=60
A=TO
£~100

e

LP]

79
82
84
82

80

85

85

85

86

88

23 |

99
101

100
99

100

99
99
102
101

(]

% of amylose 1n?

100

amylopectin
540 0.8
560 1.0
550 1.0
540 0.8
550 0.8
620 0.8
690 1.0
640 0.3
630 045
630 0.8

1. The amyloses were obtained as in Fig. 3.01
2. From measurements of iodine affinity

3. Amylose from conventional dispersion at 100°C. in water;

no pretreatment.




55

There is no evidence that the samples from the pretreated
starches were of larger molecular size or contained a smaller
number of structural anomalies. This method does not yield
linear amylose and in view of the increased experimentation
required for the dimethylsulphoxide pretreatment it offers no
advantages cver the conventional fractionation method for the
preparation of amylose.

The "critical concentration®” effect.

Bauer and rFacsu (1953) found that the addition of
excess butanocl to an alkaline dispersion, or a neutralised
alkaline dispersion, of potato starch at about room temperature
did not cause precipitation of the amylose complex; heating of
the mixture to a temperature of at least 60°c. was necesaary
before thie occurred. Banks et al. (19599 found a similar
result with potato starch which had been pretreated with liquid
ammonia.

This anomalous effect has now been explained by
kuetgeert (1961) who found that when a2 precipitant was added to
a starch dispersion at room teuperature, saturation of the
solution with the precipitant did not cause separation of the
amylose complex, but for each precipitant there existed a
eritical concentration at which this occurred. This "critical

concentration™ is not constant for all starch systems and may
depend on the characteristics and relative amounts of the
components of a particular starch. The phenomenon has been
confirmed and the following results show the effect of adding
various concentrations of butanol to a 0.2% dispersion of

liquid-ammonia pretreated potato starch in water at 20%¢c.
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% Concentration of

butanol (v/v) 2.45 | 3,60 |4.75 | 5.90 |[7.00 |Saturated
Amount of precipit&te!

after 48 hrs at 20°C, | = |*++ - ” = = |
% - = negligible; +++ = large

Hence, using a concentration of butanol of 3.6% (v/v),
guantitative isolation of amylose was achieved from a starch
dispersion which had not been heated above 20°c. This eritical
concentration of butanol still works efficiently for dispersions

at higher temperatures including 100%¢.

Ihe Subfractionation of amylose.

In the past, the successful subfractionation of
native amylose into species of differing molecular weight has
not proved to be easy. Lansky, Kooi and Schoch (1949) obtained
some fractionation by the addition of n-~octyl alcohol to an
aqueous dispersion of the amylose, whilst Hollo and Szejtli
(1958) utilised the preferential formation of an iodine-
complex by larger amylose molecules. It nhas been shown,
however, that degradation occurs when these procedures are used.
Goodison and Higginbotham (1950) made use of the fact that the
solubility of a butanol complex is dependent both on the
molecular weight of the amylose and the temperature of the
anylose solution. They achieved fractionation by slowly cooling
an anylose solution saturated with butanol and removing the
precipitate at a given temperature by centrifugation at that
temperature. This method appeared to be successful but it was

rather laborious. The method of wverett and Foster (195%,
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however, was found to be relatively simple and remarkably
successful.

Yotato amylose was prepared by the conventional
fractionation of starch dispersions at 100°%¢. using thymol
followed by butanol as the precipitants. The amylose was
dissolved in dimethylsulphoxide and subfractionated by the step=-
wise addition of ethanol at 4°C.  Although precipitation occur-
red over a relatively narrow concentration-range of ethanol,
subfractionation was fairly good. The results are shown in
Table 3.02.

The efficiency of ﬁolecular weight fractionation is
shown by the wide range in values of the limiting viscosity
number, [N « It is significant that the subfractions also
varied in the extent to which they were degraded by B —amylase.
Table 3.02 shows that the percentage conversion into maltose,
[pﬂ, for different subfractions varied from a lower limit of
about 60 up to values for complete conversion of 100. These
results substantiate the claim of Banks et al. (1959) that native
amylose is heterogeneous - some molecules consisting of a
linear chain of unmodified glueose-units, whilst others must
contain some type of structural anomaly. In addition, the
values of [q:l indicate that this anomaly is associated
primarily with the high molecular-weight fractions, and the low
molecular-weight samples are, essentially, linear. The
incomplete enzymic degradation of the fractions is unlikely to
be due to contaminating branched material because their con-
version into maltose under the concurrent action of13—amylase

and Z~enzyme, (p+2), was complete.
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Table

0020

Properties of subfractions of potato (var. Fentland

Crown) amylose obtained by precipitation from dimethylsulpho-

xide solution.

Fraction]m‘f_a m,] [ ﬁ] ip * Zj S 63 g st "
Pla. 1200 58 101 12.9 27
Plb. 700 66 101 - -
P2, 800 65 100 11.0 24
B3, 525 72 99 - -
P4 480 76 9% | _ - |
P5. 410 82 101 i & _ E
P6. 300 95 99 8.6 21 |
BT 160 100 100 5.0 -
»8. 9 | 100 | 100 4.0 e

l. a, b, represent refractionation products.

2., Fraction weights were not determined as the samples were

immediately converted into their butanol-complexes.
5« The sedimentation coefficients were measured in potassium

chloride (0,16M.).
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The ultracentrifugation of amylose and its subfractions. (in
collaboration with ir. A. R. Procter).

The behaviour of amylose and its subfractions on
ultracentrifugation in 0.16ll. potassium chloride and 0.1l6M.
potassium hydroxide was studied. Although the samples
appeared to be homogeneous in the alkali some of the fractions
were shown to be heterogeneous in salt solution. It has to be
emphasised that this heterogeneity is not apparent when a total
amylose is ultracentrifuged in saline solution because the
molecular weight distripution is too broad.

Table 3.02 shows the apparent sedimentation coeffic-
ients for the amylose subfractions dissolved in 0.16K potassium
chloride at a concentration of ca. 0.2g./100ml. It can be
seen that each sample which is incompletely degraded byfg-amylase,
shows the presence of a minor fast-moving component with a
sedimentation coefficient, Sp , somewhat greater than that for
the main slower-moving component SS’

Ultracentrifugal examination of a heterogeneous
subfraction after 3 ~amylolysis showed the absence of the major
slow-moving component, but a peak was obtained which had a
sedimentation coefficient intermediate between §§ andigs. it
would appear, therefore, that the structural anomaly responsible
for incomplete [ —amylolysis of amylose 1s present in the minor
fast-moving component, which must correspond to the high
molecular-weight material.

It is apparent from Table 302 that onlxigabfraotions
of amylose were obtained which could be completely degraded by
[3 —amylase . These two subfractions contained only a small
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proportion of the total amylose fractionated and so the yleld
of linear amylose was rather small. It would appear from the
ultracentrifugal studies that the linear amylose is distributed
among the other fractions and so the fractionation was not

completely efficient.,

Subfractionation of amylose samples obtained from aguecus
Teaching of methanol-pretreated starch granules.

As large-scale leaching experiments were found to be
neither convenient nor efficient, a large number of small-scale
(one litre) extractions were carried out. Suspensions (0.5%)
of methanol-pretreated potato starch were leached at 61°C. for
ten minutes in a nitrogen atmosphere. The purified amylose-
butanol complexes which were obtained from the above procedure
were dehydrated with dry butanol and dried at 60 = 65°C. in
vacuo. This would appear to be the most efficient method, so
far studied, for obtaining reasOnablg large quantities of linear
amylose. About 404 of the total amylose present in potato
starch was extracted by the agueous leaching technique and shown
to be practically homogeneous. The dry amylose was dispersed
in dimethylsulphoxide (0.5% concentration) and left to stand, at
room temperature, for three days before being fractionated with
ethanol., The fractionation curve is shown in Fig. 3. 0Z.

bach fraction was washed free from dimethylsulphoxide,
dried at 60 = 65°C. in vacuo and weighed. The fractions were
then dispersed carefully in boliling deaerated water under
nitrogen and their butanol complexes were formed by allowing the

solutions to cool in an excess of butanol. The amylose-butanol
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complexes were characterised by the following procedures:

i) viscosity measurements in 0.15M.KOH and 0.33M.K81

ii) the extents of degradation by @ -amylase, [P{ and the
concurrent action of (3 —amylase and Zenzyme.

The results are shown in Table 3.03.

It is evident from the spread of the limiting
viscosity values of the fractions that effective fractionation
of the amylose sample has been achieved. Since the (3 ~limit
of the "parent" amylose was high it is not surprising that
fractions having low 12 =limits were not obtained. The vis=-
cosities of the fractions in alkali are obviously higher than
the viscosities in saline. This illustrates the well-known
phenomenon that salt solutions are poor solvents for amylose
(Bverett and Foster, 1959).

The efficiency of the fractionation is clearly shown
by comparing the properties of the "parent" amylose with those

of the summative values of the fractions.

[T%OH.-A Em%ra (3-11m1tj

BExperimental Value 260 120 96

Calculated Value 270 121 o8

There is reasonably good agreement between the
calculated and the experimental values, showing that fraction-

ation has been achieved without degradation occurring.

The effect of starch-pretreatments on the properties ol the
amylose component.

Some starches = of which those from cereals are the

most common -~ are extremely difficult to disperse directly into
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Table «0

Properties of amylose subfractions obtained by

dimethylsulphoxide~ethanol subfractionation of agueous leached

potato amylose.

1.
Fraction | ¥ Alcohol | % Amyéose [WQOH lnétl |3-1imit p*Z-limits

pptd.

1 45.8 19.4 470 195 90 100

2+3 47.0 22.3 365 158 98 100

4 48.1 23.5 240 110 98 102

5 49.0 6.6 175 90 100 99

6 49.4 5.6 165 80 101 99

T 51.0 15.1 130 60 98 101

8 54.1 Te5 75 40 99 100

1. The recovery of amylose during the fractionation was

ca. 90%;

the losses being entirely mechanical.

The weight of

each fraction was, iherefore, corrected for this loss before

the fraction-percentages were calculated.
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aqueous solution, Fretreatment of the granule is often
necessary for effective dispersion dbut care must be taken to
ensure that the properties of the starch components are not
modified. Because potato etarch can be dispersed quite

readily in boiling water, it provides a useful standard by which
the effect of various pretreatments may be examined, Samples of
potato starch were, therefore, pretreated with alkali, liquid
emuonia and dimethylsulphoxide. They were all dispersed in
boiling water under nitrogen and the amylose components were
geparated in the usual manner using thymol, followed by butanol,
as the precipitants. The results are shown in Table 3.04.
Although the ﬁ -amylolysis limit is independent of the pretreat-
ment, the molecular size 9f the amylose from a liquid ammonia
pretreated starch tends to be slightly higher than the others.
Garlier results also show this trend (Banks et al, 195%). Table
3.04 also shows that amylose may be satisfactorily stored in the
form of the butanol complex for a long period without degradation
occurring. This would appear to be the best method for keeping
amylose, since the solubility of dehydrated amylose certainly

decreases with length of storage.

The apparent molecular size of amylose.

Viscosity. measurements are the most convenient way of
determining the relative sizes of amylose samples. Values of
the limiting viscosity nuuber, [ﬂ] s vary with plant maturity
and also with the source of the amylose (Greenwood and Thomson,
1962). Random selections of potato tubers examined in these

laboratories, however, have consistently yielded amyloses
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Iable 5.04.

rroperties of amyloses obtained by precipitation

from agueous dispersions of potato starch, var. fentland Crown

(at 100°C.) after various pretreatments of the granules.

liethod of pretreatment % of amylose in
of the granules Hjl [F*z] [ﬂ] the corresponding
amylopectin
None 88 100 630 0.4
Liquid ammonia 86 100 730 0.4
KoH/EEL at 0°C. 86 101 625 0.5
Liguid ammonia 87 100 720 0.4
Nonet 88 100 610 0.4

1. Re-examination of the samples after storage of the butanol-

complexes at room temperature for six months.
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having values of [QI of 400 = 500. Amylose samples having
even higher values of [n:; have been obtained from a new
variety of potato "Pentland Crown",

High values of [q] have been criticised by
inetgeert (1961). He suggested that they may be caused by the
presence of molecular aggregates of amylose and amylopectin
which had not been completely dispersed during the fractionation
process. This postulate seems very unlikely since, in the
present work, all amylose samples have been recrystallised at
least three times from dilute solution and values of {1] as
high as 1200 have been obtained (Table 3.02). Since these
samples are completely degraded by a mixture of (3 —amylase and
Z~enzyme they cannot contain a significant amount of amylopectin.
Further, since amylopectin molecules are more compact than those
of amylose, amylopectin impurity would tend to lower the
viscosities of amylose solutions.

It is rather more difficult to show that the high
values of [q] are not due to molecular aggregates of amylose.
For this purpose some potato amylose subfractions were converted
to the triacetate féwm and lightscattering measurements were
carried out. The solveat used was nitroethane and the results
were evaluated by the method of Zimm (1948)., The molecular
weights of the fractions with the corresponding values of [q]
in potassium hydroxide (0.2M.) are shown below.

Fraction EDKDH 5 M.,
1 500 20,6

2 315 12.8
b 230 33
4 75 1.4
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The Zimm plot for fraction 3 is shown in Fig.3.03. It is
apparent that these amylose samples do have large molecular
Weights.

mxamination of pretreated starches.

The granular structure of potato-starch was disrupted
by the use of dimethylsulphoxide and liquid ammonia. The iodine-
binding power of these pretreated starch samples was shown to be
the same as that of the original starch (see below). Solutions
of the starches were prepared in water at room temperature, and
the extent to which they were hydrolysed, by (3 —amylase and by
the concurrent action of [} —amylase and Z-enzyme, was determined
The untreated starch was dissolved in alkali at 2°C. and the
solution was neutralised to PH4.8 before the addition of buffer
and the appropriate enzyme system.

The results are shown below.

Starch pretreatment Iodine Affinity |3 ~limit p+7_ -limit
None 4.25 | 64 70
Dimethylsulphoxide 4.25 64 69
Liquid ammonia 4.20 65 y

Although these results indicate that no profound
change in the structure of the starch samples has taken plgco,
as a result of the pretreatments, these techniques would not be
sensitive enough to shew minor changes in the components.

As already indicated, Table 3.01,a normal fraction-
ation of amylose can be made from these cold water dispersions

if the critical concentration of precipitant is used. Amylose,
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with similar properties, was obtained from a neutralised
alkaline dispersion of dimethylsulphoxide treated starch.

The Ultracentrifugation of starch dispersions.

Few workers have examined starch dispersions in the
ultracentrifuge. Senti et al. (1960) investigated the behaviour
of agueous dispersions of maize starch, and Erlander and French
(1958) studied waxy maize starch in agueous lithium bromide.
Killion and Foster (1960) examined dispersions of potato starch
in dimethylsulphoxide.

Potato starch, which had been pretreated with either
dimethylsulphoxide or liquid ammonia, was dispersed directly into
dimethylsulphoxide, potassium hydroxide (0.2M.) and water with
gentle agitation at room temperature. The resultant dispersions
were then examined in the ultracentrifuge. In all cases, the
presence of two components was observed. Apparent sedimentation
coefficients = Sps for the faster-moving, and S, for the slower-

moving component -~ are given below for 0.4% dispersions.

Fretreatment Solvent }9}? Se 1012 S
Dimethylsulphoxide Dimethylsulphoxide 9¢3 2.4
Dimethylsulphoxide | 0.2l. potassium hydroxide 13 8.2

Liquid ammonia - Water | 80 20

These values of S, and §, are similar to those which
have been found for the separate amylopectin and amylose
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components, respectively (Cowie and Greemwood, 1957 .

Because of its large molecular weight the amylopectin
component sediments very rapidly and care must be taken to'
ensure that there is no insoluble material present in these
solutions. There was, however, little evidence of rapidly
sedimenting material during acceleration of the rotor to full
speed. These experiments in alkali confirm the rasults of
Banks, Greenwood and Thomson (1959) who presenteld evidence that
complete solution of starch granules was achieved in sodium
hydroxide (O.5M.). It is not surprising, therefore, that the
fractionation of potato starch by treating it with alkali
(Baum and Gilbert, 1956) is not very satisfactory.

Although the ultracentrifugation of starch dispersions
is complicated, the results for these pretreated starches show
unambiguously that there are two separate components present
when neither the starch granule nor its dispersion has been

heated above 2000.
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3.b. Freparation of Substrates other than amylose.

As already indicated, linear amylose is a useful
substrate in a study of the action patterns of carbohydrase
enzymes. However, for a comprehensive investigation of these
enzymes further substrates were required.

rreparation of amylopectin. It was prepared by the

conventional dispersicn method outlined in the secction on

general technigues.
rreparation of glycogen. (Sahyun and Alsberg, 1930). The liver

from a freshly killed rabblit was treated with trichloracetic
acid (10%) at 0-2°C. in a high-speed atomix blendor for 2 - 3
minutes. The resulting suspension was filtered through muslin
and the glycogen was immediately precipitated with ice-cold
ethanol (14 volumes). After a few minates the precipitate was
obtained by centrifugation at 0-2°c. It was dissolved in cold
water and re-precipitated with ethanol. This procedure was
repeated until the addition of a small amount of an electrolyte
(usually sodium chloride) was required to induce flocculation
of the precipitate. The glycogen was washed with ethanol and
finally dried with ether,

Preparation of;g-amylase limit dextrius. The polysaeccharide
(100 mg.) was dissolved in water (90 mi.) and acetate buffer
(10 m2; 0.2i; pH 4.8) was added. Sufficient B -amylase was
added to ensure that the enzyme action was complete within
twelve hours. The digest was incubated at 35°G, for 24 hours
when it was heated in a boiling water-bath for ten minutes and
filtered. The polysaccharide was precipitated with an excess
of ethanol, dissolved in water and subjected to further enzyme
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action. After a further period of 24 hours the dextrin was
isolated by precipitation with excess ethanol, dialysed
against running water for 48 hours, and freeze-dried.

Ifreparation of lialtodextrins. They were prepared by

hydrolysing solutions of amylose with crude salivary j -—-amylase,
Dilute solutions were employed to prevent precipitation of the
amylose. When the digests gave no colour with iodine they
were heated on a boiling water-bath for five miruntes, filtered
and evaporated to small volume on a rotary evaporator. The
syrup was streaked on to 3mm. chromatographic paper and eluted
with n-propanol: ethyl acetate: water (14: 2: T7) (Comuerford et
al, 1963). Strips were cut from each side of the chromatogram
and developed by the method of Trevelyan et al. (1950). The
oligosaccharides were identified by running a set of standards
on the same chromatogram - this portion of the chromatogram was
also cut out and developed. The remaining part of the
chromatogram was then cut into sections - each section corresp-
onding to an oligosaccharide - which were separately eluted with
water. The resulting sugar solutions were concentrated before
being re-run in the same system. This procedure was continued

until the maltodextrins were chromatographically pure.
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4.2, ZoSNEYUE

INTRODUCTION

Barly workers in the field of starch chemistry

(Hanes, 19363 Ford and Peat, 19413 Haworth, Xitchen and Feat,
1943) used crude extracts of ungerminated grain of wheat or
barley as a source of [3 -amylase. However, such preparations
were often contaminated with [ -—amylase. It was later Tound

to be more satisfactory to use soya bean as the source of the
crude enzyme since this cereal did not appear to contain a detect=-
able amount of L =-amylase (Bourne et al, 1945). Imn 1949 Feat,
Pirt and Whelan showed that, whereas this crude soya bean extract
completely hydrolysed amylose, crystalline sweet potato [3 -amyl-
ase hydrolysed only TO% of the amylose into maltose, They
concluded, therefore, that there was present in soya beans
another factor = which they named Z-enzyme - which rendered
amylose completely accessible to degradation by [ =-amylase.

Feat et al. (1950) compared the actions of Ze-enzyme

and dilute salivary [ -amylase on amylose and amylopectin. The
L =amylase caused a large fall in the amylopectin-iodine absorp-
tion value with a corresponding increase in reducing power, but
the Ze~enzyme had no apparent effect. A mixture of [3 ~amylase
and Z-enzyme acting on amylose gave a higher conversion into
maltose than did a corresponding ( —amylase and salivary |-anyle-
ase mixture. Later, Peat et al, (1952) partially purified Z-
enzyme and showed that it was not a phosphatase; that it hydrol-
ysed laminarin, cellobiose, genticbiose and crown gall polysac—
charide, all of wkich are [3 ~linked glucose polymers. Amylose
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was completely hydrolysed to maltose when it was incubated
- with a mixture of emulsin (a crude mixture of enzymes contain-
ing [ -glucosidase) and @ —amylase. From these results the
authors concluded that amylose contained side-chains, consist-
ing of single glucose residues joined to the main chain through
B =glucosidic linkages. These glucose residues constituted
the barrier to 6'-amylaae and they were preferentially removed
by Z~enzyme.

When Hopkins and Bird (1953) examined the products
from the initial attack of a mixture of Z-enzyme and ¢ ~amylase
on amylose 3 =limit dextrin they could not detect any glucose.
Hence, they postulated that Z-enzyme was merely a weak / -amylase,
They also showed that active [ -glucosidases in emulsin did not
liberate glucose from amylose ( =limit-dextrin so that Z-enzyme
was distinct from F;-glucosidasa. In their comments on this
communication, Feat and Whelan (1953) emphasised that they could
distinguish Z-enzyme from , —amylase by pretreating an amylose
with Z-enzyme or weak salivary J( —amylase before {3 —amylase
action. The p —amylolysis limits were 98% and 89% for Z-treated
and J -treated amyloses, respectively. The Z-enzyme appeared,
therefore, to have exerted a true debranching action and allowed
complete ([ —amylolysis, whereas the ( —amylase had fragmented
the amylose molecules in random fashion to leave intact the
barriers %o (@ —amylase. These authors modified their concept
of amylose to explain the results of Hopkins and Bird (1953) and
suggested that the amylose side-chains could contain more than
one glucose residue.

The theory that Z-enzyme had the specificity of a
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@ =glucosidase was finally shown to be incorrect by the follow-
ing experiments: (1) Neufeld and Hassid (1955) showed that the
Z=enzyme activity in emulsin could be destroyed without removing
the p =-glucosidase activity; (2) Baba and Kojima (1955) found
that a mixture of purified apricot p -glucosidase and crystal-
line g3 -amylase hydrolysed sweet potato amylose to 73% convers-
ion into maltose, This was the conversion achieved by pure
p-auylase, acting on the amylose; (3) Baba (1959) further
showed that the emulsin used by Peat et al. (1952) could be
fractionated, by heating in the presence of calcium, to yield an
enzyme which possessed only amylolytic activity.

Banks et al. (1960) showed conclusively that Z-enayme
exerted a random hydrolytic attack on amylose by following the
rapid fell in viscosity of amylose = Ze-enzyme digests. Since
this enzyme also attacked linear amylose (iie. amylose which is
completely desraded to maltose by pure [ —amylase) the postulate
that Z-enzyme specifically removed the barrier to g —~amylase was
proved t0 be incorrect. These authors further showed that the
enzyme attacked amylopectin and its (3 ~limit dextrin, but, under
their experimental conditions they found no evidence to show that
the enzyme also attacked glycogen and its p -limit dextrin,

Their results also indicated that the enzyme was inactive below
PH3.6.

Cunningham et al. (1960) confirmed these findings and
later, (1968), suggested that the enzyme, if present in a
sufficiently high concentration, might also attack glycogen and
glycogen (3 =~limit dextrin. They also showed that the

A =amylolytic activity was decreased when calcium was removed
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from the enzyme preparations by chelating agents such as
ethylenediaminetetraacetate (EeDeTsAd)e

Since most of the published work on Z-enzyme has been
carried out with crude, weakly active preparations, am invest-
igation was undertaken to attempt to prepare pure Z-enzyme and
to examine its properties in more detail.

EXPERIMENTAL

Initial attempts to prepare i-enzyme from soya bean. A crude
sample of soya bean Z-enzyme, containing ﬁg-amylase impurity

was obtained by a modification of the procedure of Bourme et al.
(1945). Dry, defatted soya bean flour (200 g.) was extracted
with agueous ethanol (800 ml; 20%) at room temperature for 12
hours. The resulting suspension was centrifuged, passed
through muslin and the aleohol concentration was raised to 30%.
After 15 minutes stirring the precipitate was removed on the
centrifuge and discarded. [urther precipitates, 2 and 3, which
were obtained at 50 and T0% of alcohol, respectively, were
separated by centrifugation and dried with ethanol. The g -
anylase and Z-enzyme activities of these fractions were deter—

mined as described later and the results are shown in Table 4.01.

Table 4.01
Protein sample Z-enzyme specific p —amylase speeific
activity activity
Original solution 523 10
Fraction 2 1.7 17
Fraction 3 8.2 57

The Z-engzyme activities are expressed in I.D.G.’ units ‘mg. of
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protein; the [ -amylase activities are expressed in mg. of
maltose produced/mg. of protein (see ps€3)e * I.D.C. = iodine-
dextrin colour.
The effect of mercuric chloride on the enzyme fraction
3 was investigated. Digests were prepared in the following
manner :
1, Enzyme fraction 3(5mg.) + acetate buffer (2ml.; O0.2i.; pH
546) + mercuric chloride (8 ml.; 1.9 x 10-6ﬁ.)
2, Bnzyme fraction 3(5mg.) + acetate buffer (2ml.; 0.,2i.; pH
4.6) + mercuric chloride (8 ml.; 1.9 x 10'6H.)
These were incubated at room temperature for 2 hours before
being added to aunylose solutions containing the appropriate
buffer and concentration of mercuric chloride. These solutions
were incubated at 35°C. for 24 hours when the amyloses were
precipitated by the addition of excess butanol. The viscosit=
ies of the amylose samples were determined in potassium hydrox-—
ide (0.21.) at 25°C. The results are shown in Table 4.02

Table 2
Original amylose Amylose from _wmwﬁﬁylose from
digest 1 digest 2
Viscosity 540 550 205

These results indicate that mercuric chloride
(1.5 x 10'6M.) does inhibit the p ~amylase activity without
completely inhibiting the Ze-enzyme activity. This inhibition
technigue is not very satisfactory, however, since its effect on

the Ze-engzyme activity is difficult to determine.
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In an attempt to obtain a fraction of Z-enzyme free
#rom p«-amylase, fraction 3 was subfractionated with solid
ammonium sulphate in the following manner.

A portion of fraction 3(400mg.) was suspended in water
(35ml.) and carefully stirred for 20 minutes at room temperature
before being centrifuged (20,000 r.pe.m.; 15 minutes), yielding a
clear brown solution which was cooled to 2°C. Solid ammonium
sulphate was slowly added with stirring and fractions were
removed on a refrigerated centrifuge at 20, 30 and 60% satur—
ation with amwonium sulphate to give ﬁras%ions 34, 3B and 3C,
respectively, These precipitates were stored as suspensions
in saturated ammonium sulphate solution at 2%, Aliquots
(lml,) of the suspensions were centrifuged and the resulting
solids were suspended in water (5ml,) to give clear solutions
which were used to determine the ‘Z-enzyme and fp —amylase activite-
ies of the fractions., The results are shown in Table 4.03.

Table 4.03

Fraction 3A Fraction 3B Fraction 3C

p-amylase specific
activity 67 75 180

Z=gnzyme specifiec
activity 8.2 11,3 22.1

The effect of heat on these enzymes was investigated
in an attempt to separate their activities, A portion of
fraction 3(550mg.) was suspended in caleium acetate solution
(100ml.; 0.2%) for 30 mimates and carefully stirred. The
suspension was centrifuged (20,000 r.p.m.,; 15 minutes) to
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vield clear solution 3D which was heated at 70°G. for 15
minutes and the resulting cloudy suspension was quickly cooled
to room temperature. It was centrifuged to yield clear
solution 3i which was further cooled to 2°C. and saturated with
ammonium sulphate. After 24 hours a portion (5ml.) of the
suspension was centrifuged and the hard-packed precipitate
dissolved in water (2ml.) to give solution 3F. rortions of
these solutions (3D, 3E, 3F) were tested for Z-enrcyme and

p-amylase activities,. The results are shkown in Table 4.04.

Table 4.0
Original | 3D 10 3F
i=-enzyme specific activity 8.2 8.0 40.2 40
p —amylase specific activity 57 55 0 0
Final rreparation of Z-enzyme from soya beans. Dry, defatted

finely ground soya bean flour (300g.) was shaken with calcium
chloride solution (0.2%; 1500ml.) for 4 hours. The resulting
suspension was centrifuged and filtered to yield a clear
solution (35mg. protein/ml.) which was cooled to 2°C. Sufficient
acetone at -15°C. was added to make its concentration in the
solution 104 (v/v). The temperature of the solution was then
lowered to -5°C. and protein fractions, precipitated at acetone
concentrations of 0-20, 20-30, %0-35, 35040, 40-45, 45~50, 50-~55
and 55-60% (v/v), were collected, partially air-dried to remove
excess acetone and suspended in cold water. The suspensions
were centrifuged to yield clear solutions. During fractionat-
ion the chilled acetone was added slowly with continuous stirr-
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ing to the protein solution and each precipitate was left for
15 minutes before being separated by centrifugation., The Z-
enzyme and (3 —amylase activities of the fractions were determ—
ined and are shown in Table 4.05.

Table 4.0
Acetone c;;cen- | ’ |I | }“
tration % (v/v) 01_ 20 __2)___%_ 55:_4___4; | 20 55 | 60
Fraction number sS0| s1 | s2 j s3 | 54 s5  s6 | ST S8
L=enzyme speeiﬁc+ |

activity 6.4 | 5.0 5.3 T.8 |15.4 [20.0 35.0 36,0 4.6
| * [ |

. | | I
-amylase specific” | .
e oy 7.6 6.7 7.0 | 8.5 ‘13.0 12.0 [12.0 | 9.0 | 5.0

——— S— i EE— N —

Texpressed in I.D.C. units/mg of protein;  ‘expressed in mg. of
maltose produced/mg. of protein (see p. 83.)

To portions of fraction S7 (10 ml.) were added calecium
acetate (20 mg.) and acetate buffer (lml.; pH4.8; 0.2li.). The
solutions were heated (7000.; 20 minutes), cooled, centrifuged
and combined. Appropriate dilutions of the clear solution were
tested for protein content, Z-enzyme and B -amylase activities.
The results, Table 4.06, indicated that the specific Z-enzyme
activity had been enhanced but the @2 -amylase activity had

been reduced to a negligible value.
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Table 4.06

Specific Activities

L=enzyme [} =amylase
Fraction ST before heating . 36 9
Fraction S7 after heating 51 0

The heated enzyme fraction S7 was subfractionated with
chilled acetone at =5°C. between the limits 0-35, 35-42, 42-47,
4T7=52 and 52=57%. The enzyme activities are shown in Table
4.07.

Table 0
= l" —
Acetone concentration % (v/v) 0| 35 42 47 | 52 | 57
Fraction number ST 371 872 573 574 575
Z-enzyme specific activity 51 |6.8 |33.0 |90.0 (450 (91.2

Subfraction 574 was further purified, via glycogen-
complex formation (Loyter and Schramm, 1962), in the following
way:- The enzyme solution (5.3ml.) was cooled to 3°C. and
chilled ethanol (3.5ml.) was slowly added with stirring. After
15 minutes the precipitate was centrifuged off and dissolved in
cold water-solution (1). To the clear solution, obtained on
centrifugation, were added phosphate buffer (0.25ml.; pHB8.03
0.2H.), 8lycogen solution (O.lml.; 2%) and ecold ethanol
(0.23ml.). The suspension was stirred for 10 minutes and then
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centrifuged, yielding a small precipitate and a elear solution
(3)¢ The precipitate was suspended in phosphate buffer (0,02ii.}
PH6.T) = solution (2). The three solutions were assayed for
activity and protein content - the results are shown in Table
4.08.

Table .08
Solution number 1 2 3
Fraction number 5741 8742 5743
i~enzyme specific activity 69 790 12
s e |

The enzyme fraction 5742 was maintained at 35°C. for
six hours (to aid digestion of the contaminating glycogen),
cooled to 2°C. and precipitated with excess, chilled acetone.
The precipitate was dissolved in cold distilled water and
stored, under toluene, at 2%. It was found to retain its
activity, at this low temperature, for a few weeks.

Z=enzyme activity. A modification of the procedure devised by
Briggs (1961) for the determination of / ~amylase activities
was employed. The decrease in the capacity of amylopectin
f=limit dextrin solutions to yleld red colours with iodine
after digestion with Z-enzyme, was used as a measure of Z-
enzyme activity. (see p. 95). The times taken for the iodine
absorption values (A.V.), of various o -amylase/amylopectin
p=limit dextrin digests, to fall by a fixed amount were noted.
The reciprocals of these times were proportional to the [ —amy-
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lase concentrations in the digests. This enabled a standard
graph to be constructed from which all Z-enzyme activities were
calculated.

Digests were prepared containing amylopectin @ ~limit
dextrin and various concentrations of salivary [ —amylase (see
later). Aliquots were removed from these digests at appropriate
intervals and stained with iodine; The A.Ve 0f the jp-limit
dextrin control was set equal to 3.00 "corrected colorimeter
units" and the dextrin-icdine colours of the digests were
correspondingly adjusted by multiplying them by the factor 3.00/
observed p-limit dextrin-iodine control colour. The "time
reference point® is the time taken for the colour of the dextrine
iodine complex to reach a corrected value of 2.,00. A frelative
time" scale was established in which the _ -amylolysis commenced
at zero time and 100 denoted the "time reference point”, The
observed times were then converted into "relative time" inter-
vals by multiplying them by 100/actual time taken to reach the
"time reference point". The standard graph was then coanstructed
by plotting the corrected dextrin-iodine A.Vs. on a logarithmic
scale and the corresponding "relative times” on a linear scale
Fige 4.01.

Unless otherwise stated [ -amylase and Zeenzyme
digests were prepared in the following way. They contained
acetate buffer (lml.; 0.2.; pHS5.5), amylopectin R=limit
dextrin (2ml.; ca.5mg./ml.) and a suitable amount of enzyme in
a total volume of 8ml, Before the addition of the enzyme
samples the digests were preincubated at 35°C. and they were
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maintained at this temperature throughout the digestion period.
Aliquots (2ml.) were removed at intervals and stained with
iodine. The dextrin-iodine A.Vs. were converied to "corrected
colorimeter units® and the corresponding “relative times" were
obtained from the standard graph. Engymic activities were
calculated directly from ("relative time/time of taking the
sample) and were expressed in I.D.C. units (iodine-dextrin colour).
The specific activity of an enzyme sample was obtained by divid-
ing the enzyme activity by the corresponding protein concentrate—
ion (mg. of proteinyml.) in the digest. The average value of
three separate deterninations per digest was found to be satis~-
factory.

sxample of the calculation of Z-enzyme activity. Iwo typical

activity digests were prepared and incubated at 35°¢C. To one
was added an appropriate amount of Z-enzyme solution and aliquots
(2ml.) were removed at intervals for iodine staining measurements.
An equal volume of water was added to the other digest (control
digest) and its iodine stain was also determined. The results
are shown in Table 4.09.

Zable 4.09
Time of | Colorimeter | Corrected |Relative |(-amylase
| taking reading colorimeter| time activity
Sample [o sample reading (from
n | | graph)
Control
digest - 3.20 3.00 - -
1 5 minutes 2,60 2.44 50 3.34
2 [30 minutes 2,10 1.97 101 3437
3 |60 minutes 1.36 1.27 202 3.31
l Average = 3.36 |




83,

rrotein concentration in the digest = 0.02mg./ml.

«'e imenzyme specific activity = 3.36/0.02 = 168 I.D.C. units/

mg., of protein.

The A.V. of the control digest was set equal to 3.00
and the values for the samples from the enzymic digest were
correspondingly adjusted to yield the "corrected colorimeter
readings”. Using these and the standard graph the appropriate
"relative times" were determined. The enzymic activlity for each
sample was obtained directly from "relative time"/ time of taking
sample ., The specific activity of the enzyme was obtained by
dividing the activity by the concentration of enzyme in the
digest and is expressed in I.D,C. units/mg. of protein.
Roamylase activity. Digests contained starch solution (0.6%;
25ml.), acetate buffer (4ml; 0,2u.3 pH3.6) and sufficient
enzyme in an aliquot (1lml.) to produce 2 = 3mg./ml. of maltose
in the digest under the experimental condi tions. The digests
were incubated at 35°C. for 30 minutes when aliquots (1ml,) were
removed and their maltose content determined by the alkaline
ferricyanide method. The @ -amylase activities were expressed
as mg. of maltose produced/mg. of protein/ml. in the digest.
Concentration of polysaccharide solutions. The concentration

and redueing power of polysaccharide solutions were determined
by the routine procedures outlined in the general experimental
section

Concentration of protein solutions. The routine determination

of the protein content of clear solutions was carried out on an
SF500 ultraviolet and visible spectrophotometer at 280 m .

Micro gjeldahl protein estimations were also carried out on some
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of the enzyme solutions and a quantitative relation was obtained
between these results and those from the absorption values at
280 m pu , It was thus possible to convert an absorption value
at 280 m Y into a quantitative e¢stimation of the amount of
protein in a particular solution.

Iodine reagent. A solution coataining potassium iodide (2%)
and iodine (0.2%) was prepared in water,

Determination of amylopeetin @ —limit dextrin/iodine absorption

values. Aliguots (2ml.) were removed from dextrin-engzyme
digests and added to the standard iodine solution (lml.) containe
ing hydrochloric acid (0.2ml.; 8N.) in a total volume of 50ml,
The olour intensity was measured on an;EELxﬁhoto-aleotric
colorimeter using yellow-green filter No.625 which has i%s
maximim absorption at 540 mpy . The instrument was initially
set to zero with a blank consisting of water, iodine and hydro-
chloric acid.

Soluble starch solution. Soluble stareh (Analar, B.D.H.; 0.6g)
was suspended in distillcd water (10-15ml.) and added, in the
form of a thin slurry, to boiling distilled water (50ml,). The
suspension was boiled for 5 minutes, cooled to room temperature,
filtered and made up to 100ml. These solutions were always
freshly prepared before use.

Lnzyme substrates. These were prepared as outlined in the
general experimental secgion.

faper chromatography. Solutions of pure sugars were applied

directly to Whatman No.l chromatographic paper. FPortions
withdrawn from enzymic digests however, were treated in the
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following way before becing subjected to chromatography. They
were boiled for 5 minutes to stop the enzymic reaction and to
coagulate the protein, cooled and centrifuged. The clear
solutions were shaken with Bio-Deminrolit mixed-bed resin in
the carbonate form (Woolf, 1953) to remove any inorganic ions
present, and were then concentrated to small volume, in a
rbtary evaporator, before being applied to the chromatograms.
The solvents and developing agents used are described in the
general experimental section.

Viscosity. Viscosity measurements were garried out in
modified Ubbelohde viscometers as described in the general
experimental section.
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RESULTIS

Purity of enzyme fraction 57,2. Aligquots of the enzyme
solution (0.lml,) were added to samples (lmg.; O.lml.) of

maltose, maltotriose, cellobiose and laminarin. These micro=-
digests were incubated at 3500. for 48 hours when portions were
removed for chromatographic examination. No glucose was
detected in the maltose, cellobiose or laminarin digests indicat-
ing that this Z-enzyme fraction is free from maltase, cellobiase
and laminarinase. After prolonged digestion (72 hours), small
amounts of glucose and maltose were detected in the maltotriose
digest indicating that, either a trace of Fg-amylase was present
in the enzyme fraction or these sugars were being produced by

the very slow action of Z-enzyme itself on maltotriose. The
absence of higher sugars in the maltotriose digest indicated that
the enzyme fraction was not contaminated with D-enzyme.

Removal of 3 —amylase activity from Z-enzyme preparations. Two
T

portions of soya bean Z-enzyme fraction S5 at pH6 were heated in
a water-bath at T70°C. - one contained calcium acetate (2mg./ml,)
and the other contained no added calcium, Aliguots were
removed from these solutions at appropriate intervals, quickly
cooled and centrifuged to yield clear solutions. The protein
contents, Z-enzyme and p —amylase activities of these solutions
were determined. The enzymic activities were calculated as a
percentage of the activities present in the original, unheated
enzyme solution. The results are shown in Fig. 4.02. Curves
(1) and (2) indicate the effect of prolonged heating at 70°C. in
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the presence and absence of calcium, respectively, on the
activity of soya bean Z-enzyme. Curves (3) and (4) show the
corresponding p-—am.ylase activities. Similar experiments
were carried out at 63°C. and pH4.8 (Fig. 4.03).

Variation of Z-enzyme activity with temperature.  Digestis
were prepared containing amylopectin [3-11m1t dextrin solution
(2ml.), acetate buffer (lml.; 0.2l.3 pHS5.5) and water (4.8ml.).

These were preincubated at various temperatures until temperat—
ure equilibrium had been established when portions of enzyme
solution (0.2ml. fraction 5742) were added to each. The enzyme
activities were determined in the usual manner, The results
are shown in Fig. 4.04.

Effect of temperature on the stablility of Z-enzyme. Digests
were prepared containing acetate buffer (lml.; 0.2M.; pHS5.5)
and water (4.8ml.). They were equilibrated at their respective

temperatures and aligquots of enzyme solution (0.2ml. fraction
3742) were then added to each. After 1 hour the digests were
allowed to come to equilibrium at 3506. and sauples of amylop-
ectin @ =limit dextrin solution (2ml.) were added to each. The
engymic activities of the digests were determined in the usual
manner and the results were calculated as a percentage of a
standard enzyme activity which was carried out at 3500. without
preincubation of the enzyme at this temperature. The results
are shown in Fig. 4.04.

Variation of Z-enzyme activity with pH. Digests were prepared
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containing amylopectin 3 ~limit dextrin solution (2ml.), water
(4.8ml.) and portions (lml.) of lclIlvaine's standard buffer
solutions at various pH values. These were preincubated at
35°C. before the enzyme was added (0.2ml. fraction §7,2). The
enzymic activities were determined in the usual way and were
expressed as a percentage of the maximum activity obtained. The
results are shown in Fig. 4.05.

Activity of Z-enzyme at pH 3.6. Four digests were prepared

in tune following manner.

A. Acetate buffer (2ml.; O0.2l.; PpHS5.5) + enzyme (O.2ml.
fraction 3742) + amylose solution (20ml.; 3mg./ml.).

B. Acetate buffer (2ml.; O.2i.; pHS5.5) + amylose solution
(20ml.; 3mg./ml.).

C. Acetate buffer (2ml.; O0.2i.; pH3.6) + enzyme (0.2ml,
fraction 5742) + amylose solution (20ml.; 3mg./ml.).

D. Acetate buffer (2ml.; 0.2M.; pH3.6) + enzyme (0.2ml.
fraction 8742. This digest was incubated for 2 hours at room
temperature before the amylose solution (20ml.; 3mg./ml.) was
added.

These digests were incubated at 35°C. for 20 hours
when they were heated on a boiling water-bath for 5 minutes,
cooled, filtered and precipitated with excess butanol. There
was no precipitate in digest A but the viscosities of the
amylose samples obtained from digests B, C and D were determined
in potassium hydroxide (0.2i.) at 25°C. The results are shown
in Table 4.10.
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fable 4.10
f
Digest A | B c D
viscosity ([(]) 0 510 400 496

Lffect of various reagents on Z-enzyme activity.

l. uzffect of Ions. Digests were prepared containing acetate

buffer (lml.; O0.2i.; pH5.5), enzyme solution (0.2ml, fraction
5742), water (0.5ml,) and the requisite amount of ionic species
in water (5.3ml.). These were preincubated at 35°C. for 2

hours when the precipitates, which had appeared in the mercuric
chloride digests, were removed by centrifugation. Aliquots of
amylopectin 3 -limit dextrin solution (lml,) were then added to
each digest. The Zeenzyme activity in the various digests was

determined in the usual manner. The results are shown in Table

4.11.
Table 4.11
" Ionic Concentration
r10‘3n 10™% {10™%u [10”°u

Ionic species % Inhibition
Mercuric chloride | 100 100 42 15 -
rotassium cyanide K~ © o (o i
Amuonium molybdate| 20 @) o) o |
Calcium chloride 8] o )
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2. Effect of other recagents. Similar experiments were

carried out with ascorbic acid and tyyptophane. The results
are shown in Table 4.12.

Table 4.12

102y 1074y 10™%y 10~%y
Inhibitio
Tryptophane O 0 @) O
| Ascorbic aeid | 100 90 10 42

5. Lffect of Z-enzyme samples, pretreated with mercuric and
calcium ohloride, on the Viscooity of amylose solutions.

Digests were prepared in the following manner.

A. Acetate buffer (lml.; 0.2ii.; pH5.5), enzyme (0.2ml.fraction
5742), water (0.5ml.) and mercuric chloride (6.3ml.; 1.3 10’3m.)
B. Similar to sbove but containing mercurie chloride (6.3ml.;
1.3 10™%u.).

Ce Similar to above but containing calcium chloride (6.3ml.;
1.3  107%u.).

D. Similar to above but containing water (6.3ml.) instead of
ions.

These digests were incubated at room temperature for 2
hours when those which had become cloudy were clarified by
centrifugation. They were then added to equal volumes of the
same amylose solution and incubated at 3500. After 1 hour
excess butanol was added to digests C and D, but A and B were
left for 24 hours before receiving the same treatment. Ihe

viscosities of the amylose samples were determined in potassium
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hydroxide (0.2l.) at 25°C. The results are shown in Table 4.13

Table 4013
Digest 7\ B c D |
viscosity ([0]) 495 | 500 80 75

The viscosity of the original amylose sample was 510%

4. Lffect of ethylenediaminetetraacetate (E.D.T.A.) and trypsin.

Digests were prepared in the following way.

ITwo digests were prepared, labelled Al andAz, contain-
ing EeD.T.A. (O.lml.; 10™1M.) and trypsin (0.lml.; O.4mg.);
two digests were prepared, labelled Bl and 32, containing
EoD.TeAs (0ulml.; 10™'M.); two digests were prepared, labelled
¢, and C,, containing trypsin (0.1lml.; O.4mg.); one digest was
prepared, labelled D, containing water

Water (10ml.), kecllvaine's standard buffer solution
(lml.; pH6.8) and enzyme (O.lml. fraction 8742) were added to
each digest. They were left at room temperature for 12 hours
when aliguots of calcium chloride solution (1lml.; 1lu.) were
added to digests (1), There was an immediate precipitation
which was removed by centrifugation. Bgqual volumes of the
same amylose solution were added to the digests which were
incubated at 35°C. for 24 hours when excess butanol was added
to each. Precipitates imuediately formed in digests Al, A2
and 32 but, even after 48 hours, there were only small
precipitates present in digests Co and Bl’ HNo precipitates
were obtained in digests Cq and D. The viscosities of the
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anylose samples were determined in potassium hydroxide (0.2ii.)
at 2500. The results are shown in Table 4.14.

Table 4.14

Digest Al A2 B1 B2 Cl 02 D
viscosity ([] ) | 75[455 | 30 280 | -~ | 40| =

The viscosgity of the original amylose sample was 510.

Action of Z-enzyme on amylose
l. Kinetics of the initial reaction. The enzymic and acid

hydrolyses were carried out at 25%C. in a modified Ubbelohde
viscometer.

la. Action of Z-enzyme on amylose at pil5.5. The flow time

of the solvent (0.0ll. acetate buffer pH5.5) was measured and then
an appropriate amylose solution was placed in the viscometer and
allowed to come to temperature equilibrium. Its flow time was
then obtained and enzyme solution (0.002ml. fraction 5742) was
added. The flow time of the amylose solution was taken at
regular intervals over a period of 24 hours.

1b. Action of Z-enzyme on amylose at pH T.8. The above

procedure was repeated using, as solvent, licIlvaine's standard
buffer solution (0.01lM.; pHT.8).

lc. Action of acid on amylose. The above procedure was

repeated using hydrochloric acid (0.5M.) as the solvent.
Enzyme, of course, was not added in this instance.
In the above hydrolyses, Nsp, Was calculated from each

flow time as indicated in the general experimental section.
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A function of Ttﬁ was plotted against time (see discussion)
for each system and the results are shown in Fig. 4.06.

2. Ffroducts of the final reaction. rortions of Z-enzyme

solution (0.75ml. fraction 3742) were added to two identical
amylose solutions A and B (80ml.; 1l.3mg. amylose/ml.) which
were incubated at 3500. At appropriate intervals aliquots
(2m1., and O.5ml.) were removed from digest A for reducing power
and iodine staining measurements, respedtively. The results
are shown in Fig.4.07. When digest A approached its achroic
limit an aliguot (1Oml.) was removed from digest 5. Further
aliquots were removed from digest B at appropriate intervals

as indicated in Table 4.15. (p. 94 ). They were gquickly heated
in a boiling water-bath for 5 minutes, evaporated to dryness

in a rotary evaporator and suspended in water (0.25ml.). The
solutions were centrifuged and portions of the clear supernat—
ants were applied to Jhatman No.l chromatographic paper. The
oligosaccharides were separated on the paper strip by the
multiple descent technigue using ethyl acetate: pyridine:
water (10:4:3) as solvent. Bach time the solvent front reached
the bottom of the paper the chromatogram was rewmoved from the
chromatographic tank and dried before being replaced. With an
average time of 6 hours/descent it was found,by using the
appropriate standard substances,that 6 - 7 descents gave
satisfactory resolution of the higher maltodextrins G7, GB and
Gg. (Since these oligosaccharides are linear, glucose,

maltose, maltotriose s..... €tec. will be referred to as Gy
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Gyy Gzeeseetc. in this thesis.) The chromatograms were treated
as described in the general experimental section and the resultis
are shown in Table 4.15.

Table 4.1

Time of extraction of aliguot from the digest.

Maltodextrin 33 hours | 70 hours | 96 hours | 120 hours |140 hours
Gl + +—t + o+ - b L
G, - “ -+ * + + I I A A
G3 + + + * o+ ! + 4+ o+ * ot b
“ M POl () ERAS ) P
(}5 -+ -+ +* + | + -
Gg - + + e - - *
G7 + + o+ + + + | + - +
Gg + + - + + + | - 0
Gg - - -+ + + - 0

lodine stain

of concentrated ‘

digest 1 Blue Blue Red Achroic Achroic

In Fable 4.15 the depth of colour developed by the
oligosaccharide spots is indicated by the number of " + " units.
These numbers only afford a satisfactory basis for comparing
various amounts of the same sugar; even then, when a certain
depth of colour is exceeded, it is difficult to detect any
further increase. 1t was quite possible, however, to form

rough estimates of the relative gquantities of a particular sugar,
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Cele G5, present in the digest at various times. There has
been no attempt to estimate the relative amounts of different
sugars present on the chromatograms since, the longer the
saccharide chain, the less is the depth of colour produced.

Action of Ze-enzyme on T.C.A. glycogen gg-;}mit dextrin. The
dextrin (30mg.) was dissolved in water (22ml.) and acetate buffer
(2ml.; O.28e; pHS5.5). The solution was divided into two
portions; to (1) was added  —amylase (400 units) and to (2)

were added [ —amylase (400 units) and Zeenzyme (0.2ml.
fraction 8742). The digests were incubated at 35°C. and
aligquots were removed at intervals for reducing power determin-

ations (Table 4.16).

Table &.16
Apparent conversion into maltose (%)
Digest 24 hours 48 hours 72 hours
1 0 0 0
2 2 2.5 5

Action of Z-enzyme on amylopectin and amylopectin (3 —limit

dextrin. Digests were prepared containing amylopectin or
amylopectin (3 -limit dextrin solution (5ml. ca. 5Smg./ml.),
acetate buffer (2ml; 0.283; pH5.5), water (12ml.) and enzyme
solution (0O.lml. fraction 5712). They were preincubated at
35°C. before the enzyme was added., Aliquots (3ml.) were
removed at intervals and stained with iodine. The results
are shown in Fig. 4.08.
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Relative initial rates of attack of Z-enzyme on various

substrates.

pH5o 5) .

A sample (ca, 60mg.) of each substrate listed
in Table 4.17 was dissolved in acetate buffer (40 ml.;

0.02ii;

The exact concentration of each solution was

determined by hydrolysing an aliguot and estimating the

resulting glucose by the alkaline ferricyanide method outlined

in the general experimental section.

Portions of Z-enzyme

solution (0.002ml. fraetion 3742) were added to each digest

and the rates of hydrolyses were determined by measuring the

chanze in the molecular weights of the substrates.

The se

measurements were carried out in collaboration with lir. R.

Geddes using the Brice Phoenix lightscattering instrument

described earlier.

The results are shown in Table 4.17.

Table 4.17
Amylose Anylo=- Glycogen
ﬁ pec&in g '
-limit =limit =limit
Substrate: | Amylose | dextrin |Amylo- |dextrin |Glycogen dextrin
pectin i -
Relative
Rate: 330 T7 18 13.6 5 3
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DISCUSSION

Preparation and purification of soya bean Z-enzyme. Peat

et al. (19529 reported the isolation of Z-enzyme from soya
beans, but later workers (Banks et al., 1960) were unable to
repeat their preparation. Since pure Z—enzyme could not
readily be obtained, these latéer authors employed the
technigque of selective innibition to prepare samples of the
enzyme. They showed that mercuric chloride (1.5 x 10-6ﬁ.)
effectively inhibited p'-amylase activity without apparently
affecting Z-enzyme activity in mixtures of the two. This
procedure was investigated further using a crude enzyme fraction
obtained from soya bean flour by alcohol precipitation (Table
“#aldy 95 L) The results in Table 4.02 (p. YS) indicate that
mercuric chloride (1.5 x lO'GM.) does indeed inhibit p -amylase,
leaving the i~enzyme activity apparently intact. It is
rather difficult, however, to determine whether or not the
mercuric chloride modifies the iZ-enzyme activity to any extent
and so, studying the properties of a sample of the enzyme
prepared in this way is not at all satisfactory. An attempt
was made to separate the two activities by an ammonium
sulphate fractionation, but, although a fraction was obiained
containing enhanced Z-enzyme activity, the p-—amylase content
was also increased (Table 4.03, pe ( )e

It has been reported (lyrback, 1948; Preece, 1949)
that p —auylase impurity may be removed from barley malt
J—amylase preparations by heating a solution of the enzyme

mixture at T0°C. in the presence of calcium ions. The
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similarity between | —amylase and Z~enzyme suggests that thezme
two enzymes might be expected to react in the same manner to
high temperatures. (hen a soya bean fraction was heated at
70°C. in the presence of calecium acetate the results (Table
4.04, p. ") indicated that this treatment completely destroyed
the [} —amylase activity while the specific activity of the
i~enzyme was increased through the removal of inert protein.

These preliminary experiments show that Z-enzyme may
be purified to a certain exient by careful fractional
precipitation and - of greater importance - that the inclusion
of a simple heat -~treatment in the procedure completely removes

F} ~amylase lmpurity.

The initial extractions of soya bean flour were
carried out in water, but since these were difficult to clarify,
later extractions utilised calcium chloride solutions (0.2%)
from which clear solutions of crude protein were readily obtained.
The salt and water extracts contained similar activities of i=-
enzyme .

The final method adopted for the preparation of Z-
enzyme included two acetone fractionations, which must be
carried out at very law temperatures otherwise the enzymie
activity may be drastically reduced. When the enzyme fractions
obtained from these acetone fractionations were completely
dehydrated they became rather insoluble in cold water and lost
much of their activity. This procedure was replaced by one
involving the removal of excess acetone from the freshly

precipitated fractions with a current of air - the still moist
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protein fractions then dissolved fairly readily in either cold
water or cold dilute buffer,

Recently it has been shown that [ -—amylase preparat—
ions will form complexes with glycogen and this method has been
suggested as a general technique for preparing [ —amylases
with very high specific activity (Loyter and Schramm, 1962;
lLevitzki, Heller and Schramm, 1964). The method was, therefore,
adapted for use in the preparation of Z-enzyme., The efficiency
of the glycogen fi-enzyme coumplex formation procedure in
yielding a highly purified enzywme fraction is illustrated in
Table 4.08 (p. 80).

The inerease in the specific activity of the Z-enzyme
with each stage in the purification procedure is shown in Fig.
4.08¢. The enzyme has been purified by a factor of ca. 120 and
appears to be free from the contaminating enzymes with which
the preparation of Feat et al.l(19529 was associated.

It is often very difficult to repeat enzymic prepar—
ations reported in the literature because full experimental
conditions are not given; procedures involving fractional
precipitation techniques are only reproducible when certain
parameters present in the systems are carefully controlled
(ef. Dixon and webb, 1961). To obtain consistent results from
the fractionation scheme reported here the following points
should be noted: (1) the protein concentrations of the original
soya bean flour/salt solution extracts must be the same; (2)
the extracting medium must be of constant ionic strength; (3)
during the heating stage to remove f3 -amylase activity, equal
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volumes of the protein solutions should be treated i.e.
consistent results will not be obtained if, on one occasion
a small volume of solution (ga. 200ml.) is heated under the
appropriate conditions, and, on another, a larger volume (gca.
500ml.) is heated under the same conditions. It was found
convenient to heat the protein solutions in standard volumes

(10 - 151!11;);

Removal of 53 —amylase from Zeengyme preparations. The
results shown in Fig. 4.02 (p. $0a) indicate that, although the
activity.. of a crude preparation of Z-enzyme ls remarkably
stable at pH6 and T0°C. (curve 2), the activity of the enzyme is
further increcased by the addition of calcium acetate to the
protein solution (curve 1). The presence of excess calcium,
under the same conditions of temperature and pH, also affects
the stability of p-—amylase since in its presence the enzyme is
almost completely denatured after 10 minutes while in its
absence, the fall in activity is not so rapid and is still
detectable after 40 minutes. These results agree with those
of lyrback (1948) and rreece (1949), who sihowed that 3 —amylase
impurity may be removed from barley malt | -amylase preparations
by heating the enzyme solutions at 70°C. in the presence of
excess calcium,. The heat labilities of crude preparations of
malt [ —-amylase and soya bean Z-enzyme would, therefore, appear
to be similar,

reat et al., (19520 investigated the effect of heat on
crude mixtures of soya bean Z-enzyme and f;—amylase. They
found that in the absence of calcium and at an acid pH(4.8) a
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temperature of 63°C. completely destroyed the Z-enzyme activity
after 15 minutes while the g‘-amylase activity was reduced to
T0% of its original value. These findings are not inconsist-
ent with the results shown in Fig. 4.03 which illustrate the
effect of heating crude Zi~-enzyme and B -amylase mixtures at
63°C. and pi4.8 in the presence end absence of calcium. [3 -
amylase appears to be guite stable under these conditions but
there is a significant change in the activity of the Z-enzyme
component of the mixture; although it is stable in the presence
of calcium (curve 2), its activity is rapidly reduced in the
absence of this iorn (curve 1), Since the enzyme is more stable
at 70°C. than at 63°C, in the absence of caleium, the extent, of
denaturation must depend on the pH of the systen. This result
is in agrecment with leat et al. (19529 who found that p -amylase
and Z-enzyme were eqgually thermostable at pi5.5.

The Z-enzyme activity is not completely destroyed
under the conditions of the experiment in Fig. 4.03 (curve 1),
in contrast to the report of reat et al, This discrepancy
might be due o a difference in the concentration of the enzyme
in the samples used for the heating experiments; 1in the present
work reasonably concentrated solutions (1Omg./ml.) of crude Z-
enzyme were employed, whereas the samples used by reat et al.
appeared to contain weakly active enzyme. It is known that the
stability of an enzyme in solution may be dependent upon its
concentration (Walker and #helan, 1960) - the more concentrated
the solution the more stable is the enzyme - and so the i-enzyme

samples investigated by leat et al.would be more readily
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denatured. This argument also explains the 304 fall in
activity of [ —amylase, maintained at 63°C., reported by the
latter authors.

The Z-enzyme samples from which the p -amylase
impurity had been removed by heat were retested for (3 -—amylase
after 4 days but none was found, The heat treatment had,

therefore, irreversibly denatured the g —-amylase.

vetermination of enzymic activities., Because the action

patterns of i-enzyme and | —amylase are similar (i.e. they both
exert a random hydrolysis on [ =1:4 linkages) general methods
for the assay of | —amylase activity were investigated to
obtain one for measuring the activities of Z-enzyme preparations.
. There are many methods available but most of them are unsuitable
because they do not distiaguish between the activitics of /-
and (s-amylases. For exauple, the method of Fischer and
Stein (1954) necessitates the estimation of liberated maltose,
from starch digestis, by the enzyme sysien. A very small amount
of p*—amylase impurity would thus invalidate these results. The
method of Hultin (1949), which involves measuring the fall in
viscosity of enzyme-polysaccharide digests after various times
of incubation, will also be suspect in the presence of 3 —amylase.
liany methods utilise the property of | —amylases to decrease

the colour of starch-iodine digests (Smith and Roe, 1957) - these
also are affected by ( —amylase. 4ll of these methods are
suitable for determining the activities of pure /[ -amylases and

80 could be used for most of the measurements presented in this
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Worke However, a method of estimation was sought which could
be utilised to determine the asctivities of the initial fractions,
obtained in the preparation of /-enzyme, which are grossly
contaminated with f —amylase. The method of Briggs (1961)
appeared to be the most satisfactory one for this purpose. it
utilises amylopectin [ —=limit dextrin as the substrate and,
since @ —amylase camnot attack this molecule, the initial
attacky indicated by a fall in the iodine staining power of the
substrate, must be due to _ -amylolytic scission of the
molecule, Ihe substrate is not ideal since, in the presence of
excess p —amylase, _ -—amylolytic scission will be rapidly
followed by p=amylase atlack which will also tend to reduce
the iodine colour. However, because the dextrin molecule is
fairly compact and the lengths of chain available to the (3 -
amylase after an attack by [ —amylase are small there will not
be many (3 —amylase scissions/ | —amylase attack. A further
possible substrate is the g -limit dextrin of amylose, but
this is a more open molecule and the ratio of p -amylase
scissions/ [ =amylase attack would be much higher with this
polysaccharide as the substrate, Thus,although amylopectin
ff =limit dextrin is not entirely satisfactory it is probably
the best substrate available for determining _ -—amylase
activities in the presence of g—amylase.
The action of salivary | -amylase on amylopectin

B ~limit dextrin was used in constructing the standard
graph from which subsegquent Z=enzyme activities were calcul=-
ated. It has been found that the hydrolyses of samples of
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dextrin by salivary [ —amylase and Z-enzyme are similar in the
initial stages and only close to the achroic limit do the action
patterns vary (Fig. L.o9ae ). Thig 25 czaised by the difterence

in affinities of the enzymes for the small maltodextrins

present in the digests at the achreie limit, but in the construct=
ion of the graph, measurements were not made close to the

achroic limit, :

The ﬁ —amylase samples examined in this investigation
were all contaminated with Z-enzyme and so their activities were
determined at pH3.6. These conditions inhibit Z-enzyme activity
but do not greatly decrecase the activity of B ~amylase.,

uffect of tewperature and piH on Z-enzyme. The results shown

in Pigs. 4.04 and 4.05 (p. 88) indicate that the temperature of
maxiuwa activity is ca. 55°C. and the optimum pi is 5.4. The
stability experiments shoéi%ge enzyme loses only about 10% of
its original activity after 1 hour at 5000., but then there is

a very rapid decrease between 55 and 60°¢. Since the activity
of the enzyme increases with temperature to a maximum at 5500.
(Fig 4.04), high temperatures appear to have two opposing effedts
on the enzyme activity: (1) the higher the temperature the
greater is the rate of reaction; (2) the higher the temperature
the faster is the enzyme denatured. Lffect (1) predominates up
to a temperature of 55°C, but, at higher temperatures, the
enzyme is very rapidly deanatured. Since the enzyme sample used

in these experiments is highly purified, the conceantration of
protein in the digests is much less than that used in the heating
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experiments Fig., 4.02 (p.80a), There are, therefore, only
small amounts of "proteciing" protein in these stability

digests and so the enzymic activity is more readily destroyed.

Activity of Z-enzyme at pH3.06. The difference between the

viscosities of amylose samples B and D in Table 4.10 (p. 89) is
within experimental error and does not indicate hydrolysis of
amylose sample D, There is, however, a significant decrease in
the viscosity of amylose sample C, showing that the substrate
has been hydrolysed before complete inhibition of the enzyme

had been achlieved. Ireincubation at pH3.6 for at least 2 hours
is required for the complete inhibition of scya bean Z-enzyme.
Crude preparations of p-—amylase contairing ’Z-enzyme impurity
may, therefore, be used to determine the g-—amylolysis limits
of starch-type polysaccharides if the enzyme sauple is pre-

incubated at pH3.6 before use.

Lffect of various reagenis on Z-enzyme. Mercuric chloride
(10-4M.) and ascorbic aeid (10_3ﬁ) are very efficient inhibitors

of i~enzyme activity (Tables 4.11, 4.12 and 4.13 pp.894). It
is interesting to note that even more dilute mercuric chloride
solutions (10'6m.) inhibit 15% of the enzymic activity and so
the Ze-enzyme sample used by Banks et al, (1960), in me2rcuriec
chloride (1.5 x 107%M.) must have been inhibited to an even
greater extent, Caleium ions do not appear to activate the
enzyme but their presence is necessary to enable the enzyme to

exert its activity (Table 4.14, p. 92 ).
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E.D.T.A. 1s a metal chelating agent which reumoves
calcium ions from solution whereas trypsin is a protease and
exerts a hydrolytic action on various proteins. Tests for
amylolytic inhibition using viscosity measurements are more
sensitive than those procedures inveolving iocdine-stain, The
faell (45%) in viscosity of amylose sample B, (Table 4.,14)
indicates that although the enzyme is greatly inhibited, limited
hydrolysis has taken place in the E.D.T.A./Z-enzyme/amylose
digeste. This inhibition is largely reversible because on
adding excess calcium ions to digest Bl the extent of amylose
hydrolysis is greatly increased. ITrypsin, by itself, appears
to have a very small effect on the enzymic activity as shown by
the large decrease in viscosity of amylose sample Coe it
should be noted that these very small values of viscosity are
approximate because they are toc small to be accurately determin-
ed by the viscosimetric technigue. Since the viscosity of
amylose sample A, has only fallen by 10% of its original value
a mixture of L.D.T.A., and trypsin is a more efficient inhikbitor
than E.D.T.A. by itself. The inhibition of the enzyme achieved
under the combined action of L.D.T.A. and trypsin is not
completely reversible since,on the addition of excess calcium
ions to the system, amylose sample A is not hydrolysed to the
same extent as sample Bl' This might be caused by the trypsin
irreversibly destroying some of the enzyme molccules from which
B.D.TsA. nas removed the calcium lons.
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Action of soya bean Z—enzyme on amylose.

a) Kineties of the initial attack. Banks et al. (1960)
investigated the action of soya bean /-enzyme on amylose samp=
les by examining the visccsities of the residual polysaccharides
in amylose/Z~enzyme digests. In all cases where tne digests
were maintained at pi values conducive to enzymic attack, a
large reduction in the viscosities of the substrates was obtained.
The enzyme also caused a large decrcase in the viscosity of
linear amylose and from these results it was concluded that a
random hydrolytic action was taking place.

rFerhaps the most satisfactory method of investigating
the kinetics of polymer degradation is to follow the decrease
in the average molecular weight of the polymer molecules.
During these reactions the number of molecules in the system
increases and so0 such processes should be follcwed by technigues
designed to yield number-average molecular weights. Lhese
methods are insensitive to small initial changes in the poly-
meric species, however, but weighteaverage methods provide a
senslitive measure of these. Viscoslity measurements, thersfore,
may be used to study these reactions since the average molecular
weight obtained from this technique approximates to a weight
average value. This procedure is very convenient because the
degradation process under investigation can be cearried out in a
viscometer and the measurements are recadily and rapidly performed
enabling fast reactions to be followed. Because of the high
sensitivity of the viscosimetric measureuments very slow

processes car also be studied.
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It has been pointed out by Bryece and Greenwood (1957)
that the decresse in viscosity ( E[]), with time, of a polymer
undergoing degradation is not itself a true measure of the
degradation rate but for either a zerc - or firég:ggaction the
rate is proportionsl to E[]'l. Since 1t is more convenient.
to follow these reactions by the changes in rLSP with time,
the relation established by Viak (1963) was employed:

d';; - K'c(i e ,PL) & 4.01

whexe U2 is the weight average degree of polymerisation.

¢ is the concentration of the polymer (g./ml.)

a is the exponent in the viscosity eguation 1 = K;H.a
and, under the present experimental conditions = 0.5 (Bbaunks
and Greenwocd, 1963).

i+

k is Huggin's constant and for this system = 0.65

is a constant.

(Bverett and Foster, 1959).

The validity of this relation depends on the following
conditions being fulfilled: (1) the viscosity-average molecular
weight closely approximates to the weight-average molecular
weight; (2) the initial weight distribution of the substrate
does not contain two or more peaks e.g8. @ high molecular weight
sample containing an appreciably lower molecular welght portion;
(3) the rapid formation of a random distribution of substrate

molecules in the reaction system,
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1f 14, is plotted against t(length of duration of
the reaction) the shape of the resulting graph is an indicat~
ion of the type of degradation process taking place. (See Fig.
4.08b A straight line (curve 1) obiuined over a period of
extensive degradation provides strong evidence for the presence
of random degradation. The converse is not necessarily true,
however, since the rate constant k, may vary during the
reaction thus changing the degradation kinetiecs. If the slope
of the line is high at the beginning of the reaciion and then
decrecases to a constant value (curve 2) this indicates the
presence of randomly situated weak links in the polymer chain.
inese links are preferentially consumed at the beginning of
the reaction at a higher rate of degradation than the normal
ones and when they have been completely destroyed the rate of
the reaction decrcases to a counstant value characiveristic of
the degradation of these normal bonds. A "gzip reaction® -
i.es & polymer degradation reaction in which small units are
successively split off from the chain ends - is characterised
by a slow initial degradation rate which gradually increcases
as the reaction proceeds. (curve 3).

A typical example of a random degradation process is
the hydrolysis of linear amylose with acid; this reaction was
investigated and the results are shown in Fig. 4.06 (p. 88a)
The straight line which was obtained indicates that the system
is fuliilling the conditions, outlined above, for the establish=-
mwent of equation 4.01. The hydrolysis of amylose samples by
scya bean Z-enzyme at two different values of pi also yielded
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straight lines Fig. 4.00. These results indicate that the
enzyme exerts a random hydrolytic action on the substrate
molecules. 1t must be emphasised, nhowever, that although a
large chenge (ga. 15=-fold) has taken place in the degree of
polymericsation of the amylose molecules, these results qepre-
sent only the initial stage in the degradation process. This
may be readily seen from the following ealculation. The
number of bonds broken/molecule during a random degradation
egaction may be obtained from the relation

lio. of bonds broken - D.P.0 - 1 (Cowie and Greenwood, 4.02
19579,

Q.P‘t

where D.P.0 is the number-average degree of polymerisation at
the beginning of the reaciion and Deley is the number-average
degree of polymerisation after time t.

Since the aumylose sample used in this investigation
was a linear fraction its number-average molecular weight would

be similiar to its weight-average molecular weight. Therefore

DeFe = U,0 4003
el ¥ -2
DeFey Uyt

Therefore, the number of bonds broken/molecule during the

hydrolyses cxperiments =

2_2,3 4.04

Ugt
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In the reaction of Z-enzyme on amylose at pH5.5
the number of bonds broken/molecule = 15.6. The viscosity
of the amylose sample in potassium hydroxide (o0.2l.) was 400.
Using the relation D.F. = 7.4[ﬂ] . (Cowie and Greenwood,
1957) the D.P. of this amylose sample is 2,960, The percentage
of bonds broken during the hydrolysis is ca.0.5.

b) End products of the reaction. It is apparent (Fig. 407,

pe. 88a) that there are two distinct stages in the hydrolysis
of amylose by Z-enzyme. First, there is a rapid decrease in
the size of the amylose molecules as shown by the fall in the
colour of the iodine-stain. This is accompanied by an
increase in the reducing power of the amylose solution. It
was the initial stage in this reaction which was studied visc-
osimetrically. The second part of the reaction begins when
the achroic limit of the amylose solution is reached and is
characterised by a slow increase in the reducing power of the
solution. 'he discontinuity in the reaction occurs at ca.
30% apparent conversion into maltose (Fig. 4.07) and the
disappearance of the amylose-iodine stain indicates that there
are only small maltodextrin molecules present at this stage in
the reaction.

Bird and Hopkins (1954) have shown that the achroic
point of an amylose/barley malt __ -amylase digest depends on
the amylose concentration. The achroic point occurs at a
higher apparent conversion into maltose in a solution contain-

ing a high amylose concentration than it does for a lower
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concentration of amylose. In a concentrated digest there
will be a large accumulation of maltodextrins coexisting with
partially degraded substrate molecules and so the probability
of dextrin - enzyme reaction will be high. These maltodext-
rins will then be hydrolysed to smaller units such as glucose,
maltose, maltotriose ecececee which will greatly increase the
reducing power of the solution without lowering the iodine
colour in proportion. This will lead to the production of
small saccharides before the achroic limit is reached. In a
dilute digest, however, the enzyme/substrate ratio is increased
and so a larger proportion of the substrate molecules are
degraded to chains of 8 to 10 units in length before these
chains are themselves, attacked to a significant extent. The
achroic limit is not therefore, constant but depends on the
amylose/enzyme ratio.

The results in Table 4.15 (p. 94 ) illustrate the
action of Z-enzyme on the maltodextrins present in amylose/Z-
enzyme digests at the apparent achroic point. Chromatograms
indicate that maltodextrins larger than (; predominate at
this stage in the reaction, although small gquantities of Gl
and G2 and trace amounts of G3, G4 and G5 are also presant.
As the hydrolysis proceeds all the saccharides detected on the
chromatograms (G1 - G9) increase in amount and then the
higher ones begin to decrease until only trace amounts of G5,
Gg and G7 remain. G4 is hydrolysed extremely slowly and
even after many days it still persists in the digests. It is
not possible to determine whether or not G3 is hydrolysed
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under these conditions. The small amounts of saccharides

Gl - G5 present in the digests at the achroic stage were
probably formed by the action of Z-ecnzyme on the amylose mole-
cules and not by the enzymic hydrolysis of large oligosacchar=-
ides. The initial formation of these saccharides, therefore,
is due to primary fission of the amylose molecules.

It is at first surprising that the yields of large
maltodextrins GB and G9 continue to increase after the achroie
point has been reached. This indicates that there are still
long chain substrate mclecules present in the digest which
should stain with iodine. Hormally, aliguots are removed from
enzymic digests, diluted 50 or 100 times and then stmined with
iodine, The achroic point is taken to be the stage at which
these dilute solutions no longer give 2 colouration with iodine.
Qbviously, then, the achroic point will vary with the dilution
employed and the value will be meaningless unless the experi-
mental details by which it is obtained are givemn. Fortions of
the concentrated digests which were applied to the chromatograms
were tested with iodine and the results are shown in Table 4.15.
They indicate that there is still blue-staining material in
the digests at the "achroic limit". Not until many hours
later is the "true" achroic point reached and the chromatographic
evidence suggests that at this stage in the hydrolysis there
are no maltodextrins higher than G9 present in the digests.

Bffect of Z-enzyme on various substrates. Banks et al. (1960)
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showed by light scattering measurements that Z-enzyme
hydrolyses amylopectin and amylopectin ﬁ-limit dextrin. In
this present work very active preparations of Z-enzyme have
been used and so enzymic attack on these substrates can readily
be shown by iodine-staining measurements (Fig. 408, p. 95a),
Both the amylopectin and its dextrin are hydrolysed to achroic
dextrins, and so the validity of measuring the purity of amylose
samples by the combined action of p ~amylase and Z~enzyme may
be guestioned (Greenwood and Thomaon, 1962). However, it

must be remembered that the concentration of Z-enzyme impurity
in most preparations of p -amylase is so low that it does not
produce changes in amylopectin which are measurable by changes
in iodine stain.

There has been some controversy over the question of
whether or not Z-enzyme attacks glycogen ‘3—1imit dextrin, From
light scattering studies, Banks et al.(1960) suggested that
there was no attack, while Cunningham et al. (1962), using much
larger amounts of enzyme, obtained an increase in the reducing
power of glycogen  =limit dextrin solutions after prolonged
incubation. The light scattering technique, which follows the
change in the molecular weight of the substrate, is perhaps not
the most sensitive method of indicating attack by Z-enzyme on
the ﬁ-—limit dextrin of glycogen. This molecule is very
compact and so it will be extremely difficult for the enzyme
to penetrate it to any extent. The intermal bonds in the
molecule will thus be inaccessible and only the bonds on the
outside will be available for attack by the enzyme. Hydrolysis
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of these extermnal linkages will not greatly change the
molecular weight of the substrate. However, the addition of
(3. -amylase to such a system might be expected to produce a
detectable amount of maltose from the short, newly exposed
chains in the dextrin molecules. The results in Table 4.16
(p. 95 ) indicate that maltose is produced under these condit=-
ions. With a suitable concentration of enzyme (10 x concen-
tration used by Banks et al, 1960), light scattering results
(Table 4.17, p. 9( ) also indicate that glycogen B -limit
dextrin is attacked by Z-enzyme.
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4b. BARLEY J =AMYLASE

INTRODUCTION

Crude preparations of barley | —amylase contain an
impurity which renders the amylose component of starch complet-
ely susceptible to B -amylase attack (compare Section J.a ).
Because such preparations hydrolysed laminarin (lMamners, 1952)
and their action on amylose was similar to that ascribed to soya
bean Z-enzyme (Peat et al, 19523, the amylose-attacking enzyme
which they contained was first thought to be a ‘3-glucosidase
(Manners, 1952). It has been shown, however, that soya bean
Z-enzyme is an _ -amylase (Banks et al, 1960) and that prepar—
ations of barley flour also contain [ —amylolytic activity
(Cunningham, et al., 196Q0). These latter authors examined the
action of crude preparations of barley _| =amylase on various
starch~-type substrates and concluded that the enzyme readily
attacks amylose, amylopectin and their @ -limit dextrins;
glycogen and its limit dextrin were hydrolysed to a small extent
when very large concentrations of enzyme were used. They did
not purify the enzyme in order to show whether barley contained
a very small amount of highly active enzyme or a larger amount
of weakly-active enzyme.

The present study was undertaken in an attempt to
prepare pure barley ) -amylase and to compare its properties
with those of the J—amylase prepared from a malted sample of

the same barley.



{1,

EXPERIMENTAL

Initial attempts to prepare barley ( -—amylase

(1) Finely ground, ether-defatted barley flour
(400g.) was extracted with agueous alcokol (1400 ml.; 20%
alcohol) for 3 hours at room temperature. The suspension was
centrifuged to yield a clear brown solution (900 ml.) which was
cooled to 2°C. and fractionated with chilled alcohol (1920 ml.).
The precipitate was removed by centrifugation, suspended in
calcium acetate solution (200 ml.; 0.2% solution) and heated on
a water-bath (70°C.; 15 minutes) yielding a cloudy suspension
which was cooled and centrifuged to give a clear solution (185ml.).
Chilled alcohol was added to 60% concentration (278 ml.) and the
resulting precipitate was removed and dried with alcohol fol-
lowed by ether. This preparation was rather insoluble in water
and dilute buffer and had a low activity.

(2) Finely ground, ether defatted barley flour (400g.)
was extracted with water (1500 ml.) for 6 hours at room temperature-
a few drops of octanol were added to prevent excess frothing of
the suspension. On centrifugation a clear brown solution
(1100ml,) was obtained which was cooled to 2°¢, and fractionated
with chilled acetone (-15°C.) at a low temperature (-10°C.)
between the limits 0-20, 20-30, 30-40, 40-50, 50=-60 and 60-~T0%
with respect to acetone. The precipitates were immediately
suspended in cold water (150ml.), stirred, centrifuged and the
resulting clear solutions were saturated with solid ammonium
sulphate and stored at 2°C. The original flour extract was

labelled solution (1) and the fractions were labelled suspensions
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2 to T respectively.
J-amylase activities. Aliquots (5ml.) of the

suspensions were centrifuged and the precipitates were dissol-
ved in water (5ml.). samples (lml.) of these diluted solutions
and of solution (1) were added to digests containing amylopectin
f-limit dextrin solution (3ml.), acetate buffer (3ml; pHS5.5;
0.2M.) and water (1l6ml.). Aliquots (3ml.) were extracted at
intervals and stained with iodine as already described. The
specific activities of the fractions are shown in Table 4.18.

Table 4.18
Fraction Number i 2 3 4 5 6 T
J=amylase specific
activj.ty O. 55 1.13 1074 3014 P £ 0027 0.18
pmamylase specific
activity 5.6 8.3 14.6 14.8 36.5 27.6 10.4

P-amxlase activities. These were carried out as described in

Section 4a and the results are shown in Table 4.18.

Fraction (4) was centrifuged, the precipitate suspended
in water (80ml.), and re-centrifuged to yield a clear brown
solution (75ml.). Aliquots (lml.) were removed for J -amylase,

‘;-amylase and protein concentration determinations. Calecium
acetate (150 mg.) was added to the remaining solution and it was
heated at 70°C. for 15 minutes before being cooled and centri-

fuged. Samples (1lml.) were withdrawn for activity determinat—
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ions and the results are shown in Table 4.19.

Table 4.19

4 —amylase specific activity 3 —amylase specific activity

Before heating | After heating |Before heating | After heating

Fract/
ion 4 3414 0 14.8 0

(3) An extraction and fractionation were carried out
as described in (2), but the solid protein fractions were air-
dried to remove excess acetone and suspended in water. They
were stored in agueous solution at 2°C. The specific activit-

ies of these fractions are shown in Table 4.20.

Table 4.20
Fraction Number 1 2 > | 4 ] 6 T
Specific J-amylase
actiVity 0-43 0127 1.8 309 0072 0 0
Specific p-amylase
activity 2.44 2.70 T3 8.1 27.6 | 10.2 0T

Calecium acetate (60 mg.) was added to a portion (30ml.)
of fraction (4) and a sample (5ml.) was removed for activity
determinations. The remaining solution was heated at 70°¢. and

samples (5ml.) were removed after intervals of 5, 10, 15, 30 and
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40 minutes. They were quickly cooled and centrifuged to yield
clear solutions 3 to T. The activities and specific activit-

ies of the solutions are shown in Table 4.21.

Table 4.21

Solution Number Original | 2 3 4 | 5 6 7

Aramylase actiV1ty 1.22 1.18 0-90 007‘ 0-73 0-73 0.73

-amylase specific
l’activity 3¢9 5.9 8.7 T5 T+5 Ted T3

ﬁ-amylase specific
actiVity 8.1 7.9 003 0 0 0 0

A further sample of fraction 4 (145ml.) was heated
(70°C.; 15 minutes) in the presence of calcium acetate (290mg.)
cooled, centrifuged and the clear supernatant was saturated with
solid ammonium sulphate and stored at 2°C. This was barley

J—amylase sample B A having a specific activity of T.5.

Final method adopted for the preparation of barley
L —amylase. Dry, defatted flour (250g.) was shaken for 2

hours with calcium acetate solution (800 ml.; 0.2%) containing
n=octanol (0.2 ml.). The suspension was centrifuged and the
clear brown supernatant (containing 11.3 mg. protein/ml.) was
neated (70°C.; 15 minutes) in aliquots (10-15 ml.). The
resulting cloudy suspension was quickly cooled and centrifuged
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to yield a clear brown solution (430 ml.; 9.76 mg. protein/ml.).
wsnzymic activities were measured on the extract before and after

heating; the results are shown in Table 4.22.

Table 4.22
4 —amylase J=~amylase p-amylase f-amylase
activity specific activity specific
activity activity

Before After | Before After | Before After |Before After
heating|heating| heating| heating| heating| heating| heating| heating

0.64 0.64 0.46 0.53 345 0 2.44 0

The agqueous extract was cooled to 2°c. and fractionat-
ed with chilled acetone between the limits 0 - 30, 30 = 35, 35 =
40, 40 - 45, 45 - 50, 50 - 55 and 55 - 60%. \When the acetone
concentration was 20% the temperature of the solution was lowered
to - 5°C. and was maintained at this low value throughout fthe
fractionation.

The enzymic activities of the fractions are shown in

Table 4.23.

Table 4.2

Fraction Number Original | Bl B2 | B3 | B4 |B5 | B6| BT

| ~amylase specific
activity 0.53 1.93| 5.8 | 2.3 | 2.1 |14 O | O
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Fraction B2 was subfractionated with acetone between
the limits O = 27, 27 = 37, 37 = 42, 42 - 4T, 47 - 52, 52 = 63%.
The activities of the fractions are shown in Table 4.24.

Table 4.2
raction Number B2 B2, 322 323 B24 325 B26
Jj~amylase specific
I&CtiVity 5.8 103 33-2 20.1 9.2 2.1 0

Fractions Bl (75 ml.) and B2, (10 ml.) were combined and
further subfractionated with acetone between the limits 0 = 22,
22 = 2Ty 27 = 32, 32 = 3T and 37 - T0%. The activities of the

fractions are shown in Table 4.25.

Table 4.2

Fraction
Number (Bl+I322) (Bl+1332)1 (131+1322)2 (B1+B22)3 (131+322)4 (Bl+B22)5

[=anylase
specific
activity 4.8 0041 Q47 0.62 513 908

Further purification of the enzyme via glycogen -
complex formation was not achieved, probably, because of the very
small quantity of enzyme used. The purifications obtained in

the various stages of the procedure are shown in Fig. Ak OGa.
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RESULIS

Bffect of pH on barley J —amylase. (a) Activity of barley

AL —amylase/pH. Digests were prepared containing enzyme
solution (0.1 ml. fraction (Bl+322)4), acetate Buffer (lml.;

Q.2ii.; appropriate pH), amylopectin ﬁ ~limit dextrin solution
(2 ml.,) and water (4.9 ml.). They were incubated at 35°¢, and
the | =—amylase activities were determined. The results are
shown in Fig. 4.09.

(b) Stability of barley J -—amylase/pH. Digests
were prepared containing enzyme solution (0.3 ml. fraction (Bl+
B22)4), water (4 ml.) and buffer §2ml.; O0.2l. appropriate pH).

Acetate buffer was used to obtain pH values between 3 and 8,
whilst borate buffer was used between pH 8 and 12, These
digests were left at room temperature for 1 hour when their pH
values were adjusted to 5.5 with either dilute ammonia or
dilute acetic acid. Aliquots (6ml,) of amylopectin f =limit
dextrin solution were then added to each and the [ -~amylase
activities of the various digests were determined. A standaxd
digest (pH 5.5)?similar to those above, was prepared and its

J —amylase activity was determined without prior incubation of
the enzyme. The activities of the enzymic digests were calcul-
ated as a percentage of the activity of the standard digest. The

results are shown in Fig. 4.09.

| Effect of temperature on barley J[ —amylase. (2) Activity
of barley [ —amylase/temperature. Digests were prepared

containing water (4.7 ml.), acetate buffer (0.2li.; pH 5.5; lml.)
and amylopectin [ -limit dextrin solution (2 ml.). They were
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equilibrated at various temperatures between 9 and 71°¢. when
enzgyme solution (0.3 ml. fraction (B14-322) 4) was added to
each and the respective | -gmylase activities were determined.
The results are shown in Fig. 4.10.

(b) Stability of barley J —amylase/temperature. Digests
containing water (4.7 ml.) and acetate buffer (1 ml.; 0.2i.;

pH 5.5) were equilibrated at various temperatures between 9 and
71%¢C. Aliguots of enzyme solution (0.3 ml. fraction (Bl*-B22)
4) were added to each digest and they were incubated at the
vaiious temperatures for 1 hour. The digests were then quickly
brought to equilibrium at 35°C; aliquots (2 ml.) of amylopectin

F;-limit dextrin were added to each prior.to determining the

| ~amylase activities. A "standard activity" was carried out
using an enzyme sample which had been stored at 2°c., and the
activities of the enzymic digests were calculated as a percent-
age of the activity of the standard digest. The results are
shown in Fig. 4d0.

(e¢) Activation Energy of barley J-—amylase. The results
showing the variation of _(-amylase activity with temperature

were utilised in determining the activation energy of the

enzyme as shown in Fig. 4.11.

Effect of E.D.T.A. and trypsin on barley J-amylase. Digests

were prepared as follows:
1., Acetate buffer (pH 5.5; 0.2 Me3 2 ml.,) + E.D.T.A. (2 ml.;
10'1n.) + enzyme solution (1 ml. fraction B A) -+ water (13 ml.).
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2. Acetate buffer (pH 5.5 0,283 2 ml.) + EJD.T.A. (2 ml,.;
10“1m.) + trypsin (0.2 ml.; 6 wmg./ml.) +enzyme solution
(1 ml., fraction B A) + water (13 ml.).

3. Acetate buffer (pH 5.5; 0.2M.: 2 ml,) + trypsin (0.2 ml.;
6 mg./ml.) + enzyme solution (1 ml. fraction B.A) + water
(15 ml.).

4. Acetate buffer (pH 5.5; 0.2i.; 2ml.) + enzyme solution
(1 ml. fraction B A ) + water (15 ml.).

These were incubated at 35°C. for 15 minutes after
which amylopectin @ -~limit dextrin (5 ml.) was added to each
and the  -amylase activities were determined. The above
experiments were repeated, but the time of preincubation was
increased from 15 minutes to 12 hours. The results are shown

in Table 4.26.

Table 4.26
% Imhibition
Digest 15 minutes preincubation 12 hours preincubation
1 51 90
T4 100

£ W N

Lffect of ions on barley A —amylase. Digests were
preparcd containing acetate buffer (2 ml.; .2H.; pH 5.5),
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enzyme solution (1 ml. fraction B A), and the regquisite amount

of salt solution and water to make the total volume of the

digests 10 ml.

The results are shown in Table 4.27.

were prepared containing enzyme solution (0.1 ml. fraction

Iable 4.2

% Inhibition
salt 10771 10~4 10y 1075
Hg C1, 100 100 90 30
KCN 0 0 0 0
Na €1 0 0 0 0
¢a €1, ) 0 0 0
|Ammonium 20 2 0 0
 Molybdate
i _
furity of barley J —amylase fraction (Bl +tB23!i. Digests

(Bl + B2,)4) and samples (ga. 1 mg.) of laminarin, maltose and

maltotriose.

They were incubated at 35°C. and aliguots were

removed at intervals for examination by paper chromatography.

lio glucose was detected in the laminarin and maltose digests

but trace amounts of glucose and maltose were found in the
maltotriose digest after prolonged digestion (96 hours).

A digest was prepared containing enzyme solution
(0e3 ml. fraction (Bl 4-322)4), glucose 6-phosphate (1 ml.;
5mgZe/mle.)y acetate buffer (lml.;
(3.7 mle)e It was ineubated at 35°C. and aliguots (1 ml.)

0.2k,

pH 4.6) and water
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were removed at intervals for the determination of free phos—
phate by the method of Allen (1940). After 96 hours there
was no detectable phosphatase activity.

Action of barley  —amylase on amylose. (a) Kinetics

of the initial reaction. The experiments were similar to

those carried out with soya bean Z-enzyme described in Section
4a. Amylose scolution (19 ml.; 3mg./ml.), dilute enzyme
solution [0.1 ml. of fraction (Bl B2,)4 was diluted to 0.3 ml.
with water and 0.1 ml aliquots of this dilute solution were use@]
and acetate buffer (1 ml.; 0.2k.; pH 5.5 or 7.5) were added

to a viscometer at 25°C. The flow times of the solution were
determined at various times. Similar experiments were carried
out in calcium acetate solutions (1072, 1074 and 107%u.) of
constant ionic strength (Jl': 0.118). The results are shown

in Fig. 412.

(b) Products of the reaction. A digest was prepared

containing amylose sclution (60 ml.; 2mg./ml.) and enzyme
solution (1 ml. fraction (Bl +-B22)4). 1t was incubated at
35°C. and aliquots (1.25 ml.) were removed at intervals for
reducing power determinations (1 ml.) and iodine staining measur-
ements (0.25 ml.)., Larger aliquots (5 ml.) were removed after
24, 48, T2 and 120 hours, evaporated to dryness on a rotary
evaporator, suspended in water (0.75 ml.) and applied to paper
chromatograms., The results of these experiments are shown in
Fige 4.15 and Table 4.28.

Small aliquots (0.25 ml.) of the concentrated solute-

ions which were applied to the chromatograms were tested with
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iodine solution (0,05 wml., of 0.2% iodine in 2% potassiunm

iodide). The results are shown in Table 4,28,
Table 4.28
Relative amounts of saccharides
Time of
aliguot extraction | 24 hours |48 hours | T2 hours | 120 hours
Gl - - + +* + + + + + +
G2 - + - + + + +* o+
G3 4+ - + + - - !
!
G"_ + - + * * -+ - ]
G5 + + + + O i
Gg + + -+ I & + + |
G7 + + + - + +
GB + + + - - -+ | - -
Higher oligosac/ |
charides L I T TR R R A + + +
Iodine stain
of the concent-
rated digests Blue Red Red
|

Blue

Action of barley . -amylase on amylopectin and

amylopectin

(3 =limit dextrin.

Digestes were prepared cont-

aining enzyme selution (1 ml. fraction B A), amylopectin or
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amylopectin (3 -limit dextrin solution (5 ml.; 3.5 mge/ml.),
acetate buffer (0.2M.; pH5.5; 2 ml,) and water (12 ml.).
Aligquots were removed at intervals for iodine staining and
redueing power determinations. The resulis are shown in Fig

4.14.
Action of barley /[ —amylase on anylose, glycogen

and glycogen R =limit dextrin. (In collaboration with ur.

v

R. Geddes). The degradation of these substrates with barley
| —amylase fraction (Bl + 322)4 was followed by lightscattering
measurements and the relative rates of attack are given in

Table 4.29.

_Zable 4.29

| Substrate Amylose | Glycogen |Glycogen pA-limit{ dexirin

Rate of attack 850 9.8 X
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DISCUSSION

Preparation of barley [ —amylase. The initial

enzyme preparation (p. 117) was unsatisfactory because the
dried protein fraction was very insoluble in water, Ammonium
sulphate precipitated protein fractions are usually readily
soluble in cold water and so, in preparation (2) (p. il1) the
enzyme fractions were stored as suspensions in saturated
ammonium sulphate solutions. During the heating stage, however,
both the /- and p-amylase activities were destroyed in
fraction 4 and this was thougni to be due to a lowering of the
pH of the heated solution caused by the presence of a small
amount of ammonium sulphate. In preparation (3) (p. i19),
therefore, the acetone-precipitated fractions were air-dried to
remove excess acetone and stored in agueous solution at 2%¢, at
which temperature they remained stable over a period of 4 weeks.
The results in Table 4.2) (p. 120) illustrate the
effect of a short heat treatment on the / - and (3 —activities
of fraction 4 (preparation 3) in the presence of calcium ions.
After 15 minutes, the p —amylase activity is completely destroy-
ed whereas the -amylase activity is decreased by ga. 40% and
its specific activity is increased by ga. 90%. These results
are similar to those obtained with soya bean Z-enzyme, and the
increase in the specific activity of the -amylase is due to the
removal of a large amount of inert protein by coagulation during
the heating stage. The 40% loss in activity during the heating
stage 1s not very satisfactory, but this fall might be reduced
if the heated protein solution contained a higher concentration
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of protein, In the final preparation procedure,therefore, the
heat-trcatment was carried out on the initial agueous extract-
ion which contained a relatively high protein concentration.

The results in Table 4.22 (p. i21 ) show that, once
again, the P -amylase activity has been destroyed but, in this
experiment, the __-amylase activity has not been reduced.

The overall purification factor is ga. 110 but the
yield of enzyme 1is very small and this is probably the reason
for the inability of the relatively pure fraction (Bl-rB22)4 to
form an insoluble glycogen complex, It is known that if there
is insufficiént enzyme present then the complex does not form
satisfactorily (Levitzki et al, 1964).

Effect of pH and temperature on barley J -amylase.
The pH of maxipmm activity is 5.4 (Fig. 4.09), and it should be
noted that the activity falls rapidly at pi levels where the

enzyme is stable for 1 hour. The enzyme shows surprising
stability at high values of pi, but 1ts activity is rapidly
decreased when it is maintained at low levels of pH ( < pH 4.6).
This denaturation is irreversible since a sample, which has been
treated with buffer at piH 4, does not recover its activity on
being stored at 2°¢. in the presence of buffer at pH 5.5 over

a period of 3 - 4 days.

The tewmperature of maXximum activity is ca. 47°c. and
the enzyme is fairly stable at this temperature, losing only
17% of its activity after 1 hour. (Fig. 4.10).

The energy of activation of barley [ -—amylase is 12 K
cals. (Fig. 4.11) and this is extremely low in comparison with
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values for non-enzymnic processes. The aclid-catalysed hydrole
ysis of similar compounds yields a value of 30 K. cals (French,
1957) . One explanation of the lowering of the activation
energy is that the enzyme more readily attacks a strained form
of the substrate, and so only a small additional amount of
activation energy is required to raise the enzyme-substrate
complex to the fully activated state when reaction will be rapid.
Effect of reagents on barley J -auylase. The
results in Table 4.26 (p. 125 ) illustrate the effect of E.D.T.A.

and trypsin, acting separately and together, on the activity of
barley J -amylase. Inhibition is complete when E.D.T.A. and
trypsin act tog ether on the enzyme. Trypsin, by itself, has
no effeet on the enzyme and E.D.T.A. requires a long digestion
time before it completely deactivates the J —amylase. in the
presence of calcium ions, trypsin is unable to attack the j-amy-
lase but, when these ions are removed from the enzyme by E.D.T.A.;
the configuration of the enzyme must be altered and it is
rendered susceptible to attack by trypsin.

lercuric chloride (10‘3m. and 10™%4,) completely
inhivbits barley _| —amylase activity but ammonium molybdate
(10~%4.) has only a slight effect (Table 4.27; pe 124 ).

Purity of enzyme fraction (Bl+ B2,)4. The results in

Table 4.22 (p./2]1) show that there is no 3 —amylase present in
any of the enzyme fractions obtained during the final -amylase
preparation. Chromatographic evidence suggests that maltase and
laninarinase are absent from fraction (B1+—B22)4 and the inabile-

ity of a sample of this fraction to produce free phosphate from
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a solution of glucose ([, =-phosphate indicates the absence of
phosphatase activity.
Action of barley  —amylase on amylose. The

straight lines shown in Fig. 4.12 indicate the random nature of
the enzymic hydrolysis of amylose. In the presence of various
amounts of calcium acetate (lO'BM.; 10-4M.; 10-5M.). the
action pattern does not appear to vary and the calcium ions do
not inhibit or activate the _( —amylase activity.

Because of the low [ —-auylase activity in barley-flour
extracts, final reaction producis for the action of the enzyme
on aixylose were not obtained,but the gemeral features are readily
apparent from Figs 4.13 and Table 4.28 (pe 128). The initial
detectable products of the reaction are the small oligosacchar-
ides Gy and Gy, small amounts of G7 and Gg, and larger amounts of
higher cligosaccharides. As the hydrolysis proceeded all the
maltodextrins (Gl B GB) increased in amount but the larger
dextrins ( > GS) steadily disappeared. lict even after prolong-
ed digestion, however, did the digest become achroic indicating
the very slow hydrolysis of maltodextrins less than 8 to 10
glucose unites in length.

Action of barley J —amylase on amylopectin and amylo-

pectin R =limit dextxin. Both of these substrates are
1

hydrolysed by the enzyme (Fig. 4.14). This degradation is
accompanied by loss in iodine staining capacity and increase in
reducing power. The dextrin reached its achroic limit at a
smaller percentage conversion into maltose than did the amylo-

pectin, This result is to be expected from the molecular
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structures of the two substrates.

Relative rateg of attack on amylose, glycogen and its
p-limit dextrin. The results (Zable 4.29 p. 129) indicate

that the enzyme hydrolyses amylcse some 100 x faster than
glycogen. Attack on the glycogen limit dextrin is slight,
being some 10 X less than that on the glycogen itself. The
enzyme is thus not readily able to penetrate into the compact

limit dextrin molecule.
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4.c. MALTED BARLEY [ -—AMYLASE

INTRODUCTIOXN

- The most widely studied plant /| -—amylase is that
obtained from malted barley. liany investigations of the action
pattern of this enzyme have been made but much of the early work
is invalid because very little attempt was made to obtain the
enzyme in a pure form, Although this enzyme has been crystal-
lised (Schwimmer and Balls, 1949) amorphous enzyme preparations
may be used in action-pattern studies if care is taken to
eliminate other carbohydrase enzymes,

Yerhaps the simplest method of obtaining information
about the action pattern of malt L-amylase is o study the
production of oligosaecharides from amylose/ /[ —amylase digests,
but such investigations have given rise to many conflicting
results. From studies on the degradation of amylose by malt

A —amylase, lLeyer and his associates (lleyer and Bernfeld, 1941;
lleyer and Gonon 195la, b) concluded that all the bonds in
amylose, except the terminal ones, are equally susceptible to
attack by the enzyme. This indicates that the hydrolysis 1is
almost completely random. The glucose produced during the
reaction was thought to arise solely from the slow hydrolysis of
maltotriose and so the end-products of the reaction would be
glucose and maltose. Bernfeld and Studer -sﬁébha (1947) showed
that malt J -amylase reacted much more slowly with maltodextrins
(D.F. ca.8) than it did with starch, They attributed this

lowering of the reaction rate)not to a difference in enzyme-
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substrate affinity, but to retrogradation of the subsirate.
Other workers, however, (Hanes and Cattle, 1938; lyrback,
1948; Schwimmer, 1950) proposed that the dirference in the rate
of hydrolysis was due %o a difference in engyme-substrate
affinity., This view was further confirmed when iyrback (1950)
showed that at the stage whexe the reaction decreased nearly
all of the amylose substrate was recovered as small dextrins
having average chain-lengths of 6 glucose units. Retrogradat-
ion of these oligosaccharides is highly unlikely.

The presence of glueose in the early stages of amylose/
malt J-amylase hydrolysis has been shown by iyrbick (1953), and
so the postulate of leyer and Bernfeld, that glucose is formed
only from maltotricse, is unlikely. lyrback further showed that
the hydrolysis of a small starch dextrin (Average D.F. ga. 6)
gave rise to glucose as a primary product, These results indic-
ate that at least one of the terminal linkages in amylose-t pe
molecules is susceptible to attack by malt , -amylase, Further,
when the starch dexirin, mentioned above, was converted to the
hexaonic acid and digested with malt J-amylase, glucose was nd
formed, Since the dextrins differed only in the nature of their
redueing groups (the acidic grouping is formed at the reducing
end of the Gg molecule), it must be concluded that malt J —amylase
splits off glucose from the reducing end of a substrate molecule.
This result was later confirmed by Hopkins and Bird (1954). These
authors further suggested that malt [ -amylase does not readily
attack the first five linkages from the non-reducing end of

substrate molecules. The linkage nearest to the reducing end
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of the molecule is hydrolysed wiih difficulty, but the second
and third linkages are more susceptible to attack,provided that
they are not within the vieinity of the non-reducing group.

This hypothesis explaing the build-up of oligosaccharides having
chain -lengths of 6 - 8 glucose units in amylose/malt [ —amylase
dizests because the enzyme more reddily hydrolyses iodine-~-stain-
ing dextrins (D.P. > 10) than the echroic ones. These results
suggest then, that towards the end of the amylase action on
amylose the hydrolysis is not random but specific.

The increase in the amylase content of germinating
cereals such as barley, wheat and rye has been known for many
years (uayer end Klinga = liayer, 19403 Kneen, 1944). Because
of the small amount of L -—amylase activity present in the rest-
ing seed, no studies have previcusly been carried out to determine
if the (=-amylase activity in the germinated seed is a more
highly active form of that in the resting seed or whether the
action patterns of the two enzymes are different. In order to
make such an investization a sample of the barley studied in the
previous section was carefully malted and the resulting J -amylase
activity was extracted and examined. In addition, the action of
the malt J -—amylase on amylose was investigated in an attempt to
elucidate the kinetics of the initial stagee in the hydrolysis
(i.e. whether the reaction is random or specific) and to find out
at what stage in the reaction glucose is produced. The enzymic
hydrolysis of oligosaccharides (64, G7 - Glo) was also studied to
test the hypothesis of Hopkins and Blrd.
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EXPERIUENTATL

Preparavion of barley-malt. The procedure of

Whitmore and Sparrow (1957) was used.

Samples (200 g.) of barley seed were placed in each of
three large jam jars (2 1b.), covered with water and left at 22°C.
for 4 days. Each day the water was removed and replaced by a
fresh sample. After the 4th day, the water was not replaced and
the barley was maintained at 22°C. for a further 5 days when
much sprouting took place. [Lach day the bdarley was turned out
on filtex paper and the rootlets were carefully disentangled.
After 9 days the barley was placed in a ventilated cven, heated
for 24 hours at 122%°F,, followed by 24 hours at 140°F. The
barley was then sieved to remove the shoots and rootlets, finely
ground into flour and thoroughly extracted with ether,

Initial attempt to preparc malt J -amylase. lalt

flour (110 g.) was shaken with water (410 ml.) containing n-

octanol (0.2 ml.) for 6 hours at room temperature. The suspen-
sion was clarified, by centrifugation and filtration, cooled to
2°C. and fractionated with chilled acetone between the limits

0 = 30, 30 = 35, 35 @ 40, 40 - 45, 45 - 50, 50 - 55, 55 = 60 and
€0 -« T0%. The initial agueous extract had a protein concentrat-
ion of 20 mg. protein/ml. The fractions were dried with a
stream of air, dissolved in water and stored at 2%, Suitable
aliquots were removed and tested for enzymic activity; the

results are shown in Table 4.30.
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Table 4.30

Fraction
| Number |Original| 1 | 2 | 3 | 4 | 5 | 6 1 8

anylase
specific |
activity = 710 2,800 | 3,400(2,140 | 940 | 275 | 102 0 0

pf—amylase
specific |

activity i 99 128 250| 270|350 | 375 | 200 | 170 20

Fraction 2(40 ml.) was heated (70°C.; 15 minutes) in
the presence of calcium acetate (80 mg.) and tested for enzymic
activity. Both the . - and B —amylase activities were destroy-
ed. Fraction 3(30 mi.) was reprecipitated with cold acetone
(=15°Ce; 30 ml.), dissolved in a small volume of water and heat-
ed (70°C.; 15 minutes) in the presence of calcium acetate. The
p-amylase activity was completely destroyed but some A —amylase
activity (40%) remained. The eclear solution was dialysed
against distilled water for 12 hours at 2°C., tested for activity,
and placed on a G -~ 25ﬁ§ephadexx%olumn which was eluted with water.
The column speed was 35 ml./hour and 5 ml, fractions were collect=-
ed, Fige 4415 illustrates the elution diagram obtained, [-amyl-
ase activity determinations were carried out on the fractions
containing protein, but no activity was detected.

A further sample (30 ml.) of fraction 3 was heat-
treated in the presence of calcium ions and dialysed against
calcium ehnloride solution (0.2%) at 2°¢, for 12 hours. This

enzyme sample was placed on a G = 25 "Sephadex" @olumn which had
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been equilibrated with calcium chloride (0.2%). The column
was eluted with calcium chloride solution (0.2%) and-S mle
fractions were collected. The results are shown in Fig. 4.16.
The J -~amylase activity was increased by a factor of 2.5.
Final preparation of malt J -~amylase. Barley malt

flour (250 g.) was shaken with caleium acetate solution (800 ml.;
0.2%) in the presence of n-octancl (0.2 ml.) for 2 hours at
room temperature. The suspension was then centrifuged and
filtered to yield a clecar brown solution (590 ml.; pH 5.T;

16.8 mg. protein/ml,). The effect of pH on the stability of
the J~ and -amylases towards heat was examined by preparing
the following digests:

1) Agueous extract (3ml.) + water (0.25ml.)

2) Agueous extract (5ml.) + acetate buffer (0.25ml.; 0.2li.; pPH5.8)

3) ’ . LR . (0.25:m145 042lis; pH5.4)
4) ® » Y + ' . (0.253‘1.; 0.2“-; pﬂ4.8)
5) . w e +» 4 " (0.25&-; 0-2“03 DH4.4)

These solutions were heated (70°C.; 15 minutes),
quickly cooled and centrifuged to yield clear solutions which were
examined for enzymic activity. The results are shown in Table

4431

Table i":;
Digest Number Agueous :
ge extragt 1 2 3 4 5

J=amylase s ecifiam
asstivity T 415 420 | 418 | 418 | 420 | 420

p-amylase specific
activity 70 0 0 0 0 0
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The remaining agueous extract (560 ml.) was heated
(70°C.; 15 minutes) in small aliquots (10 = 15 ml.), quiekly
.cooled and centrifuged to yield a clear solution which was
cocled to 2°C. and fracticnated with acetone between the limits
0 - 30, 30 = 35, 35 = 40, 40 = 45, 45 - 50, 50 - 55, 55 - 60
and 60 - T0%. When the solution was 20% with respect to acetone,
the temperature was lowered to -500. and was maintained at this
low value throughout the fracticnatiocn. These protein fractions
were air-dried and dissolved in water to give solutions Al to
A8 wnich were stored at 2°C. The activities of the fractions
were determined and the results are shown in Fig. 4.17. The
distribution of the total J -—amylase activity throughout the
fractions is shown in Table 4,32.

Since fractions A2 and AJ contained 52% of the original

activity they were combined and subfractionated with acetone
between the limits O - 30, 30 - 33, 33 = 38, 38 = 40, 40 - 43,
43 = 48, 48 - 53, 53 = 58, 58 « 63 and 63 = T0% with respect to
acetone. The fractionation was carried out at low temperature
(=5°C.) and the fractions were air-dried before being dissolved
in water to yield solutions 2A1 to 2A10.

The J -—amylase activities of the fractions were deternm—
ined and the results are shown in Fig. 4.18. Fraction 2A3 was
further purified, via glycogen complex formation, in the follow=
ing way. An aliguot (15 wl.) of fraction 2A3 was cooled te 2%,
and chilled alcohol (10 ml.) was clowly added with stirring.
After a short time (10 minutes) there was no precipitate and

8lycogen solution (0.4 ml.; 2%) was added. The precipitate was
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immediately removed by centrifugation, washed with agueous
alcohol (5 mle; 40%) and dissolved in distilled water. ‘The
solution was left at room teuwperature for a time (4 - 5 hours)

to enable the _[=-amylase to completely hydrolyse the glycogen,
reprecipitated with cold acetone (50%), dialysed against dilute
bulfer (0.,0lk. acetate buffer pH5.5) and stored at 2%, This
was engyme sample G2A3. A portion (0.,2ml,) of it was placed on
a chromatogram and tested for reducing sugar but none was detected,
The specific activity of the sample was found to be 56,7 x 10”
whick represents an overall purification of 1%0. The purificat-
ions obtained at each stage in the procedure are shown in Fig,

4419

Table 4.32

Fraction Number Total Activity % 0rig§§a1 Activity

Agqueous extract

AR i S 250 x 10% 100
Al 156 x 10° 6
A2 530 x 10° 21
A3 | 770 x 10° | 31
A4 180 x 10° | 7
A5 _ 32 x 107 | 2
A6 20 x 10° 0.8
AT 4 x 107 0416
A8 2 x 102 0.08
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Preparation of "Segphadex” column. Dry G - 25

“Sephadex" powder (80 g.) was stirred into a beaker containing
dilute salt solution (0.05M.). After sedimentation and decant—
ation to remove tne finest gel particles, the suspension was
left ioxr £4 hours 1o complete its swelling. A chromatographic
tube (120 cue X 2.5 om.) was partially filled with water, and
mounted vertically. A large filter funnel was fitted to the
top such that its tip was below the level of water in the tube.
ihe suspension was added to the funnel, slowly stirred, and
allowed to sediment to the bottom of the tube. When a layer of
2 %0 5 cme. nad formed, the lower part of the column was opened to
allow through a slow stream of water. When all the gel grains
had seltled a circular piece of filter paper was placed on the

top ol The bed. The column was well washed with water, and the

initial flow-rate was 70 ml./hour.
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RESULIS

Purity of enzyme sample G2A3. Digests were prepared

containing enzywme solution ( %U ml.) and aliguots (ca. 1 mg, in
Oel mis of water) of laminarin, maltose and cellobiose. These
were incubated at 35°C. and aliguots were removed at intervals
for examination by paper chromatography. Ko glucose was
detvected in any of the digests indicating the absence ¢f lamin-
arinase, malitase and cellobiase in the enzyme preparation,

Lffect of pH on malt J —amylase. (a) Activity of

malt -a2mylase/phe Digests were prepared containing

enzyme solution ( zé ml.), acetate buffer (1 ml.; 0.2i.; approp=-
priate pH) amylopectin B-limit dextrin solution (2 ml.) and
water (5 ml.). These were incubated at 35°C, and the J —amylase
activities were determined. The results are shown in Fig. 4.20.

(b) Stability of malt J —amylase/pH. Digests were pre-
pared centaining enzyme solution ( LIG mi.), water (4 ml.) and

buffer (2 ml.; 0.2i,; appropriate pH). They were left at
room temperature for 1 hour when their pH values were adjusted
t0 5.5, with either dilute ammonia or acetic aecid. Aliquots
(6 ml.) of amylopectin [B-limit dextrin solution were then added
to each and the | -amylase activities of the various digests
were determined and expressed as a percentage of the activity of
a standard digest (pH 5.5) in which the enzyme was not preincubat-
ed. The results are shown in Fig. 4.20,

(c) Stability of malt J —amylase/pH in the presence of

calcium ions, The above experiment was repeated but the digests
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included calcium acetate (l.4 x lO-BM.)- The results are shown
in Figo 4.21.
(3) Stability of malt J-—auylsse/pH in the presence of

inext protein, fhe above experiment was repeated but aliquots
(1 mi.) of inert protein (fraction 2410) were added to each

digest. Ihe results are shown in Fig. 4.21.

BEffect of temperature on malt [ —amylase. (a) Activity of malt

A—auylase/tenperature. Digeste were prepared containing water

(5 ml.),acetate buffer (1 ml.; O.2H.; pPH 5.5) and amylopectin
B=limit dextrin solution (2 ml.). They were equilibrated at
various temperatures between 5%°¢, and 7500. before enzyme solut-
ion ( gp ml. G243) wes added to each, The J -amylase activities
were determined and the resulte are shown in Fig. 4,22,

(b) Stability of malt [ -amylase/temperature. Digzests

containing water (5 ml.,) and acetate buffer (1 ml.; O0.2l.; pH
5¢5) were equilibrated at verious temperatures bvetween 5°¢. and ?5° .
Portions of enszyme solution ( %5 ml. fraction G2A3) were added
to each and,after 1 hour, the digests were quickly brought to
equilibrium at 35°C. before poriions (@ ml.) of amylopectin B-limit
dextrin solution were added to each. The J -—amylase activities
were determined in the usual nanner and expressed as a percentage
of the activity of a standard digest (pH 5.5; 35°C.) in which
the enzyme was not preincubated. The results are shown in Fig.
4422,

(e) Stebility of malt J —amylace/temperature in the presence

of inert protein, The above experiment was repeated but inert
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protein (1 ml, of fraction 2A10) was added to each. The results

are shown in Fig. 4.22.

(d) Bffect of pH and calcium ions on the stability of malt

d=anylase at 70°¢C.

1.

2

3

4e

Water (7 ml.) +
solution (8 ml.

Water (7 ml.) +
solution (8 ml.

water (7 ml.) +

solution (8 ml.

water (7 ml,) +
solution (8 ml.

The following digests were prepardd:
acetate buffer (1 ml.; 0.2l.; pH4.8) + enzyme

of fraction A4)

acetate buffer (1 ml.; O.2ii.; pH4.8) + enzyme
of fraction A4) + calcium acetate (200 mg.)

acetate buffer (1 ml.; O0.2l.; pH5.5) + enzyme
of fraction A4)

acetate buffer (1 ml.; O.2ll.; pH5.5) + enzyme
of fraction A4) + calcium acetate (200 mg.)

These solutions were heated at T0°C. and aliquots

(2 ml.,) were removed after 0, 5, 10, 15, 20, 30 and 40 minutes,

quickly cooled, centrifuged and examined for J -~amylase activity.

The results are shown in Table 4.33.

ctability of malt J-—amylase at 2%,

Since the malt J-amylase appeared to be very unstable

the activity of fraction 243, stored at 2°C., was determined at

various intervals.

The results are shown in Table 4.34.
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Table 4.33

a;
IL‘

Original Activity

Time of :

heating Digest 1 Digest 2 Digest 3 Digest 4
0 minutes 100 100 100 100

5 " 36 80 49 91

10 . 6 80 17 87

B " 1 68 S 80
20 - 0 55 1.4 76

30 " 0 28 0 68
40 . 0 15 0 63

Table 4.34
% QOriginal Activity
1 week 2 weeks 3 weeks 4 weeks 5 weeks

Fraction 2A3 85 79 75 70 68
wnergy of Activation of barley malt J -—amylase. Digests,

similar to those used in the determination of the optimum temp-

erature for malt [ -amylase activity, were prepared and the

enzymic activity at various teuwperatures was determined.

Lhe
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logarithm of the rate of reaction at each temperature was
plotted againstlQ?fo (where T° is the absolute temperature)

and the results are shown in Fige. 4.23.

wffect of prolonged treatment at pH 3.6 and various temperatures

on malt J-—amylase. Three similar digests were prepared con-

taining acetate buffer (3 ml.; O0.2lle; pH 3.6) and enzyme sol-
ution (1 ml. of fraction A4). They were incubated at 2, 18 and
35°C, for 12 hours when the pH of each was adjusted to pH 5.5 and
aliguots (1 ml.) were removed for activity determinations. Lhe

results are shown in Table 4.35.

Digest at 2°C |pigest at 18°C|Digest at 35°C

% Original activity 80 8 >

sffect of various substances on malt J —amylase. Digests were

prepared containing acetate buffer (2 mle; 0.2le; pH 5.5),
enzyme solution ( %U ml, of fraction 2A3), the requisite amount
of compound under investigation and water to make a total volume
of 10 ml. They were incubated at room temperature for a time

(2 hours) and those containing precipitates at the end of this
time were clarified by centrifugation. Aliquots (2 ml.) of
amylopectin @-limit dextrin were added to each and the [ -amylase

activities were determined at room temperature. The results are
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shown in Table 4.36.

Table 4.36
: % Inhibition
—— l
10”7k 104y 10™7u 10~%y
Hg Cl, 100 100 80 43
KCHN 0 0 0 0
Na &1 0 0 0 0
Ca €1, 0 é 0 | 0 0
Ascorbic acid 93 80 - -
| |
Histidine 0 | 0 0 0
Tryptophane 0 1 0 0 0
Formamide 10% (ag.;v/v) 20% 30% 40%
e Inhibition 50 TO 95 100

uffect of K.D.T.A. and trypsin on malt J —amylase. (a) Dilute

_Jd—anylase solution.,

The following digests were prepared: _

1. Dilute enzyme solution (0.1l ml. 2A4) + water (10 ml.) + E.D.T.A.
(1 ml,.; 10"11;..) + trypsin (1 ml.; 6 mg./ml.,) + lLcIlvaine's
buffer (2 mles; O.2Me; pH Te0)o
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2, Dilute enzywue solution (0.1 ml. 2A4) + water (12 ml,) +

licIlvaine's buffer (2 ml.;

0.2H, H

pHTQO) ™

These were incubated at room temperature and aliquots

(1 ml.) were removed at intervals for _ ~amylase determinations.

The activity of the enzyme in digest 1 was calculated as a per-

centage of the activity in digest 2 at each time interval. The

results are shown in Table 4.37.

Table i . 2 i

|

Time interval (hours) 0 1} 3 | 24

d=~amylase activity i

in digest 1. 100 54 0 | 0
|

J=~amylase activity |

in digest 2. 100 92 80 | 25
|

% Innibition 58 100 100

|

(v) Strong J —amylase solution.

were prepared;

The following digests

l. Enzyme solution (5 ml. fraction 244) + water (5 ml.) + E.D.T.A.

(1 mla. IO'IM.O + trypsin (1 ml.;
buffer (2 ml.; 0.21&.; pH 7.0).

6 mg./ml.) + lecllvaine's

2. Enzyme solution (5 ml. fraction 24 4) + water (7 ml.) +

licIlvaine's buffer (2 ml.;

0.2&1.;

PH T.0).

These were incubated at room teumperature and aliguots
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(0e3 ml.) were withdrawn at intervals for J —amylase determinate—

ions.

The results are shown in Table 4.38.

Table 4.38

s e } _l
'Time interval (hours) | 0 2 24 48 T2
J=amylase activity
in digest 1 100 94 60 45 32
|
| J=amylase activity
%in digest 2 100 95 T2 60 52
i
% Inhibition | 0 12 17 20
| | |

Ihe above experiment with the strong J-aamylase
solution was repeated using borate buffer at pH 9.5. The results
are shown in Table 4.39.
Table i':a
|

Time interval (hours) I 0 2 24 40 T2
Eieamylase activity |
'in digest 1 100 88 44 20 0 |
A=~amylase activity in 5
digest 2 i 100 94 T4 J 61 55
% Inhibition 1 6 30 L 41 100

Adsorption of malt J-amylase on starch.

(a) Dilute - amylase
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Solution. Two similar digests were prepared containing

engyme solution (0, 1 ml, fraction 2 A 4), water (15 ml.) and
potato starch (5 g.). One was maintained at 200. and the other
at lBOG. They were both carefully shaken and, at intervals,
the suspensions were centrifuged and the supernatants tested for

J=amylase activity. The results are shown in Tabld 4.40.

!able i.ﬂ
| |
Time interval (hours) 1 12 . 24
% Removal of getivity from | |
solution at 2“C. § 76 80 _ 80
% Removal of agtivity from | ;
solution at 18°C. i 79 84 J 95

(b) Strong J —amylase solution. Two digests were

prepared containing enzyme solution (5 ml. of fraction 244),
acetate buffer (1 ml.; O0.2K.; pH 5.5) and water (4 ml.). Pot-
ato starch (3g.) was added to one digest (starch digest) and they
were both incubated at 50°C. At various times they were tested
for | -amylolytic activity. The results are shown in Table

4.41,

Action of malt J —amylase on amylose. (a) Kineties

of the initial reaction. Digests were prepared containing

amylose (31.2 mg.), acetate buffer (1 ml.; O0.2i.3 pH 5.5) and
calcium acetate solutions (19 ml.) of different concentrations

(10™%.; 107%i.; 10™%M.; 0). The ionic
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strength of each solution was adjusted to 0.118 by the addite
ion of the requisite amount of sodium chloride. These solute
ions were equilibrated at 25°¢, in viscometers and an aliquot
(0el ml.) of dilute enzyme solution (0.1 ml. of fraction G2A3
was diluted to 10 ml.) was added to each. The degradations
were followed by measuring the flow times of the solutions at
various times. The results are shown in Fig. 4.24.

Iable 4.41

| |
Time interval (hours) 1 15 ’ 38@
% Removal of activity from |
starch digest 40 T1 100
% Removal of activity from standard | | |
digest (deactivation f 5 30 100 |
% Adsorption 35 41 -

The above experiments were repeated at 15°C. and the
results are shown in Fig. 4.25.

Two amylose solutions A and B were prepared in acetate
buffer (20 mls; 0.0li.; pH 5.5) and they were equilibrated in
viscometers at 25°C. Three times as much enzyme was added to A
as was added to B and the rates of degradation were followed. The
résults are shown in Fig. 4.26.

The effect of inert protein on the degradation of
amylose was investigated. Two digests, C and D were prepared in
the following manner:
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ce Amylose (31.2 mg.) + acetate buffer (1 mle; 0.2l; pH 5.5) +
calcium acetate solution (19 ml.; 1.05 x 10'3m.)

D. Amylose (31.2 mg.) + acetate buffer (1 ml.; 0.2l.; pH 5.5) ¢
inert protein solution (1 ml., of fraction 2 A 10) + water
(18 ml.) + requisite amount of sodium chloride to maintain the
two solutions at constant ionic strength.

These were equilibrated at 25°C. and an aliquot (O.lml.)
of dilute enzyme solution (0.1 ml, of fraction G 2 A 3 was diluted
to 10 ml.) was added to each. The rates of degradation were
followed and the results are shown in Fig. 4.27.

(b) Products of the reaction. Two indentical amylose

solutions A and B, were prepared containing amylose (40 ml.; 1.52
mge amylose/ml.) and enzyme solution (0.25 ml, of fraction G 2 A 3).
They were incubated at 35°C. and aliquots (1.5 ml.) were removed
from digest A at intervals for reducing power (1 ml.) and iodine
staining measurements (025 ml.)s Because of the instability of
the malt | -~amylase, fresh portions of enzyme were added to the
digests after 24 and 96 hours. The results are shown in Fig.4.28.
Aliquots (5 ml.) were removed at intervals, from digest
B, heated on a boiling water-bath (5 minutes) to coagulate the
protein, clarified by centrifugation and evaporated to dryness,
The residue was taken up in a small volume of water (0.75 ml.) and
applied to paper chromatograms. The results are shown in Table
4.42,

Action of malt .| —amylase on olizosaccharides. Microdigests

were prepared containing enzyme solution (0.025 ml. fraction G 2
A 3) and samples of oligosaccharides Gy Gg Gg and G4 in small

volumes of water (0.l ml.). They were incubated at 3500.
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and small aliquots were removed at intervals for chromatographic

analysis. The results are shown in the following tables.

Standard saccharides G1 to G9 were a2lso run on the chromatograms,.

table 4.42.

Relative amountis of oligosaccharides

Time of aliquot ! %

iextraction %hours) 0.5 2 f 12 | 50 120

éOligosaccharide ;

| " 0 e g et i e R s
G, » +++§ ++++§ etk aaacd
G3 G ***% caad i bt |
Gy + +++§ ++++§ P o
Gy + | R
G6 b T | é
G ++ el é 0 E
Gg . | 0 i @ 0 g

Higher oligosace | | { ;

charides 0 0 0 0 J

l
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Action of malt J[-amylase on G4

Table 4- . 4_2
! Relative amounts of oligosaccharides
‘Pime of aliquot
‘extraction (hours) 1 17 24 48
Oligosaccharide
Gl 0 E b b
E Gy e | et b et e
63 + e e, bbb
| i
i !
! {
! Gy 0 L. EEs bt
i
G5 0 | 0 - g
GG 0 | e bt .-
67 + e FRRS b
G8 0 R R o |
Gg 0 + -+ 0
GlO s e . 0 0 0
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Action of malt | -amylase on qi

Table 4.44
r Relative amounts of oligosaccharides
; [ 1
Time of |
|aliguot
extraction
(hours) 0 : § 7 % | 24 48
OUligosac=
charide l
Gl 0 0 B b hade b | b
| |
Gy I 0 + [ et dbbd | e
Gs 0 o | 0 + + -
G4 0 0 0 0 + e
G5 - 0 0 0 0 - +4
Gg ? 0 + N e b N
Gy ; 0 P e s ES +
Gg j 0 + e bbb e ++
i
G9 [ R o 4ttt 4 0 0 0
|
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Action of malt J -amylase on Gg,

e .

Table 4.45

helative amounts of oligosaccharides
!
Time of ‘ ;
aliguot |
extraction ;
(hours) 0 . 17 24 48
Uligosac~- ;
\charide §
Gl 0 4 E e B L bk
|
g |
Gy 0 + I = s R e S e s
7 i
G 0 o} 0 S + i e
| i
i 3
G4 f 0 ’ 0 “+ + 4 s
|
i i !
G5 e o | + - A
i L
Gg o | - i ey . ; debrbbd
| .
f |
Go ¢ i + + e e | R
|
Gg bbb | b —— e R - B
| | !
| | |
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Action of malt JL-amylase on GI

Table 4.46
Relative amounts of oligosaccharides
Time of ,
laliquot i
extraction [
(hours) 0 1 T 17 24 | 48
Lligosac= |
charide ;
Gy | 0 0 - o e bt
%
Gy 0 0 0 0 + e
G3 0 0 0 0 0 -
G4 0 0 0 0 + e
G5 ' 0 0 0 0 - b
Gﬁ : 0 0 + ++ bt Hhotds
G7 ; e B e + “++ +
| |

Comparison of the action of malt J —aumylase and salivary Jl-—auy-

lase on G4. Saliva was collected in distilled water, maintain-
ed at room temperature for three hours and centrifuged - the clear
supernatant was stored, under toluene, at 2%, Two identical
digesis were prepared containing water (5 ml.), acetate bufler

(L mle; 0O.2Ue; pH 5¢5) and amylopectin B-limit dextrin solut-
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ion. They were inmoubated at 35°C. To one was added an aliquot
(0.05 ml,) of the crude saliva, and an aliquot (0.0025 ml.) of
malt JLe-amylase fraction (G243 was added to the other., Aliquots
(2 ml.,) were removed from the digests at intervauls and stained

with iodine. The results are shown in Table 4.47.

- ) - mghle 4.47
Iodine _stain A.Vs. ;
Time of aliquot | | |
extraction (minutes) 0 15 30 60
f i i
salivary J—-amylase 4.70 | 3.40 2.60 | 1.62
r
In.zalt J—-amylase 4.70 | 3.30 2.50 | 1.60 |
]

Two nicrodigests were prepared: (1) contained sal=-
ivary J -amylase (0.05 ml.) and an aliquot of Gy (0.05 ml.);
(2) contained malt J-amylase fraction G2A3 (0.025 ml.), water

(0.025 ml.) and G, solution (0.05 ml.). These were incubated

4
at room temperature and aliguots were removed at intervals for
examination by paper chromatography. Standards Gys Gos G3 and
G4 were also applied to the chromatograms, The results are

shown in Table 4.48.

Action of malt [-amylase on amylose,amylopectin, amylopectin

g-djant déxtrin, glycogen and glycogen p=-limit dextrin. (In

collaboration with Mr. R. Geddes). The degradation of these

substrates with malt L —amylase fraction G 2A3 was followed by
light=-scattering measurements and the relative rates of attack

are given in Table 4.49.



161,

Table 4.48

Relative amounts of oligosaccharides
fime of aliquot i
extraction (hours) Q | 1 8 20
i !
|
Oligosaccharide '
( Gy o | + + +
Saliva ( Gy 0 A G = = = = = e
Pigest Gy 0 - 4 +
( G4 e 0 0
( Gl 0 C 0 0 0
alt ( G, 0 0 + s ool
Digest
( 63 0 0 0 0 0
( Gy debore | bbbt e
|
|
Table i.ia
[
Substrate | Amylose | Amylopectin | Amylopectin | Glycogen | Glycogen
| B=limit A=limit
dextrin dextrin
Rate of
At tack 700 22 35.6 10 1
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DISCUSSION

Freparation of malt J-—amylase. Seamples of cryst-

alline malt  -~amylase have been prepared (Schwimmer and Balls,
1949; Fischer and Haselbach, 1951), but these procedures were
not examined in this work, One of the aims in this study, was
to compare the properties and action patterns of the L -amylases
from barley and malted barley; these enzymes, therefore, were
prepared by the same isolation scheme. Ungerminated barley
contains only a small amount of J ~amylase (Kneen, 1944) and so
a simple procedure for isolating and concentrating the enzyme
was required. Acetone fractionation techniques were reasonably
effective and - provided that the experimental conditions were
aghered to - they were reproducible. The enzymes obtained in
this work have been extensively purified - the barley _l-amylase
by a factor of 100, the malt [ -amylase by a factor of 170 - and
do not contain detectable amounts of other carbohydrases,

Dilute solutions of malt [-amylase are particularly
susceptible to heat inactivation and the removal of p-amylase
impurity from [ -~amylase preparations by heat treatment was best
carried out on the agueous extract in the presence of calcium
ions = these ions increased the stability of L -amylase but
decreased that of p -amylase (Kkneen, Sandstedt and Hollenbeck,
1943).

Effect of pH on malt J —amylase. The pH of maximum

activity was 5.5 which is comparable to the range of 4.7 = 5.4
obtained by Fischer and Haselbach (1951). The crystalline

enzyme of these authors appeared to be more active at low values
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of pi (3 = 6) than the enzyme studied in this work.

The stability of the enzyme at various values of pH
is very dependent on the presence of inert protein and calcium
ions. Whilst, in 1 hour at 20°C., the enzyme loses 46% of its
activity when it is maintained at pH values between 5.5 and T.8
on either side of this "plateau" the activity falls even more
rapidly (Fig. 4.20). However, the addition of either inert
protein or calcium ions (Fig 4.21) renders the enzyme much more
stable in this pH range, but at lower and higher values of pH the
enzyme is still rapidly deactivated. This apparent instability
of malt J —amylase is not in agreement with the findings of
Fischer and Haselbach (1951), who suggested that crystalline
malt A -amylase is highly stable. It has been reported (Hultin,
1950) that the stability of pure malt —amylase is only 5% o
I%U of that of a crude malt extract and so perhaps the stability
of relatively pure samples of the enzyme 1s dependent upon the
concentration at which the enzyme is maintained. The inert
protein added to the malt | -amylase solutions must stabilise and
protect the active centres of the enzyme in a manner similar to
the stabilisation of dilute Q@ -amylase solutions by glutathlone
(Walker and Whelan, 1960).

Effect of temperature on malt L —amylase. The temper-

ature of optimum activity was ca. 48°G. which is in good agree-
ment with the range of 45 - 55°C. reported by Fischer and Hasel-
bach (1951). Fig. 4.22 illustrates the stability of the enzyme
towards heat and shows that a temperature of 50°c, almost

completely destroys the activity of the enzyme in 1 hour, Once



[y

again, inert protein greatly inereases the enzyme stability
(Fige 4.22) and T0% of the activity remains in the solution
after 1 hour at 50°C. Calcium ions, too, greatly retard the
deactivation of malt J[~amylase under unfavourable temperature
conditions (Table 4.33 p.IL7). They are not able, however, to
completely overcome the effect of unfavourable pH and temperatu=-
re; even in. their presence the enzyme loses a large amount of
its activity at pH 4.8.

The loss in enzymic activity at 2°C. is initially
rapid but then it decreases. (Table 4.34 p.l471) No stabil=-
ising protein or calcium ions were added to this stock enzyme
solution since the properties of the pure enzyme were being
studied.

Low temperature lessens the effect of unfavourable pH
- on the enzyme activity (Table 4.35 ps I4P). Even after 12 hours
at pH 3.6 the enzyme maintained 80% of its activity whereas, at
room temperature, it lost 92% of its activitye. Thece results
sugzest that the inactivation of the enzyme by unfavourable
conditions of pH is a reversible process and so is very unlikely
10 be caused by a protease which would 1rre#ersib1y destroy the
enzyme .

The energy of activation of the enzyme was found to be
11,7K cals., which is similar to that found for salivary |-amy-
lase (13.5 K cals.s .Heyer et al, (1948).

Effect of various substances on malt A-amylase., O0f

the compounds investigated only mercuric chloride (107 °M.; 10™4w)
and formamide (40%) completely inhibited the enszymic activity.
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Heither calcium chloride nor sodium chloride activated the
enzyme (Table 4.36. D.143).

When caleium ions are removed from malt J-—ausylase there
is a large decrease in the engymic activity (Table 4.37. p«iS0)s
These results are in agreement with those reported by Hultin
(1950), Schwimmer and Balls (1949), Fischer and Haselbach (1951).
These authors removed the calcium with metal chelating agents
or by precipitation as an insoluble complex (Hultin, 1950). In
these experiments, the loss in activity was reversible and the
additicn of calcium ions to the inert enzyme restored its activity
completely. The effect of L.D.T.A., alone on the malt _[-amy-
lase was not investigated in the present work, but the combined
action of E.D.T.A, and trypsin effected irreversible deactivat~
ion of the enzyme. This phenomenon has been examinad by Stein
and Fischer (1958) who investigated the effect of E.D.T.A, and
trypsin on eamylases from human saliva, swine pancreas, .
Bacillug subtilis and Asperxgillus oryzac. They suggested that
these enzymes are mailntained in a rigid and stable configuration
by divalent metal linkages and, as such,they are imoune to
proteolytic attack, When, however, the [ -amylases are no
longer combined with their full complement of metal ions they
become susceptible to proteolysis., These resultis are consiste
ent with the following schenes

me tal=binding
agent
Native amylase > > "metal-poor” amylase
(active) Mo (active)
lproteasea

breakdown products
(inactiveg
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Calcium=-free malt A -~amylase solutions may be stabilised by
many divalent ionsg including barium, cadmium, manganese and
gine (Hultin, 1950), whereas monovalent iones do not restore the
enzymic activity.

The results in Table 4.39 (p.IS) indicate that the
removal of calcium ions by E.D.T.A. is more effective at relat-
ively high values of pH (9.5). Relatively concentrated solut-
ions of malt | -amylase were inactivated very slowly under the
combined action of E.D.T.A. and trypsin (Table 4.38. pP.i5) )e
The enzyme sample used in these experiments wac somewhat orude
and earlier results (Fmsoher and Haselbach, 1951) suggest that
BEeDeTeA, removes calcium from impure samples of enzyme only with
difficulty. The contaminating protein appecrs to exert a
stabilising influence on the enzyme.

An apparently efficient and simple method of rendering
malt [~amylase inactive is to pass it through a "Sephadex"
column in a water medium, The protein passes quickly through
the column leaving the inorganic ions behind.

Adsorption of malt J-amylase on starch. The complete

adsorption of enzymic activity on starch granules is very diffi-
cult to obtain., Results in Table 4.40 (p.is2) indicate that
75% of the enzyme is quickly adsorbed (1 hour) but, thereafter
the adsorption is slow and only a further 4% is removed in the
subsequent 23 hours, These results are in agreement with those
of Schwimmer and Balls (1949).

Action of malt [(-amylase on amylose. (a) Kinetics

of initial reaction. The kinetics of the initial reaection
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were rather difficult to obtain because of the marked instabile
ity of the enzyme sample (Figs. 4.24 and 4.25)., There are two
possible explanations for these curved lines: (1) the enzyme
rapidly loses ites activity under the experimental conditions;
(2) these lines genuinely represent the course of the degradat-
ion. Iwo digests were prepared, therefore, containing different
amounts of the enzyme solution and equal amounts of amylose.
Thelr rates of degradation were investigated and the results are
shown in Fig. 4.26. Digest A contained three times as much
enzyme as digest B and so, if these lines represent the amyloce -
degradation reactiony, hydrolysis A should proeeed at approximate-
ly three times the velocity of B. The results in Fig. 4.26a
indicate that this relation does not hold because the difference
in the reaction rates increases rapidly at the beginning of the
degradations and then remains almost constant - the engyme in
digest B having only eca. T0% of its expected activity. I§ is
reasonable to assume, thereiore, that these curves are a function
of enzyme deactivation and not of amylose degradation. As
already indicated (Fig. 4.22), inert protein may be used to
stabilise the enzyme and sc an amylose degradation was investig-
ated in the presence of protein, The results are shown in Fig.
4,27, and indicate that calcium lons are not such efficient
stabilising agents as protein,although they do have a large
efiect on the enzyme activity (Fige. 4.24). Calcium ions,
however, do not activate the enzyme but they are essential for it
to attain its full activity.

In these experiments, the enzyme appears to lose its

activity very rapidly and this may attributed to the large dilut-
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ions of enzyme employed, Since only a small fraction (0.1 -
0.5%) of the amylose bonds is broken during the initial stages
of these degradations, extremely weak enzyme solutions are req-
uired. Usually, aliguots of Iﬁ%ﬁ ml, are added to 20 ml. of
amylose sclution in the viscometers whereas, in the usual
digests for activity determinations, aliquots of %U ml. are
added to a total volume of 8 ml. - there is, therefore, a 60~
fold difference in enzymic concentration between the two digestise
The results in Fig. 4.27 indicate that the initial
stage in the degradation of linear amylose by stable malt (-amy=-
lase proceeds by a random scission of J|-l1: 4 - glucosidic bonds.

(b) Products of the reaction. The achroic limit for

the action of malt J -amylase on amylose cccurs at ga. 30% apparent
conversion into maltose (Fig. 4.28). This figure is in good
agreement with the results of Bird and Hopkins (1954) who showed
that the achroic point was dependenti upon the amylcse concentrate
ion, With amylose concentrationsof 0.44% and 0.022% they
found that the achroic limits occurred at 41.5% and 26.4%
apparent conversions intc maltose, respectively. In the precent
work the amylose concentration was c¢a. 1.5 mg./ml., and so an
achroic limit of ga. 30% is to be expected. At the achroic
limit no oligosaccharides larger than G8 should be found, but
chromatographic evidence (Table 4.42. ».155) sugzests that there
is quite a large amount of these higher dextrins present although
they cannot be detected by the iodine-staining measurements,.

That the achroic limit depends on the concentration of substrate

solution used has already beean pointed out (p.//l ).
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The action of malt | -—-amylase on amylose consists of
two stages: (1) the rapid breakdown of the amylose into short
¢chain dextrins resulting in loss in iodine staining power, large
decrease in viscosity and increase in the reducing power of the
amylose solution, (2) a slow hydrolysis of the small dextrins
resulting in a slow increace in the reducing power of the solut—=
ion. There has been much controversy about the production of
glucose in amylose/ [ -amylase digests. lyrback (1948) suggest-
ed that glucose is produced early in the reaction and is split
from large as well as small molecules although most of it is very
slowly formed from short-—chain products during the second part
of the rcaction. On the other hand, keyer and Bernfeld (1941),
and ueyer and Gonon (1951b) suggested that glucose is only formed
from maltotriose and so cannct be produced until some maltotriose
is present in the digest. Now a certain amount of maltotriose
may be formed in the first part of the reaction by random hydro-
lysis and so glucose, produced from maltotriose, may be present
at the achroic stage of the reaction. The formation of glucose
in this way was also supported by Somogyi (1940) who studied
the action of [ ~amylase on starch. He concluded that, at a
given stage of hydrolysis, the more dilute the starch solution,
the lower was the percentage of glucose produced. Hopkins and
Bird (1954) examined the action of malt L-amylase on extremsly
dilute solutions of amylose (0.025%) and still found traces of
glucose at the achroic limit.

The results in Table 4.42 (p.l55) suggest there is

only a very small amount of glucose present at the achroic limit
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indicating that this saccharide is formed as a primary fission
product from the amylose molecules., After 4 hour there is a
large accumulation of GG' G?’ GB with lesser amounts of G2 and
trace amounts of G3, G4 and G5' As the hydrolysis proceeds, G8
and larger oligosaccharides disappear while GT builds up and then
disappears, but GG increases in amount and 1s hydrolysed extremely
slowly. All the smaller oligosaccharides increase in amount but
the yields of G3, G4 and G5 are small. The énzyme appears o
hydrolyse Gg and smaller maltodextrins only very slowly.

Action of malt J —amylase on oligosaccharides. (1)

G4. (Table 4.48 p.161). The enzyme hydrolyses G4 extremely
slowly and the products of the reaction are shown in ITable 4.48.
Only maltose is formed and there is no trace of either glucose
or maltotriose, Since the hydrolysis of G4 is so slow the
suggestion that glucose is formed only from maltotriose during
the hydrolysis of amylose with malt J[l-amylase (lieyer and Bern-
feld, 1941; uleyer and Gonon, 1951) does not seem to be correct.

(2) G?’ (Table 4.46. pe 159). The initial products were
Gl and Gg which increased in amount before Goo &4 and G5 appeared.
Only very small quantities of G3 and G4 were produced so that
both the Gy and G, could not have been formed from them. Under
the experimental conditions the fission products most readily
formed were Gy and Gg followed by Go and G5.

(3) Gg (Table 4.45. pel58)s The initial products were
Gl' G2, Gg and G7 and the first three of those increased in
amount during the hydrolysis. The preferred products appeared
to b2 G, and Gg followed by Gy and GT‘ Ihere were only trace
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amounts of Gs, G4 and G5.

present after 24 and 48 hours are somewhat misleading because

The relative amounts of G6 and G7

of the relative stabilitiec of CGg and G7 towards the enzyme.,
Since G is hydrolysed faster than G6, it is not allowed to
accumulgte whereas the GG remains largely undegraded and nay
increase in amount through secondary fission of G?'

(4) Gg (Table 4.44. p.iS?T) The initial products of the
reaction were G2’ GG’ GT and GB’ but G2 and G7 appeared to
predominate as the reaction procecded. Once again, there was
an accumulation of GG’ but it 4id not appear to be formed as a
primary fission product from G9 because there was no accompanying
production of G3' There were relatively small amounts of GB’
G4 and G5 produced.

(5) Gy, (Table 4.43. p.15( ) The initial reaction prod-
ucts appeared to be Coy 63 and G7. As the rcaction proceeded
the amounts of these four dextrins increased and Gg was alse
produced in quite a large amount. Only a very small guantity of
G5 was formed and the system is too complex to decide whether
this dextrin was produced on primary or secondary fission.

The relative rates of attack of salivary |—-amylase and
malt | -amylase on G, are shown in Table 4.48 (p./6i)s Whereas
the enzyme samples showed the same activity on reaction with
amylopectin p-limit dextrin solution they differed widely in
thelr rates of attack on G4. An excess (x 10) of malt enzyme
was added but there was still a large difference in the hydrol-
yesis of the dextrin, Whereas the sallvary amylase had complet-

ely hydrolysed the G4 in 5 hours the malt enzyme had only



[1Z.

effected a detectable hydrolysis. The main product from the
salivary [—amylase digest was maltose bul reasonable amounts
oL Gl and G3 were also produced. G3 would appear to be much
more slowly hydrolysed than G4. These results are in agrecment
with those of Whelan and Roberts (1953) and Pazur (1953).

Speeific action of malt [-amylase. In an attempt

t0 determine whether J-amylolysis took place at the reducing

or non-reducing ends of amylose-type molecules, Hopkins and Bird
(1954) examined the low molecular weight products obtained near
the beginning of the reaction of malt [(~amylase on dilute
amylopectin solutions. This substrate contains, essentlally,
only nou~-reducing end groups but enzymic degradation will greatly
increase the number of reducing end groups - the reacticn must

be stopped and the products examined before thlis stage is reached.
The above authors found that G6 was the suwallest oligosaccharide
detected under these conditions. They concluded, thercfore,
that the first five bonds from the pon-reducing end of the mclec=
ule are resistant to malt J-amylase attack and are hydrolysed
very slowly, thus explaining the slow degradation of Gyo These
authors also found that Gg was preferentially split into G4 and
G, with smaller amounts of Gy and G5 indicating that the second
linkage from the reducing end of the molecule is more easily
hydrolysed than the first one. If this is correct then GT
should be split to form G5 and G, as primary fission products,
but this does not happen (Table 4.46. p.159); the enzyme prefers
to hydrolyse a less susceptible bond to produce Ge and Gl. This
result is rather difficult to understand, but the results in
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Tables 4.43, (pe156 ) = 4.46. (Pe159) £ll indicate thet sub-
stantial quantities of Gl are formed from all the oligosacchare
ides examined showing that malt | -amylase fairly readily
hydrolyses the linkage next to the redueing group in intex-
mediate oligosaccharides (G7 - Glo). These results also
indicate, however, that the second and third linkages from the
reducing end of Gg, G9 and G, are preferentially attacked.

Rates of attack of malt J-amylase on various subsirates.

The results in Table 4.49 (p. /4] ) illustrate the action of the
enzyme on various starch-type subsirates. Amylose is attacked
some 30 x faster than amylopectin and TO0 x faster than glycogen

@ ~limit dextrine. The lightscatiering technlque measures
only changes in the weight-average molecular weight of the sub-
strates and is, therefore, insensitive to the formation of
oligosaccharides during the initial stages in the hydrolysis of
branched substrates. This explains why amylopectin is apparen=
tly attacked less readily thap its pg-limit dexirin. The
dextrin is a more compact molecule and enzymic attack must take
place on its interior linkages and so perceptibly reduce the
moleculaxr weighte. With amylopectin, however, the enzyme may
hydrolyse a large number of the external branches without
appreciably changing the molecular weight. These results
sugzest that the external linkages in amylopectin are hydrolysed
before those in the interior of the molecule.
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4ede BROAD BBEAN JL-AUYLASE

INTRODUCTION

Many carbohydrase enzymes are present in broad bean
flour, e.8. phosphorylase and (-enzyme from this source have
been isolated and studied by Hobson et al, (19509 and Wild (1954),
whilst the presence of R-enzyme has also been shown [ﬁobson et
al, (1951); Wila,. (1954); Fraat et al, (1954); MacWilliem,
(1958)] . The results from some of these investigations indicat-
ed that there was present in broad beans an enzyme having J-amyle
olytic activity. llobson et al, (19509 reported that the pH
optimum of this cnzyme was 0.1 -~ 6.3 but it has not been further
characterised. In this work, the isolation, purification and

characterisation of the J|-—-amylase in broad beans are described.

EXFERIMENTAL

Throughout this work Dobbie's "Champion Long rod”
broad beans were used.

Initial attempts to prepare broad bean J-auylase. Dry,

defatted, finely ground broad bean flour (100 g.) was extracted
for 5 hours at room temperature with agqueous calciwa chloride
solution (500 ml.; 0.2%) containing n=octanol (0.2 ml.). The
suspension was centrifuged and the supernatant dialysed against
running tap water for 12 hours. The solution was then filtered

to yield a clear solution (B B 1; 360 ml.; 33 mg. protein/ml.)
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which was cooled to 2°C. and fractionated with chilled acetone
between the liwmits O - 20, 20 - 30, 30 - 35, 35 - 40, 40 -~ 45,
45 - 50, 50 -~ 55, 55 « 60 and G0 -~ 70%. EBach fraction was aire
dried and suspernded in water to yield solutions 2 - 10 which
were stored at 2°C, These fractions were examined for the
presence of L-amylase (Fig. 4.29). Solutions 5 - 8 contained
d - activity, dbut R-enzyme activity in the initial fractions
was suspected. Since ammonium molybdate inhibits this enzyme
(Bailey et al., 1951) digests incorporating samples from solut-

ions 3 and 8 were prepared as indicated below.

l. Acetate buffer (2 ml.; O.2ie; pH 5.5) + water (6 ml,) +
solution 3 (1 ml,)

2. Acetate buffer (2 ml.; O.2le; pH 5.5) + water (5 ml.) +
solution 3 (1 ml.) + amconium molybdate (1 ml.; 10 Yid.).

3¢ Acetate buffer (2 mle; Os2Me; pH 5¢5) + water (5 ml.) +
solution 3 (1 ml.) + ammonium molybdate (1 ml.; 10 2k.).

4. Acetate buffer (2 mls; O.2iie; PpH 5.5) + water (5 ml.) +
solution 3 (1 ml,) + amwonium molybdate (1 ml.; lO'BH.).

5. Acetate buffer (2 mle; O.2Ms; pH 5.5) + water (6 ml.) +
solution 8 (1 ml.)

6. Acetate buffer (2 mle; Os2Me3 pH 5.5) + water (5 ml,) +
solution 8 (1 ml.) + amsonium wolybdate (1 ml.; 10" Ti.)

T. Acetate bufier (2 mlo; Os2ie; PH 5.5) + water (5 ml.) +
solution 8 (1 ml.) + ammonium molybdate (1 ml.; 10“2m.)

8., Acetate buffer (2 ml.; O0.2l.; pH 5,5) + water (5 ml,) +
solution 8 (1 ml.) + ammonium molybdate (1 ml.; 10“3&.)
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These were incubated at 35°C. for 30 minutes when
aliguots (1 ml. ) of amylopectin p-limit dextrin solution were
added to each. Aliquots (4 ml,) were removed immediately, and
after an interval of 30 minutes, for iodine staining measure=

ments. The results are shown in Table 4.50,

Table 4.50
Digest 1 2 3 4 5 6 T 8
AsVe (O hour) 2,90 2.87 2.90 2,90 2.92 2.91 2.91 2.88
A.Ve (4 hour) 4,10 2.88 3.34 3.70 0.51 1.60 1.27 1.07

Therefore, ammonium molybdate (107ZMs) completely
inhibits Reenzyme activity and partially inhibits (45%) the
b amylase activity. Similar activity determinations were

carried out on all the fractions both in the presence and absence
of ammonium molybdate (10"2m.). The results are shown in Figs.

4.29 and 4.50.

kFresence of phosphatase in the fractions. Digests were prepared

containing acetate buffer (2 ml.; 0.2i.; pH 4.6), water (3 ml.),
glucose 6 - phosphate (10 mg./ml.; 1 ml,) and enzyme solution

(1 mls)., These were incubated at 35°C. for 2 hours when
aliquots (1 ml.) were extracted and their phosphate content
determined by the method of Allen (1940). The results are

shown in Fig. 4.31.
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IFresence of maltase in the fractions. Digests were prepared

containing acetate buffer ( 2 ml.; 0O.2U.; pH 5.5), maltose
(5 ml.p 3 mg,/ ml.) and aliguots (1 ml.) of the enzyue
solutions. These were incubated at 35°C. and samples (1 ml,)
were extracted at intervals for reducing power determinations.

The results are shown in Fig, 4.32,

Attempted purification on starch column. A small starch

column (10 em. X 2.5 cm.) was prepared and equilibrated with
agueous aleohol (20%) at 2°C. Ethanol (0.5 ml.) and caleium
acetate (5 mg.) were added to a sample (5 ml.) of fraction B B 8.
The solution was cooled to 200., centrifuged and added to the
column which was then eluted with caleium acetate solution (0.2%).
Fractions (5 ml.) were removed and tested for J —amylase activity.

The results are siown in Fig. 4.33.

Alcokol sub-fractionation of broad bean | -amylase. Acctate

buffer (4 ml,; 0.2Ms: pH 5.5) and calcium acetate (100 mg.)
were added to a portion of fraction B B 9 which, on centrifugat-
ion, yielded a clear solution (1), This solution was heated on
a water-bath at 70%C. for 5 minutes, cooled and centrifuged to
give solution (2) which was dialysed against distilled water at
2°¢. for 6 hours. The cold solution was then fractionated with
chilled alecohol between the limits O = 20, 20 - 30, 30 - 40, 40 -
50, 50 = 60 and 60 - T0%. Each fraction was air-dried and
dissolved in water to give solutions B B 9(3) - B B 9(7). ‘The
J =—amylase activities of the fractions were determined and they

are shown in Table 4.51.
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Table iozl
i 1
Fraotien Famper < .| BB 9% 2 | B | 43 'S5 | 6 |7
l~amylase specific j i .
activity 567 6.8 12,7 12.0 |11.4 | 12.0 [ 7.4
| | |

Fractionation of broad bean J[-amylase ona"Sephadex" column, A

sample (5 ml.) of fraction B B 8 was placed on a G - 25 "Sephadex"
column, equilibrated with calcium chloride (0.2%), and eluted
with caleium chloride solution (0.2%). The A-amylase activit-
ies of the protein - containing fractions were determined and the
results are shown in Fig. 4.34.

Final preparation of broad bean J[-amylase. Stage 1. Dry,
defatted broad bean flour (100 g.) was shaken at room temperature

for 2 hours with caleium chloride solution (500 ml.; 0.2%)
containing neoctanol (0.2ml.). The suspension was centrifuged
and filtered to yield a clear solution B B A0 (320 ml.; 35 mg.
protein/ ml.) which was cooled to 2°C. and fractionated with
chilled acetone (-15°C.) between the limits O = 20, 20 - 25, 25 =
30, 30 = 35, 35 = 40, 40 - 45, 45 - 50, 50 = 55, 55 = 60 and 60

- T0%e The fractions were air-dried and dissolved in water to
give clear solutions 1 - 10 which were stored at 2%¢. The /~amy~-
lase activities of the fractions were determined and the results

are shown in Table 4.52.



Table 4.52
i 1 %] Lo
Fraction | BBAO| 1| 2|3 |4 (5 |6 |7 |8 |9 |10
| 1
J=amylase i
specific |

activity | 0.54 /0417 0.56|0.86/1.00(1.331.43/2.25|3.30(0.42 | 0

Stage 2. Since the most active fractions were BB A7 and BB A 8
these were combined and subfractionated with acetone between the
limits 30 = 35, 35 = 40, 40 - 45, 45 - 50, 50 - 55, 55 - 60, and

60 = T0%. These were air-dried, dissolved in water to give

clear solutions B B(7 + 8)A -~ B B (7 + 8) H which were stored at
2°c, The J-amylase activities of these fractions were determin-
ed and the results are shown in Table 4.53.

Table 1.52

' |

Fraction - f ?
Number | BB(T7+8) | BB(T+8)A B | ¢ | D & ! F |G | H
| | |

; = f

| -amylase ! | !
specific . 1 |
activity | 2.72 0.96 3.30 | 6.4 |10.6 ie4.o 12.0(3.3 | O |
_i Lo

Stage 3. Glycogen = complex formation. A portion (9.5 ml.) of

fraction B B (7 + 8) E was cooled to 2°C. and chilled ethanol
(2°C.; 6.5 ml.,) was slowly added with stirring. After 10
minutes, the precipitate was removed by centrifugation at 2%.
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and dissolved in water to give a elear solution B B E 1,
Phosphate bufter (0,5 mli.,; O0,2i,; pH 8,0), glycogen solution
(Oel ml,; 2%) and ethanol (0,48 ml,) were added to the supernate
ant obtained from the initial centrifugation. The resulting
turbid éolution was stirred at 2°C. for 5 minutes before being
centrifuged to yield a clear supernatant and a small precipitate
which was dissolved in water (solution B B E 2), The clear
supernatant was made 60% with respect to alcohol, stirred for ten
minutes at 2°G., centrifuged and the precipitate was dissolved
in a small volume of water (solution B B E 3). The J~amylase
activities of these solutions were determined amnd the results

are shown in Table 4.54. |

Iable 4.54

Solution Number BBE1 BBE2 BBE3

Jd~amylase specific
lactivity 22 360 15

Enzyme solution B B E 2 was maintained at room
temperature for ca. 6 hours and then dialysed against cold diste-
illed water for 12 hours before being stored at 2°C.

The purification obtained in each stage of the
procedure is shown in Fig. 4.35,

Preparation of starch columm. Equal weights of "Celite" and

laboratory-prepared potato starch were slurried with water,
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added to a small chromatographic tube (15 cm. x 2.5 cm.) and

allowed to sediment. A column height of 10 cm. gave a satis-
factory flow-rates The column was well washed with water bef-
ore being equilibrated with aqueous alcohol (20%) at low temp-

erature (2°C.).

Preparation of "Sephadex" column. A column similar to that

described in the previous section was used.
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RESULTS

Purity of enzyme fraction B B E 2. Digests were prepared

containing laminarin (1 mg. 0.1 ml.),maltose (1 mg.; O.1l ml.)
and cellobiose (1 mg.; O.1l ml.). ©Portions (0.1 ml.) of the
enzyme solution were added to each and the digests were incu-
bated at 35°C. Portions were removed at intervals for chromat-
ographic examination. No glucose was detected in any of the
digests.

A digest was prepared containing maltotriose (1 mg.;
0.1 ml,) and enzyme solution (0.1 mli.). It was incubated at
35°C. and portions were removed at intervals for chromatographic
examination. Glucose and maltose were detected after 10 hours
incubation but even after 48 hours sugars larger than maltot-
riose were not found.

A digest was prepared containing acetate buffer (0.5 ml.
0.2M«; pH 4.6), glucose 6 -~ phosphate solution (1 ml.; 5 mg./

and enzyme solution (0.2 ml.). 3

mle)y water(2 ml.), It was incubated at 35 C. and, after 24
hours, it was tested for the presence of free phosphate groups
by the method of Allen (1940). No phosphate was detected.

A digest was prepared containing amylose solution
(10 ml.; 1 mg./ml.), acetate buffer (1 ml.; 0.2M.; pH 5.5),
disodium hydrogen phosphate solution (1.5 ml.; 23 mg./ml.) and
enzyme solution (0.2 ml.). It was incubated at 35°C. and
portions (1 ml.) were removed at intervals for free phosphate
determinations. After 48 hours there was no reduction in the

amount of free phosphate present in the digest.
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BEffect of pH on broad bean L ~amylase. Digests were prepared
containing lMecllvaine's standard buffer (1 ml.; O.2M.; PHS =
pHT.8), amylopectin p =limit dextrin solution (2 ml.), water

(4.7 ml.) and enzyme solution (0.3 ml. fraction (7 + 8) D). They

were incubated at 35°C. and the [ -amylase activities were
determined. The results are shown in Fig. 4.36. Two further
digests, A and B, were prepared containing water (4.7 ml.) and
enzgyme solution (0.3 ml, fraction (7 + 8) D). A portion (1 ml,)
of acetate buffer (0.2M.; pH 5.5) was added to A and a similar
amount of pH 3.6 buffer was added to B« They were left at
room temperature for 2 hours when equal aliquots (2 ml.) of
amylopectin p-limit dextrin solution were added to each. The
A -amylase activities of the two digests at room temperature
were determined. The results are chown in Table 4.55.

Table 4.55
-
% Original activity retained by digest A 95
3{, [ i i " ] B 0

The following digests were prepared:

1. Acetate buffer (2 ml.; O.2Me; DPH5.5) + enzyme (0.3 ml.
fraction (7 + 8)D) + amylose (10 ml.; 2 mg./ml.)

2., Acetate buffer (2 ml.; O0.2l.; pH3.6) + enzyme (0.3 ml.
fraction (7 + 8)D) + amylose (10 ml.; 2 mg./ml.)

3 Acetate buffer (2 ml.; 0.2l.; pH3.6) + enzyme (0.3 ml.
fraction (7 + 8)D)
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Digest 3 was maintained for 2 hours at room temperate
ure before being incubated with the amylose solution (10 ml.;
2 mg./ml.) et 35°C. After 5 hours the amylose present in each
digest was precipitated with excess butanol, washed with water
saturated with butanol and dissolved in potassium hydroxide
(15 ml.; 0.2i.) for a viscosity determination. The results are
shown in Table 4.56.

Table 4.56
& 1
ENOT T S 2 s
Viscosity of amylose sample 95 430 490 !
5 Nou R ol |

Viscosity of original amylose = 490

Effect of temperature on broad bean [l-amylase. (a) Activity

of the enzyme/temperature. Digests were prebared containing
acetate buffer (1 ml.; O0.2i.; pH 5.5), water (4.7 ml.) and

amylopectin @ ~limit dextrin solution (2 ml.). They were
equilibrated at various temperatures between 5 and 60°C. when
aliquots of enzyme solution (0.3 ml, of fraction (7 + 8)D) were
added to each. The [ -amylase activities of the various digests
were determined and the results are shown in Fige 4.37.

(b) Stability of the enzyme/temperature. Digests were prepared
containing acetate buffer (1 ml.; O0.2M.; pH 5.5) and water

(4.7 ml.). They were equilibrated at wvarious temperatures
between 10 and 71°C. when aligquots of enzyme solution (0.3 ml.
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fraction (7 + 8)D) were added to each, After 1 hour, the
digests were quickly brought to equilibrium at 35°¢, and port-
ions (2 ml,) of smylopectin P -limit dextrin solution were added
to each, The _J —~amylase activities were determined and the
results are shown ir Fig. 4.37.

Effect of E.,D.T.A. and trypsin on broad bean J -amylase, The
following digests were prepared:

1, Acetate buffer (1 ml.; O.2M.; pH 5.5) + enzyme solution

(0.3 mle (7 + 8)D) + BoDyTeAs (1 mle; 10™3u,)
2, Acetate buffer (1 mle; 0.2Ms; pH 5.5) + enzyme solution

(0.3 ml, (7 + 8)D) + EuDuToAs (1 ml,; 10™14,) + trypsin

(1 mls; 6 mg,/ml,)
3. Acetate buffer (1 mle; O0.2ls3 pH 5.5) + enzyme solution

(0s3 mle (7 + 8)D) + trypsin (1 ml.; 6 mg./ml.)
4, Acetate buffer (1 mle.; 0.2M.; pH5.5) + enzyme solution

(0e3 mLe(T7 + 8)D)s

These were incubated at room temperature for 12 hours

when equal aliguots (10 ml.) of an amylose solution (2 mg./ml.)
were added to eachs After 48 hours, excess butanol was added to
each digest, but there was no precipitate in 3 and 4. The visge
cosities of the amylose samples obtained from 1 and 2 were deter=
mined in potassium hydroxide (0.2l.). The results are shown in
Table 4.57.

Table 4.57
. Digest | 1 12 I 3 | 4
Viscosity 470 495 0 | 0 ;

Viscosity or the original amylose = 490
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The following digests were prepared:
Acetate buffer (2 mlej O0.2Me; DPHS.5) + EeDsToAe (1 ml,;
10'1M.)v+ enzyme (0.3ml., fraction (7 + 8)D).
Acetate buffer (2 mls; 0.2M.3 DPH 5.5) + trypsin (0.2 ml.
6 mge/ml.) + enzyme (0.3 ml. fraction (7 + 8)D).
Acetate buffer (2 mle; O0«2Me; DPH 5.5) + EoDeTolAe (1 ml.3
1071%.) + trypsin (0.2 ml.; 6mge/ml.) + enzyme (0.3 ml.
fraction (7 + 8)D).
Acetate buffer (2 ml.; 0.2M;; pH 5.5) + enzyme (0.3 ml.
fraction (7 + 8)D).

These were incubated at room temperature for 12 hours

when each was divided into two equal portions. Calecium

acetate (50 mg.) was added to one set of digests and they were

left at room temperature for a further 3 hours, when aliquots of

water (3 ml.) and amylopectin @-limit dextrin (1 ml,) were

added to each.

are shown in Table 4.58.

The  =amylase activities were determined and

s Iable 4.28.

% Original Activity 1
D Digest 1 2 4
Before addition of caleium ions 0 90 100
gasftez- addition of calecium ions 30 88 0 100
i |

Effect of various substances on broad beand -—amylase.

Digests
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were prepared containing acetate buffer (2 ml.; 0.2i.; ph
5¢5)s enzyme (0.3 ml. (7 + 8) D), requisite amount of the com~
pound under investigation and water, to make a total volume of
10 ml, They were left at room tempersture for 2 hours when
digests containing nrecipitates (espeeially those containing
mercuric chloride) were clarified by centrifugation. Aliquots
of amylopeetin pe-limit dextrin solution (2 ml.) were added and
the J-amylase activitics of the digests were determined. The
results are shown in Table 4.959.

Table 4.59
B % Inhibition EpER g .

10-%y 104 0% | 107%
Hg C1, 100 100 85 52
KCHN | | 0 0 0 0 |
Ca Cl, . 0 0 0 | 0 j
Na Cl 0 0 ¢] 0 i
Ammonium molybdate 32 24 16 10 |
Tryptophane 0 0 0 0

Action of broad bean j-amylase on amylose. (a) Kinetics of the

initial reaction. A digest was prepared containing amylose

solution (19 ml.; 1l.5mg./ml.) and acetate buffer (1 ml.; O.2M.;

PH 545) ¢ 1t was incubated in a Ubbelohde viscometer at 25°C.
and its flow-time determined. 0.1 ml. of fraction B B E 2 was
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diluted to 5 ml, with water and an aliguot (0.l ml,) of this
dilute sclution was added to the amylose solution. The degrad—
ation of the amylose was followed by measuring the flow-times

of the solution at various times. The results arz shown in
Fig. 44384

(b) Products of the reacticn, A digest was prepared contain-
ing amylose solution (74 ml.; 3 mg./ml.) and enzyme (0.5 ml.
fraction B B E 2). 1t was incubated at 35°C. and aliquots

(1e5 ml.) were removed at intervals for iodine staining (0.25 ml.)
and redueing power determinations. The results are shown in
Fige 4.38a., Larger aliquots (5 ml.) were also removed at inter-
vals, evaporated to dryness and suspended in a small volume

(075 ml.) of water. Fortions of these were tested with iodine
and further portions were applied to chromatograms. The results
are shown in Table 4.60. Standard sugar§ Gy - G ,were also
placed on the chromatograus. 5 descents of ca. 8 hours duration

were required for complete separation of saccharides Gl to G.I.O'

Action of broad bean J-—amylascon maltotetraose. A digest was
prepared containing enzyme solution (0.l ml. fraction B B E 2)

and G4 (0el mle; 1 mg.)e It was incubated at 35°C, and aliquots
were removed at intervals for chromatographic examination. The
results are shown in Table 4.61.
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FIG. 4.39
road b -amylase on:
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Ltable 4.60
Time of extraction ¢f aliquot from the digest
AI " 7
jaltod- | 22 | 32 45 58 104 | 140
xtrin bours | hours hours hours hours hours
Gl trace ; + e et o et ottt
62 + | e et bt totb ettt
|
G3 + L S R o s bt oot o
Gy | + ot . . s -
G5 + ++ +t Ead + e
Gg + ++ | e+ e di I
Gy |t bt A ot E bt f trace
G8 bt ettt e bt o B trace % 0
Higher ' i
than GB B i Attt bt it trace | 0
lodine i | %
stain of - i
congen= | |
trated I Faint |
digest rurple Red { Brown | Brown Brown Achroic
-' i
Table 4.61
Relative amounts of oligosaccharides
- . 2 "i
Time of aliquot
~removal(hours) 0 5 8 26 48 69
i
Oligosaccharide f
Gy 0 | -+ a— et .
G2 I 0 i+ R bttt bbbt | bbb
63 0 e s +tt kbt et
G4 bbb 4t ot 0 0
i
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Action of broad bean J —amylase on amylopectin and amylopectin

p-linit dextrin. Digests were prepared containing acetate
buffer (2 mles;  0O.2li¢3 pH 5.5), enzyme solution (0.5 ml, B B E

2) and amylopectin or amylopectin p-limit dextrin (30 mls; 4.5
mg./ml.)s They were incubated at 35°C. and aliquots (2 ml.)
were extracted at intervals for icdine staining (1 ml.) and
reducing power (1 ml.) determinations. fhe results are shown in

Fige 4439,

Action of broad bean -~amylase on glycogen and glyecogen ﬁ-limig

dextrine. Digests were prepared containing glycogen or gljycog-
en (-limit dextrin (10 ml.; 2 mg./ml.), acetate buffer (1 ml.;
O0.2l.; pH 5.5) and enzyme solution (0.5 ml. fraction B B E 2).

They were incubated at 3500. and aliquots (1 ml.) were removed at
intervals for reducing power determinations. The results are
shown in Table 4.62.

T&h}e i . 62

% Apparent Conversion into maltose

I

Glycogen p~limit dextrin digest

Time of aliquot extraction (hours) | 0 | 5 12 | 30 | 48
|
| |
hlycogen digest f 10 11
1 i
i 2 2 3
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DISCUSSION
Freparaiion of broad bean J-amylase. The presence

of Re-enzyme activity is detected by a rise in the iodine-stain-
ing power of amylopectin p-limit dextrin solution (Hobson et al,
1951). The results in Fig. 4.29 indicate that R-enzyme is
present in fractions B B 2, B B 3 and B B 4 of the initisl prepar-
ation; it may also be present in some of the other fractions,
but its activity would not be detected because of the relatively
large amount of [ -amylase also present. The determination of
R-enzyme activity in the presence of excess | -amylase is a dif-
ficult problem, which was not 1nveétigéted in this section, and
s0 the activities shown in Fig. 4.29 are not very precise, but
they do indicate the presanée of R-enzyme in those particular
fractions. Also, R-enzyme afiects the detefmination of | ~anyl-
ase activities but this is not such a difficult problem as ammon-
ium molybdate (10™2u.) completely inhibits R-enzyme activity
whilst it only partially inhibits (45%) that of _-amylase. The
activities shown in Fig. 4.30 have been adjusted to take into
account the inhibitory effect of ammonium molybdate.

The results shown in Figs. 4.31 and 4.32 indicate the
distribution of maltase and phosphatase 1n-ths initial acetone
fractionation procedure. They are both relatively weak in the
fractions which contain the highest J-amylase activities.

Various workers (Holmberg, 1933 a, by Hockenhull and
Herbert, 1945; Hobson et al, 19505 Schwimmer and Balls, 1949)
have shown that J-amylases from different sources may be adsorbed
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on to starch granules - the adsorpition being more efficient in
the presence of alcohol. The results shown in Fig. 4.33
indicate that ga., 80% of the broad bean j-amylase was adsorbed
on the starch column but was not eluted wader the experimeantal
conditions.

An experiment was carried out to determine the effic-
iency of alcohol as a fractionating agent for broad bean Jj-amyl-
ases The results, shown in Table 4.51 (p.i1¢) indicate that
efficient fractionation has not heen accomplished hecause =all the
fractions contain a substantial amount of the total enzymic
activity. There is, therefore, nothing to be gained by using
alcohol as a preecipitant in these fractionations.

A further attempt tc subfractionate the enzymic activity
was made on a G - 25 "Sephadex®” cclumn (Fig. 4.34). Extensive
purification (x 10) was obtained, but the activity curve was
skew, i.e. the enzymic activity did not correspond to a clear~
cut protein fraction. This method of purification)howaver,
deserves further study.

The enzymé was finally purified by the double acetone-
fractionation and glycogen-complex techniques which have already
satisfactorily fractionated the J—-amylases from soya bean and
malted barley. The results in Tables 4.52 and 4.53 indicate
that the acetone fractionations of the broad bean flour have not
been as efficient as were those of the barley and malted barley
flour. This loss in efficiency was probably caused by the
higher concentrations ( x 2) of protein present in the broad bean
solutions. Protein concentration plays an important part in the
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efficiency of the fractionation obtained in a particular system
(Dixon and ‘!Pelbb’ 1961)0
Purity of enzyme sample B B E 2 « Since the enzyme

did not produce glucose on digestion with maltose, laminarin orx
cellobiose, the sample does not contain maltase, laminarinase or
cellobiase. The slight hydrolysis ¢f maltotiinse detected
indicates that the enzyme attacks this oligosaccharide only very
slowly and the absence of higher sugars in the digest snowsthat
D-gnzyme is 'not present in the system. Phosphatase is also abs-
ent as shown by the inability cf the enzyme sample to hydrolyse
glucose 6 =~phosphate. In the digest containing amylose, phosp=
hate and enzyme, no lowering of the free-phosphate concentration
was detected indimating that phosphorylase 1s not present. This
enzyme, in the presence of free phosghate, hydrolyses amylose 10
produce glucose 6 - phosphate and so lowers the free phosphate
concentration of the digest (Barker and Bourne, 1953).

Effect of pH on broad bean J —amylase. The optimum
pH for enzymic activity is pH 5.5. (Fig. 4.36). The results in
Tables 4.55 and 4.56 (p.si-) indicate that the enzyme is complete-
ly inhibited after incubation (2 hours) at pH %.,6. This inhib-

itory effect at pH 3.6 is not instantaneous as shown by the fall
in viscosity of digest 2 (Table 4.56. p.i%y) and the small activity
shown by the enzyme even at pH 3.0 (Fig. 4.36).

Effect of temperature on broad bean J-—amylase. The

enzyme shows its maximum activity at 43°C. and it retains 90% of
its activity after a 1 hour incubation at this temperature (Fig.
4.37)« At T0°C. the activity is quickly destroyed, however,
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Effect of BE.DeTeAs and trypsin onibroad bean J-amylase.
The results in Tables 4.57 and 4.58(p.ss#s) iundicate that the

enzyme requires caleium ions for its activity. In the absence
of these the enzymic activity is revercibly iahibited and it may
be restored on the addition of calcium ions to the enzyme solut-
ion. A protease (e«.g. trypsin) is not able te¢ attack the enzyme
when it contains its full complement of calcium ions, but when
these are removed by a complexing agent (€.g8« EeDsT.A.) the
enzymic aectivity is irreversibly destroyed.

Effect of various substances on broad bean | -amylase.

0f the substances investigated, only mercuric chloride and ammon-
ium molybdate had any effect on the activity of the enzyme
(Table 4.59¢ pe (37 )e Neither sodium chloride nor calecium chlore
ide activated the enzyme.

Action of broad bean J-amylase on amylose. The

linear relation obtained from the viscosity results during the
initial stage of the hydrolysis (Fig 4.38) indicates that the
amylose was degraded by a completely random mechanism. (ef. p.1(8)
The final products of the reaction are shown in Table
4.60 (p«189)e They suggest that at 28% conversion of the
amylose into apparent maltose only very small amounts of 0ligos-—
accharides Gl - GB are present in the digest. There are only
detectable amounts of Gyo G4. Gs,and Gg formed at this stage in
the reaction but larger quantities of G2 and G3 are present. In
general, the amounts of these saccharides increase as the hydro-
lysis proceeds, but Gg is itself hydrolysed towards the end of

the reaction.
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G4 and G5 are only slowly formed but, whereas G4 is
present in a relatively large amount after 140 hours, G5 does not
increase appreciably in amount throughout the hydrolysis. The
concentrations of Gy Gy and G3 increase steadily as the reaction
proceeds. Oligosaccharides having chain-lengths greater thah 8
are present in the reaction products even after 104 hours as shown
by the chromatogram and the slight brown colour which a sample of
the concentrated digest yields with iodine. During the period in
which the reaction was investigated the amounts of G7 and Ga
increase initially, but then rapidly decrease, with GB being more
quickly hydrolysed than G?.

Only a small amount of Gl is present in the digest after
22 hours hydrolysis and it is difficult to determine whether it is
a primary fission product or whether it was formed as a secondary
fission product from the large oligosaccharides already present
in the digest.

liowever, larger amounis of G, and G3 are initially
present, and these may well have been formed by the hydrolysis
of relatively long amylose molecules. If the enzyme acts in a
purely random manner then small dextrins ought %o be present as
primary scission products of the recaction. DBecause the amountis
of these small saccharides increase as the reactlion proceeds,
tuey must be preferentially formed as secondary products from the
hydrolysis of the larger oligosaccharides. The small amounts
of G, and Gy produced during the intermediate siage in the react-
ion (32 - 104 hours) suggest that tunese are not readily formed
from small dextrins (D.F. ca. 10) and so the initial production of

these sugars is due to primary fission of amylose molecules.
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Action of broad beanm J-—amylase on G,. The distri-
bution of the reaction products is shown in Table 4.61 (p.i8%).
G is prefercatially formed, but detectable zmounis of Gy and
G3 were also presents Since the amowat of Gl dit not increase
when the G4 was compleitely hydrolysed, maltdse did not appear to
be present in the sgystem,

Action of broad bean J-amylase on various starch-
type substrates. The results in Fige 4.39 and Table 4.62

(pe 190) indicate that the enzyme attacks amylopectin, glycogen
and their (-limit dextrins. Glycogen @ -limit dextrin is-
attacked much more slowly ( x 3) than glycogen showing that the
exterior chains of the parent molecule are more readily attacked
than those in the interior.
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4e. GENERAL, _PROPERTIES OF | -ANYLASES

Since the properties of the Z-enzvme from Soya beans
were similar to those of [ —amylases extracted from broad beans,
barley and malted barley, this enzyme must alsc be an _|-amylase.
The =amylase from malted barley had a muwch higher activity
(ca. 103) than the other -—amylases bui the remailning properties
were very similar,. They were all shown to require calcium ions
for their activity, to be unaffected by the presemce of excess
chloride ions and to be completely inhibited in the presence of
mercuric chloride (10"4M.) In the absence of caleium ions, they
were susceptible to protease attack and were irreversibly den-
atured by the combined action of E.D.T.A. and trypsin. Inactiv-
ation caused by E.D.T.A. alone was reversible because the addit-
ion of excess calcium ions to E.D.T.A. - deactivated enzyme
systems restored the enzymic activity. Malt [~-amylase was the
most unstable of these enzymes, but this may have been due to the
necessarily high dilutions of the enzyme used in the ilnvestigate
ions.

The enzymes were all rendered inactive by a two-hour
incubation period at pH 3.6, and each enzyme showed its maximum
activity at pH 5.5. The temperatures of optimum activity were
somewhat more variable, ranging from 4300. in the case of broad
bean [-amylase to 55°C. for soya bean Z-enzyme. This property
depends upon the stabllity of the particular enzyme at relatively
high temperatures and may vary with the profein concentration of
the enzyme solution.

All of these enzymes hydrolysed amylopectin, glycogen
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and their E-limit dextrins and the relative rates of enzymie
attack on fhese substrates showed that amylopectin was hydroly=-
sed much more quickly than glycogen, and not 2t the same veloc-
ity, as indicated by Schwimmer (1950) from studies on the rates
of attack of malt ,L-amyiase on similar substrates. This
author aiso stated that amyloses wexs hydrolyced at twice the
velocity of amylopectins and.glycogans by malt _[~amylase; the
results in Table L. 49 (pe!¢i ) show, however, that this enzyme
hydrolysed amylosei%aster than amylopectin andj?aste: than glyco=
gen. Although the two sets of results are widely different, they
may both be correct. Schwimser followed the hydrolyses by
reducing power determinations and s0,in effect, measured the
attack of the malt enzyme on the outer chains of amylopectin and
glycogen. The 1nit1al velocities of the enzymic attacks on
these may not be very different and they may be similar to the
initial attack on amylose. Since the external chains of amylo-
pectin and glycogen are much shorter than the chains in amylose;
then short—chain reducing saccharides will be formed more rapidly
in the digests containing these substrates. At the beginning of
the reaction this will help to compensate for the inevitable
rapid fall in enzymic attack as the enzyme approaches branch=
points in the amylopeetin and glycogen molecules, In the pres-
ent work, however, the degradations have bheen followed by a light-
scattering technique which indicates the extent of hydrolysis of
the internal bonds in the substrate molecules. Results of
initial wvelocities of attack obtained in this way would be expect~

ed to show a large variation in the degradations of amylose,
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amylopectin and glycogen.

Because amylose is an essentially linear molecule, it
was used as the substrate fox ¢xamining the astion patterns of
the [ =~amylases from soya beans, broal beang malted barley and
barley. In all cares the initlal hydrolyses were shovn to take
place by a random attack on the substrate moleenles and the
enzymes were found to have a much smaller affinity for shori-
chain oligosaccharides (D.P. < T) than for large amylose mol-
ecnles, The curves relating iocdine stain to reducing power
during the | —amylolysis of amylose were similar for all the
enzymes, indicating that the action patterns of the various
enzymes were comparable.

There are two widely used methods for comparing the
action patterns of different [ —amylases on starch-type substrat—
€Se The first of these entails measuring the loss in iodine-
stain and the corresponding increase in reducing-power of a sol=
ution of the substrate during J -—-amylolysis. In the second
method, the products of the reaction are examined by chromatogra=
phy.

Bernfeld and Fuld (1948) examined the action patterns
of various J -amylases by allowing the enzymes to degrade starch
to a limited extent and comparing the inerease in reducing power
(Saccharogenic activity) with the decrease in iodine stain
(dextrinogenic activity)., They obtained, therefore, a quotient
of saccharogeniec power/dextrinogenic power. This quotient was
found tc be the same for all the _ —~amylases tested and these
authors suggested that the action patterns of the amylases were
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identical,

This view was contested by Lyrback (1950) and results
reported by kung ¢t al. (1953) suggested that the conclusions
of Berrnfeld and Fuld (1948) were not currect. Kung et al.
(1953) iuvestigated the hydroliysis of gorn amylose by various

J ~amylaces and examined the relation between, the disappear-
ance of the substrate - as shown by blue value determinations -
and the increase in the reducing value of the hydrolysates.  The
nature of the substrate at the achroic limit, as shown by reduc=
ing power, was thus determined for a number of . -amylase/amylose
systems. The results indicated that the enzymes differed wide~
ly in their reactions with the amylose substrate, e.g. 23% of the
glucosidic linkages in the amylose substrate were broken at the
achroic limit by swine pancreatic | -amylase, but dnly 12% by
Taka amylase (from mold Aspergillus oryzae). The discrepancy
between the resuldts of the lMeyer-Bernfeld saccharogenic/dextrin-
ogenic quotient and those reported by Kung et al. has been expl-
ained by Whelan (1958). He suggested that since the quotient
was determined at a wvery early stagdin the reaction sufficient
degradation of the substrate to reveal any differences in react~
ion pattern would not have taken place.

Hopkins and Bird (1954) have examined the action of
crystalline malt [ -amylase on amylose solutions of varying
concentration and concluded that the percentage reducing power
(which is equivalent to 2 x percentage of glucosidic linkages
broken) attained at the achroic point was dependent upon the

anylose concentration, These results suggest that measurements
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of iodine stain and reducing ypower are not very satisfactory
for determining the reaction mechanisms of such enzyme systems.

The technigue of separating oligosascharides, both
qualitatively and quantitatively, by chromatograpry enables the
intermediate and final producis of an amylase/substraic system
to be investigated. The reaction products =zre simplified if a
linear substrate, such as amylose, is used because only linear
oligosaccharides will then be formed. In this work, tThe react-
ion products from the degradation of linear amylose by soya bean,
broad bean, barley and malted barley | —amylases have been
examined by paper chromatography. The distribution of oligosacw
charides present at the achroic limlt was examined for each
enzyme, but no significant difference was detecied. The most
abundant species were oligosaccharilzs of chain-lengths 7 - 10
glucose units. Smaller amounts of Gz, GB' G¢. Gs and 96 were
detected but only a trace of Gy was present. After the achroic
linit, dextrins larger than GS slowly disappeared and the amounts
of Gys G, and G3 present rapidly increased. G‘ and Gs did not
appreciably increase in amount until dextrins larger than G? had
been hydrolysed. Because of the extremely slow hydrolysis of
dextrins smaller than Gero the true end-products of the reactions
were not determined. However, hydrolysis of G‘ and G3 by these
enzymes was detected ( e¢f. Parrish (1958) Bines (1956) ) and so
these plant | -—amylases should degrade amylose to glucose and
maltose only.

The following reaction scheme explains the presence
and relative quantities of the oligosaccharides near the
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achroic limit in an amylose/,/ —amylase digest. Although the
discussion pertains to the action pattern of malt _(-amylase it
may also be applied to the other plant _-amylases investigated
in this work.

lMany workers (e.g. lMiyrbZeck, 1947; Hanes and Cattle,
1938; Schwimmer, 19503 Meyer and Gonon 1951 b ) have shown that
malt . -amylase has a much lower affinity for small oligosacchar-
ides (D.Pe < ca. GB) than for long-chain amylose or starch
molecules., Hopkins and Bird (1954) indicated that these results
may be explained by assuming that the enzyme does not readily
attack the first 5 linkages from the non-reducing end and the
linkage at the reducing end of a substrate molecule. The action
pattern of the enzyme, therefore, cannot be a completely random
hydrolysis of the substrate. However, assuming that the other
bonds in the substrate molccule are equally susceptible to attack,
the accumulation of oligosaccharides having D.Ps. > 6 should be
observed in the reaction mixture. Detectable amounts of Gy = Gg
should also be found because the enzyme ought to attack linkages
2y 3, 4 etec. from the reducing end of the substrate molecule.
Since the bond at the reducing end is not so readily hydrolysed,
smaller amounts of G1 are to be expected. As the achroic limit
is approached, the number of substrate mclecules containing more
than ga. 12 - 15 glucose units becomes inereasingly swall and the
enzyme 13 forced to react with the smaller dextrins %o produce Gy o
62 and G3. Lhe very smail amounts of G4 and G5 produced during
the hydrolysis may e explained in the followiag waye During the
hydrolysis of 612 vhe following dextrins are wmost probably formed
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as primary fission products GE + GE’ 67 + GS’ GB + G4, Gq + GB’
Gio + 62 and smaller amounts of G11+ Gl‘ Assuming that 67 is

relatively slowly attacked them the following secondary fission

products will be formed:

Gg => Gg + Gy Gg =» Gg + CG33 G + Gp3 Gy = Gg + Gy
07 - 63. Gg =+ G‘. The only tertiary fission which will oceur
is GB - GG -+ G2,
Small amounts of glucose will also be split off from dextrins >
Gge It can thus be shown that G;, produces 567 4 6@5 - le

+ 26‘ + 363 -+ 5G2 + glucose. There are, therefore, relati-
vely small amounts of G‘ and GS produced. [However, dextrins such
as GG and G7 will be preferentially split to form G‘ + GQ, GB *

Gl and GS * Gz, G6 Es Gl’ 64 -+ G3' respectively. This

explains the relatively high production of G4 and G5 near the end
of the J ~amylolysis of amylose by these plant [-amylases. The
reaction scheme described above is In agreement with the observat-
ions and conclusions of Bird and Hopkins (1954). These results
may be compared and contrasted with the action patterns and
characteristics of | —amylases from varlous sources.

Pazur and Sandstedt (1954) have examined the action of
wheat malt [ -wylase on starch. Using paper chromatography
they have shown the produetion of glucose ard higher saccharides
durivg the deiradation. The enzyme attacked G4 to produce G2,

63 and Gl and it aleoc attacked 63 to form G2 ard 67.

An | -amylase has been extracted from sorghum malt and
some of its properties have been examined (Dube and Nordin 1961,
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1962)s Sinee this is a further exawple of a plant amylase, it
is of added interest to compare ihe proﬁerties of this enzyme
with those of the other plant | ~anylases stadied in the present
Worke The sorghum malt [ -amylase rcquired ealcium ions for
stabilisation, was lnactivated at pH values below 3.5 and had a
pl optimum of 4.6. Only the latter result differs from those
obtained in this study, but it is closer to the values for the
plant [ —amylases than for Bacillus subtilis | -auylase (pH 5.3 -
6«8+ Meyer et al., 1947; Meyer, 1952), salivary [ -amylase

(pH 649. leyer et al., 1948) or Aspergillus oryzae (5.5 = 5.9.
Fischer and lMontmollin, 1951 a, b). The hydrolysis of starch
by sorghum _ —amylase showed the same characteristics at the
achroic limit as did the hydrolysis of amylose by the plant

A =amylasese. There was a build-up of dextrins Gg = GB and Gy =
63 with smaller amounts of G‘ and GS' The distribution of
oligosaccharides suggests that the sorghum | —amylase does not
readily attack those bonds which have already been shown o be
relatively immune to plant [ -amylase attack.

The action of salivary [-amylase on amylose has given
rise to much controversy, but some of the features of the react-
ion have now been established. Only a small amount of glucose is
produced during the reaction but its sourxce is difficult to
determine.s Initial results (Roberts and Whelam, 1951, 1952,
Whelan and Roberts, 1953) suggested that the enzyme did not attack
maltotriose but later workers (Pazur, 1953, 1855; Walker and
Whelan, 19609 showed conclusively that extremely large concen=
trations of enzyme effected a slow hydrolysis of maltotriose into
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maltose and glucose. The precduction of a trace of glucose
during the hydrolysis of a starch-{iype subsirate is,therefore,
mostly due to zmn extremely slow hydrolysis of maliotriose.

Investigation of the inereasc in riduciug power of am
amylose/salivary , -—amylase digest indicated that the reaction
took place in two stages (Walker aud Whelan, 1950¢. During the
first stage, amylose was rapidly hydrolysed to maltose and
maltotriose and, in the slow, second stage, maltotriose was
further degraded to glucose and maltose. This indicates that
salivary [ -amylase hydrolyses amylose and all dextrins larger
than maltotriose at comparable velocities., Results obtained by
Myrback (1947) and Walker and Whelan (19609, who showed, respect=
ively, that Gg and G‘ were hydrolysed at rates comparable to
that of amylose, were in agreement with this conclusion. A
comparison of the action of salivary ,-amylase and malt | ~amy=-
lase on G, carried out in this work (pe./(i) showed that the
salivary enzyme hydrolysed the substrate many times faster than
did the malt enzyme.

The end-products of the action of salivary . -amylase
on short-chain oligosaccharides has also been studied (Pagur and
Budovich, 1956; Whelan and Roberts, 1953). The results of
rYazur and Budovich are probably more precise, since these workers
used oligosaccharides labelled at the reducing end with Gl‘ in
their studies. They showed that Gy was preferentially split to
form G3 + GQ' Gg was preferentially split to form G, + G‘
but G5 was also readily formed. In both cases the G, formed was
radioactive, indicating that the second bond from the reducing
end was preferentially hydrolysed in both dextrins. These
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results show that the hydrolysis of short-chain oligosaccharides,
By the  -amylase, is not random although only two honds (as
against six in reactions with plant | -amylases) are difficult
to hydrolyse - +those nearsst the redveing snd non-reducing ends
of the substrate molecule, The linkage nearest 0 the non-
reducing end of the substrate was act hydrolrsed by either the
salivary [ —amylase oxr the plant [ -~amylases.

Pazur et al. (1950) reported results which, they claim,
indicate that salivary | =-amylase hydrolyses amylodextrin (D.P.
g2, 23) via a "random encounter, multiple attack" mechanism,
They followed the degradation of amylodextrin in the presence of
salivary | —amylase at pH T and pH 10.3 by paper chromatography,
iodine staining and reducing power determinations. At pH T no
significant amount of dextrins largzr than G4 were detected and,
from this result, the authors concluded that intermediate oligos~
accharides (G5 - GlO) were not formed. However, since such
species aréilydrolysed very rapidly by the enzyme they may have
been produced and degraded before the digest was examined by
chromatography (ef. Bird and Hopkins, 1954). At pH 10.3 (an
unfavourable pH for the enzymic activity) intermediate dextrins
were detected but the reaction under these conditions, took
place extremely slowly and so these dextrins would be present in
the digest for a relatively long period. The results, therefore,
may be explained guite simply without recourse to postulating a
complex action pattern,

The [(-amylase from Bacillus subtills resembles malt

A =amylase in having a very small affinity for short-chain
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oligosaccharides. It is also capable of splitting glucose from
amylose at a fairly early stage (achroic limit) in the reaction.
Investigations on the action pattern of this enzyme have been
carried out by Hopkins and Kulka (1942), Bird and Hopkins, (1954)
and Robyt and French (1962). The results of Hopkins and Bird
suggest that the enzyme is further similar to malt  -amylase in
that it does not readily attack the first five linkages from the
non=-reducing end of a substrate molecule. The bacterial enzynme,
however, split the first two linkages from the redueing end less
readily than did the malt enzyme. There are, therefore, seven
bonds in an amylose molecule relatively immune to Bacillus
subtilis A =—amylase compared to six in the case of malt J-—amy-
lase. This means that the bacterial enzyme will form relatively
less G1 and G2 but more 63 on reaction with amylose than will
malt | -~amylase. Therefore, towards the end of the Sagillus
subtilis | —amylase hydrolysis of amylose an accumulation of G3
and Gg would be expecieds The chromatograms of Robyt and French
(1962) indicate that this does happen but these authors inter-
preted the results in terams of a dual product specificity of the
enzyme for the formation of 63 and Gge Thelr results on the
action of the . -—amylase on amylose and dextrins may be explained
as above but interpretation of the resulis pertaining to the
enzymic degradatica of branched substrates is more difficult.

A unigue property of the [ -—amylase from Bacillus
subtilis 4is that it contains small amounts of zince which induce
dimerisation in tke protein molecules (Stein sna Fischer, 1960).

One atom of zine per molecule of dimer is taken up by the enzyme
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during dimerisation and released with subsequent dissociation
of the dimer in the presence of metal-binding agents.

Proteases irreversibly deactivate Bacillus subtilis in
the presence of E.D.T.A. which suggests that the enzyme requires
divalent ions for its activity (Stein and Fisher, 1958). The
presence of calcium in the enzyme has been shown by these authors
and further studies (Stein and Fischer, 1960; Vallee et al,
1959) have indicated that this metal is more firmly bound than
zine by the enzyme. Later workers (Stein et al., 19643 Hsiu
et al., 1964) examined the effect of removing the calcium ions
from Baeillus subtilis _ -~amylase on the activity of the enzyme

and compared the results with similar ones obtained for salivary

A =aumylase. Their main conclusions were that the bacterial
and salivary | -amylases contained 5 and 2 g. atoms/mole of
calcium, respectively; the bacterial enzyme appeared to bind its
associated calecium much more firmly than did the salivary enzyme.
The enzymes were rendered inactive when calcium was removed but,
in the absence of proteases they were stable and quantitatively
recovered their activity on the addition of excess calcium ions.

A =anylases from different sources appeared to liberate their
bound calecium at different rates, decreasing in the order mammale
ian > Dbacterial > fungal. The results obtained for malt

A =amylase and the other plant | —amylases examined in this
work suggest that these enzymes 40 not bind calcium very firmly
and that its rate of release would be similar to that of the
calcium associated with salivary [ -amylase.

A fungal | ~amylase has been extracted from Aspergil-
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lus oryzae and its properties have been investigated (Fischer
and lontmollin, 1951a, b; Underkofler and Roy, 1951; Hanra-
han and Caldwell, 1953 a, b; Bird and Hopkins, 1954). The
results of these auphors suggest that the action pattern of this
enzyme is similar to, although not necessarily identisal to the
action patterns of pig pancreatic (lieyer and Gonon, 1951 b) and
human salivary (Whelan and Roberts, 1953)  -—amylases i.e. in
each case there is a random hydrolysis of non-terminal linkages.
The presence of ca;cium in the enzyme has been shown (Hgnrahan
and Caldwell, 1953 b) but it is so firmly bound that attempts to
remove it have, so far, proved unsuccessful (Stein et al., 1964).
The properties of the enzyme in the absence of bound calcium
have not yet, therefore, been studied.

The end-products (glucose and maltose) of the action
of [ —amylases on amylose are similar (except for Bacillus
subtilis J =amylase) but the reaction mechanism by which comp-
lete degradation of the substrate is attained certainly varies
widely. However, the results of many investigations on [ -amyla-
ses suggest that these enzymes may be divided into various groups
such as plant, mamma¥ian, bacterial and fungal, The enzymes
within each group may well have identical action patterns.
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STUDIES ON R=-BNZYME
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De STUDIES ON ReENZYME

INTRODUCTIION

R-enzyme catalyses the scission of =13 6 = gly=-
cosidic bonds in starch-type polysaeccharides. The enzyme was
first detected in extracts of broad beam and potato by Hobson
et al. (1950), who later made a more thorough investigation of
its properties (1951). They examined the action of the enzyme
on amylose, amylopectin and amylopectin (-limit dextrin. Their
main conclusions were: (1) the enzyme effected am increase in
the A.Vs. of amylopeetin and its dextrin which was accompanied
by a decrease in viscosity and an increase in the substrate
reducing power (1% in the case of amylopectin; 11.4% in that of
amylopectin R-limit dextrin), (2) the successive actions of
R-enzyme and Q-amylase converted amylopectin and its limit
dextrin into T4% and 65% maltose, respectively, (3) the simult-
aneous action of Re-enzyme and (3 -amylase converted amylopect-
in Q@-limit dextrin into 80% maltose, (4) the enzyme had no
detectable action on amylose.

Mould and Synge (1954) have separated the reaction
products from the action of R-enzyme on amylopectin and its
p=limit dextrin, into two fractions: one was able to diffuse
through a "Cellophane" membrane, and the other was retained.

- The indifusible fractions of the R-treated amylopectin and limit
dextrin were, respectively, 84% and 63.5% of the original mater—
ial. These results, which indicate that amylopectin is less

amenable to attack than its limit dextrin, agree with the find-
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ings of Hobson et al. (1951).

The action of R-enzyme on the phosphorylase-limit
dextrin and @ —amylase limlit dextrin of starch led to the prod-
uction of small dextrins containing 3 ~ 4 and 2 - 3 glucose units,
respectively (Wild, 1954). These results show that the enzyme
is capable of removing small side-chains, containing 2 - 4
glucose units, joined t¢o the base chain by an [ - 1l: 6 = link.
The enzyme does not hydrolyse isomaltose, (Hobsom et al. 1951 ),
nor does it remove single glucose residues joined by an [~t 6 -
link to maltodextrin molecules (Roberts, 1953).

~ The action of the enzyme on various glycogens has also
been studied (Peat et al. 1954; Fleming and lManners, 1958), and
the results indicate that only a small hydrolysis takes place.
Evidence is given to show that the kigher degree of branching,
and the subsequent greater compactness, of the glycogen molecule
compared to that of amylopectin, may explain the difference in
the extents of hydrolysis of these two substrates containing [-i:
6 « interchain linkages (Peat et al. 1954).

MacWilliam (1958) and MacWilliam and Harris (1959) have
extracted R-enzyme from broad bean, barley malt and potato. They
have fractionated these enzyme preparations on alumina columns
and shown that zach contains two components which are capable of
attacking [ =:1l: 6 - linkages in amylopectin or its degradation
products. One enzyme (so-called "R-enzyme") increases the blue
valuegof amylopectin and its dextrin rendering these substrates
more susceptible to attack by p —amylase. It does not, however,
have any apparent effect on the small _/ -limit dextrins obtained
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from amylopectin by exhaustive hydrolysis with salivary J-amy-
lase. The other enzyme (limit dextrinase) haydrolyses these

1 =limit dextrins, but appears to have no sction on larger
substrates.

The properties of an R-enzyme sample prepared from malt
were found to differ in certain respects from those reported by
Peat et al, (1952 , 1954, 1956) for broad bean and potato R~
enzyme., (1) The R~enzymes of potato and broad bean released
12,8% of reducing sugar and a series of higher dextrins, amounte-
ing to a further 27.2%, from ‘B-limit dextrin, but malt R-enzy-
me gave only 1.5% of reducing sugar consisting only of maltose
and maltotriose. (2) Whereas the broad bean and potato
enzyme, acting in conjunction with fg--amylaae on starch ﬁ-limit
dextrin, yielded almost 100% of reducinz sugar, malt Reenzyme,
acting under the same conditions, yielded only 14/ of apparent
maltose. These results suggest a profound difference in the
action-patterns of the Re-enzymes studied. The enzymes from
broad bean and potato are similar in that they are both capable
of hydrolysing _/=l: 6 - linkages joining two relatively large
chains of /= 1l: 4 linked glucose units. lialt Re-enzyme,
however, appears to hydrolyse only _J- 1l: 6 - bonds linking
ghort chains {D.P. ca. 3 glucose units) to a main chain in
the substrate.

liany of the above results are inconclusive and contrad-
ictory and some of the R-enzyme preparations were almost certaine-
ly contaminated with J|-—amylase impurity. An investigation was,
therefore, undertaken in an attempt to prepare pure broad bean
B-enzyme and to examine its properties.
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EXPERIMENTAL

Ihe souvce of enzyme used throughout this work was
Dobbie's "Champion Long Pod" broad beans.

Attempts to prepare R-enzyme. (1) Dry, defatted
broad bean flour (200 g.) was extracted with water (800 ml.) at

room temperature for 5 hours when tkhe suspension was centrifuged
and a protein fraction obtained by the lead acetate precipitation
technique of Barker, Bourne and Peat (1949). The ammonium sule
phate precipitate was suspended in water (75 ml.) and clarified
by centrifugation (solution 1). A sample (2 ml.) was removed
for an activity determination (Table 5.01). The remaining sole
ution was cooled to 2°C., potato starch (42 g.), sodium sulphate
(0.75 g.) and ethanol (18 ml.) were added and the suspension was
carefully shaken at 2°¢. for 30 minutes. A clear solution (2)
was obtained on centrifugation which was tested for activity and
shaken with a further portion of starch (28 g.). After 30 min=-
utes shaking the suspension was centrifuged to yield a clear
solution (3) which was assayed for R-enzyme activity. The R~
enzyme activity determinations were carried out in the following
way. Aliquots (1 ml.) of each enzyme solution were added to
digests containing ecitrate buffer (2 ml.; 0.2M.; pH 6.5) and
amylopectin  p~limit dextrin solution (10 ml.; ca. 1.5 mg./ml,)
These were incubated at 35°C. and aliquots f1 « 2 ml,) were re-
moved at intervals, heated on a boiling water-bath for 5 minutes
to coagulate the protein and centrifuged. Aliquots (1 ml,) of
the clear supernatants were stained with iodine (1 ml. of an

iodine solution containing 0.28% iodine in 2% potassium iodide +
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4 drops of 5 N. HCl) and made up to 100 ml. with water. The
absorbances of the solutions, in 4 cm. cells, were determined
on a Spekker Fhotoelectric Absorptiometer using an appropriate
blank and Ilford Filter No., 608. The results are shown in

Table 5.01
. Absorption Values (A.Vs.)
Time (hours) E 0 1 4 _ 14 24
Solution 1 04179 '0.170 0.121 0.05 -
o 2 0.180 0,223 0.250 0,270 0.230
L 0.179 | 0.183 | 0.180 - 0.179

(2) An agueous extract of broad bean flour was prepared
A saturated solution of ammonium sulphate
After 12

and cooled to 2°C.

was added to a final concentration of 19 g./100 cce.

hours the precipitate was removed by centrifugation and suspended

in cold water; the resulting suspension was centrifuged to

yield a clear solution (1) which was treated in the following way.
An aliguot (30 ml.) was shaken with potato starch (10g.),

sodium sulphate (0.3 g.) and ethanol (6 ml,) for 30 minutes at

2°c. before being centrifuged. Chilled acetone (40 ml.) was

added to the clear supernatant and the resulting precipitate was

suspended in cold water (solution 2). The starch was extracted



with two portions of citrate buffer (10 ml.;

2.185.

to yield solutions 3 and 4.
are shown in Table 5.02.

0.2M.§

pH 6-5)

The activities of these solutions

Table 02
A.Vs.
Pime (hours) 0 1 3 5 23 48
Solution 1 0.178 0.165 0.150 | 0.142 0.05 -
. 2 0.178 0.192 0.198 | 0.208 0.256 0.213
. 3 0.181 0,190 0.220 | 0,240 0.192 -
| sl 0.180 0.163 0.150 | 0.142 - -

Solutions 2 and 3 were treated with further portions of starch and

re-tested for enzymic activity, Neither [-amylase nor Reenzyme

were present.

The abowe procedure was repeated with a further portion

(30 ml.) of solution (1)

wexre used in place of starch.

but aliquots (10 g.) of "superlose"

Theactivities of the fractions

obtained are shown in Table 5.03.

Table 5.03
o A.V8.
Time (hours) o 1 5 ; 23
Solution 2 0.180 0.187 0.182 0.178 0.121
" 3 0.179 0.206 0.220 0.233 0.203
" 4 0.180 0.193 0.208 0.193 0.16%
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A portion (30 ml.) of solution (1) was heated at 70°C.
for 15 minutes, cooled, centrifuged and tested for enzymic act-
ivitye Both the R-enzyme and [-amylase activities had been
destroyed.

(3) An ammonium sulphate precipitate (19 g./100 ml.) of
broad bean flour was prepared as in 2, dissolved in water
(solution A) and treated in varioﬁs ﬁays. A portion (30 ml.)
was treated with potato starch (10 g.), sodium sulphate (0.3 ge)
and ethanol (6 mlf) at 2°C. for 30 minutes. The suspension was
centrifuged to yield solution (1). I Calcium phosphate gel sus-
pension (10 ml.) was added to solution (1) and the suspension was
carefully stirred for 5 minutes before being centrifuged to give
clear supernatant (2). . The gel was extracted with successive
portions of citrate buffer (20 ml.; O0.2i.; pH 6.5), citrate
buffer (20 mle; 0.20.3 pE T+45), phosphate buffer (20 ml.; 0.2
le; PH Te5) and phosphate buffer (20 mle; 0.2U.; pH 645)
containing ammonium sulphate (10%), to yield solutions 3, 4,5 and
6. They were tested for R-enzyme activity and the results are
shown in Table 5.04.

Iy 2 ZeMe S0 00000
AsVs,

Time (hours) 0 1 5 20 40

Solution 1 0.180 0.191 0.203 | 0.250 0.220
" 2 0.180 0.172 0.167 0.143 | 0.120
. 3 0.17% 0.192 0207 | 0.232 0.201
. 4 0.178 0.170 0.158 | 0.132 0.110
. 5 0.179 0.180 0.178 0.150 0.183
" 6 0.181 0.179 0.180 | 0.178 0.180
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Calecium chloride solution (6 ml.; 0.5%), ethanol
(3 ml.) and freshly precipitated starch (500 mg.) were added to
a portion (5 ml,) of solution A at 200. The suspension was
stirred and aliquots (2 ml.,) were removed after 0, 2, 10, 15 and
30 minutes (Solutions 1, 2, 3, 4 and 5) for activity determinat-

ions which are shown in Table 5.05.

Table 5.0

|

‘ A. VS,

Time (hours) 0 | 2% 17%

Solution 1 0.180 0.134 0,042
R 0.180 ! 0.149 | 0.045
a3 0.180 0.152 | 0.081
" 4 04179 0.150 ; 0.090
w 5 0.180  0.152 j 0.088

The above procedure was repeated using glyecogen (500mg.)
as an adsorbent in place of starch. The activity results are
shown in Table 5,06,

Table 5,06
Auvs.
Time {hours) 0 1 2 8 22
Solution 1 0.180 | 0205 | 0,210 | 0,191 | 0.080
" 2 0:180 | ©0.225 | 0,225 | 0.208 | 0.164 |
‘3 0:180 | 0.219 | 0.241 | ©.238 | 0.210
"4 0.180 | 0,180 | 0:7¢ | 0.70 | 0.153 ;
"= 5 0.180 | 0.180 | 0,180 | 0.175 | 0.160
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A portion (30 ml.) of solution A was ecooled to 0°C.
and fractionated with acetone between the limits 0 - 20, 20 - 30,
30 = 40, 40 = 50 and 50 - 60% with respect to acetone. The
fractions (1 - 5)were dried by washing with acetone on a Buchner
and they were stored in a vacuum desiccator. Thelr enzymic
activities were examined in the following way. Portions (20 mg.)
of each fraction were suspended 1nlc1trate buffer (3 mle; 05 lies
PH 6.5) and left at room temperature for 1 hour. They were cent=
rifuged and portions (2 ml,) of the clear supernatants were
added to digests containing amylopeetin Pe-limit dextrin (5 mle;
1,5 mg./mls) and water (3 ml,) at 35°¢, Aliquots (1.5 mles) were
removed at intervals, heated on a boiling water~bath for 5 minutes,
cooled and centrifuged before their iodine-stains were measured.

The results are shown in Table 5.07.

Table 5.07

T AsVBe
&1me (hours) 0 1 2 23 az
Solution 1  0.180 0.120 0.122 0.190 0.152
f " 2 0.178 0.191 | 0.207 0.219 0.201
" 3 0,178 | 0,193 | 0.205 | 0.202 | 0.192
I 0.182 0.164 0.145 0.098 -
" s 0.179 | 0.143 | 0.115 - -

(4) Dry, defatted broad bean flour (300 g.) was extracted
with water (1500 ml.) for 30 minutes at room tempe:ature and
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centrifuged. A sample (200 ml.) of the solution was put

through the lead acetate precipltation procedure and ammonium
sulphate was added to the resulting sodium bi.carbonate-protein
solution to a concentration of 19 g£.,/100 c.c. After 12 hours
the precipitate was removed by centrifugation, dissolved in water
and treated with starch and ethanol to yield solution A, The
starch treatment was repeated om solution A to yleld solution Al.
The protein solution remaining after the removal of the initial
amnonium sulphate precipitate was further fractionated with ammo-
niuu sulphate at 25, 35, 45 and 50g./10C ml. FEach fraction was
treated twice with starch/ethanol to yield solutions B, Bl, C, Cl,
D, D1, E and El.

A further sample (300 ml.) of the initial agueous
extract was brought to 19 2./ 100 ml, concentration with respect
to ammonium sulphate and left for 24 hours. The precipitate was
removed and the supernatant further sub-fractionated at 25, 35 and
50 g./100 ml. The fractions were treated twice with starch and
ethanol to yield solutions F, F1, G, Gl, H, Hl, J and Jl. The
activities of these solutions are shown in Table 5.08.

A portion 6f solution F(25 ml.) was cooled %o 2°C. and
degraded amylose suspension (7 ml.; 5 mg./ml.), precooled to 2°C.,
was added slowly with stirring. After 15 minutes stirring, the
amylose was removed by centrifugation to yield a clear supernat-
ant (F2), which was treated with a further portion of degraded
amylose solution to yield solution F3. .The amylose precipitates
were combined and extracted with citrate buffer (10 ml.; 0.2i.;
pH 6.5) at room temperature for 30 minutes when the suspension
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was centrifuged to yield solution F4.

These solutions were

tested for activity and the results are showa in Table 5.09.

Table 5.08
A.Vs.

Time (hours) 0 2 5 24;
Solution A 0.180 0.197 0.223 0.253
= Al 0.180 0.183 0.190 0.190

¥ B 0.180 0.167 0.135 0
! s Bl 0.178 0,180 0.172 0.141

! a ¢ 0,130 0.146 0.098 0
; " C1 0.179 0.175 0.168 0.135
| " D 0.181 0.182 0.174 0.137
. Dl 0.182 0.180 0.180 0.169
. E 0.180 0.180 0.180 0.178
" El 0.180 0.180 0.183 0.180
" F 0.180 0.250 0.228 0.100
. Fl 0.180 0.188 0,197 0,192

o G 0.179 0,200 0.169 0
" Gl 0.180 0.180 0.175 0.151

" H 0.180 0.127 0,040 0

» H1 0.180 0.165 0.150 0.08
" J 0.180 0.180 0.175 0.175
. Jl 0.180 0.182 0.183 0.181
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Table 2002
A.Vgg
Time (hours) 0 2] 5 24
" F2 0.180 0.231 0.220 0.111
" F3 0.180 0.190 0.208 0.210
" 74 0.178 0.180 0.162 0.05 i

(5) Dry, defatted broad bean flour (200 g.) was extracted
with water (1000 ml.) for 45 minutes at room temperature and
centrifuged. The cloudy supernmatant was cooled to 2%, and
ammonium sulphate was added to 25 g./100 ml. concentration.

After 12 hours the precipitate was removed by centrifugation,
suspended in cold water (110 ml.) and centrifuged to yield a
clear solution (4). Ethanol (20 ml.; - 5°C.) and potato starch
(50 g.) were added and the suspension was carefully shaken for
10 hours. After centrifugation the c¢lear supernatant wac maine
tained at 0°C. and ammonium sulphate was added up to 20 g./100
ml. concentration. The precipitate, which had coagulated, was
removed on the ecentrifuge after 9 hours and dissclved in c¢old
water (solutioaz B). The supernatant from the ammonium sulphate
precipitation was solution C. The activities of these solutions
are shown in Table 5.10.
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Table 5.10
A‘.oVB‘.
Time (hours) 0 & i 3 5 24
" B 04182 | 0.230 | 0.270 | 0.300 | 0.301| 0.172
"G 0.182 | 0.186 | 0.190 | 0.191 | 0.183| 0.101

A portion (5 ml.) of solution B was placed on a G - 75
"Sephadex" column and eluted with water. Although fractionation
of protein was effected, neither R-enzyme nor 1 ~aunylase active
itlies were detected. Portions (10 ml.) of B and C were frecgze-
dried. This procedure also destroyéd the enzymic activities.

(6) Dry, defatted broad bean flour (200 g.) was extracted
for 5 hours at room temperature with water (1,000 ml.) containing

n=octanol (0.2 ml.). The suspension was cooled to 209. and
centrifuged (20,000 r.p.m.; 20 minutes).
ation was carried out between the limits O - 20, 20 - 30, 30 - 35,
35 = 40, 40 - 50 and 50 - 60% with respect to acetone. The
fractions were air-dried and suspended in water o give solutions
1 - 6. Fortions of these (containing ca. 10 mg.) were added to
digests consisting of citrate buffer (2 ml;; pH 6.5),

amylopectin }3-limiﬁ dextrin solution (2 ml.; 4 mg./ml.) and

An acetone fraction-

0.2M-;
water to make the total volume 10 ml. These were incubated at

35°¢, and aliquots (2 ml.,) were removed at intervals and stained
with iodine (1 ml. of normal iodine solution 4+ 0.2 ml. N. HC1l in
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a total volume of 50 mle.). The absorbances of the solutions
were measured against an appropriate blank on an"i E L"Colori-

meter using red filter no. 608+ The results are shown in Table

5.11e
Table 5.11
|
A Vs, l|
|
Time (hﬂ“ﬂ) 0 0.5 1 5
Fraction (Original) 2,90 1.70 1.21 0.05
1 2,90 3,40 3.42 2.33
2 2,90 4.53 4.31 2.97
3 2,88 3,15 3,01 2.10
4 2,90 2.79 2,70 | 2.51
5 2,90 2.41 1.50 -
6 2,89 2.10 1.30 »

A portion of fraction 2(10 ml.) was cooled to 2°c, and
sub=-fractionated with chilled alcohol between the limits 0 - 15,
15 = 25, 25 = 30, 30 = 35, 35 -~ 45 and 45 - 60%. Activity
measurements, similar to those above, were c¢arried out on these

fractions(EA - 2F). The results are shown in Table 5.12.
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Table 5.12
AJVS,
Time (hours) ! 0 0.5 1 5
Fraction 2A | 2.90 4.70 4.85 i 4.45
l :
" 2B | 2.91 4,12 4,15 | 3.50
" 20 2,91 3.73 3,61 3,11
w 2D | 2,90 3.13 2,97 2.81
[
| " 2y : 2.90 2.78 2.68 2.41
|
_1 " 2F : 2,90 2.53 2.40 2,21
; a

Attempted separation of | -ziylase and R-enuyme on a starch

¢olumu, A portion (5 ml.) of fraction 2A was placed on a small
starch column and eluted with water, [Fractions were collected
in 5 ml, samples and their protein contents were determined by
measuring their absorbances at 280‘mJJ . The fractions were
¢xamined for enzymic activity but neither  -amylase nor Re=

enzyme was detected.

Preparation of freshly-precipitated potato starch. The starch
was dissolved in a water/chloral hydrate (2: 1) mixture at 80°C.

and slowly poured with vigorous stirring into acetone. The
resulting precipitate was dried with acetone followed by ether

and stored in a vacuum desiccator.



paratiol 3grad (Peat et al, 1959). A saumple
of an amylose~butanol complex containing about 0.5 g. amylose
was dissolved in boiling water (200 ml.)e The solution was
reduced in volume to 100 ml., citrate buffer (2 mle; 0453 pH
6+0) was added, and it was allowed to ccol under consiant stkre
ring to 2°C. A flocculant precipitate was obtained which was
stored at 2°¢,

zel. The procedure of levin

(1962) was used.

Digodium phosphate (21.; O0.5i.) and caleinm chioride
(21s; 0.51) were slowly added, at the same rate (ga. 15 ml./
mimute), to a large beaker (51.). The mixture was mechanically
stirred (ga. 80 r.p.m.). When precipitation was complete, the

supernatant was removed and the prgcipitate washed with water

(3 x 1 l.portions) - complete settling was allowed each time.
#ater (3 1.) and sodium nydroxide (100 ml.; 40%) were added, with
stirring, to the precipitate. The suspension was heated to
boiling peint (45 minutes) and maintained there for 1 houre The
caleium phosphate was then allowed to sediment (ga. 5 minutes),
the turbid supernatant was removed and water (3% 1.) was added.
The suspension was stirred (5 minutes), allowed to sediment aad
the supernatant was removed. This procedure was repeated three
times. After the 4th washing phosphate buffer (34 l.3 0.0k}
pH 6.8) was added to the precipitate and stirring and hsating
were comuenced. #hen the suspension had begun to boll, the
heating was stoppei, the calcium phosphate allowed to settle

(5 minutes) and the supernatant was removed. This procedure
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was repeated twice witk 0,0lii. buffer and twice with 0.001M.
buffer. On each occasion boiling was continued for 15 minutes.
After the 5th boi.ing the calcium phosphate el was stored in
phosphate buffer (14 1.3 0.001l.; pH 6.8) under toluene..
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DISCUSSION

A crude preparaticn of R-enzyme was cbtained by
following the procedure outlined by Hobsom et al. (1951). The
removal of contaminating _J -amylase was found to be very 4iffi-
cult because the starch/ethanol adsorption procedure did not
appear to be completely efficient (Table 5.01 p. 214 ). The
results in Table 5.02 (p«2/5) indicate that the starch does
adsorb most of the activity but a detectable amount remains in
solution. If the starch treatment is repeated then both the
R-enzyme and , -amylase activities are removed from solution.
"superlose®” ( a commercial amylose preparation) was even less
efficient than starch (Table 5.03 p.2/5). Heating a solution
containing the two activities was not effective; both activities
were destroyed. This suggestvs that the thermal stabilities of
the two enzymes are comparable,

The effect of caleium phosphate gel on a mixture of

J =amylase and Re~enzyme was also studied (Table 5.04 p. 2/( ). The
results suggest that neither enzyme is preferentially adso¥bed by
the gel but that they are both partially removed from the solut=-
ion. Using various buffer systems attempts were made to desorb
the activities from the gel but they, too,were unsuccessful.

Since many adsorbents require to be activated before
they reach = thelr highest efficiency an attempt was made to
prepare a more highly adsorbent sample of starch. This was
carried out by'carefully precipitating starch with acetone from an
agueous chloral hydrate solution. In this way starch in a highly
divided state was obtained. The results in Table 5.05 (p.2/7)
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show that the experiment was not successful. In fact, the

A =amylase is even more active in these solutions than it was
in previous similar attempts. This may be caused by the addit-
ion of calecium chloride to the enzyme - starch-ethanol suspense
ions Sinee the [ -amylase is not fully actlive when there is
a deficiency of calcium ions in its solution (p.id85), it may not
be so readily adsorbed by starch under similar conditions,.
Excess caleium ions were, therefore, added but, as already indice-
ated, the results in Table 5.05 are not satisfactory.

. Glycogen has been shown to adsorb broad bean J[~amyle
ase (pe.i80) and so its effect on a mixture of R-enzyme and
J=amylase was examined, Since R-enzyme has only a very slight
action on glycogens (Peat et al. 1954; Fleming and lianners,
1958) it would not be expected to attack the glycogen molecules
and so would not be adsorbed. The resulis (Table 5.06 pe« 2/7)
indicate that the -amylase is incompletely removed from s0l-
ution. It should be stressed that there is only a trace of

J. =~amylese present in these solutions and so there may be
insufficient enzyme to Jorm an insoluble complex with the glyc-
ogens The results also indicate that R-enzyme is adsorbed by
the glycogen.

An acetone fractionation of an ammonium sulphate
precipitate (19 g,/100 c.c.) was attempted »ut the results
(Table 5.07 pe 218 ) indicate that all the fractions were contam~
inated with (-amylase tu such an extent that the R-enzyme was
barely detectable.

An investigetion was undertaken to determine the
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efficiency of the lead acetate precipitation technique for
preparing Reenzyme and to confirm that ammonium sulphate, prese
ent in 19 g./100 nl. conceniration, guantiiatively precipitated
the enzyme. Samples of initial aquecus extrset and lead acet-
ate prepared protein were fractionated with ammonium sulphate.
The fractions were treated with staxrch to romove most of the
J=amylase and so enable the R-enzyme activity to be detected.
The results are shown in Table 5.08 (p. Z20) and indicate that a
straight forward ammonium sulphate fractionation yields more Re
enzyme, with correspondingly more S [-amylase, than does the mcre
complex lead acetate procedure. Most of the requircd enzyme is
precipitated at an ammonium sulphate concentration of 19 g./100
ml, and at higher salt concentrations larger amounts of [~amylase
are precipitated.

Degraded amylose has been used as an adsorbent in the
purification of starch metabolising enzymes {Peat et al, 1959).
A sample of fraction F, (Table 5.08 p. 220) which contained a
relatively high concentration of R-enzyme, was treated with
degraded amylose but the results (ZTable 5.09 p. 221 ) were not
satisfactory. ©Not only was the very small amount of [-amylase
incompletely removed but R-enzyme was adsorbed, to a certain
extent, by the amylose. Extraction of the amylose with citrate
buffer yielded a very small amount of R-enzyme which appeared to
be free from [-amylase. '

A relatively active preparation of R-enzyme was obtained
by subfractionating, with ammonium sulphate, a starch treated
protein solution (Table 5.10 p. 222). Further purification was

attempted on a "Sephadex" column but this was unsuccessful as was
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the attempt to freege-dry a solution of the fraction.
Results obtained during an investization of broad bean

J —amyiase suggested that R-engyme could ke prepared by an
acetone fractionation of an agqueous exiract ¢i broad bean flour.
The results are showm in Table 5,11 (pe. 22%) and indicate that a
fraction containing high R-enzyme acitivity wac cbtained. Unfoxrte
unately, -amylase was also present. An attempt was wmade to
subfractionate the active fraction with ethanol but this was not
very successful (Table 5.12 p.224). Fractionation was not
really achieved because R-enzyme was present in at least two of
the fractions and [ -amylase in all or them. A surprising
result was that alecohol, in 15% concentration, precipitated a
large amount of the Re-enzyme activity. Therefore, all the starch-
ethanol treatments must have removel mcst of the R-enzyme activ-
ity from the previous preparations. The activity of fraction
24fTable 5.12 p.22,) was extremely high and an attempt was
made to remove the | -amylase impurity by passage through a star-
ch coluwnn but this was not successful.

Although the work described in this section did not
result in the preparation of a sample of R-enzyme which was
completely free from _ —amylase activity the acetone fractionat-
ion procedure (Table 5.11, p. 223) gave fractions which were some
15 times more active than those reported by Hobson et al. (1951).
However, complete removal of contaminating |-—amylase is obv=
iously difficult and further work is necessary - possibly using
methods involving adsorption on amylose.



SECIION 6.
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INTRODUCLION

B =~Amylase hydrolyses a chain of | -l: 4 - linked
glucose units to form pB -maltose as the only reaction product
(Kuhn, 19253 Ohlsson, 1930). The engymic attack ceases when
the enzyme approaches a modified ,/=glucose residue, €.g.
amylopectin is incompletely hydrolysed largely because it cont-
ains | =l: 6 -~ linkages, and maltohexaose containing an ester-
phosphate grouping is also resistant to attack by p,-amylase
(Posternak, 1951). lMyrback and Hycander (1942) found that the
engzgyme attacked maltohexaose and maltohexaonic acid, liberating
three and two molecular proportions of maltose, respectively.
These results indicate that the enzyme attacks a substrate
molecule from the non-reducing end and splits alternate _(~1: 4 =
linkages to liberate maltose units. The above conclusions have
been confirmed many times and they are not in dispute.

There are two main mechanisms by which p-zmylase
attack may take place - (1) a single-chain mechanism in which
the enzyme completely hydrolyses one substrate molecule at a
time, (2) & multi-chain mechanism in which the enzyme hydrolyses
the substrate molecules in a2 random manner. During single-
chain action, only maltose and undegraded substrate molecules
will be present in the system., DBecause the turnover number of

e} -amylase is extremely high (Englard and Singer, 19503
Englaerd, Sorof and Singer, 1951), the molar ratio of enzyme to
substrate must be very small if the [ -amylolysis is to proceed
at a measurable velocity, and so there will be only negligible
amounts of partly degraded amylose molecules in the reaction
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mixture at any one time. During multi=-chaln attack all the
amylose molecules will be degraded by approximately the same
amount, Enzymic degradation may, however, take place via 2
mixture of these two action patterns i.e. "multiple" attack.
During such degradations the enzyme splits off several molecules
of maltose per encounter with the substrate molecule before
diffusing away and recombining with the same or with a different
substrate meclecule.

Investigations of the action pattern of R -—auylase
nay be conveniently considered in two groups: (1) those involve
ing substrate molecules of small size i.e. D.P. <50, and (2)

those involving large amylose molecules as a substrate.

Investigations with small substrate molecules. Results presented

by Hopkins and Jelinek (1949) on the action of @B-amylase on an
amylose dextrin (D.F. cae. 20) suggested the presence of multi-
chain attack. These authors studied the iodine staining power
of the dextrin at varlous stages of hydrolysis.

French et al. (1950a, b) investigated the action of
;3-Gmylase on maltoheptaose. By chromatographic examination
of the products of the reaction at various stages in the hydrol-

ysis, these authors concluded that under optimum conditions of
temperature and pH only maltose and maltotriose were formed., If
multi-chain attack was taking place then maltopentaose should
also have been present., However, these authors furiher showed
that under unfavourable conditions for enzymic reaction (pH 10.0;
70°¢.) maltopentaose was, indeed, produced. The reaction

mechanism, therefore, appears to depend upon the experimental
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conditions.

Further evidence for multi-chain action has been
obtained by Hopkins and Jelinek (1954) and Bird and lopgkins
(1954b). These authors confirmed that amylose and its short-
chain fission products are hydrolysed by [3—amyluse at the same
velocity. Tne preferential disappearance, therefore, of the
short-chain molecules in mixtures of long = and shert-chain
polysaccharides was attributed to multi-chain attack - all sub-
strate molecules were attacked to the same extent and so the
short-chain molecules were more quickly completely hydrolysed.
otudies on the hydrolyses by ;3—amy1ase, of short amylosce chains
(DePe 16 -~ 30) and maltohexaose indicated that multi-chain action
was also operative in these systems,

The action pattern of 3 —anylase on maltohexaose,
maltoheptaose and a synthetic amylose (average chain-length 49
units) has been studied under a variety of experimental condit-
ions (Bailey and Whelan, 1957). The results suggested that with
all the substrates, and under all the conditions investigated,
the action pattern was always intermediate between sirgle - and
mul ti=-chain attack, i.e. a multiple attack mechanism was in oper-
ation (French and Wild, 1953). Under favourable conditions for
enzymic reaction there was a higher proportion of single-chain
atitack but, as the conditions became more unfavourable, the prop-
ortion of multi- chain attack increased.

Bailey and French (1957) examined the action of R~amy-

14

lase on gynthetic amylose molecules labelled with C7" at the none-

reducing end and having average chain-lengths of 44 glucose units,
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They concluded that for each effective encounter which the
enzyme made with an amylose molecule four maltose units were

removed. These results further support the concept of multiple

attack.

Investigations with large D.P. substrates. Although the mechan-

ism of the action of p-amylase on small substrate molecules
(L.e. DoPe < 50) seems reasonably well established to be
"Multiple—attack", conflicting evidence has been presented for the
action-pattern of the enzyme on large substrate molecules (i.e.
anylose molecules whose D.Ps. approximate to those of natural
amylose ).

Bvidence for single-chain action was provided by
Swanson (1948) who studied the hydrolysis of maize amylose by
B —amylase. This worker showed that during the degradation no
short—-chain fission products were formed and, although the inten-
sity of the amylose-iodine stain decreased its colour and wave-
length of maximum absorption remained unchanged. These results
were confirmed by Cleveland and Kerr (1948), Kerr (1949) and
Kerr and Cleveland (1951). These latter authors isolated an
amylose f=-limit dextrin and examined its viscosity, iodine stain
and osmotic pressure. They concluded that the dextrin possessed
physical and chemical properties similar to those of the original
amylose. These conelusions, however, were criticised by Bourne
and Whelan (1950) who supported the multi-chain hypothesis for
which evidence had apparently been furnished by Hopkins and
Jelinek (1949).

More evidence for the single-chain action pattern of
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P -auylase was supplied by Cowle et ale. (1958) who suszested
that the physical properties of various amylose B-limit
dextring were compareble to those of the orliginal amylose,
Husemann andiPfannemuller (1961) carried out a lightscattering
study on natural and synthetic amyloses at various stages of
degradation by p-amylase. Their results confirmed the find-
ings of Cowie et al. (1958) for the natural amylose but the
synthetic amylose was degraded by & multi-chain mechanism.
Although mest of the investigations on the action

pattern of b —ouylase have been carried out with reasonably
pure samples of aumylose, very little attempt has been made to
determine the molecular weight distribution of these samples.
French (1961) has indicated that if the original amylose contains
the "most probable" distribution of molecules, thean attack by

@ —amylase via any of the three action patterns will lead to
the formation of amylose p-limit dextrins having average mole-
cular weights and size distributions precisely the same as those
of the original amylose. This theoretical conclusion invalidat-
es the results of Cowie et al. (1958) and Husemann and rfanne-
miller (1961) on samples of natural amylose, as these authors
used unfractionated material. In the work reported here aa
investigation of the action of lg-amylase on narrow molecular

weight fractions of amylose has been carried out.

LEXPERIMENTAL AND RESULTS

Worthington's 2 x crystallised sweet potato (R -amylase
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was used throughout this work. The enzyme was further
purified by passing it through a small G - 25 "Sephadex" gel

column (ef, Thoma and Koshland, 1960)

Preparation of p-amylase solutions. A portion (0.15 ml.) of
the suspension of [ -amylase crystals in ammonium sulphate was
centrifuged. The resulting pellet of engyme was suspended in
glutathione solution (10 ml.; 0*5m M.) carefully stirred and
centrifuged to yield.a clear solution which was ccvered with
toluene and stored at 2°C. The enzymic activity was measured by
the method of Hobson et al. (1950a).

In sgreement with the results of ﬁ;lker and whelan
(1960) diluted agueous solutions of (3 —amylase were found to be
unstable on storage at 2°c. Glutathione, therefore, was used as
a stabilising agent in the dilute stock solution of the enzyme,
However, when digesis were also prepared under conditions which
maintained the total concentration of glutathione at 5t M., the
estimation of maltose by the alkaline ferricyanide - ceric sulp-
hate method was found to be inaccurate because of the reducing
power exerted by the glutathione. Since the enzyme was not
inactivated very readily in the presence of substrate no addit-
ional glutathione was added to enzymic digesgs.

Mleasurewents of limiting viscosity numbers in potase
sium hydroxide (0.,15k.) end p -—amylolysis limits were carried

the
out as described inhGaneral Experimental section.

Variation of R —amylase activity with temperature. Digests
were prepared containing starch solution (10 ml.; 0.6%) and
acetate buffer (1 ml.; O0.2M.; pHS5.0)s They were equilibrated
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at various tewmperatures between 10 and 70%¢C. Portions (0.025
ml,) of enzyme solution were added to each and samples (2 ml.)

were removed after 10 minutes for peducing power determinations,..

Variation of B ~anylase activity with pi. Digests were
prepared containing starch solution (10 ml.; 0.6%) and acetate
buffers (l.ml.; 0.2il,) having various pH values between 3.55 and
T«0, inclusive. They were incubated at 3500. when portions
(0.025 ml.) of enzyme solution were added to each. Samples (2ul.)

were removed from the digests after 10 minutes for reducing power

determinations.
Yreparation of amylose samplesSe. "Redskin" potato starch

granules were agueous leached at 60%¢. after pretreatment with
agueous methanol. The sample héd a p -amylolysis limit of
100% and limiting viscosity number of 260. A portion of this
amylose was subfractionated with ethanol from dimethylsulphoxide
solution and the properties of these fractions are shown in Table
3403 (pe62)e Mr. A. Re FProcter subfractionated a further
portion of the leached-amylose with acetone from dimethysulphoxide
solution and characterised the subfractions. Iheir properties

are shown below.

Zable 6.01
Fraction [1] B-limit | liw x16™° D.P,
24 435 100 0.91 3,200
34 295 100 0.60 2,200
3B 167 100 0.31 1,200
4 120 100 0.21 900

A, B represent refractionation products.



238

Jiolecular weights were calculated from short-column equilibrium

runs on the unltracentrifuge.

To show the absence of J-—amylase impurity in the R —amylase sample.
1

A portion of the amylose obtained by agueous leaching starch
granules at 60°C. was incubated at pH 5.0 and 35°C. with B-anylase
(0,025 ml,.). Wihen a 50% conversion into maltose was obtained,
the residual amylose was isolated as the butanol complex. After
24 hours the complex was theroughly washed with butanol -~saturated
water to remove the maltose. Viscosity determinations (0.15ui.
potassium hydroxide; 2500.) were carried out on the 50% dextrin
and on a sample of the original amylose. The two results were
identical, indicating that the [3—amy1ase sample was free from

J —amylase.

Action of R-amylase on amylose. Samples of amylose subfract-
I

ion 4 (Table 3.03, p. 62 ) were incubated with p-—amylase at pH
5.5 and 35°C. Amylose-dextrins were isolated as butanol complex=
es at various stages of conversion into maltose, Their limiting
viscosity aumbers in potassium hydroxide (0.1l5 M.) were measured

and the results are shown in Table 6.02.

Table 6,02

% Conversion into maltose 0 25 57 60 66 79
Viscosity Pl] 260 | 225 | 197 | 192 | 194 |194
# Fall in (1] 0 6 | 18 | 20 | 19 | 19

Samples of the fractions shown in Table 6.01 were
incubated with p-amylase at 35°C, and different values of pii.

g -limit dexirins were isolated at various stages and their
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limiting viscosity auwbers in potassium hydroxide (0415 ile)

were determined.

The results are shown in Table 6.03.

Table 6.03
t
| caleulated [
pH of % Conversion [ for ;ulgi—chgln

fraction digest into maltose Q] action, **

24 4.0 T3 246 118

540 42 240 250

, A 5.0 40 184 173

4[ 38 7.0 93 60 12

4 ,_ﬁ-‘.o 17 120 28

T+0 67 120 40

l. Calculated assuming uniform molecular weight for each

fraction.

DISCUSSION

Effect of temperature and pH on p-—amylase activity. The
1

tenperature of optimum activity was 43°C. (Fig. 6.01) and the
This latter result is

pH of eptimum activity was 5 (Fig. 6.02).

in agreeuwent with that quoted by Balls et al. (1948).

Action ~ rattern of Qp-amnylaseé on anylose.

The samples of

amylose used in this work had D.Ps. of 00 -~ 3,200. The results

for the original amylose subfraction in Table 6.02 suggest that

there is only a relatively small decrease (19%) in the viscosity.
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of the amylose after extensive degradation (79%) by [3-amylase,
This indicates, therefore, that the degradation is largely
single-chain.

However, the results for the more rigorously subfract-
ionated samples in Table 6.03 show that large falls in the vise
cosity were found, thus indiecating multi-chain attack. It is
pertinent that fractions 24, 3A and 3B have been subfractionated
twice and so were expected to have much sharper distributions
than the first fraction investigated (Table 6.02). It is also
significant that the viscosity of fraction 4 does not alter;
this fraction had not been refractionated and so its molecular
weight distribution would be similar to that of the fraction
investigated in Table 6.02.

Table 6.03 shows the calculated values for the limiting
viscosity numbers for multi-chain action. From a comparison of
observed and calculated Dl] values, it is concluded that for
samples of amylose with a relatively narrow molecular weight
distribution, the action of p-amylase at pH 5.0 1s not
inconsistent with multi-chain attack. At unfavourable values
of pH, i.es 4 and T, there is obviously a certain amount of
single-chain action also, as the fall in molecular weight is less
than expected for multi-chain attack (see Table 6.03). It is
significant that evidence of multi-chain action was only found
for resubfractionated samples: for samples with a wide molecular
weight distribution the action pattern is apparently single-chain
as predicted by French (1961).

These resulfs are in general agreement with the

conclusions of Husemann et al.(1964). These authors showed
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that F;-amylase degrades both natural and synthetic amyloses
by a multi-chain mechanism. A schematic representation of
such an action pattern is shown below (Bailey and wWhelan, 1957).

E 45,
Esn
(2 (&) 5)
M +ES %S . ~"E+S,_,+ M
(7N
(3)
v N
(4)
Vstco

Single-chain action is the result of the succdssive reactions
(1), (2), (3), (4) etes Multi-chain action proceeds either by
reactions (1) and (5), or (1), (2) and (6), followed, in reaction
(7)s by recombination of the enzyme with the same or with a

different substrate molecule.
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INTRODUCZION

liany starches contain phosphorus, but Samec and his
co-workers (1924, 1931) have shown that it is not present in the
same form in all starches.

rosternak (1935) showed that most of the phosphorus in
cereal starches is present in the form of phosphatides which may
be extracted with hot methanol, whereas phosphorus is chemically
bound to potato starch. Samee (1914) and Schoch (1942) have
indicated that most of the phosphorus in potato starch is assoc-
iated with the amylopectin component and rosternak (1935, 1951)
has shown that this phosphorus is present as an ester-phosphate
group on Cg of a glucose residue. This author further concluded
that these groups are not in the viscinity of reducing groups or
of branching points in the amylopectin molecule. losternak (1951)
isolated and examined dextrins containing the ester-phosphate
groups from [ -amylolysates of potato starch and showed that the
phosphorus~containing groupings prevented [3-amylase attack on
these dextrins.

Peat et al. (1952) reported the presence of small amounts
of esterified phosphorus in samples of potato amylose, These
workers and Banks and Greenwood (1961) investigated the effect of
various phosphatases on samples of amylose - such enzymes should
remove ester-phosphate groups = but their results suggested that
the removal of these phosphorus = containing groups did not alter
the @E-amylolysis limits of the amylose samples. These results,
therefore, are somewhat unexpected after the findings of rosternak
(1951). However, neither feat et al. nor Banks and Greenwood
showed that the phosphorus anomaly in their samples of amylose
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had, in fact, been removed by the phosphatase. There is
evidence that the phosphorus in amylopectin is difficult to
remove (Fukui, 1957) and so an investigation was undertaken to
obtain pure, highly active phosphatase and to examine its action

on amylose and amylopectin.

EXPERIMENTAL AND RESULTS

A sample of potato phosphatase (acid) obtained from

Mann Research Laboratories Inc. was used in this work.

Fresence of J -—amylase in the sample. The fellowing digests

were prepared:
l. Acetate buffer (2 ml.; 0.2L.; pi 5.5)-+ phosphatase (1 ml.;
5 mg./ml,) + water (10 ml,) '

2. Acetate buffer (2 ml.; O0.2li.; pH.3.6) +phosphatase (1 ml.;
9 mg./hll.)-rwater (10 mlc)o

These digests were incubated at 3500. for 2 hours when
aliquots (2 ml,) of amylopectin p=limit dextrin solution (4 mg./
ml.) were added to each. Samples were removed at intervals for
iodine =-staining determinations, The results are shown in
Table T.O0l.

Table 7.01l.
y A.Vs,
Time (hours) 0 2% 10 20 48
Digest 1 4.41 2.72 0 0 0
Digest 2 4.40 4.20 4.15 4.02 3.71
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Effect of mexrcuric chloride on J-—amylase activity. The

following digests were prepared:

l. Acetate buffer (2 ml.; 0.2i.; pH 5.5)+ phosphatase (5 ml,;
2 mg./ml.) + mercuric chloride (3 ml.; 3.3 x 10 JM.)

2. Acetate buffer (2 ml.; O.2ie; pH 5.5) +phosphatase (5 ml.;
2 mg./ml.)+ mercuric chloride (3 ml.; 5 x 10'4E.).

3« Acetate buffer (2 mle; O.2l.} DpH 5.5) +phosphatase (5 ml.;
2 mg./ul.)+mercuric chloride (3 ml.; 3.3 x 10 %u.)

4. Acetate buffer (2 ml.; 0.2ke; PH 5.5) +phosphatase (5 ml.;
2 mga/mlo)’fwater (3 mlo)

These were incubated at room temperature for 24 hours
when egual aliguots (10 ml.) of an amylose solution (2 mg./ﬁl.)
containing requisite amounts of mercuric chloride were added to
each. After 48 hours at room temperature exeess butanol was
added to each digest and the amylose samples were isolated. llo.
amylose was obtained in digest 4. The viscosities of the
amyloses were determined in pofassium hydroxide (0.2u.) at 25%¢.

The results are shown in Table T.02.

Table T7.02
Digest 1. 2. 3 4.
Viscosity 615 510 250 0

Viscosity of original amylose sample = 620.

Effect of mercuric chloride on phosphatase activity. The
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following digests were prepared:

1, Acetate buffer (2 ml.; pi 4.6; 0.2U.) <+ phosphatase (4 m,}
2 mg./ml,) + water (3 ml.) -+ mercuric chloride (1 ml.; 10‘?h),

2. Acetate buffer (2 ml.; pH 4.6; 0.2i.) +phosphatase (4 wl.;
2ng./ml.) + water (3 ml.) + mercuric chloride (1 ml.; 1.5 x
10721, ).

3. Acetate buffer (2 mle.; pH 4.63 0.2li.) +phosphatase (4ml,;
2 mge/ml,) + water (3 ml.) + mercuric chloride (1 ml.; lo‘ziﬁ,),

4. Acetate buffer (2 ml.; pH 4.63 0.2M.) + phosphatase (4 ml,;
2 mg./ml.) + water (4 ml,).

These were incubated at room temperatureffor 24 hours
when aliguots (1 ml.) of glucose 6 = phosphate (20 mg./ml.) were
added to each. They werelncubated at 35°C. for 24 hours when
aliquots (1 ml.) were extracted and thelr phosphate contents were
measured by the method of Allen (1940). The coloured solutions
were read against an appropriate blank on a Spekker Absorptio-
meter using Ilford filter No. 608, The results are shown in
Table T.03.

Table 7.0

Digest 1 2 3 4

A.Ve 0.484 0.425 0.223 | 0,510

Attempted Fractionation of phosphatase. A sample of phosphe

atase (100 mg.) was dissolved in water (13 ml.) and centrifuged

to give a clear solution P1 which was cooled to 2°C. and
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fractionated with alcohol between the limits O = 33, 33 = 37.5,
3Te5 = 4444, 44.4 - TO% with respeet to alcohol. The precip=
iptates were air-dried and dissolved in water to give solutions
2 = PS5, The J=amylase and phosphatase activities of the
fractions were determined as already indicated, using amylop-
ectin p—limit dextrin and glucose 6 - phosphate, respectively.
The resulis are shown in Table 7.04.

Table T.04
Fraction Pl P2 P3 P4 P5

Fhosphatase activity | 0.033 | 0.38 | 0.31 | 0.29 | 0.10

J=amylase activity 0.051 0.22 0.15 0.12 0,10
"caloulated as follows: A.V.(0 hours) = A.V.(X hours)

A.V.(Ohours) x X x protein concen-
tration in the digest.

furification of phosphatase on a "Sephadex" column. A sauple

of phosphatase (100 mg.) was suspended in water (3 - 4 ml.) and
centrifuged to yield a clear brown solution which was placed on
a G- 25 "Sephadex™ gel column and eluted with water. Fract-
ions were collectied in T ml, aligquots and the phosphatase
activitiegbof those containing protein were determined by incub-
ating a portion of the fraction with glucose 6 - phosphate. The
results are shown in Fig. T7.0l. The fractions containing
phosphatase activity were tested for [ —-amylase activity by
incubating portions with amylose solutions for 24 hours and then
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determining the viscosities of the isolated amylose samples.
However, no | -—amylase activity was detected in any of the
phosphatase - containing fractions. The most active fractions
(25 - 30) were added together and this composite sample of
phosphatase was used in the following experiments.

Effect of pH on phosphatase activity. Digests were prepared

containing water (3 ml.), glucose 6-phosphate solution (1 ml.;

5 mg./ml,.), acetate buffer (1 ml.; appropriate pH) and phosphat-
ase (0.2 ml.)e. These were incubayed at 35°C, and aliguots (1Iml.)
were withdrawn after 4 hours for phosphate determinations. The
results are shown in Fig., T.02.

Bffect of phosphatase on the R -limits of amylose and amylopectin.

Digests were prepared as follows:

1. Amylose solution (10 ml.; l.2mg./ml.) +acetate buffer (1 ml.;
Os20ls; pH4.6)ﬂ-@ -amylase (200 units).

2. Amylose solution (10 ml.; 1l.2mg./ml.) +acetate buffer (1 ml.;
0.2li+; pH4.6) + p —amylase (200 units) -+ phosphatase (2 ml.).

3. Amylopectin solution (10 ml.; 2mg./ml.) + acetate buffer (1 ml.;
Oe2iies pH4.6)11B—amy1ase (200 units).

4. Amylopectin solution (10 ml.; 2mg./ml.) +acetate buffer (1 ml.s
0.2Uw; pH4.6) + p-amylase (200 units) + phosphatase (2 ml.).

These were incubated at 3500. for 48 hours when saumples
were removed for reducing power determinations. The presence of
phosphatase did not alter the p-amylolysis limits of the subst-

rates in these digests.
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rreparation of amylopectin J-limit dextrin. An amylopectin

solution was incubated at pH 6.0 and 35°C. for 48 hours with a

portion of purified salivary [-amylase. The digest was then
heated on a boiling water-~bath for 5 minutes and the resulting

small precipitate was removed by centrifugation.

Action of phosphatase on various substrates. The following

digests were prepareds

1. Amylopectin solution (9.84 mg./ml.; 105 ml. containing 0.01lM.
acetate buffer pH 4.6) -+ phosphatase (4 ml.).

2. Amylopectin p-limit dextrin solution (7.62 mg./ml.; 105 ml.
containing 0.0lli. acetate buffer pH 4.6) —+ phosphatase (4 ml.).

3. Amylopectin /-limit dextrin solution (5.56 mg./ml.; 105 ml.
containing 0.0lli. acetate buffer pH 4.6) +phosphatase (4 ml.).

4. Glucose 6-phosphate solution (1 mg./ml.; 105 ml. containing
0.0llM. acetate buffer pH 4.6) -+ phosphatase (4 ml.).

These were incubated at 35°C. and after 24, 48 and 72
hours portions (digests 1 and 2 - 35 ml,; digests 3 and 4 - 20
ml.) were removed for free-phosphate determinations. These
aliquots were passed through a small column (IRA - 400; 1.5 cm.
X T em.) in the chloride form when the free-phosphate was complete-
ly removed from the substrate solution. On eluting with sodium
sulphate (50 ml.; 4%) the phosphate was completely removed from
the column and estimated by the method of Allen (1940). Sodiun
sulphate did not interfere with this estimation and 95 - 100%
recovery of the phosphate was obtained from the procedure. The

results are shown in Fig. T.03.
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DISCUSSION.

Purification of the phosphatase. The commercial preparation

contained -~-amylase impurity (Table 7.0l) and an atteupt was
made to inhibit this enzyme with mercuric chloride (Table T7.02).
Although complete inhibition of the [ —amylase was achieved in
this way the relatively high concentration of mercuric chloride
reguired had an adverse effect on the phosphatase activity (Table
Te034)

An attempt to separate the two activities by fraction-
ation with ethanol was not successful (Table 7.04) = both [-amyé
lase and phosphatase activities were detected in all of the
fractions.

Fractionation on a "Sephadex" column was, however,
successiul. Active phosphatase fractions were obtained which were

completely free from [ -amylase impurity.

Optimum pH for phosphatase activity. This was found to be 4.6

(Fige T7.02) and so all phosphatase-containing digests were incubat-
ed at pH 4.6.

Action of phosphatase on amylose. Since there is such a small

amount of phosphate - if any - associated with pure samples of
amylose no attempt was made to determine if free -—phosphate groups
were present in amylose digests after incubation with phosphatase.
However, it is clear that even after prolonged incubation (48
hours) phosphatase had no effect on the (;-limit of an amylose
sample. This result is in agrecement with the findings of Banks
and Greenwood (1961) and suggests that ester-phosphate is not the
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barrier to (-amylolysis present in large amylose molecules.

Action of phosphatase on amylopectin and limit dextrins. The

results in Fig. T7.03 show that phosphatase rapidly removes phos-—
phate groups from glucose b-phosphate and amylopectin J[-—-amyloly-
sates but that amylopectin and its (5-1imit dextrin are mueh
less reédily attacked., This indicates that most of the phosph-
orus associated with amylopectin must be linked to interior
portions of the molecule, and not to the exterior branches. Further
evidence for this conclusion was provided when the inability of
phosphatase to increase the [}-amylolysis limit of amylopectin
was illustrated. #hen the external branches in amylopectin were
removed by 3 -amylase a much larger amount of phosphate was
liberated on incubation with phosphatase. The difficulty exper-
ienced in removing phosphorus from amylopectin by enzymic action

would, therefore, appear to be due to steric effects.
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SUMMARY

After é brief account of the properties of the starch
components, the action patterns of the more important starch-
metabolising enzymes, and the importance of these enzymes in
determining the structures of amylose and amylopectin have been
discussed.

The physical and enzymic technigques used in this study
have been outlined. A procedure for the extraction of starch
from potatoes has been described and the conventional method of
fractionating potato starch by dispersion into boiling water has
been discussed.

Starch, pretreated with liguid amwonia, dimethyl sulp-
hoxide or alkalli has been dispersed in water at room temperature
and successfully fractionated using a "critical concentration®" of
butanol. The amylose samples obtained from such fracticnations
were incoumpletely degraded by p;—amylase. These results indicate
that the structural -—anomaly present in large amylose molecules is
unlikely to be an artefact which has been introduced during the
fractionation of starch at high temperatures. Fractionation of
potato starch by the method of Killion and Foster (1960) yielded
samples of amylose and amylopectin whose properties have been
shown to be similar to those of the products from a conventional
fractionation.

Unheated, agueous solutions of pretreated potato starch
have been examined in the ultracentrifuge and have been shoﬁn to
contain two components. This result suggests that the "Unitarian

Concept™ of starch is incorrect.
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Investigations on the preparation of samples of linear
amylose have been carried out; agueous leaching of starch gran~
ules at 60 - 65°C., followed by a dimethyl sulphoxide/ethanol
fractionation of the leached material, was found to be the most
efficient method for preparing such samples.

A detailed study on the extraction, purification and
properties of soya bean Z-enzyme has been made. The action patt-
ern of this enzyme has been investigated and found to be similar
to the action patterns of other plant J —amylases.

A =-Amylases from broad beans, barley and malted barley
have also been examined. Various procedures for determining
J-amylase activities have been discussed and the method finally
adopted in this work has been described. Using viscometric tech=
nigues, kinetic studies on the action of these enzymes on linear—-
amylose substrates have indicated that the [ -—amylases hydrolysed
the substrate in a completely random fashion. However, chromat-
ographic examination of the products of the action of these enzymes
on oligosaccharides showed that there are six linkages in such
substrates which are relatively difficult to hydrolyse - these are
the first five linkages from the non-reducing end and the linkage
at the reducing end of the molecule. The extremely slow rate of
attack of these plant [ -amylases on small oligosaccharides compar-
ed to that of salivary | -amylase has been shown by a study on
maltotetraose; the salivary enzyme hydrolysed this substrate some
100 x faster than did the plant enzymes.

The relative rates of attack of the _| -amylases on
various starch-type substrates were found to be: amylose > amy=-

lopectin > glycogen.
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Investigations of the extraction and purification of
R-enzyme from broad beans have shown that the removal of _[-amy-
lase impurity from such preparations is extremely difficult. HO W
ever, methods for removing this impurity have been discussed.

The action pattemof crystalline sweet potato [ -amy-
lase on fractions of linear amylose has been examined by measuring
the molecular size of the dextrin-product. When rigorously sub-
fractionated amylose samples were used, the reaction mechanism has
been found to be almost completely multi-chain at pi5.0. The
results of comparable experiments using fractions with a wider
molecular-weight distribution indicated that the reaction was
apparently single-chain. Ihis behaviour has been predicted by
French (1961).

A commercial preparation of potato phosphatacse has been
purified and shown to be free from J —~amylase. The action of this
engyme on glucose 6-phosphate, amylopectin, amylopectin J-limit
and (3-limit dextrins has been studied. Although the glucose 6=
phosphate and _ ~limit dextrin were rapidly attacked, only very
small amounts of phosphate were removed from the other two sub-

strates. The implications of these results have been discussed.
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