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SECTION I.

INTRODUCTION

1., The occurence of glyeogen in nature,

Glycogen, & polysaccharide derived from D-glucose, is
present in most animal cells, and was first isolated by Claude
Bernard in 1857, from the liver of a dog (1), In higher animals
it is found in largest smount in the liver, although there are
smaller quantities in skeletal and cardisc muscle and other tissues,
Glycozen also occurs in invertebrates, It has been isclated from

several species of mollusc (2~-4), from the nematode, Ascaris lum-

bricoides (5), and from two species of aphid (6), The presence of
glyeozen, or a polysaccharide very closely resembling it, has been
reported in yeasts (7,8), fungl (9), protozoa (10,11), and bacteria
(12,13). It is not normally found in plants, although a poly-
saccharlide which appears to have similar properties to animal
glycogen has been extracted from maize seeds (14-18),

Glycogen is water soluble and is distributed throughout
. the cell c¢ytoplasm, In this it differs from starch, its counter-
part in the plant kingdom, whieh occurs in discreet granules within
the cell,

Whether glycogen, in its native state, is in combinaticn
with proteins, is uncertain. From some tissues only part of the
glycogen can be extrected with boiling water, or cold trichloracetic
acid solution; to obtain the remainder, boiling alkali must be used,

Willstatter and “ohdewald have distinguished between the easily



extracted glycogen, or "lyo" glycogen, and the more firmly bound,

or "desmo"™ glycogen; they found that, in well fed animels, & high
proportion of the liver glycogen was in the "lyo" form, By contrast,’
in livers of low glycogen content, the greater part of the poly~
saccharide was in the "desmo" form (19). More recently, Rozenfeld
has reported that the amount of "difficulty extractable" glycogen in
frog livers decreases in winter and incresses in spring (20).

Musele glycogen, however, is almost entirely in the "desmo" form,

and attempts to prepare glycogen Trom mammalian muscles by aqueous
extraction have met with only limited success (21),

Although it is generally agreed that "lyo" glycogen exists,
in situ, in an uncombined state, various suggestions have been made
to explain the difficulty in extracting "desmo" glycogen from the
tissues, Willstatter and Rohdewald have postulated thet "desmo"
glycogen is held by proteins in a "symplex”, i.,e, glycogen and
protein molecules are held together by secondary valencies (19),
Alternatively, the difficulty extractable glycogen may be mech=-
anically entrapped by proteins (22), Meyer has suggested that the
solubility of glycogen is related to the degree of polymerisation,
and considers that "desmo"™ glycogen is merely the high molecular
weisght material whieh is insocluble in water and soluble in alkeli
(23), However, alkali-extracted glycogen is water soluble; this
would not be expected if Meyer's suggestion were erntirely correct,

It seems certain that any combination between glycogen

and protein in the native state involves only secondary forces,



and it must be pointed out that the distinetion between "lyo" and
"desmo" glycogen is very flexible, and depends greatly on the
methods of extraction used. It has been shown, however, that
glycogen=-protein intersctions may occur in vitro, but egein,

there 18 no indication that primary valencies are involved (24=26),

2, The metabolic function of glycogen (27).

?lycogen is the form in which carbohydrate meteriel is
stored in the animal body, It ie a substence of vital metabolie
importance, since the organism obteins & hizh proportion of its
energy by breakdown of cerbohydrates, The routes by which 1t 1s

metabolised are summarised in TFig. I.

Key to Figure I:
. Fhosphorylase,
. lhosphoglucumnutase,

. Fhosphatase,

1

2

3

4, Hexokinase,
5. Oxolsomersse and Fhosphohexokinase,
6. JZymohexase,

7« Enzymes of glycolysis cycle,

8

. Fpzymes of citric acid cycle.
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Figure I.

Metebolism of Glycogen.

Mannose Galactose Glucose

I.
Glycogen;:eﬂlucose-l-phosphate:;_.Glucose-c-phosphate
A

5.
y

Fructose-l:6=-diphosphate

A

4
Glyeerol socrmsii: > Thosphoglyceraldehyde «— Fructose

Glucogenio
g0 20 Emeisosaeaes »
amino acids ssTFI==ze s

COz and g0

The breakdown of glycogen by reactions 1, 2 and 3 is
glycogenolysis, and by reactions 1, 2, 8§, 5, 6 and 7 1is glycolysis,
The formation of glycogen Trom carbohydrate meterials (glucose,
mannose, galactose and fructoese) is glycoé@esis, and from none
carbohydrate meterials (e.g. glycerol end glucogenic amino acids)

is glyconeogenesis,



The principal monosaccharide derived from food is glucose,
although small amounts of fructose, galactose, and mannose also
occur. These are carried in the blood to the liver where, by
enzymic acetion they are phosphorylated; the phosphorylated inter-
mediates are then converted into glucose-l-phosphate from which
glycogen 1is synthesised by the enzyme phosphorylase and a branching
enzyme, ‘

Muscle glycogen is built up meinly &t the expense of liver
glycogen, The latter is first broken down to glucose=-l-phosphate,
and then converted via glucose-6-phosphate to free glucose, by a
process called glycogenoclysis, Glucose passes into the blood
stream; 1t is absorbed by the muscles, and phosphorylated to give
glucose=6~phosphate, w.ich is transformed first into glucose«le
phosphate, and thence into glycogen,

Glycogen mey also be derived from non-carbohydrate sources,
the process being known as glyconeogenesis, Glycerol, arising
by saponification of fats, may be phosphorylated eand dehydrogenated
to give phosphoglycerasldehyce, which, in turn, may be converted to
glycogen by & series of enzyme catalysed reactions involving inter-
mediates such as fructose-l:6-diphosphete and glucose=l-phos hate,
Certain amino acids (clessified as glucogenic amino acids) are
interconvertible with glycogen, By simple reactions they give

rise to such substances as oxaloacetic, lactic and pyruvie scids,
The two former ecids are reedily transformed into pyruviec acid,
and thence into phosphoglyceraldehyde, glucose-l-phosphate, and

glycogen,



The complete breakdown of glycogen with eoncurrent
formation of adenosine triphosphate is the ultimate source of
much of the energy of the organism, Glycogen 1s first broken
down, fia several intermedistes, to pyruvic acid, a process
mown as glycclysis, by reactions which are the reverse of those
occuring during glyconeogenesis, Glyeolysis, which does not
require oxygen and can therefore proceed under anaerobic
conditions, causes the release of a certain amount of energy.
Under eerobic conditions, pyruvic acid is then completely broken
dowvn to carbon dioxide and water, with the release of further

energy, by the enzymes of the "citric acid cycle™,

3. General Froperties.

The term "glycogen" refers not to a single substance of
constant chemical structure, but to a group of closely related
polysaccharides, which have the following properties:

l, On hydrolysis by weak minaml acids at 90 to 1000. D=glucose
is obtained in almost quantitative yield,

2, The pure substance contains carbon, hydrogen and oxygen,
empirical formula 05H1005' It is nevertheless difficult to
prepare glycogen samples which are completely free from nitrogen
and phosphorus, and some workers have suggested that glycogen
contains a small amount of organically bound phosphorus, possibly
in the form of phosphate ester gvoups_(28;4). However it is
more probable that both these elements are constituents of

contaminating substaences, since by careful purification, glycogens



which are virtually free from nitrogen and phosphorus have been
obtained (29,3%0,23),

3. Aquecus solutions are opalescent, although differences in degree
of opalescence have been reported (31,32),

4, Aqueous solutions have a high specific dextrorotation, which

in the majority of cases is between 190 end 200°,

5., Glycozen is normally stained reddish-brown by iodine, although
variations in shade heve been noted, especially when iodine is
added in small amounts, Some workers have reported that the
colour obtained with fish liver glycogen is yellow-~brown (30);

others deseribe it ss red-brown (33), The glycogen from

Mytilus edulis stains yellow-brown (2,21), that from Helix pomatia

light brown (3), end that from Avian tubercle baceciili, light
yellow (12), Young, in 1934, fcund that the iod ine colorations

of muscle glycogen varied from one specimen to another; those of
rabbit muscle glycogen ranged Irom reddish-brown to violet (21).

6. Glycogen hes practically no effect on Fehlings solution; its
reducing power has been reported to be spproximately C€,17 of that
of an equal weight of glucose (30),

7. Most samples have molecular weilghts of the order of 105, although
examiration by ultracentrifugation has indicated that specimens are
extremely polymolecular (34),

8, ~lycogens have & low viscosity, the limiting viscosity number

beingz less than that of amylopectins of similar molecular weight (%) .



4, The structure of glycogen as determined by chemical methods,

A, Characterisation of the basic structurel unit.

Tarly workers noted that D=glucose was produced by
acid hydrolysis of glycogen, &nd that, by the action of certain
"ferments", maltose was obtained, In 1921, Karrer and Nageli
reported that treatment of glycogen with acetyl bromide zave rise
to ecetobromomaltoss (36), By methylation of glycogen, Heworth,
Hirst and Webb obtained & produet which analysed &s trimethyl
glycogen, &nd which on hydrolysis, gave 2:3:6-tri-Q-methyl-D -
glucose in 767 yield (37), It thus appeared that glycogen was
a polymer of maltose, consisting of chains of 1l:4-linked g=-glucose
unite,

In 1931, Haworth and Percival pointed out that the above
work did not provide unambiguous proof for this structure of
glycogen (33), Theoretically, 2:3:6=tri~C-methyl-D-glucose cen
be obtained from 1:4=-linked glucopyrancse units, from 1:5-linked
glucofursnose units, or from & strueture in which the glucose
molecules are in the straight chain form, Yaltose, among the
products of enzymic degradation, could, in theory, have arisen by
reversion from glucose, They even held that the isolation of
acetobromomel tose was of little velue, as long as hydroxyl groups
in the glycogsen molecule vhich wes degraded by acetyl bromide,
remained unprotected, and therefore svailable for secondary
reactions,

in order to overcome this objection, Haworth end

Fercival degraded trimethyl glycogen with ecetyl bromide, after



showing that molecular rearrangements did not occur during methyl-
ation of glycogen., From the reaction they were able to isolete

a mcnoacetyl hexamethyl biose, which, on oxidation and further
methyletion, ylelded the methyl ester of an octamethyl aldobionig
acid, un hydrolysis of this ester 2:3:4:6~-tetra-0-methyl-D-
glucose, and 2:3:5:6-tetra~0-methyl=-Y -gluconolactone were
obtained, thus proving that in the glycogen molecule a-glucopy=

ranose units aere linked to one another through positions 1 end 4.

B. Determination of the len th of the unit chain,

A% this time, the glycogen molecul~ was believed to
consist of & single chain of q~l:4-linked glucose residues,
The next problem was the determination of the length of the chain,
and this was first carried out by Haworth and Fercival in 1932 (39),
They expected that, on hydrolysis of methylated glycogen, 2:3:4:6~-
tetra-0-methyl-D-glucose would be produced from the non-reducing
terminel group, and 2:5:6=tri-C-methyl-D-glucose from the reneinder
of tle molecule, After separation of the products of hydrolysis
of methylated rebbit liver glycogen by frectiocnal distillation,
they estimated thet 94 of the molecule gave rise to 2:3:4:6~
tetra-Q-methyl-D-glucose, This figure is equivalent to an
average chain length of 12 glucose residues,

Since the experiments of Haworth and Tercival, methyle
etion end group essays have been carried out on many glycogens,
It became spparent that there were two "types" of rabbit liver
glycogen; the me jority of specimens examined hed an average

ghain lergth of 12 glucose residues (40), but for certain



- 10 =

specimens & value of 18 was reported, 18=Unit glycogens were
first obteined by Bell in 1936, from two separate batches of rabbits
which had been fasted, and then fed on galaoctose (32), Bacon,
Baldwin and Bell, in 1944, also 1isclated an 18-unit glycogen from
rabbits which, after fasting, were given & sucrose diet (41).
They conecluded that the normal chain length of rabbit liver
glycogen is 12 units, but that glycogen of higher average chain
length was produced when fasted rabbits were fed on galactose or
sucrose, When glucose or fructose was fed to fasted rabbits
12-unit glycogen was obtained, 18=Unit rabbit liver glycogen
was also reported by Haworth, Hirst and Isherwcod in 1937 (42),
“nd-group asseys ocarried out on glycogens from other
organisms have shown that the ma jority of glycogens have en average
chain length of 11 to 13 glucose residues, & selection of results
is shown in Tables I and I, end in TableVII(page 48 ), the
periocdate methed of end group assay will be discussed in cection
II. It will be noted, however, that chain length valuee may
very considerably, and it is now considered that the term
"glycogen™ covers a series of gluco=-polysaccharides, most of which
have en average chain length of approximetel y 12 gluccse residues;

a range of about 7 to 18 is however possibdle,
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TABLE I

End group assay of glycogens by methylation studies,

ceperation of hydrolysis produets by non-ehromatographie

methods.

Date Source of glycogen Chain length | Method| Ref.
1932 | Rebbit liver 12 Ao 39
1035 .?abbit liver 12 B. 40
1935 | Fish liver (Gadidae) 12 B. 40
19036 Rabbit liver (galactose ingested) 18 Be 32
1936 lytilus edulis 18 Be 2
1937 | Horse muscle 11-12 A, 45
1937 | Rabbit liver 18 A, 42
1938 Dog liver 12 B. 4o
1939 | Hake liver 12 A. 33
1939 Haddocx liver 12 A 33
1939 Dogfish liver 18 Ao 33
1939 Dogfish musecle 12 A. 33
1940 Helix pomatia 11-12 A, 3
1941 Mytilus edulis 11 A 45
1942 | Ascaris lumbricoides 13-14 Ao 5
1944 Rabbit liver (glucose injected) 12 A, 41
1944 | Rebbit liver (fructose injected) 11-12 A. | @
1944 Rabbit liver (fructose ingested) 11-12 A, 41
1944 Rebbit liver (sucrose ingested) 18-19 A. 41




TABLE I (contd.)

Date Source of glycogen Chein lergh|lMethod| nef.

1947 Rabbit liver 156=-19 C. 46

A, Separation of methyl glycosides by fractional distillation
B, OSeparation of methylated sugars by chloroform extraction,

C. ©Separation of methyl glycosides by partition between light
petroleum end water,

TABL® II

Fnd group assay of glvcogens by methylation studies,
Separation of hydrolysis products by chromatographic methods,

Date Source of glycogen Chair length|llethod | Ref].
1944 | Horse nmusecle 12 Lo 47
1944 | Ascaris lumbricoides 156~16 A 47
1948 Rebbit muscle 11 A, 48
1948 Rabbit liver 12 A 48
1949 | Nabbit liver 12 B. 49
1951 | Rabbit liver 11-12 B. 50

A, Separation of methylated sugers on silica gel,

B. Separation of methylated sugars by filter paper chroma-
tography,
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C. The branched structure of glycogen,

Although the glycogen molecule was thought to consist
of a single chain of approximately 12 glucose residues, it soon
became obvious that some of the properties of glycogen could not
be explained by this structure,

Haworth and Fercival had first noted in 1932, that the
reducing power of glycogen is very much less than would be expected
from a polysaccharide composed of single chains of 12 glucose
residues (39), They suggested that modificetion of the reducing
group had occured, either in vivo, or during alkali-extraction of
glycogen from the tissues,

In 1935, Bell detected the presence of di-QO-methyl-D-
glucose among the hydrolysis products of methylated samples of
rabbit and fish liver glycoasens (40), He suggested that 1t arose
through incomplete methylation of the glycogen molecule, and
conecluded that in every dodecaseccharide unit, approximately two
hydroxyl groups esceped methlyation,

Osmotie pressure studies carried out by Qakley and Young
in 1936 revealed that the particle weight of glycogen 1s of the
order of 2x106 (81), Approximately the same result was found
for methylated glycogen. The physicochemicel evidence showed
that these results represent the true size of & glycogen mscro=-
molecule, and not a physical aggregation of sub-units each
containing only 12 glucose residues.

In 1937, Haworth, Hirst end Isherwood suggested that
the glycogen molecule was branched (42), To account for the

appearance of di-C-methyl~-D-glucose among the hydrolysis products
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A . _INTERIOR
: i ..-=""7 7 CHAINS,

e ‘
EXTERIOR |_.--~" }

CHAINS. B :
: 2

C i R
——— lLinear chain of
u=-1l:4-1linked glucose residues.

(1 u—1l:6=-glucosidic linkage. A, Haworth structure.
R Reducing group.

0—0-0-
0—0-0--

B. Staudinger
structure.

~S0—0-0--
_0—0-o0-

:,,o—crcr-
S~ o— o— o.-..
~0—0-0--
— O—_ 0—-0---
TNO-0-0--
_0-0-0:--
~~o0-0-0-

o
\‘O—o._o...
_0-0-0

E \o—o -0 -

—0
=:0=0-0—0Z

--0-0-0
~0—0-0—0
HB=0—0~=0
~0—0—-0—0
N
©—0-0—0

o Glucose residue.
== 1:2-, 1:3-, 1l:4- or 1l:6-glucosidic linkage.
B 4 A

A

C. Meyer

EXTERIOR ___....---- strieture.

CHAINS, -,

.

“=-INTERIOR
CHAINS,

Key as A.



w 1 -

of methylated glycogen, for the high molecular weight and the

low reduecing power of glycopgen, they postulated that the molecule
consisted of chains of aq=l:4~linked glucopyrancse units, the
reducing group of one chain being linked to & hydroxyl group of
an ad jeininz chain, Di-O=methyl-D-glucose would arise from the
branech point if this hydroxyl group were at either the 2,3, or 6
position of a non-terminal glucose residue, and experimentelly,
some 2:3-d1-0-methyl-D-glucose was obtained (42). The authors
exprecssed their structure by the laminated formule (Fig.II.A),
although at this time they were unable to specify the neature

of the 1nter;chain bond, -or the average position of the branch
point residues in the lineanr chains, It will be seen that,
thourgh the molecule mey be very largze, only one unmodified redueing
group is present; the low reducing power of glycogen 1s therefore
explained,

Haworth, Hirst and Smith later suggested that the inter-
chain linkeges vere primery glucosidic bonds (33), A study of
methylated starch hed shown thet interchain bonds of this type
were present in starch, end 1t wes essumed that glycogen contained
similer linkages (52, 53),

In 1937, Staudinger and Husemann carried out osmotic
pressure and viscosity measurements on glycogen and its acetyl
derivative, and concluded that the molecule had @ high molecular
weight and was spherical in shape (54), To account for this
the authors said that the molecule must be branched; their

structure is represented diagrammatically in Fig.lII.B.



the main chain is comjosed of 30-40C glucose residues; the side chains
which are attached to the glucose residues of the meain chain et
positions 2, 3 and 6, are 12 or 18 glucose units in length,
Staudinger and Husemann maintained that, with e molecule of this
structure, halving or doubling the length of the main chain wauld

not slter the spherical properties,

However, Bell, in 1937, pointed out that the Staudinger
and Husemann structure did not account for all the experimental
facts (43), On methylation and hydrolysis, such & compound would
not give rise to di-O-methyl-D=glucose, but would yield a small
quantity of unmethylated glucose, a substance which had noct been
found in any of the experimental work, Subsequent workers have
discounted the Steudinger and Husemann strucure,

For several years, most workers in the field of glycocen
chemistry considered that the Haworth singly-branched laminated
formula adequately fitted experimental facts, However, in 1941,
Meyer and Fuld suggested that the glycogen molecule had a multiply-
.branohed structure (45). They treated a sample of mussel
glycogen with pe-amylese, a hydrolytic enzyme which degrades the
outer chains of branched (=}:4-glucosans, but can neither
hydrclyse the branch point linkages, nor by-pass them (cee
Seetion III). pR-Amylolysis cersed when approximstely 507 of
the glyeogen molecule had been removed, and the B-limit dextrin
( p=dextrin) was isolated. Methyvlaetion end group assays vere
carried out on the original glycogen and on the P-dextrin; the

former had & chain length of 11, and the latter of 5.5 glucose
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residues, thus indicating that the same number of end sroups were
present in the g-dextrin &s in the originasl glycogen molecule,
This fect was interpreted as proving that glycogen had the
multiply-branched structure shown diagrammatically in Fig. II C.

Before comparing the Meyer structure with thet of Haworth,
it is necessary to define the varicus types of "unit chains",
These definitions were first formulated by Peat and his
colleagues (55). A-chains (side chains) are esttached to the rest
of the molecule by one linkage only: thet involving the reducing
group, B=chains (mein chains) are those to whieh other chains
are attached, In each molecule there is one C~-chmin; it 1s
terminated by the reducing group. In addition, A-cheains and
those parts of B-and C-chains between the branch points and the
non-reducing terminal groups, are designated "exterior chsins”,
"Interior chains™ are those parts of B-and C-chains whieh lie
between two branch points,

It will be seen that the singly-branched laminated
+structure has one A-chain and many B-c¢hains per molecule, On
the other hand, in the multiply-branched "tree" structure, there
are approximstely equal numbers of A-and B-chains,

It mey be pointed out that the experimental evidence
on which Meyer based his multiply-branched structure wes equally
in accord with the lamninated structure, As previously mentioned,
he showed that the same number of end groups were present in the
B =dextrin «s in the original molecule; this was said to be

evidence of mult: ple-branehing., However, since the exterior
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chain stubs of both A-and B-chains are two to three glucose units

in length (See “ection III), both the B-dextrin of the laminated

structure, and that of the multiply-branched structure would

contain the sawe number of end groups &s the original molecule,
Chemiecally, i-and B-cheins are indistinguishable, and

it is therefore impossible, by purely chemical methcds, to

differentiate between the Haworth and the lMeyer structures,

However, this difficulty has been overcome by the use of enzymes

of known action pattern; these enzymic studies have indicated

that the glycogen molecule is multiply-branched, and are considered

in Seetion VI.

D, 7The nature of the inter-chain linkage,

The evidence that, in the ;lycogen molecule, the chains
of a=l:4-linked gluccse residues are inter-linked by primary
lucosidic bonds has already been cited (Page 14). At first it
was not known whether thie linkage involved the hydroxyl group
et position 2, 3, or 6, of the glucose residue at the branch
point, although, on exauinstion of the di-Q-methyl-D=glucose
fraction from the hydrolysate of methylated rebbit liver glycogen,
Haworth, Hirst and Isherwood found that ca 304 was 2:3~di-0=-methyl-
D-glucose, indicating that a proportion of the inter-chain linkages
were 1:6 (42).

After thils, several workers examined the di-Q-methyl-
D-glucose fractions isolated from the hydrolysates of methylated

glycogen, but no conclusive evidence regarding the nature of the
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inter~chain linkege was obtained, For example, Bell, in 1948,
suggested that a number of the branch pouints involved & 1:3-
glucosidic linkage (48); Hirst, Hough and Jones, in 1949, by
chromatographic separation of the hydrolysis products of
methylated rabbit liver glycogen obteined two di-0-methyl
glucoses in roughly equimolecular yleld: 2:3-di-(Q-methyl-D-
#lucose, and a second, probably 3:6-di-C-methyl-D-glucose (49),

The large but compact glycogen molecule is extremely
difficult to methylate completely; in addition, during hydrolysis
of the methylated product, demethylation of the tri-(-methyl-
D=-glucose fraction may occur, Experimentally, twice as much
di- @s tetra-Q-methyl-D-glucose is obtained, instead of the
expected equimolar amounts, Hence it is obvious that analysis
of the di-U-methyl-D-;lucose fraction can only be of limited
value in characterising the inter-chain linkages.,

Halsall, tirst, Jones and Roudler suggested that
periodate oxidation could be used for the identification of
inter=-chiain linkages (56). 'he normal reaction of the periodate
ion is the oxidative scission of a=-glycol groups (See also
Section II): when there are three hydroxyl groups on contiguous
carbon atous, as occurs in non-reducin:; termiral residues, the
carbon atom in the centre is eliminated as formic scid (Fig. III)
In glycogen, all glucose residues except those linked through
Cg or Cg, will be oxidised by periodate, and on hydrolysis of

the oxo-glycogen, will yield a dialdehyde, If branciing were
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at either 02 or C the branch point residue would not be attacked,

39
end, on hydrolysis of the oxo-glycogen, free glucose should be
obtained,

Several groupe of workers have examined the acid
hydrolysates of periodate-oxidised glycogens. Gibbons and
Boissonas used paper chromatography, and obtained a very smell
quantity of glucose; they ectimated that 97 to 989 of the
inter-chain lirnkages were 1:6 (57),. Abdel=-Akher, Hamilton,
Montgomery and Smith Tirst reduced the aldehyde groups of 0oXo=
glycogen and hydrolysed the resulting polyalecohol (58), They
obtained 14 of gzlucosae, and postulated that & pumber of 1:3
linkages wers present. Bell and lMenners, in 1954, suggested
that the small quantities of glucose obtained by previous workers,
could be due to incomplete periodate oxidetion of the glycogen
(59). They oxidised four samples of glycogen with saturated
potassium periodate at 15° to 20° for 40 to 50 days, hydrolysed
the products, and examined the hydrolysates for glucose, In
three cases no glucose was detected; in the fourth, the amount of
glucose obtained corresponded to less than 179 of the inter-chain
linkages being situated at C, oT 03.

Carlgvist also showed thet on periodate oxidetion of
glycogen or p=dextrin, the uptake of periodate wes slightly more
than one mole per anhydro glucose residue (60C), This indicated
that the ma jority of inter-chain linkages were 1:6, & 4

branching were at C, or C then an uptake of exactly one mole

2 3



of periodate per anhydro glucose unit would be expected,

Yolfrom and colleagues further proved the existence of
1:6 linka es in glycogen (61), From & partial acid hydrolysate
of rabbit liver glycogen they obtained isomaltose (6=(-a-D-
glucopyranosyl=i=;lucose) which was isolated as the crystelline
octaacetate, This also indicated the configuration of the 1:6

lirnkage to be a .

5. A comparison between zlvcogen end starch,

Glycogen 1s closely related tc starch, a polysaccharide
found in many photosynthetic plants; both play the same functioral
role in their respective organisme, acting as resorves of carbo-
hydrate, £tarch 1s a glucosan and contalns two components,
amylose and amylopectin, in both of which the me jority of glucose
residues are united by a-1:4 linkages,

Most starches contain aprroximately £07 of amylose,
but in certain waxy starches, e.,g., maize and sorghum, the amylose
content is only 1 to 27; for most purposes these waxy starches
may be regarded es pure amylopectins, By contrast, the amylose
content of wrinkled pea starch is 667 (62), Laylose 1s only
partially soluble in water but dissolves in allkmli, the neutralised
solution staining blue on addition of iodine, The molecules
are long linear chaeins, each composed of up to 3,000 a=1l:4
linked glucose residues, Recent woric has shown thet s very
small degree of branching mey occur in some sanmples of amylose

(63).



Most amylopectins dissolve slowly irn boiling vater and
are readily solubls in alkali, A red-purple colour is obteined
with iodine, Like glycogens, amylopectins are branched macro-
molecules, but end group assay has showh that the chain lengths
range from 20 to 30 glucose units. Both the Taworth "laminatedn
strueture, and the leyer "tree" structure, have been suggested
for amylopectin, However, es in the case of glycogen, the Meyer
formula appears more correct, and recent work has pointed to a

method of calculating the retic of A-cheins to B-chains (64).

6. The aim of the present work.

Frevious studies have indiceted that glycogens are
branched q~l:4=-glucosans, but that all samples are not identical
in properties or structure; this variation occurs even with
specimens obtained from different individuals of the same speciles,
For example, rabbit liver glycogen may have average chaln lengths
of 12 to 18 glucose residues, whilst invertebrate glycogens may
vary in everage chein length from 7 to 18 glucose residues,

In the present work a more detailed study of the mole=-
cular structure of a number of glycogens obteired from various
vetebrate and invertebrate organisms has been undertaken, Tt has
been pointed out that chemicel methods have & limited application
in studying the molecular structure of gzlycogens, However, by the
use of enzymes of known action pattern, controlled break-down of
the glycogen molecules ocan be effected, Since the extent of

degradetion of the substrate is related to its molecular structure,



enzymic degradation studies provide & method of structural analysis,
For example, from the extent of degradation of glycogens by B=
amylase the relstive positions of the brench points in the unit
chains have been calculated,

Glycogens have mul tiply-branched structures (65,66,67}
end most worikers have assumed that all specimens contain equsl
numbers of A- and B-chains, In view of the vearistion in degree
of branching, it seems more likely that the ratio of A-chains
to B-chains (the degree of multiple branching) will also vary,

A uwethod for the approximete determination of this ratio hes
accordingly been devised, and the degrees of multiple branching
of severel glycogens have been compsred,

The enzymlc degradetion of zlycozens by a-enylase and
potato phosphorylase hes also been studied, The former causes
random scission of a~li4-glucosidic linkages in both exterior and
interiocr chains of the glycoéen molecule; the relation between
thie degree of branching and the extent of o=-amylolysis has been
investigated,

The action pattern of potato phosphorylase towards
branched polyglucosans is less well defined; glycogens of known
chain length, exterior chain length and iB (ratio of A-chains %o
B-chains) were therefore submitted to the action of potato
phosphorylase in ap attempt to gain a more precise knowledge of
the action pattern of the enzyme,

In a number of ceses, similar experiments were cerried

out with the related a-l:4-glucosan, emylopectin,



The work which has been undertaken may be summerised

briefly as follows:

Section II, The use of chemieal methods, including end group assay

by pericdete oxidation, in studying the struecture of glycogens,

Section ITI, Degredation of glycogens by p~amylase, and caleulation

of the relative lengths of exterior end interior chains,

Section IV, Degradation of glycogens by g-amylase,

Section V, An esttempt to determine the action pattern of potato
phosphorylase by rhosphorolysis of glycogens and emylopeetins,

Section VI. Degradation of glycogens by muscle phosphorylase,

ard calculation of the degree of multiple branching from this data

and that from Section IIT.
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SECTION II.

THE STUDY CF GLYCOGENS BY CHREMICAL MSTHODS.

In the course of this work, several specimens of glycogen
were extracted from animal tissues, Before attempting to study
their molecular structure by enzymic tecliniques, certain preliminary
observations were made by chemical methods. It was thus shown that
the glycogens were pure and that glucose was the only sugar obtained
on acid hydrolysis, The absorption spectra of the iodine complexes,
and the specific rotations, were measured, and end group assays

carried out by potessium periodate oxidation,

A, Isolation of ~lycogens.

Discussion of methods,

Previous discussion (Page 1-3) has shown that the ease of
extraction of glycogen from animal tissues is dependent on the extent
of binding of the native glycogen by proteins., IMethods of extractiem
may therefore be divided into two classes by which (a) "easily
extractable" glycogen, (b) "difficulty extractable" glycogen, is
removed from the tissue,

(a) "Basily extractable" glycogen is that fraction of the total
glycogen which is readily soluble in water; it is therefore obtailned
by boiling the minced tissue in water for & short time, The re=

sulting solution of gzlycogen is conteminated with proteins, which



are most commonly removed by precipitation, in the cold, with either
trichloracetic acid (30), or pieric amcid (4). The glycogen is then
precipitated by the addition of one to two volumes of alcohol,

L veriation of this procedure consists in extracting the
tissue with cold dilute (ea 10%) trichloracetic acid (68),

Glycogen is recovered from the trichloraéetic acld extract by
alecohol precipitation.

(b) "Difficultly extractable™ glycogen is more firmly bound to

the tissue proteins, Methods of extracting it depend on complete
solubilisation of the tissue, which is normally effected by boiling
with 307 aqueous potassium hydroxide for several hours, & method
first suggested by Bernard (69), and later used by ¥lliger (22),
Crude glycogen is then obtained by esddition of one to two volumes
of elecohol to the alkaline solution,

It hes been suggested that exposure of glycogen to hot,
strong alksli causes degradation of the wmolecule (23), In order
to avoid any possibility of this, leyer extracted the tissue with
337 aqueous chloral hydrate for one hour at 80° and pH 6 = 7, and
thus obteined the "difficultly extractable™ glycosen,

Various workers, however, consider that alkali treatment
does not degrede the glycogen molecule, Bell and Young reported
thet elkali-extracted glycogen had & higher ash econtent than
aqueous=-extrected glycogen, but that the polysaccharide was not
chemically affected by treatment with alkeli (30), In & later
investigation, Bell and colleasgues carried out molecular weight
determinations on two samples of rabbit liver glycogen obtained

by elkalle-extraction and aqueous-extraction respectively (34).



Both sawmples had the same moleculsr welght (4 x 106), al though the
alkali-extracted glycogen exhibited a higher degree of poly-
molecularity than the aqueocus-extracted glycogen, They concluded,
however, that "elkeline extraction of the glycogen from its parent
tissue does not effeot very serious degradation™,

Glycogen prepared by any of the sbove methods is normally
contaminated by @& small quantity of inorgenic material, Bell snd
Young found that the ash content of crude glycogen prepcrations
could be substantially reduced by reprecipitating the polysacchaeride
several times from 80f acetic acid, a technique which had first been
used by Claude Bernard in 1877 (30,69).

Another method of freeing glycogen from contaminating
proteins was first introduced by cSevag (70), and subsequently used
by Meyer (23). It consists of shaking the glycogen solution with
chloroform and isocamyl alcohol for several hours, The proteins
form a gel with the orgeanie solvents, end can be separated from
the aqueous sclution of glycogen by centrifugation, Repetition
of this procedure several times and subsequent alcohol precipita-

tion of the glycogsn, pives e product almost free from ash,

Txperimental.

During the course of this work six samples of glycogen
have been prepared, The author wishes to record her thanks to
Dr. D, J. Bell, who kindly supplied cock liver tissue, and to

Dr, G. R, Tristram, who made availaeble tissues of skate liver,

Mytilus edulils, Cerdium, and Arenicola.
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Cn removel from the organism, the livers were immediately
plunged into boiling water to stop glycogenolysis, The - tissues
of the invertebrate animals were similerly treated, In nost cases
this water was drained off; welghts of wet tissue which were
received are reported in Table III.

The skate liver and lug worm glycogens were subsequently
extracted by the Pflﬁgpr technique (llethod A); the remsining
samples were obtained by aqueous-extraction (lMethod B), In all
cases the crude glycogens were purified by acetic acid precipitation
(30). Details of these methods are as follows:

Method A.

The solid tissues were heated with an equal volume of
307 aqueous potassium hydroxide for three lours, during which time
the tissue became completely solubilised, After cooling, the
fat which had risen to the surface and solidified wae removed,

On addition of one and a half volumes of aleohol the glycogen
precipitated as a black solid, This material was resuspended in
30% aqueous potassium hydroxide and heated for half an hour,

The mixture was ccoled, an equal volume of water was added, and
insoluble material was removed by centrifugation, The glycogen
was reprecipitated by the addition of one and:half volumes of
alcohol, snd when necessary was hardened by trituration with more
alecohol,

The crude glycogen was dissolved in water &nd rep-
recipitated by edding four volumes of glacial scetic acid, This

procedure was repeated three or four times, insoluble material
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being removed when necessary by filtering through keiselguhr,
The pure glycogen was then freed from traces of acetic acid by
reprecipitating six tiwes with 667 ethanol, with the last two
or three alcohol precipitations it was necessary to c¢dd & trace
of electrolyte in the form of anmonium acetate, to facilltate
floculation of the glycogen, The final precipitate was washed
once with 90% elcohol, twice with absclute alecohol, twice with
ether, and dried over phosphorus pentoxide in vacuo, Yields
obtained at this stage, without further drying, are given in
Table III.

llethod B.

The tissues were minced, an equal volume of water added,
and the mixture boiled for five to ten minutes, The 1liquid
extracet was filtered through muslin and the residue, after grinding
with sand, was re-extracted with an equal volume of water, The
combined extracts, the pH of which was 7 - 8, were acidified
with acetic acid, then saturated with solid pieric acid to
precipitate the proteins, After filtrastion through a layer of
celite and centrifugetion, the glycogen was precipitated by the
addition of 1,1 to 1.4 volumes of aleohol,

The erude glycogen was further purified by acetic acld
precipitation e¢s detailed in lethod A,

Other glycogen samples.

Glycogens from lytilus edulis IX end X were prepared by

Dr. G. ?. Tristram, The remeinder of the glycogen samples used

in this work were kindly supplied by Dr, D, J, Manners,
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TABLE III.

Extraction of glycogens,

Wt.of wet|Method of| Wt.of glycogen|Apparent
glycogen
Socurce of glycogen tissue, |extraction obtained. content
¢ of tissue
(&) (g.) (#)
Coeck liver 324 B 0.83 0.3
skate liver 471 A 6.94 1.5
Mytilus edulis
VII 218 B 3447 1,6
Mytilus edulis
VIil 274 B 2,38 0.9
Cardium 173 B 1,91 1.1
Arenicola - A 0.67 -

Roman numerals refer to different samples of glycogen

from the same blological source,
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B, Properties of glycogens.

1) Identification of the consituent sugar as glucose by paper

ohromatographx.

Glycogen, in 0,1 concentration, was hydrolysed in
1,5 N sulphuriec scid for 2 hours at 100°. The solution was
neutralised (barium carbonate), concentrated in vacuo, end analysed
by paper chromatography.

Deseending chromatograms were carried out at room temp=-
erature with Whatmen o, 1 paper, They were irrigated with benzene-
pyridine~butancl-water (1:%5:5:3) and developed by means of a silver
nitrate « sodium hydroxide reagent (71).

Zight glycozene (from cock liver, skate liver,

Mytilus edulis VII, Mytilus edulils VIII, Mytilus edulis IX,

Mytilus edulis X, Cardium and Arenicola) were submitted to this

technique; in all cases glucose was the only sugsr detected,

2) Determination of purity by estimation of the glucose content.

The purity of glycozen samples can be determined by sub-
jeeting them to acid hydrolysis and estimating the glucose which
is formed,

It has been found, however, that glucose is itself slowly
destroyed when it is heated in &cid solution, Hydrolysis of starch
by acids was studied by Pirt and Whelan who found that sulphuric
acid caused less destruction of gzlucose than did hydroochloric acid,

and that lose of glucose was at & minimum when starch, in 0,19
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concentration, was hydrolysed in 1,5 N sulphuric acid for 2 hours at
100° (72). Their conditions have been used for hydrolysing
several samples of glycogen including those whose isolation is

reported in Section II, A.

Txperimental.

a) Analysis of zlucose.

Glucose was estimated using the Shaffer-~Somogpgi reagent
60, as modified by Hanes and Cattle, with a heating time of 15
minutes (73, 74). The reasgent was sensitive to weights of slucose
between C,2 and 2,5 mg, in a total volume of 5§ ml, It was
calibrated against pure glucose; & straight line graph was obtained
when weigzhts of gluccse were plotted against titre (ml, 0.01 N
sodium thiosulphate),

b) Hydrolysis of glycogen,

Glycogen waes dried in vecuco over phosphorus pentoxide for
4 hours at 1000. Ca 20 mg,, accurately weighed, was dissolved
in water (10 ml,) To an aliquot (4 ml,) of this solution, 3 N
sulphuric acid (4 ml,) was added, and the acid solution heated in
a boiling water bath for 2 hours, After cooling, it was made
faintly alkaline with 5 N sodium hydroxide, using phenolphthalein
es indicaetor; tho pH wes then brought to the acid side of
neutrality by adding 2 N sulphuric acid (1 or 2 drops). The

volume was made up to 25 ml, and the glucose content of aliquots
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(2x3 ml,) of this solution was determined. From this figure,
and the original weight of the glycogen sample, the percentage
purity of the glycogen could be calculated, The results are
reported in Table IV,

In @ control experiment, an aliquot (4 ml,) of glucose
solution (ca 2 mg,/ml,) was heated with acid under conditions
identical to those used for the hydrolysis of glycogens, A
second eliquot was treated with ecid, but was not heated,
Testimation of the glucose content of both phese solutions
indicated that virtuelly no loss of glucose occured when a (0,17
solution was treated with 1,5 I sulphuriec acid for 2 hours at

100°,

Discussion,

In seven ceses out of the eight which are detailed in
Table IV, the weight of glucose obtained by acid hydrolysis of
glycogen is equivalent to 949 or more of the dry weight of the
polysaccharide, In view of the feet that the experimental error
in this technique may be of the order of 29, these seven glycogens
are considered to be virtually pure, If larger quantities of
meterial had been sveilable, the percentage content of nitrogen,
phosphorus and total ash would have been determined. However,
since these experiments would require ca 0.5 g, of glycogen, and
as the results obtained by acid hydrolysis were satisfactory, it
was thought desirable to preserve the material for more important

experiments,



Mytilus edulis X glycogen has an apparent anhydro-glucose

content of 8989, Insufficient material waes aveilable for a det-
ermiration of ash content, but by analogy with the results obtained
for the other seven glycogens of the series it was assumed that

the ash content of liytilus edulis X glycogen must be of the order

of 79. In subsequent experiments calculations are based on the

assumption that liytilus edulls X glycogen hes an anhydro-glucose

content of 937,

TABLE IV,

Anhydro-glucose content of glvcogens.

fit. 0of glycogen Wt, of glucose Anhydro -
Source of glycogen, analysed, produced, glucose
_ Content,
(mg, ) (mg.) %
Cock liver 20.8 23,1 160
Skate liver 21,0 22,7 97
Mytilus edulis VII 19,9 21,0 95
Mytilus edulis VIII 21,5 23,1 98
Mytilus edulis X 20.0 19.8 89
Cardium 20.4 21,2 94
Arenicola Rl,3 22,7 96
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3) Measurement of the specific rotation,

Solutions of glycogen (dried in vecuo over phosphorus
pentoxide for 4 hours at 1000} (concentration ca 0.29) were
prepared, and rotations were measured in a 2 dm, pelarimeter tube,
As certain glycogen solutions of this concentraticn were too
turbid to allow accuyrate polasrimeter readings to be obtained, the
concentration vas decreased, The experimental details and results

are summarised in Table V.

TABLY. 1V,

Specifiec rotations of glycogens,

Source Concentration, Observed Specific

of glyecogen, (%) rotation, rotetion,
(® *
Rabbit liver V 0.224 0.88 196
Coeck liver 0.,0315 0.12 191
Skate liver 0.214 O.84 196
Mytilus edulis VII 0.202 0.81 200
Mytilus edulis VIII C.211 0.82 194
Mytilus edulis IX 0.202 0.79 196
Mytilus edulis X 0.186 C.74 199
Cerdium 0.102 0.41 201
Arenicola 0,195 0,78 200




Discussion.

Since the observed rotations may be in error by 0.010,
the cglculated specific rotations of most of the glycogens are
accurate only to within £ 3°, In the case of coek liver and
Cardium glycogens C.27 solutions were too opaleseent for pole
arimetric observation end hed to be diluted further, The
probable error in these speeific rotations is therefore proportion-
ately greafer,

The specific rotations of the nine glycogzens vary from
191° to 201° and are therefore similar to those reported in the
" literature for other glycogens, The specific rotetion of a
polysaccharide 1s not closely related to other chemiecal and
physical properties, and the values are interpreted as indicating
the presence of a high proportion of a=glucosidiec linkagzes,

A depermination of the molecular weigzht of cock liver
glycogen would be of interest since the glycogen 1s much less
soluble in water than normal, and the resulting solution is very
turbid; it is suggested thet this glycogen may have an exceptionally

high molecular weight,

4) Iodine staining.

The colours obtained when glycogen solutions are stained
with iodine have been reported to range from pale yellow, through
brown, to violet (See Page 7). These variations in colour are
reflected in differences in the wavelength of meximum absorption,

and in the optical density of the absorption spectra of the
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glycogen -« iodine complexes,

A study of the iodine absorption spectrs of several
glycogens (chiefly from invertebrates) was msde, in an atteupt
to correlate them with known structural features of the poly-

saccharides,

Txperimental .

The method of Peat, Whelan, Hebson and Thomas was used
in measuring the iodine absorption spectras of glycozens (75).
Glycogen solution (2.5 mg.) to which 6 N hydrochloric acid
(1 drop) was edded, was stained with iodine « potessium iodide
solution (0.2 iodine, 2¢ potassium lodide; 2,5 ml,) in 2 total
volume of 25 ml, Values of the optical density (log I/I,) over
the waveleﬁgéh range 390 to 500 mp were determined, with a
Unicam spectrophotometer (Model S,P.500) end 1 em, cells,
Todine = potassium iodide solution (0.02% iodine, 0,27 potassium
iodide) was used as a blank.

The iodine absorption speetra (420 to 700 mp) of two
amylopectins were measured in & similar way,

The wavelengths of meximum absorption ( hmax.) end the
corresponding maximum velues of the optical density of nine
zlycogens and two amylopectins are recorded in Table VI.

Details of the spectra are shown in Figs, IV and V.
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TABLF VI.

Data from iodine sbsorption spectra of polysaccharides,

Source of polysaccharide, lmax. Maximum optical density.
(mpu)

Glycogens
Rebbit liver 450 0,339
Coek liver a) 430 0.149

b) 440 0.134

Skate liver 420 0.207
Mytilus edulis VIIX 420 8,271
Mytilus edulis VITI 420 0.181
Mytilue edulis IX 430 0.170
Mytilus edulis X 420 0.146
Cardium 415=420 0.072
Arenicola 420 0.167

Amylopectins
Waxy maize 530 0.982
Rumen protozoa 8530 1.28

a) Uncorrected for the effect of light scattering.

b) Corrected for the effect of light scattering.




Discussion.

It wes possible that light scattering by the glycogen
solutions might affect the shape and ?hax. of the absorption
spe ctre of the iodine complexes, The light avsorption (390 to
500 mp) of glycogen solutions (0,01%) was therefore measured,
water serving as a blank, For the me jority of glycogens the
effect of light scattering was negligible; with the very
opalescent cock liver glycogen, however, it was appreciable,
and in Fig, IV, two iodine absorption curves are shown for coeck
liver glycogen: (a) uncorrected, and (b) corrected for the effect
of light scattering,

The difference between the iodine absorption speectrs of
slyecogens and those of amylopectins 1s very merked, In this
study, the 7hmx. values of glycogens varied from 420 to 450 mu,
and the optical density was never greater than 0.34 (rabbit liver
V glycogen ). By contrast, for both amylopectins the lmax.
value wes 530 mp, while an optical density of 1.28 was atteined
(emylopectin from rumen protozoa), Thus, the complexes formed
between iodine and asmylopectins gpt only absorb at a higher wave~
length then do the corresponding conmplexes of glycogens, but they
absorb much more strongly. It was thought that this difference
might be due to the longer average exterior chain length of
amylopectins, but recent work by kr, I. D, Fleming in this
laboratory has shown thaet the iocdine complex of a p-dextrin of
waxy mailze starch, has the same Rmax as the iodine complex of

the parent amylopectin, The interior chains of the p-dextrin
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molecule must therefore be involved in complex formation with
iodine; this is not unexpected since the average interior chain
length is of the order of 8 glucose residues, Herein may lie
the difference between the interaction of amylepectins and
glycogens with 1odine, since binding or absorption of iodine by
the shorter interior chains of glycogens would be unlikely to
ceeur,

The iodine absorption spectra of individual glycogens
differ considerably; the wavelength of maximum ebsorption and the
opticel density of the iodine complexes appear %o be dependent,
not upon the chain length or the exterior chain length of the
glycogzen, but upon its source, Frevious workers have reported
that the colour orf the 1odiﬁe complex formed with some invertebrate

glycogens (e,z, from Mytilus edulis and Helix pomatie) and with

fish liver glycogens, is yellowish, whereas a red=brown colour is
obtained with mammalian glycogens. Similer results were noted

here:; lower values for both A and optiecal density were found

max,
with invertebrate glycogens (Mytilus edulis, Cerdium end Arenicola),

cocic liver glycouzen and skate liver glycogen than with rabbit
liver glycozen, These differences cannot be correlated with
known structural features (chain length, peamylolyeis limit) of
the glycogzens, Thus, on couparing the data of Flg. IV with that
given in Table XI (Pace 77), it is seen that rabbit liver V

glycopen differs 1ittle from Mytilus edulils X glycozen in either

chein len:th or exterior c¢hain length, although the lack of

similerity in their iodine absorption sp=etre 1s striking.
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Moreover, tytilus edulis X glycoszen has a higher chain length

and exterior chain length (Table XI) then Mytilus edulis IX

glycogen, yet the iodine complex of the former has a slightly

lower A

mex., and corresgponding optical density,

Cockle glycogen snowed much lower optical density values
than the other invertebrate glycogens, This is possibly because
a small proportion only, of the exterior chains (average length
3 to 4 glucose units; see Table XI) are long enough to teke part
in complex foruetion,

It is noticeable that the shape of the icdine absorption
curves veries, and that, in genafal, sharper peaks are found on
those curves where‘maximum absorption occurs at lower wavelengths,
Further work, however, is required before any significance can be
attached to this observation,

To summarise, it may bs stated that the wavelength of
maximum absorption of the iodine complexes of invertebrate
glyecozens 1s lower than that of mamwalian glycogens and that fish
liver end bird liver glycogens resemble invertebrate glycogens,
(Observations mede by Mr, I. G, Jones in this laboratory show that
other mammalien glycorens have similar spectrs to that reported
for rabbit liver V glycogen). The iodine ebsorption spectra of
glycogenslcannot be related to their known structural rfeatures,
although it is noted thet amylopectins, whleh have lonzer chain
lengths, exhibit maximum absorption at higher wavelengths; in

general the optical density inereases with the lmax



C. End group assay by periodate oxidation,

Introduction.

1, Oxidative reactions of periocdate,

Compounds conteirning an a=-glycol grouping are oxidised

by periodic @cid and its selts with the formation of & di-aldehydie

structure,

R R

| |
CHCH CHO
| _

CHOH CHO
I |

R R

When three viclinal hydroxyl groups are present, two moles of

periodate are consumed, the centrel group being released as formic

acid,
R R
I |
CHOH CHO
I
CHOH 4 HCOOH
|
CHOH CHO
| I
R R

Moreover, when & hydroxyl group 1s edjecent to a primary salcohol

group, formaldehyde is produced,

CHgOH HCHO

|

lcHoH —_ CHO
I

R R

Molaprade waes the first to apply periodic acid oxidation

tc the study of carbohydrates (76). He oxidised sugar alcohols
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of the general structure GHzoﬁ.(ZHOH)n.CHEOH, and confirmed that
they reacted according to the equations deteiled in the preceeding
paragraph, (n+1l) loles of periodete were consumed with the
production of two moles of formaldehyde and p moles of formic
acid,

Feriodate oxidation techniques have found wide application
in structural studies in carbohydrate chemistry (77,783,79).
Jeckson and Hudson showed that periodic acid would react with
carbohydrate molecules wi.ioh were stabilised in the ring formation:
a= end p=methyl glucosides (and other methyl glycosides) were
oxidised yielding one wole of a dialdenydic compound together
with one mole of formic ecid, This work suggested thet periodate
oxidation could be used as & means of end group assay of 1:4-1;nked
glucosans, Taoch glucopyranose radicel at an intermediate position
in the polymer chain has an a-glycol group at carbon atoms 2 and 3,
and will corsume one mole of periodate with the formation of a
dialdehyde (Fig,III a&,b)., HNon-reducing terminal redicsls have
free hydroxyl groups on carbon atoms 2,3 and 4, and will react
with two moles of pericdate, one mole of formiec acid being 1ib-
erated (Fig. II1I e). Measurement of the amount of formie seild
released on periodate oxidation of branched glucopolysaccharides
such as glycogen, should provide an accurate means of end group
assay. Uwing to the size of the molecule and the high degree of
branching, the resetion of the periocdate ion with the single re-
duecl: g group (which can give three or more umoles of formic aecid)

mey be neglected,



2, lMet.ods of periodate oxidation of glycogens,

Rarlier workers found that during oxidetion of l:4-
glucosans the periodate uptake was often greater than expected,
en effect which was usually accompanied by incressed liberation
of formic scid end formaldehyde, end which hes been ternmed "over-
oxidetion" (80). TBefore quantitetive studies on polysaccharides
could be attempted, conditions which would avoid over-oxidation
had to be devised, With this end in view, Hirst and coworkers
to whom the idea of using periodate oxidati -n ss 2 method of end
group assay must be credited, carried out mode)! experiments with
methyl pyrancsides of various hexoees snd pentoses, and with
methyl biosides (8l1). Oxidation of the methyl glycosides of
monosaccharides with sodium periodate weve the expected results,
However, when this technique wes applied to the methyl glycosides
of reducing disaccherides, over-oxidation oeccured. Thus it was
obvious that sodium pericdate oxidation could not be applied to
polyssaccharides,

Cxidation of tlhe same coupounds with potassium periodate
was attempted, This salt is less soluble than sodium periodate,
and was prepared by edding potessium chloride to & soclution of
sodium periodate and glycoside, The bulk of the potassium
periodate precipitated out in the recction mixture, ensuring that
a small though constant gquantity of periodate ion was present,

Al though the rate of the reaction was inevitably decreased the
production of formle acid from g-methyl maltoside ceased after
150 houre at 15°, and the theoreticel quentity of formic acid

was produced from the methyl glycosides of hexopyranoses,
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FIGURE VI.

Periodate oxidation of maltose.
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pentopyranoses, and the reducing disaccherides, provided that the
final concentration of formic acid in the reaction mixture was

kept low (ca 10 mg,/ml,). Using these conuit'ons end . roup assays
of various polysaccherides gave results which agreed fairly well
with those obeined from methylation studies (46,82),

Bell snd manners, in 19528, reported thet on oxidation
of glyecoyens with potessium periodate, production of formic scid
did not cease witiin 180 hours, and that the values of unit chain
length based on the 150 hour figure, were incorrect (83), They
suggested that the large branched polysaccharide molecule was
oxidised less rapidly than were small molecules such as p=methyl
maltoside, The reaction woe therefore allowed to proceed beyond
150 hours and it was found that after 250 - 300 hours, no further
increase in formic acid concentration occured; oxication was then
oconsidered to bLe complete, and the maximum yield of formiec acld
was used 1n calculation of the unit chain length, These
observations are supported by those of Anderson, Greenwood and
Hirst who examined the potassium periodate oxidation of starches
(84,

Cther methods of periodate oxidation of glucopolysacchar-
ides have been suggested, Fotter and Hassid, in 1948, criticised
the potassium periodate method on the gsrounds tnat it was too
slow (895). They approached the problem of the end group acsay of
polysaccusrides by firet studyins the periodate oxidation of
maltosefheir aim was to find conditions under which maltose would

yield three moles of formic acid (see Fig. vI), end then to apply
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these conditions to the end group assay of polysaccharides,
Fotter and Hassid found that, by carrying out the oxidstion of
mltose with sodium periodate in sodigm chloride solution at 2°,
formic acid produetion was rapid, until, after 2Y hours, the
theoretical value of three moles was reached, However, the
reaction did not stop completely; continued slow preduction of
formic 2cid occured, due to over-oxidatiorn of the reducing end
group, Nevertheless, in experiments in wiich anmylose énd amy=
lopectin were oxidised, the emount of formic ecid produced in 25
hours was used in ocelculetion of the percentage end group,

Schlamowitz applied the Totter 2nd Hasslid sodium
periodate method of end group assay to glycogens, and reported
chain 1ehgth veluss which were consistently higher then those
obtained by other workerg (See Tabla VIT) (86). it 1= suggested
that althouzh the oxidation of meltose night be cpmp1eta in 25
hours, oxidatior of ~lyco-en would proceed more slowly, and only
part of the maximum theoreticel yield of formlc acid would be
released in that time, The error involved in basing calculations
on the £5 hour figure would be zreater thar that arising from
overQOKidation of the single reducing group. Moreover, recent
experiments by Archibaeld and !enners have shown that sodium
periodate oxidetion of maltose by the method of Totter and Hassid
is slower than claimed by these authors; less than 2,5 moles of
formie acid are released in 25 hours (87),

Meyer and Nathgeb studied the periodate oxidation of
both simple sugars and glucopolysaccharides (88), They found

that sodium periodate was & satisfeactory oxident, provided that
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the temperature of the recetion was kept at ¢°, and the PH
between 4,2 and 5,8, Under these conditions the suthors found
that the oxidation of brnnched'glucopolysaccharides such o8 any-
lopectin was complete in 150 - 200 hours,

Results of end group assays on & number of .lycogens
vere published by Abdeleilcher e&nd Smith in 1951 (89). They
claimed thet, with a low concentrstion of sodium periodate and @&
low tempergture, over-oxidation wes avoided; a meximum yield of
formic ecid was obtained in 80 ~ 90 hours at 5 - 6%, although the
liberation of formic acid took 160 - 120 hours when the oxidetion
was carried out ot 0°,

A selection of results obtained by previous workers
who have carried out end group mssays on glycorens are reported
in Table VII,

3. UOver-oxidation,

The term over-oxidstion covers oxidative reactions which
occur subsequent to the straightforward attack on vicinal hydroxyl
groups. For example, on periodate oxidetion of reducing dis-
accherides, such as maltose, the primary product is an ester of
formic aeid. The ester linkage 1s readily hydrolysed, giving
a structure which is s=eir susceptible to periodate oxidation

(See Fig.VI.). The eompound resulting from this oxidative step
"0 H O
has & groupinz of the type - -0 -(- » Where the hydrogen atom

is activated by the p“ésence of the neighbouring cerbonyl groups.
~ayarel workers have postuleted that the setive hydrogen etom is

oxidised to & hydroxyl zroup, thus oreningz the way for a further
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series of normal periodete oxidations (90,91,92,81). The
mechenism of subsequent reacti ons is uncertain (c¢.f,93); the
final produets are formic acid, formaldehyde, and carbon dioxide,

Formic acid &nd formeldehyde &lso undergo slow oxidation
to carbon dioxide and water, farkar, in 1951, studied the
problem of oxidative loss of formic acid, and showed that, in
control mixtures of formic acid and potessium periodate, oxid-
atiorn of formic aecid cccured when it was present in fairly high
concentrations (94). At concentrstiors of K/500 or less, no
loss of forumle acld could be dewmonstrated, Subsequently, Head
and colleagues have studied the effect of light on periodate
oxidation (95,96,97). They conclude that norumel Malapradian
reactions are not noticeebly accelerated by exposure to light,
but thet the rate ol over-oxiaetion, inceluding the further
oxidation of formic acid, is greatly increesed,

It is therefore apparent thet over-oxidation can be
controlled by cerrying out the raction in the dark, and by
keeping both the concentration of periodate in the resction
mixture (81,89), and the concentration of formic acid formed
during the reaction, low, Under these conditions, over-
oxidation of the small percentage of reducing groups present
in the lerge, highly branched glycogen molecule, is negligible.

Furthermore, loss of formic scid does not ocour,
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TABLE VII.

Bnd zroup assay of zlycorens by periodate oxidation,

Source of glycogen, Method of?) chain length, Ref,
oxidetion,

Rebbit liver A 12 89
Rabbit liver A 17 86
Rabbit liver A 21 86
Ox liver A,B 13,12 89
Horee musele °) B 14°) 48
Horse muscle ) B 1) 83
Agecaris lumbricoides B 12 45
Helix pomatia B 7 83
Mytilus edulis B 16 83
Moniezi expensi A,B 12,12 89

a) A, sodium periodate; B, potassium periodate oxidation,

b) Both analyses were carried out on the same specimen of
horse muscle glycogen,

e) OCalculated from 150 hour titre.

d) Calculated from maximum titre,




4, Bstimation of formic acid,

Malaprade, in 1934, made the first attempt to estimate
formic acid produced by periodic scid oxidetion of carbohydretes
{98). He titrated the acidic mixture to the phenolphthelein or
thymolphthalein end point, and eapplied corrections for the periodiec
acid, and iodic aecid which were present,

A similar, but more complex method was suggested by
Khouvine and arragon in 1941 (99). They removed periodic acid
and iodic acid from the reactiocn mixture by precipitation with
barium hydroxide, The Ci1ltrate wes acidified, and steam distilled,
and the steaw volatile formic acid estimated by titration to the
phenolphthalein end point,

Abdel=Akher end ESmith, in 1951, claimed that an iodometric
method for estimstion of formic ecid was most efficient (89),.

After destruetion of the excess periodete in the reaction mixture
by the addition of ethiylene glycol, they sdded potassium iodide
in excess, and messured the smount of jiodine libersted according
to the equation:

10,7 + 517 + 6H" - 3H,0 + 3I,
However, most workers, using sodium or potassium periodate for
oxidation, have founda t.&at destruction of excess periodete with
ethylene 4lycol, followed by straightforward titration of formie
ecid with barium hydroxide or sodium hydroxidr is the most suitable
me thod, Hirst and co-workers titrated to a methyl red endpoint

and their exanple has been followed by seversl others (46,83,100),

although leyer and Rathgeb clained that the pK of this indicator
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was too low for titration of a weak coarboxylie acid, and
preferred to titrate to pH 5,8, using bromocresol purple as
indicator (88),

In 1952, Kerr and Cleveland plotted the curve cobteined
by potentiometric titration of formic acid with barium hydroxide
1101, They showed that the mid-point was at pH 7.1 and stated
that an accurate estimate of formic acid should be obtained by
titreting to pH 7.1. However, lorrison, Kuyper and Orten pointed
out that the potentiometric curve rose steeply from pH 5.5 to
pH 8,C, and cleimed that pure formie acid could be accurately
determined by titrating to eny pif within these limits (102},

They noted, however, that at an slkaline pil, in the presence of
periodste~-oxidised glycogen, other acidic substences were produced,
and that above pH 7, the experimental potentiometric curve no longer
followed the theoretical ocurve for pure formic ecid,

Anderson, Greenwood and Hirst, in 1955, gave a more
detailed asccount of this effect, Fotentiometric titretion curves
of periodate oxidatior mixtures devisted from the theoretical
formic acid curve above pH 6.25 (84). The authors considered
that this was due to acidic substances formed by elkaline hydrole-
ysis of the acetal linkages, and by Cannizzaro type reactions in
which -CHC groups were converted tc -CCOOH, They affirmed that

titre tion of formic acid was complete at pH 6,25,

Txperinental,

"nd group assays have been carried out on a number of

glycogens by the method of Helsall, Hirst and Jones, as modified
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!
by Bell and manners (83,8%),

Reagents,

Reagents of AnalaR grade were used where possible,

Tthylene glycol: Tthylene zlycol was distilled over

s01id potassium hydroxide to eliminate 2ll traces of acid,

Sodium hydroxide: Sodium hydroxide (epproximstely

0.01 N) was prepared, It was rendered carbonate~free by passing
through & column of "Deacidite ¥", in the CH form (103). This
is a strongly basic anionic exchange resin on which divaelent
carborate lons ave preferentielly esd:=orbed,

Periodate oxidation of glycogzens and esnalysis of formic acid produoced

1) Experimental procedure,

Glycogen {20C to 300 mg,.) {dried in vacuo over
phos phorus pentoxide for 4 hours at 100°) wes dissolved in 57
potassium chloride (90 ml,). An eliquot (10 ml.) of this
solution was removed to serve as & blank, To the bulk of the
glycogen solution C,2 M sodium metaperiodate solution (30 ml,)
was added, causing potassium periodate to precipitate out of
solution, The reaction mixture was placed in & brown gless bottle
(to evoid surlight) and gently sheken by mechanicel means,

At suitable time intervals, aliquots (10 ml,) of the
solution were removed, carcbeing taken to include none of the
solid potassium periodate (which settled readily on standing).
Bthylene zlycol (1 ml,) was added, and the solution allowed to
stand for 2C to 3C minutes, to ensure ccuplete destruction of
excess pericdate, The formic acid was then titrated potent-

iometriecally to pH 5,7 with carbonate-~free sodium hydroxide




- 52 =

(0,01 1), contained in a semi-micro burette, The titretion wes
followed by means of a gless electrode, and & Pye mains-operated
pH meter, In order to ersure that no interference from carbonuate
ioens occured, nitrogen was bubbled tarough the solution for 10
minutes prior to commencement of the titration, and throughout

the duration of the titretion.

4 Dblank titration was carried out in order to correct
for traces of escidity ceused by substences other than formic acid,
To an eliquot (10 ml,) of glycogen solution removed before addition
of sodium metaperiodate to the bulk of the reaction mixture,
ethylene glycol (1 ml,) and then 0.Z M sodium metaperiodate
30 x 10/8C = 3,75 ml,) were edded, The solution wmas titrated
to pH 5,7, with carbonate-free sodium hydroxide (0.Cl1 M), The
titre obtained w:s the blank value equivalent to 13,75 ml, of
the reaction mixture., It was therefore multiplied by 10/13,75 =
0,73 to obtain the figure equivaelent to 1C ml, of the reaction
mixture, This blank value, which was normally between 0,00 ml,
and 0,03 ml, was subtracied from the observed formic acid titre,

Aliquots were removed from the reaction mixture after
ea 260 hours, and at 48 or 72 hour intervals thereafter, until
no further increzce in titre was observed, The maximum titre,
corrected for the blank, corresponded to the amount of formie
acid releacsed when periodate oxidation of glycogen was com;lete,
and was tuérefore used in calculeting the unit chain length of
the glycosen., Forually the meximum titre wae attained between

26C and 300 hours after the commencement of the resction,



2, AL typical experiment: end grcoup assay of Nytilus edulis VII

glycogen,

Glycogen (263.5 mg.) was dissolved in potassium

chloride soluticn (8¢ ; 90 ml,). An aliquot (10 ml,) was
removed for the blenk; sodium metaprriodate solution (0.2 17
3C ml.,) was then added, The reaction mixture therefore contained
234,22 mg, of glycogen in 110 ml, i.e, the concentration of
glycogen in the resction mixture wes 21.29 mg, /10 ml,

Titrations were carried out with 0,01177 N sodium

hydroxide solution,

Results. Rlank, Titre,
0.01 ial.
RNeagtion, Tire. mTi{tre, (corrected for

blank)
264 hr, 0.84 ml,

356 hr, C.86 ml,

The increase in titre between 264 hours and 336 hours was
negligible, It was therefore concluded that periodate oxidation
of the glycouen was complete, and these titration figures were
used to calculete the sverage chain length of the glycogen,

3. Calculstion of results,

One molecule of formic scid is released from each unit
chain in the glycosen molecule, fesunins that esch chain comprises
en average number of n gluccse residues, 46 mg. (the mg, equivalent
weight) of formie scid will be obteined from [179 + (n=-2)16% + 145

mg, of :=lycocen, i,e2, from (162n) mgz, of glycogen,
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mxperimentally, the welght of formic aoid which 1s
relecsed from & known welght of slycogen is obtalned from the
sodium hydroxide titre; 1 ml, of C,01 N sodium hyarcxide bveing
equivalent to (.46 mg., of formic secid, e,g., the weight of formic

aoid relecased by 21.29 mg, of Mytilus edulls VII glycogen is

0,46 x 0,86 x 0.01177 mg.
0.C1

By proportion, therefore, n « 81,29 x 46 x 0,01
0.46 x 0,86 x 0.01177 x 162

w 13,0 glucose residues,

i.e., Mytilus edulis VII glycogen has an average chain length of

13 gluecose residues,

Using the titre of v,84 ml, (0.C1177 N sodium hydroxide)
obteined after 264 hours, the chain length value 1is 13,3 glucose
residues: the difference between 13,3 and 13,V is negligible and

vithin the limits of experimentel error,

Results,

b 1]

"nd ;roup assays were carried out on & number of

glyeogens, and the results obteined are summerised in table VIII

Discussion,

In none of the experiments reported in Table VIII, did
the congentration of formie¢ acid in the resction mixture reach
the value of 0,002 N above which Jarkar considered that oxidative
loss of formic acid ccoured (94), The highest concentration

attalned was 0.,0016 N (Cardium glyecogen), but in most experiments



TABLT VIII

End group assay of glyeogens by potassium periodate oxidation,

Source of glycogen Chein length
(glucose radicals)
Rebbit liver V 14
Rabbit liver XI 16
Rabbit liver XII 17
Rabbit liver IIII 15
Rabbit muscle II ) 5 1
Human muscle II 11
Cock liver 13
Skate liver 13
Mytilus edulis VI 13
Mytilus edulis VII 13
Mytilus edulis VIII 13
Mytilus edulis IX 1¢
Mytilus edulis X 14
Cardium 8
Arenicola 11

the figure was sppreciably lower, Moreover, access of sun light

to the reaction uixture was prevented, It was therefore con=-



sidered that conditions were such that over-oxidation of formie
acid would not take place,

Duplicate experiments carried out on several glycogens
showed that the results were accurate to within 2one glucose unit,
Periodate oxidation ss a method of end group assay is therefore
fully as reliable as the methyletion technique, &nd in addition
to bein; more convenient, requires much smaller quantities of
material,

Titrations were carried out to pH 5.7. As this point
lay on the vertical portion of the titratidn curve for pure
formic acid and sodium hydroxide (102), complete neutralisetion
of all the formic acid present was ensured, Anderson,Greenvood
and Hirst suggested that pH 6,25 should be regarded as the end
point of the titration (84); however, cheain length ﬁaluea obteined
by titrating to pilI 625 did not differ significantly from those
obtained by titrating to pH 5.7, The titre differences were
0,01 = 0,03 ml, of 0,01 N sodium hydroxide, equivelent to chain
" length differences of ga 0.3 gluccse residues,

_ The values of the average ohain lengths of 15 spaeimané
of glycogen are reported in Teble VIIT. They vary from 8 to 17
glucose residues, although the ma jority are within the range of
10 to 14 glucose residues; the same order of distribution 6f
results has been-found previously (See Table VII; page 48),

The glycogen of Cardium is particularly interesting
in that it has a very short chain length, Its structure will

be discussed in greater detail in Section III,
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The four specimens of rabbit liver glycogen examined
during the ocourse of this work all have chain lengths higher
than the wore usual value of 12, The occurence of 1l8-unit
rabbit liver glycogens has, however, been occasionally reported
(52,41,42). It may therefore be considered thet, although a
chain length value of ca 12 for rabbit liver glycogen is most
commonly found, values between 12 and 18 are by no means
abnormal ,

Several specimens of glycogen from lytilus edulis

have been examined, end agein variations én the average chain
length have been found, This study of both rabbit liver and

Mytilus edulis glycorsens emphasises the fact that normal

glycogens from a particular species may vary in chain length
from one specimen to another, and thus, that the structure of

glycogen is not constant even within a species,



SECTION IITI

B=AlYI.OLYSIS CF GLYCOGRENS.,

Introduction,

p=Amylese occurs in germinated and ungerminated cereal
graiﬁs such as barley, rye end wheat, and in other higher plants
e.5. sweet potatoes and soye beansy it has not been found in aniual
tissues,

Thiis enzyme csusges hydrolytic degradation of starch-
type polyssccharides and related oligosaccharides, Starting
from the non-reducing end of each chain, it catalyses the
hydrolysis of alternate a-=l:4-linkages with the production of
maltose, This maltose initielly has a p-configuration, indicat-
ing that the enzymic reaction involves a Talden inversion, The
enzyme can neither hydrolyse nor bye-pass a=l:6-~glucosidic linkeges,
or other anomalous linkegese which may be present in the substrate,

P=Amylase is en extremely efficient catalyst, with a
turnover number, in terms of glucosidic lirkages hydrolysed per
minute at 30° and pH 4.8 of ca 250,000 (104). Degradation of
the substrale may oceur by either of two mechanisms, involving
a) sinle-chain action, in whiéh one chain of a~1:4-1linked
glucose residues is completely degraded before a second chain
is attacked or b) multi-chain action, in which there 1s random
attack on all chains, Txperimentally it is found that during

pe-amylelysis of amylose, the mechenism is somewhere between
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these two extremes, but that the proportion of multi~chain action
increases as the tewpereture is raised (105, 106).

p=Amylase is inhibited by mercury, copper and silver
ions, and by various other substances ineluding oxidising agents,
The latter act by transforming «SH groups which are essentiel for
enzymic activity, into -3-8« bonds (104),

Certain samples of amylose have been shown to contain
linkages which are not attacked by pg-amylsse, Tarly studies of
the p-amylolysis of amylose indicated that, provided retrograde-
tion was avoided, the molecule was completely degraded to maltose
(107=109). ijore recently, p-amylase preparations of a high
degree of purity, often crystelline, have been used, and it hes
been found that s-amylolysis of amylose ceases when about 70¢
of the molecule has been degraded (63), TFurther work has
shown that amorphous preparations of pg-amylase are contamina ted
with a system of p-glucosidases whieh is removed by subsequent
purification (110), This may indicate that a small percentage
of p=glucosidic linkages is present in the amylose molecule;
whether these are anomalous bonds in the single chein of u~l (4=
linked glucose residues, or points of chain ramificetion, has
not bheen conclusively proved, althouzh on the basis of work by
Kerr and Cleveland, the latter appears more likely (101). These
authors studied the rates of p-amylolysis of various amyloses;
their results indicate that in both potato and tapioca amylose,

a small degree of branching ie present, There has been no

experimental confirmation of the suggestion made by Feat,
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Thomas and Vhelan that single glucose residues are attached to
the main chain b, g=glucosidic linkages (111,112),

p=imylolysis of both amylopectins and glycogens followsﬁ
a similer pattern and is unaffected by the presence of B=glucos-
ideses in the enzyme preparation (63,83), Tnzymic attack on
the exterior chains of both polysaccharides ceases when a branch
point 1s approached; the products of enzyme action are therefore
maltose and a high moleculer weight limit dextrin in which all
the branch points, =nd hence all the interior chains of the
orizinel molecule, are retained, but whose exterior chains are
much reduced in length, p -amylolysie of a branched poly=-
glucosan is represented diagremmatically in Fig. VII. The
extent of p-~amylolysis of amylopectin or ;lycogzen is therefore
dependent on the relative lengthe of exterior and interior
chuiné. By measurement of the p-amylolysis limit of an emy=
lopeetin or glycogen of known average chain length, it is
possible to calculate the average position of the branch point
on the chain, provided that the action pattern of the enzyme as
it approaches a branch point is known,

An indication of the length of the exterior chain stub
of an amylopectin or glycogen p=dextrin may be derived from a
study of the ﬁ-amylolysis of linear g=1:4-glucosans, Mlto=-
tetraose, maltohexsose and higher dextrins conteining an even
number of glucose residues are completely broken down to
maltose, On p-anylolysis of mal topentaose, equimolecular

quantities of maltose asnd meltotriose are produced; higher
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dextrins having an odd number of glucose residues also yield
mixtures of these two sugars, Maltotriose is rot normelly
hydrolysed by p-anmylase, although, when the enzyme is present
in high concentration, some hydrolysis to maltos: end glucose
does occur (113), It is probable that this is due to a
specific maltotriase which is a conteminant of B-amylase
preparations,

When the reducing group of & linear maltodextrin is
modified the pattern of degradation remains unchanged:; it is
found that maltotetraonic acid and maltohexaonic acid yield
the expected quantities of maltose and maltobionic acid (114,
X6 ). It therefore appears that the normel minimum substrate
requirement for p-amylase is a linear chain containing at least
three ¢ ~l:4-gluccsidice linkages,

This conclusion appears to be substantiated by work of
Tosternek (116), He attempted to degrade with pg-amylese,
maltohexaose which was esterified with phosphate on carbon atom
6 of either the fourth or fifth glucose residue from the non-
reducing end of the molecule, but found that no etteck took
place, It may therefore be assumed that not only are three
a=1:4=glucosidic bonds necessary for g-~amylase action, but that
position 6 of the fourth glucose residue must be free,

On the basis of this work, Illingwcrth, lLarner and
Cori concluded that the exterior chain stubs of glycoger and
amylopectin p~dextrins must be either two or three glucose

units in length, dependirgz on whether the original chain
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contained an even or an odd number of glucose residues (117).
They assumed that substitution of carbon atom 6 of the branch
point glucose residue by an A-chain, would have the same effect -
as esterification of the analogous glucose residue in malto-
hexaose, by phosphate, In Fig,VIII the three g=l:4-glucosidic
bonds whioch must be intact before further p-amylolysis can occur,
are marked, A~ and Bechains having either even or odd numbers
of glucose residues are considered,

It should ve pointed out, however, that substitution
by & small, but highly polar, phosphate group, is not necessarily
analogous to substition by a chain of glucose units, Yoreover.
the argument of Cori and colleagues is invalidated 1f the
phosphate group on phosphohexaose is on the fifth glucose unit
from the non-reducing end goup, end not on the fourth as has
been assumed,

Peét and his colleagues have provided &finite evidence
that the A~chain stubs of an amylcpectin pe~dextrin contain either
two or three glucose units (855). When p-dextrin of waiy maize
starch was treated with T=enzyme, which hydrolyses a=1:6 linkages,
maltose and maltotrioss were the only low molecular maltosacchar-
ides obtained, Maltose and meltotriose could have arisen only
from the A-chain stubs, thus proving that g-amylase must have
approached to within two or three glucose units of the branch
peint, loreover, the quentity of maltose and meltotriose was
such that the number of A-chains was far in excess of one per
molecule: this work thus ovrovides zood evidence of multinple

branching in amylopectin,
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—> Attack by p-amylase,
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To summarise, it has been proved that the A-chain stub
of the pedextrin from smylopectin (and hence from glycogen) is
either two or three glucose units in length, and there is tent-
ative evidence that the B-chain stub has a similar size.
Accordingly, it will be assumed thet .the length of the exterior
chain stubs of glycogen S =dextrins is either two or three glucose
units; statistically this gives & figure of 2,5 glucose units.

TBxperimentally p-amylolysis of glycogens 1s found to
reach & limit when about 40 to 50¢ of the molecule has been
degraded (83), The corresponding figures for amylopectins are
50 to 609, From the average chain length, the number of glucose
residues whieh have been removed per chain by pe-amylase, can be
calculated, Addition of 2,5 to this figure gives the average
length of the exterior chains, and hence the average length of
the interior chains can be deduced, Table IX gives & selection
of ﬁ-amyiolysis date which hes been obtained by previous workers,
In the eslculations it is considered that the branch point
residue belongs neither to the interior nor to the exterior chain,

In this type of work it is essential that the p=amylase
be free from enzymic impurities which might sttack a~l:4=-glucos=-
idiec linkages, p =Glucosidases present in amorphous preparations
of E-amylasa are without action on glycogen: degradation with
amorphous or erystalline preparations of pg-amylase gives
identical percentage conversions to maltose, showing that

glycogen contains no p=glucosidic linkages (118),
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TABLY

™

IX

3 =tmylolysis of glveogens.

Source of glycogen.| C.L. | p=amylolysis| Et.Cel.o | Int.C.L. | Nef,
limit,
*=

Rabbit liver 13 43 8 K 7
Rabbit muscle = 12 45 3 83
Horse muscle 11 42 7 3 83
Mussel (Merck) 11 47 7=8 2=3 45
Yeast (Baker's) 12 50 8~9 23 7
Yeast (Brewer'®s) 13 44 8=9 S=4 8
Trichomonas X

foetus 15 60 11=12 =3 31
Corn

(Golden Bantam) 10 48 7=8 1-2 18

%# These glycogens were degraded with crystalline sweet

potato pg-amylase,

In the remaining experiments the enzyme was obtained from

cereal grains,
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a=imylase and maltase, however, affect the course of
p=amylolysis of glycogen, The latter causes the mal tose
produced by action of p-amylase to be hydrolysed to glucose,
thus preventing the exact determination of the p-amylolysis
limit, Meltase hes no effect on the pg-dextrin., On the other
hand, g-amylase causes random scission of both exterior and
interior chains of glycogens, Attack orn the interior cheins
allows further pe-amylolysis to ococur, and the apparent
p=-amylolysis limit is greatly increased, It is obvious that
both a-amylase and meltase must be removed before p-amylase can
be used in structural work,

In the work to be described, p-amylolysis limits of
a large number of glycogens were determined, in order to discover
whether there was any variation in the position of the branch

point on the unit chain,

Experimental,

1, Source of pg-amylase,

Attempts have been mede to prepare p-anmylase from both
rye grains end from sOya beans, In the former case the method
used was that by which Hanes prepared p-amylase from barley (119),
This involved exﬁraction of the finely milled flour with dilute
salt solution, end inaetivation of the ocnfaminating a=amylase
by treetment overnight with aecid (pH 3.4) in the cold, After
neutralisation, the p-amylase was obtained from solution by

alcohol fractionation. This procadure yielded a product which
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was stil) eontaminated with q-amylase; it was concluded that
the o~amylese in rye flour was not completely inactivated by
the overnight acid treatment,

a~Amylase is reported to be absent from soya beans,
but maltgse is & common contaminant of g-emylase from this
source, Soya bean p-amylase was prepared by the method of
Bourne, !Macey and Peat, in which soya bean flour was extracted
with 204 ethanol (120}, A%t this concentration of alcohol,
maltese 1s inactiveated but pg-amylase is not affected, After
overnight extraction, the pe-amylase was precipitated from
solution by reising the alcohol concentration to 807, Two
enzyme preparations were carried out using this wethod, but in
each case p-amylase was contaminated with a slight trace of
meltase, which was not removed by further trestment with 207
ethanol.

A commerecial preparation of pe~amylase from the
Wallerstein laboratories, New York, was then examined, and found
to have & high activity, and to be free of o~amylase and nmaltase,

This preparation was used in the p-amylolysis of glycogens,

2., Generel mcothods used in pg-amylolysis,

a) Preparation of g-amylase solution,

p=Amylase solution was prepared according to Peat,
Pirt and Yhelan (63), The enzyme was dissolved in water, and
an equal voluwe of 0,2 M acetate buffer, pH 4.6 was added,

Only traces of material remained undissolved and were removed



by centrifugation, Tnzyme solutions of various concentrations

wers used,

b)

Anelysis of maltose,

In the pe-anmylolysis experiments, reducing sugars were

estimated using the chaffer-Somogyl reagent 60, as modified by

Henes and Cattle, with 2 heating time of 15 minutes (73,74),

The reagent was suiteable for the determination of between 0,4

and 4,0 mg, of mal tose, in & total volume of 5 ml, A cal=

ibration graph was prepared; weights of maltose were plotted

against titre (ml, of (.01l N sodium thiosulphate),

e)

Precautions against mould contamination.

To prevent the growth of moulds, toluene was used as

an antiseptiec in all digests,

a)

pH,

Je

a)

Control of pH,

Al)l experiments were carried out at pH 4,63 at this

cereal g-amylasass are inactive (121),

GBxemination of p-amylase obtained from "allerstein leborstories,
New York.

Activity of g-amylase,

One unit of setivity of pe-amylase 1s defined as the

weight of enzyme which liberates 1 mg, of maltose when the

following digest is incubated at 35° for 30 minutes (122),

Digest (set up in duplicate),

25 ml, AR soluble starch solution (0.6%)
rehes ted to
3 ml, acetate buffer (0,2 M; pH 4,.6) » 350

2 ml, pe-amylase solutior (0.063 mg./ml.)
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After 30 minutes an aliquot (3 ml,) wes removed from each digest,

end the reducing power determined,

Titre (ml,) Maltose equivalent (mg,)
Digest 4, 2,63 1.49
Digest B, 2.63 1,49

In the entire digest (30 ml,) 14,9 mg, of maltose was liberated
by 0.126 mg, of enzynme, The weight of maltose which would be

liberated by 1 mg, of enzyme was therefore 118 mg.; i.e. 1 mg.

of enzyme powder contained 118 units of pg-amylase,

b) Reducing power of p-amylaese,

A digest wes set up containing only scetate buffer and
enzyune, in order to determine the reducing power of the enzyme,
Digest, 10 ml, distilled water
5 ml, acetate buffer (0.2 Mj; pH 4.6)
1 ml, p-smylase solution (8 mg,/ml,; ca 950 units)
The digest was incubated at 35° and aliquots (3 ml,) were

removed &t intervals for reducing power determination,

Time (hr,) Titre (ml,)
0 0,05

a4 .08

72 0.05

It was conecluded that the enzyme had negligible reducing power,

¢) Maltase activity of p-amylase,

To determine whether or not the enzyme was contaminated
with maltase, it was incubated with maltose,

Digest, 20,9 mg, maltose
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10 ml, distilled water

5 ml, acetate buffer (0,2 M; pH 4,6)

1 ml, pe-amylase solution (8 mg,/ml.; ca 950 units)
The digest was incubated at 350, and aliquots (2 ml,) were

removed at intervals for reducing power determination,

Time (hr,) Titre (ml,)
0 4,82
24 4,82
72 4,79

The reducing power did not increace, It was therefore cone
cluded that the p-amylase had no maltase activity.

d) aeAmylase asctivity of g-amylase,

The presence of g-amylase in the pe-amylase preparation
would cause random scission of the interior chains of amylopectin
B=dextrin, with a resultant decrease in the iodine absorption
value of the polysaccharide, The enzyme was therefore 15-
cubated with p-dextrin of waxy maize starch (1 mg, polyssccharide/
mle3 90 units peamylese/mg., polysaccharide); aliquots (1 ml,)
were removed at intervals for meesurcment of the iodine absorp=-
tion value at 680 mp (1L23), 2ince no significant change in
this property occured within 24 hours, it was concluded that

the B-emylase was not contaminated with a~amylase,

4, _p-Amylolysis of glycogens,

The preparation of p~amylase from the Wallerstein

laboratories, lNew York, which has been shown to be of satisfactorv
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activity and purity, was used in this work, 26 glycogens were
submitted to the action of p-amylase, each experiment being
carried out in duplicate, A typioal experiment is reported

in detail:

a) Composition of digeast and analysis of products,

Before analysis, the glycogen was dried in vacuo,
over phosphorus pentoxide, for 4 hours at 100°.

Digest., 45,2 mg, Mytilus edulis VI glycogen

25 ml, distilled water

25 ml, acetate buffer (0.2 M; pH 4,8)
An aliquot (3 ml,) was removed in order to determine the re-
ducing power of glycogen, P-Amylase sclution (1 ml,; 16 mg,/ml,;
ca 1900 units) was then added. The final digest therefore
contained 42,48 mg, of glycogen in 48 ml,

The digest was incubated at 35°, Aliquots (3 ml,)

were removed at intervals for reducing power determination,
The titres reported have been corrected for the small reducing

power (ca& 0,05 ml, sodium thiosulphate/3 ml, aliquot) due to

glycogen,

Time . Titre. lJlaltose equivalent, Per cent conversion
Tar.) Tmi. ) (mg. ) to meltose,
0.5 1,58 0,88 31

1 1,79 1,01 | 36

2 1,99 1,12 40

% 2,12 1.20 43
24 2,29 120 46

48 2,29 1.89 46
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The course of the reaction is shown in a greph (Fig.IX) in
which the percentage p~amylolysis of glycogen is plotted
against tire,

b) Proof thet enzyme action was complete,

From the graph (Fig.IX) it was apparent that enzyme
action had virtually ceased after 24 hours, That this was
due to the p-emylolysis 1imit of glycogen having been reached,
and not to loss of activity of the enzyme, was demonstrated in
two ways:

1) After 48 hours 1 drop of the digest was added to 2 ml, of
14 stareh solution, Reduci: g sugar waes formed, as shown by
its reaction with Fehling's solution, This wvas evidence that
the enzyme was still active, Controls were carried out with
2 ml, of sterch solution alone, and with 1 drop of digest in

2 ml, of water,

2) After 48 hours, the enzyme concentration in the original
digest was raised to 90 units/mg. of polysaccharide, by
addition of freshly prepared enzyme solution, Further de=~
gradation did nof occur, which indicated that the p-amylolysis
limit had been reached,

c) Chromatographic examination of the products of g-amylolysis,

Thet maltose was the only reducing sugar produced by

the action of pg-amylase on glycogens, was shown chromstogrsphically,
Before sueccessful chromatograms could be run it was

found necessary to remove both residual polyssccheride end in-

organic material from the digest solution, The polysaccharide
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was therefore precipitated from a portion of the enzyme digest,
by the addition of two volumes of alecohol, After centrifugation,
alcohol was removed from the solution by distillation in vacuo
at 400. The agueous solution was then treated alternstely with
IR-4B(CH) and IR=-120(H) ion exchange resirs, to remove rese
pectively acetate and sodium ions, Tinally the neutral
solution was concentrated in vacuo &end spotted on "hatman no,.l
paper, Chromatograms vere irrigated with benzene:pyridine;
butanol :water (1:3:5:3), and developed by means of a silver
nitrate - sodium hydroxide reagent (71).

NOo glucose was detected, The only reducing suger
present was maltose, which showed a terdency to "trail" on
the chromatogram, However, & sample of pure maltose subjected
to the seme experimental techniques behaved similarly, end
it wes therefore concluded that the "trailing"” effect was dwe
to treatment with ion exchange resins, In & control experiment
it was shown that if glucose were precent in the digest, it

would have been detected by this method,

Results.

Under the conditions which have been detailed (Page 71)
namely incubation of digests containing glycogen (ea 1 mg,/ml,)
and p-amylase (ca 40~50 units/mg, of glycogen), buffered to
pH 4,6, at 350, p-amylolysis of glycogens was complete in 24 to
48 hours., The enzyme preparation wes of satisfactory purity and

maltose was the only reducing sugar produced,
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The results of p-amylolysis experiments are detailed

in Table X,
From the average chain lengths and the p-amylolysis
limits of the glycogens, the average exterior and interior chain

lengths were calculated, fhig data is sunmarised in Teble XI.

TABLE X,

B-Amylolysis of glycogens,

Per cent conversion to maltose,
Source of glycogen,
l hr,| 4 hr, | 24 hr, | 48 hr, | 72 hr,

Rabbit liver I a) 18 20 23 - 24
b) 20 28 a5 - 25

Rabbit liver TII a) 41 46 50 51 51
b) 42 46 50 - 52

Rabbit liver IV a) - - 45 48 -
b) - - 45 4t -

Rabbit liver V a) - - 50 51 -
b) - - 50 51 -

Rabbilt liver VI a) 46 49 52 - 54
b) 44 49 52 52 -

Rabbit liver X a) 40 &4 a7 - 49
b) 42 - 50 48 -

Rabbit liver XIT a) - - 42 43 -
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TABLE X {(contd.)

Source of glycogen,

Per cent conversion to maltose,

l hr,| 4 hr, | 24 hr.| 48 hr,| 72 hr,

Rabbit liver XII b) - - 43 ad -~
Rabbit liver XITI a) 39 44 46 = 48
b) a7 41 4.4 - 46
c) 36 - 46 46 -
Cat liver IV a) 45 - 53 52 -
b) 45 - 53 582 -
Cat liver VI a) - - 52 51 -
b) - - 52 53 -
Foetal pig liver a) - - 50 50 -
b) - - 48 48 -

Fcetal sheep liver
(alkali-treated) - - 49 49 -
Rabbit muscle I a) - - 38 38 -
b) - - 39 39 -
Human muscle II a) 30 - 41 39 -
b) 30 - 40 40 -
Cock liver a) - - 39 39 -
b) - - 38 38 -
Skate liver a) - - 43 44 -
b) - - 45 46 -
Mytilus edulis I a) - - 40 41 -
b) - - 41 42 -




ABLT X (eontd,)

Souree of glycogen,

Fer cent conversion to maltose,

l hr. | 4 hr,| 24 hr, | 48 hr, | 72 hr,
Mytilus edulis IV - - 48 51 -
Mytilug edulis Vv a) 28 34 38 - 41
b) 28 34 38 ~- 40
Mytilus edulis VI a) 36 43 46 46 -
b) - - 46 45 "
Mytilus edulis VII a) - - 45 46 -
b) - - 45 46 -
Mytilus edulis VIIT a) - - 44 45 -
b) - - 44 45 -
Mytilus edulis IX a) - - 51 52 -
b) - - 51 51 -
Mytilus edulis X a) - - 43 44 -
b) - ~ 45 46 -
Cardium a) - - 14 14 -
b) - ~ 13 14 -
Arenicola a) - - 43 43 -
b) - - 42 43 -
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Several digests were incubated for more than 72 hours; p-amyloly-

sis limits were as follows:

Rabbit liver X a) : 497 after 96 hours,
Rabbit liver XIII a) : 479 after 96 hours,
Mytilus edulis V a) : 397 after 96 hours,

b) : 409 after 96 hours,

Samples a) and b) of rabbit liver XIII glycogen were obtained by
aqueous extraction of one half of the liver;sample c¢) was obtained
by extraction of the remsinder with potassium hydroxide (e.f.
Section II. A.)

TABLE XI

Calculated

average exterior and interior chain lengths of glycogens,

B=Amylolysis
Source of glycogen,. | C.L. limit, nxt.CLl. | Int.C.L.
Rabbit liver I 15% 25 5=6 6=7
Rabbit liver III 13% 51 9 3
Rebbit liver IV 12% 45 8~9 Bl
Rabbit liver V 14 51 9=10 3=4
Rabbit liver VI 18% 52 12 5
Rabbit liver X 12* 49 8-9 2-3
Rabbit liver XII 1% 43 9-10 6=7
Rebbit liver XIII 15 46 9-10 4=5
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TABL®T XI (contd,)

ind group assays carried out by Dr.

Source of glycogen, | C.L, B-“mgi;igfis mxt.C.,L. | Int.C.L.
cat liver IV 13% 53 9~10 2-3
Cat liver VI 18% 52 89 2=3
Foetal pig liver 11 % 49 8 2
Foetal sheep liver 13% 4 9 3
Rabbit muscle II 11 39 6=7 3=d
Human\muscle II 1l 40 7 3
Coek liver 13 39 7-8 4«5
Skate liver 13 45 8=9 S=4
Mytilus edulis I Ju" 42 7=8 B4
Mytilus edulis IV 18" 51 8=9 2-3
Mytilus edulis V g% 40 6 2
Mytilus edulis VI 13 46 8=9 Gl
Mytilus edulis VII 13 46 8~9 B=4
Hytilus edulis VIII 13 45 8«9 3=4
lytilus edulis IX 1C 51 7=-8 1-2
Mytilus edulis X 14 45 8=9 4-5
Cardium 8 14 Gmd 3=l
Arenicola 11 43 78 2=3
* g Dede thnners and

Co=workers.
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Discussion,

It has been confirmed experimentally (Pages 72-73) that
maltose is the only reducing suger produced when glycogens are
degraded by [ -amylase, Unzyme action was complete within 24 to
48 hours, and of the twenty-six glycogens which were examined,
twenty=-four have pe-amylolysis limits between 39 and 537, i.e, of
the expected order, The two exceptions (rabbit liver I glycogen
and Cardium glycogen) will be discussed later,

B=Amylolysis results provide further evidence that ‘small
structural differences exist between one specimen of glycogen and
ancther, Average exterior and interior chain lengths celculated
as desceribed on Page 64, show that the former varies from 6 to
ca 10 glucose residues, and the latter from ca 1 to ca 7, Although
the sverage exterior chain length is inveriadbly longer than the
average interior chain length, the relative position of the branch
point glucose residue-on the unit chain ie not the same in all
glycogens, Thus, several specimens of glycoszen listed in Table
XI have average chain length values of 13 glucose residues; of
these rabbit liver III glycogen has a g -amylolysis limit of 517,
indicating that the average position of the branch point is et
the tenth glucose residue from the non-reducing end of the chain,
The p-amylolyeis limit of cock liver glycogen ies 39¥, and, in
this case, the branch point 1s, on average, at the eighth or
ninth glucose residue frém the non-reducine end of the chain,

This means that rabbit liver III glycogen and cock liver glycogen

differ in the reletive lengths of their exterior and interior



- 80 =-

chains, although from end group assay, they appear to be of
similar structure,

In any sample of glycogen, a random structure prevails,
and the reported values for chain length, exterior chain length,
and interior chain length are statistical averages of the lengths
of many chains of varying sizes, This is proved by a further
study of p-amylolysis data, p=Amylase is known Yo remove
glucose units, in pairs, as maltose from the non-reducing ends
of chains, However, when pe-amylolysis limits are used to cal-
culate the number of glucose residues reroved per chain, an even
number is seldom obtained, This can be explained if the exterior
chains are of different lengths; although an even number of
glucose residues is in fact removed from eech exterior chain, the
average number removed per chain 1s then not necesserily an even
number, For exauple, since cat liver IV glycogen has & chain
length of 13 glucose residues and a'Bnamylolysis limit of 537,
the number of gluccse residues removed per chain appears tc be
6.9; this must be a statistical average of 4, 6, 8, 1€, 12, etec,
glucese regsidues removed from exterior chains of different lengths,

Rabbit liver I glycogen and Cardium glycogen have
p-amylolysis limits very much lower thar usual, The former has
a norme]l chain length of 13 glucose residues, but only 257 of the
molecule is renoved by p-emylase, This means that the exterior
chains, with an average length of 6 glucose residues, are rather
shorter than normal, while the interior chains also average 6

glucose residues in length and are as long as the interior chains



uBl-

found in a 17- cor 18-unit glycogen, Txplanations for this une
usual structural pattern are merely tentative, It is possible
thet this glycogen had a chain length of about 18 glucose residues,
but that prior to extraction from the animal, active phosphoro=-
lysis resulted in the shortening of the exterior chains,

A eimilar theory could be put forward to acecount for the
short chain length (8 glucose residues), and exterior chain length
of Cardium glycogen, It elso has a very low pg-amylolysis limit
(14%); the averzge interior chain length is therefore the normal
length of 3 to0 4 glucose residues, but the exterior chains (also
averaging 3 to 4 glucose residues in length) are very much shorter
than normal,

The results obtained by degrading glycogens with p-amylase
will be used agalin (Section VI) in calculating the degree of

multiple branching of fthe nolecules,
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SECTION IV,

o =AMYLOLYSIS OF GLYCOCENS,

Introduction,

a=Amylases have been isolated in highly purified, often
crystalline forms from & wide variety of sources, including
mammalien salivary and pancreatic secretions, barley malt, and
several species of bacterie and fungi (124,125), These enzymes
catalyse a random hydrolysis of u=l:4 linkages in starch=-type
polysaccharides and in meltodextrins, and are able to attack both
exterior and interior chains, The initial aotion on polyssaecew
harides is characterised by a rapid decrease in iodine-staining
power, viscosity, and turbidity of the substrate, accompanied by
a slow increase in reducing power, This "dextrinisation" stage,
in which the polysaccharide 1s broken down into a-dextrins each
conteining ca 6 -~ 10 glucose residues, is followed by a "saccharif-
ication" stage in which the reducing power continues to increase
as.the a=dextrins are degraded into progressively smaller oligo-
saccharides, The enzyme is unable to hydrolyse q-1l:6 linkages,

o -Anylases from different sources, which have different
chemical compositions, show some variation in action pettern, It
has been observed that when amylose is degraded by swine pane
ereatic a-amylese, the substrate stains with iodine until 237
of the glucosidic linkages have been hydrolysed, When humen

salivary a~amylese is used, however, the echrolc stage of



hydrolysis is reached when only 159 of the linkages have been
broken (126). Differences in the affinity of the enzymes for
short chain substrates have also been noted; whereas salivary
a-amylase hydrolyses mal tohexaose at practically the same rate
as it hydrolyses starch, with a-amylase from walt, the initial
rate of hydrolysis of stareh is about six times greater than that
of maltohexaose (107),

a=-pAmyleses vaery in their ability to attack terminal
a=~l:4=-glucosidic linkages., Fure selivary g-amylase cannot
hydrolyse such linkeges, and the final products of the salivery
amylolysis of emylose are maltose and maltotriose (127). (The
glucose observed in some sslivary amylolytic digests appearsto
be produced by the action of a meltotriase which 1is also secreted
by the salivary glands), By contrest, glucose is & primary
product of the degradation of amylose by the a-amylases from malt

and Bacillus subtilis, indicating that these enzyme s are able to

attack terminal glucosidice linkages (128),

The action pattern of salivary g-~éumylase has been defined
by Roberts and “helan, who determined the ratio of maltose to
maltotriose produced on complete uramy]olysis of emylose (127);
their results indicated that all susceptible linkages (i,e. all
non-terminal linkeges) were hydrolysed at the same rete, & con-
clusion which has been confirmed by a study of the g-amylolysis
of maltohexaose and other mal todextrins, The products of
salivary oa-amylolysis of amylopectin and rabbit liver glycogen

ircluded, in addtion to maltose and meltotriose, a-dextrins



(D.P,>4) which contained one or more g=-1:;6 linkages, i.e, the
intect branch points of the polysaccharide (67). From the
structure of the a=dextrins, it was shown that the three
a~=1:4 linkages which are adjacent to the branch point are not
easily hydrolysed by salivary g-amylase, Tnzyme ection will
therefore proceed more quickly at the middle of extericr and
interior chains of glycogen,

Other products of the selivafy a-amylolysis of rabbit
liver glycogen obteined from pregnant does, snd of waxy maize
starch, were maltulose (4-kD=glucopyranogido] -D-fructose), and
fructose~containing a~dextrins (67,129), This would suggest
that a small amount of fructose is present in both these poly=
saccharides,

In the course of this work, several glycogens of
varying degree of branching were treated with salivary o-amylase,
The experiments were designed a) to test for the presence of
fructose in those samples of glycogen 1sblatad in the present
studies (Section II A), and b) to investipgate the relationship
between degree of branching and the extent of g-amylolysis of
the glycogen,

For coumperative purposes, samples of waxy meize starch,
B=dextrin of waxy maize starch and p-dextrin of a highly branched

glycogen, were ineluded in this study.

nxperimental,

l, Preparcstion of a-amylase,

The method of Fischer and Stein for the preperation of
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erystalline salivery a-amylase was generslly followed (125);
the final crystallisation stage was, however, omitted, and the
enzyme wag isolated by freeze-drying in citrate buffer (67),

The prepsration was carried out in a ceold room (0 = 50).
To centrifuged saliva (830 ml,) AnalaR acetone (ca 98¢ pure;
820 ml,; final concentration 487) was added dropwise, over a
period of 4C wminutes, efficient stirring of the solution being
maintained during precipitation end for a further 15 minutes,
The fine suspension was centrifuged (15 minutes; 1500 g.); to
the supernatent solution acetone (1220 ml.; final oconcentration
697) was added, the slow preoipitatioﬁ aszain requiring 40 minutes,
After centrifugetion (1¢ minutes; 1500 g,) the supernatant liquid
was rejected and the precipitate dissclved in weter (150 ml.;
pH 6.8).

The following day asecond acetone fractionation was
carried out, To the enzyme solution (15C ml,) acetone (150 ml.;
final conecentration 497) was added (20 minutes); the resulting
suspension was centrifuged (15 minutes; 1500 g.) and the ' pre-
c ipitate re jected, godium acetete (0.6 g.,) was dissolved in
the solution, and the protein precipitated by the addition of
acetone (207 ml,; final concentration 697; 20 minutes), 7Tt
was geparated by centrifugatiqn (10 minutes; 1500 g.), e€nd
dissolved in water (60 ml,; pH 6.5),

The enzyme solution was ad justed to pH 6.8 and the
protein precipitated by the rapid addition (20 seconds) of

saturated emmonium sulphate solution (60 ml.j; pH 7)., “ifficient
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stirring was meaintained for a further 3C minutes befoure the fine
precipitate was separated by centrifugation (30 minutes; 4000 g.).
It was then dissolved in water (50 ml.), eand dialysed overnight
against a solution containing celeium acetate (0.05¢) and
ammonium hydroxide (0.C01 N), After addition of eitrate bulfer

o 2 rm,

(20 ml,;, pH 7) the solution was freegze-dried, The solid

preparation weighed 1,14 g,

2, General methods used in g-amylolysis.,

&) Analysis of reducing sugers.

Reducing supgers were egstimated by the. chaffer-Sonogyi
copper reductometric technique, as modified by Hanes snd Cattle
(Gee page 68) (73,74). Results are expressed as apparent
percentage conversion to meltose,

b) Fraper chromatogrephy of g-dextrins,

Irrigant. Paper chromatograms were irrigated with
benzene: pyridine: butancl: water (1:3:5:3) for & period of 72
hours, Vhatman No. 1, or No, 54 paper was used,

Sprays. 1) Sugars gave brown spots when papers were
treated with a silver nitrate - socdium hydroxide reagent (71),

2) Xetoses were detected by meens of an orcinol

reagent (130). Yellow=-green spots, fluorescent in ultra viclet
light, were obtained.

c¢) Activetion of a~amylese and control of pH.

Salivary o-smylase is activated by chloride ions,
Sodium ehleoride (0.059) wes therefore included in all digests,

Sinece the o=amylase had been freeze-dried in citrate
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buffer of pH 7, the optimum pH of the enzyme, it was considered
unnecessary to add & further quamity of buffer solution to the
enzyme digests. It was desirable to keep the concentration of
inorganic material in the digests as low as possible in order to
avoid interference when the products of g-amylolysis were asnslysed

by peper chromatography.

8., Examination of tne salivary c-amylase,

a) Activity of g-amylase,

One unit of sotivity is defined es the quanity of enzyme
which liberates 1 mg. of "apparent"” maltose from & 179 solution of
soluble starch in 3 minutes, at 35° {e.f. 125).

Digest. 25 ml. AR soluble starch solution (1.27)) preheated
5 ml. sodium chloride solution  (0.5%) g to 35°
2 ml, a=amylase solution (0,019 mg, /ml,)
After 30 minutes, an sliquot (3 ml,) was removed from the digest,

and the reducing power determined,

Titre (ml,) Maltose equivalent (mg., )
2,73 1,60

In the entire digest (30 wml.) 16,0 mg, of "maltose" was liberated
by 0,038 mg., of enzyme in 30 minutes, The weight of maltose
which would be liberated by 1 mg. of enzyme in 3 minutes was there<
fore 42,1 mg.,y i.e. the activity of the selivary o-amnylase prepe=
sration was 4Z units/mg.

In a duplicate experiment, the activity of the enzyme

preperetion wes found Lo be 41 unite/mg.
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b) Redueing power of a-anylase,

In order to determine the reducing power of the enzyme,
8 digest containing only enzyme solution and sodium chloride was
prepared,
Digest. 15 ml, distlilled water
2 ml, sodium chloride solution (0.57)
3 ml, a-emylese solution (5 wmg,/ml.; c8 630 unite)
The digest was incubated at 3503 aliquots (3 ml,) were removed

before incubation, &nd s=fter 24 hours, for reducing pover estimation,

time (hr,) Titre (ml.,)
0 C.04
24 0.06

It was concluded that the reducing jpower of the enzyme was
negligible,

¢) Wamltotricsse activity of g-amylasae,

The enzyme was incubated with maltotriose, to determine
whether or not it was contaminated with mal totriase,
Digest. 22,9 ng., maltotriose,
15 ml, distilled water
2 ml, sodium chloride sgolution (0.59)
3 ml, g-amylase solution (5 wmg./ml.; ca 630 units)
The digest was incubated at 35°, and aliquots (3 ml,) were removed

at intervels for reducing power estimation.

Time (hr.) Titre (ml.)
0 2,82
20 5.25

72 5.53



It was concluded that the enzyme was contaminated with maltotriace,

d) Maltese activity of a-anylase,

The enzyme was lncubated with maltose, to determine
whether or not it was contaminated with maltese,
Digest, 17.2 mg. maltose
15 ml, distilled water
2 ml, sodium chloride soclution (0.57)
3 ml, a-aumylese solution (5 mg./ml,; ca 630 units)
The digest was incubated at 350, and aliquots (3 ml,) were

reoved at intervals for reducing pvower estimation,

Time (hr.) Titre(ml.) Fer cent hydrolysis of maltose,
0 4.24 ¢
24 4.51 6
72 4.79 14

It wes concluded that the o-amylase preparation contained & trace

of maltase,

4, oa-pmylolysis of a=-lid=-glucosans,

The a-amylase preparation had a satisTasctorily high
activity, but it was contemineted with maltotriese, snd a very
slight trace of maltase, In digests in which maltotriose and
maltose had been incubated with the enzyme preparetiocn, the ratio
of enzyme to substrate was, however, extremely high (ca 31,5
units/mg, ). In the salivary o-amylolysis of polysaccharides, the
digests contained & lowered retio of enzyme to substrate (ca
4-5 units/mg.); the effect of the maltwse would thus be considerebly

reduced, The Ry values (the apparent percentage conversion to
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maltose by salivary o-amylese) of polyssccharides will inevitebdly
be ipncreased by the presence of maltotriase; however, since
identical conditiones wrre used in salivary o-amylolysis experiments,

differences in the observed R, values should refleet differences

)i
in polysaccharide structure,
Nine samples of glycogen, one sample of waxy maize

starch, p=dextrin of Helix pomstiea glycogen and p-dextrin of wexy

maize starch were submitted to the action of salivary g-amylase,
In all experiments the digest contaiped polysaccharide (ca.5C ug.)
sodium chloride solution (10 ml.; 0.5%), o-smylase solution
(1 ml.; 5.5 mg./ml,; ca 23C units) and distilled water to 100 ml,
Digests were incubated at 350, and aliguots (5 ml,) were reumoved
at intervals for reducing power estimation,

From all digests, aliquots (lu ml,) were removed after
48 houre,bolled to inactivate the enzyme, concentrated in vacuo,

and analysed chromatographiocally.

Regults,

Ry values obtained for the twelve polysaccharides which
were degraded by g-smylase, are reported in Table XII..

Chromatograms sprayed with the silver nitrateesodium
hydroxide reagent showed that glucose and maltose were produced,
in quantity, when branched o~l:d~-glucosans were treated with this
salivary oa-samylase preparation, Only traces of maltotriose were
present, and meltotetraose was absent, T™wo higher dextrins
(RG values 0,10 and 0,05 respectively) were present, together with

other sugars of still lower R; values,
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TABLE XIT

XII.

a-Amylolysis of branched o ~l:4-glucosans,

Apparent per cent conversion to

Source of polyseaccharide,| C.L. maltose,
2 hr, 6 hr, 24 hr,
Glycogens,
Coek liver 13 57 72 76
Skete liver 13 59 75 80
Mytilus edulis VII 13 60 73 80
Mytilus edulis VIII 13 61 76 80
Mytilus edulis IX 10 62 78 83
Mytilus edulis X 14 61 78 80
Cardium 8 39 49 54
Arenicola 11 56 71 76
Helix pomstia o 61 64 67
Amylopectin,
Waxy maize starch 20* 78 93 95
p=Dextrins
Helix pomatia Lt 21 26 29
vaxy maize starch 10% 48 59 66
L
* Values determined by Dr J. llanners
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When duplicete chromatograms were sprayed with the
oreinol reagent neither maltulose nor fructose~conteining a-dextrins
were detected, An authentie sanmple of meltulose was easily

detected, and had s 0.48 under these conditions,

Discusgion,

The fructose content of the rebbit liver zlycoren
isolated from pregnant does was ca 57, and that of a sample of
waxy maize starch was rether lower (67). In this study, paper
ehrcue tographiec techniques, which were similar to those used by
Roberts, failed to detect the presence of ketoses among the
products of salivary o-amylolysis of any of the polysaccherides
listed in Table XII. It is therefore concl uded that significant
quantities of fructose are absent from these polysaccharides, It
is of interest that gemples of glycogen (from cat, radbbit and
foetel sheep livers) felled to react with the acid resorcinol
(ketose) reagent (118), |

By chrometogrephic exeamination of the reducing sugars
present in the g-amylase digests, maltose (RG 0.49) and sugars of
Rg 0.10 end less (brenched g=-dextrins) were detected, Maltotriose
was virtually absent, but glucose was present, showirg that the
enzyme preparation contained sufficient maltotriase to hydrolyse
the maltotriose resulting from c-amylase action, Yaltotetraogse
was absent, in accordance with the postulated zctiorn pattern of
a=-amylase,

Since the same experimental conditions were used in

treating 12 a-l:4~-glucosans with a=amylase it was considered thet
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the velues of R, (epparent per cent conversion to meltose) should
be comparable, The amlopectin, waxy maize starch, is most
readily hydrolysed, an Ry value of 93 being ettained within 6
hours, During the subsequent 18 hours the Ry velue increased by
only 2, indicating that meltese action is relétiaely unimportant,
It is therefore considered that the 24 hour values of Ry reported
in Teble XII are a reasonably accurate measure of the g-amylolysis
of the polysaccharides,

The proportion of the polyseccharide molecule in the
vicinity of braneh points increeses @as the degree of branching
of the molecule increases (i.e, as the average chain length of
the polysaccharide decreases), It was therefore expecied that
Rﬁ values wuld decrease as the degree of branching inereased,
In general this has been found to be the cese, and in Fig. X

values of RN are plotted against average chain length of the

polysaccharide, The QM value of g-dextrin of Helix pomatie
glycogen, which has an average chain length of 4 - 5 glucose
residues, is 29, whilst that of waxy maize starch, with an
average chain len:th of 20 glucose residues, 1s 95, 11 - 13
unit glycocens have Ry, values in the region of 76 - 8C; the value

of 83 for Mytilus edulis IX glycogen (everage chain lenzth 1¢

glucose residues) therefore appears sightly high, The p-snyloly-
gis limit of thies glycogen is, however, 51, indicating that while
the interior of the molecule is very highly brsnched (average
interior chain length, 1 - 2 glucose residues), the average

exterior chain length is 7 - 8 glucose residues, An unususally



large proportion of the molecule is thus comprised of exterior
chaire where there are no barriers to g-amylolysis; a high Ry
value would therefore be expected,

Wexy meize starch p-dextrin also has an average chein
length of 10 glucose recsidues, but the RM value 1is only 66, The
exterior chains of this molecule are, however, only 2 - 3 glucose
residues in length, and therefore g-amylolysis is limited to the
interior chains,

The fact that the R, velue of Helix pomstia glycogen

(average chain length 7 glucose residues) is more than 109 greater
than that of Cerdium glycogzen (everage chain length 8 glucose
residues) cen again be explsined by considering the average

position of the branch point on the unit chain, Helix pomatia

glycogen has longer exterior chains than Cardium glycogen, and
therefore the percentage of the molecule in which there are no
barriers to a=-amylolysie ie proportionately greater,

From this preliminary survey it may be conecluded thst
the extent of degradation of brenched g-l:4-glucosans is related

to the degree of branching of the molecule,



SECTION V.

POTATO FHOSPHCROLYSIS COF GLYCCGENS,

Introduction.

The first indication thaet the enzymie synthesis and
degradation of a-l:4-glucosans might occur by a phosphorolytiec
-mechanism, came in 1936, when it was reported that, in muscle
tissue, glycogen vias degraded ylelding a mixture of hexose
phosphates (131). Subsequently, ¢.,T. and C,F., Cori isolated
glucose-l-phosphate, which was shown to be the primary product
of the phosphorolytic breskdown of glycogen (132,133), further
work indicated that the reacticn "glycogen + inorganic phosphate -
‘#lucose=-l=phosphaete™ was reversible and that when phosphorylase
acted upon glucose=-l=-phosphate, a polysaccharide was synthesised
(154-136), That synthesis and degradestion of plant starch,
occured by & similar mechanism, was shown by Henes, when he
isclated a phosphorylase from peas (137),

Since 1936, phosphorylase has been found in animsl
muscle, heart, liver, and brain (135), in higher plants (139,
140), in yeasts (135,138,141,142), and in bacteria (143), In
this section only plant phosphorylsses will be considered,

Subsequent to the isclation of peea phosphorylase by
Hanes, phosphoryleses have been obtained from other plants,
including potatoes, beans, benanas and corn (140). Improvements
in methods of extractior and purification have also been made

(144-143), and recently, potato phosphorylase hes been crystallised
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(149,150). The potato enzyme has been more extensively studied
than other plant phosphorylsses,

Fotato phosphorylase is not activated by adenylie scid
or by reducing agents (c.f, musele phosphorylase, Section VI)
(144). The pure enzyme is inhibited t0 a slight extent by
mercurio ions, but is not affected by molybdate ions (149,151);
these substarces inhibit o~l:4-glucosenases and "=-enzyme res-
pectively. Glucose appears to act as an inhibitor of potato
phosphorylase (149),

The phosphorolytic reaction may be written:

(C

BH.’LOOSJH G=l-P = (caﬂloosyml + P

where H and (C H
(GgH, Og)n and (C.H) 0x)

linked glucose residues, %hen synthesis tekes place, the

,1 represent cheins of q=1:4=-

glucosyl radical of & glucose-l=-phosphate molecule is added to
the none-reducing end of a glucosan chain, and inorganic phosphate
is liberated, Degradation ooccurs in the presence of excess ine-
organic phosphate, a glucosyl radical being removed from the none-
reducing end of & chain as glucose-l~phosphate,

Theoretically, whether the reaction proceeds in the
direction of synthesis or degradation, the number of polysaccharide
end groups does not change. At equilibrium, therefore, the ratio
of inorganic phosphate to ester phosphate should be constant and,
within large limits, independent of the polysaccharide concentration,
In practice, this is found to be the csse, although, because in=-
organic phosphate and ester phosphate have different acid strengthe,

the position of the equilibrium is dependent upon the hydrogen



ion concentration, For potato phosphorylase, it is found that
. as the pH value is varied from 5.0 to 7.C, the ratio.of inorgasnic
phosphate to ester phosphate at equilibrium falls from 10.8 to
3.1 (139).

Fotato phosphorylase cannot synthesise polysaccharide
me terial from glucose-l-phosphate unless some g-1:4=-glucosan, in
the form of either amylopectin, glycogen, amylose, or malto-
saccharide UP>3, is present to act es a "primer" (152<159), The
synthetic action consists of the lengthening of alreedy existing
dyglucosan chains; hence the more non=-reducing end groups that
the primer possesses, the greater will be the rate of polysaccharide
synthesis, For this reason, amylopectin is & much more efficient
primer than amylose; on aeld hydrolysis of amylose, however, the
nunber of end groups, and hence the priming ability, is inecreased.
The efficiency of the primer is also dependent uron its chain
length, which must be a least four glucose units, (Meltotriose
has a extremely low priming ability, whereas maltose has none at
all). ori and colleagues suggest that priming ability of
acld-hydrolysed amylose is at & maxjmm when the everage chain
length of the maltosaccharides is five glucose units (158),
They also point out that the g-dextrins from glycogen and amy-
lopectin have negligible priming ability; the chain length of
the stub eonteiningz the non-reducing end group is less than
four glucose units (158). It is interesting to note that Jjeaek
bean phosphorylase appears to be more efficiently primed by

amylose than by amylopectin (160).
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The polysaccharide which is synthesised by pure plent
phosphorylase is of the amylose type (139,161,162), Fhosphory=
lase itself does not synthesise g=1:6 linkeges, although crude
prepareticns are generally conteaminated with a brenching enzyne,
and therefore appear to synthesise branched polysaccharides,

The branching enzyme of plants, referred to as Q-enzyme, is &
transglucosidase, which catalyses the seission of an g=1l:4
linkage with the almost simultaneous synthesis of an g=1:6
linkage (163,164),

On degradation of g-l:4-gluccsans in the presence of
excess inorganic phosphate, glucosyl radicels are removed from
the non-reducing chain ends by the phosphorolytic mechenisn,
until & branch point or other anomaly is reached. Reports that
enylose is completely degraded by plant phosphorylases appear in
the literature (165); Feat, Whelan and Thomas suggest, however,
that pure potato phosphorylase, which is free of pg-glucosidases,
effects about 704 degradation of amylose, and that complete
degradetion oacuré only in the presence of p-glucosidases (111),
It is to be expected that pure phosphorylase would be unable to
degrade or to by-pass p-glucoesidic linkages,

The aotion of pure phosphorylese (free of R-enzyme,
which catalyses the hydrolysis of ¢=-1:6 linkeges) on amylopeetin,
is confined to the exterior chains of the molecule, although
there is little agreement in the literature on the extent of
degradation of the exterior chains, Several workers report

thet the potato phosphorolysis limit of amylopeetins is at least
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10% less than the p-amylolyeis 1limit, and that the phosphorylase
limit dextrin is further degraded by p-amylase (159,111,166).
Meyer, nowever, carried out the degradation with inorganic
arsenate in place of inorgarie phosphate (167), It was presumed
that an unstable glucose-l-arsenate was formed, which irmediately
decomposed to glucose and inorganic arsenate, The extent of
degradation of the amylopectin was therefore followed by measuring
the amount of glucose liberated, "hen arsenolysis had cesased,
the solution was dialysed to remove glucosej or addition of fresh
enzyme and inorganic arsenate, further arsenolysis took place,
After two repetitions of this procedure, the arsenolysis limit
reached the pg-amylolysis 1limit; the limit dextrin could then be
degraded no further by either p~amylése or potato phosphorylase,
Meyer reported that the rate of arsenolysis was about ten times
slower than thet of phosphorolysis, and about a thousand times
slower than that of p-amylolysis (167),

Results obtained by phosphorolysis and arsenolysis of
amylopectins are summarised in Table XIII,. It is unlikely thet
phosphorolyeis and arsenolysis limits would be different, but
whether or not phosphorylase can degraede amylopectin to the same
extent as p-amylase is uncertain, It eppears thet the affinity
of potato phosphorylase for thé exterior chains of amylopectin
decreeses rapidly es they are shortened by enzyme action,

Very little woric has been done on the potato phos=-
phorolysis of glycogens. cwanson reports that about 20 of
rabbit liver glycogen is converted to glucose-l-phosrhate (106),

but Fischer suggests that the enzyme hes praetically no affinity
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towards muscle or oyster glycogens (149).

In the work to be reported, potato phosphorolysis of
sevaral glycogens was carried out, in an attempt to relate the
extent of degradation to the detaile already known about their
molecular structure, and hence to use potato phosphorylase es a
struetural tool. A sample of waxy malze starch, and three sanples
of Floridean starch (& glycogen-type polysaccharide isoclated from

the seaweed, Dilsea edulis) were also subjeected to the action of

potato phosphorylase,

TABLY XIII,

Degradation of smylopectins by potato phosphorylase,

Source of Fer cent Fer cent Yer cent

amylopectin | phosphorolysis | arsenolysis | g =amylolysis| A | Ref,
Corn ca 40 - 60 + 1166
Tapioce 58 - - 165
Tapioca - 62 62 T 1187
Waxy meize - 70 70 " |1e7
Potato 58 54 - 165
Fotato 39 - 55 + | 159
Fotato 48 - 59 111
Potato - 70 70 ‘ T | 187

A, Ability of p-amylase to attack potato
phosphorylase limit dextrin,
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Ixperimental.

l, Estimation of inorganic phosphate,

Inorganic phosphate was estimeted by the method of
Allen (168),
Reagents.

AnaleR reagents were used where possible,

Perchloric acid. A 60¢ solution was prepared,

Anmidol. Sodium metabisulphite (10 g,) was dissolved
in glass distilled water (ca, 45 ml,). Amidol (2:4~diamino~
phenol hydrochloride) (0,5 g.) was added and dissolved as
completely as possible, Insoluble material was removed by
filtration, the volume made up to 50 ml,, and the reagent stored
in a dark bottle, It was rather unstable, end was renewed
frequently.

Ammonium molybdate, A 104 solution of ammonium molybdate

in distilled water was prepared, To facilitate solution, a smsll
quentity of concentrated ammonium hydroxide was sdded,

£llen suggested the use of an 8,37 solution of emmonium
molybdate, but, during the course of this work, it was found that
more satisfactory results were obtained if the concentretion was
iperessed to 107, This modification eliminated a tendency for
the extinection coefficient of the eolorimetric solution to increase
graﬁually, wi thout ever reaching a constant value,

Testimation,

An eliquot of solution containing inorgenic phosphate

was placed in a 25 ml, volumetric flesk, and diluted to ca 19 ml,
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Perchloric acid (2 ml,), amidol reagent (2 nl,), and ammonium
molybdate reagent (1 ml,) were added, in the order given, the
solution being shaken after each addition, The volume was made
up to 25 ml,, and, after allowing five minutes for the blue ceolour
to develop to the full, the extinection coefficient wes reed
against a reagent blank on & Hilger-Spekker photoeleetric absorpe
tiometer with & red filter (Ilford 608; ca 680 mp),

The reagent was calibrated by means .of a standard
potassium dihydrogen phosphate solution (1 mg.P/ml.). The
extinotion coefficients of aliquots containing from 0.01 to
C.20 mg., P were measured, and & straight line graph obteined,

The calibration was repeated periodicelly, but the slope of the

araph was found to be fairly constent,

2, BEstimation of glucose-l-phosphate,

After hydrolysis of glucose~l-phosphate to glucose and
inorganic phosphate, the latter was estimsted by the method
detailed ebove. Normally, however, it was necessary to determine
the amount of glucose-~l~phosphate in & solution which alsc contained
inorganic phospheate, Before glucose-l-phosphate was hydrolysed,
inorganiec phosphate was removed by magnesia mixture precipltation.

An aliquot (2 ml) of solution containing glucosee-l-
phosphate end inorganic phosphate (normally the content of in=-
orgenic phosphate was sbout C,1 ¥,) was diluted with distilled
water (2 ml,), Dilute magnesia mixture (10 nml,; 8,60 g.
magnesium chloride hexanydrate, 13,50 g. ammonium chloride,

35 ml, concentrated ammonium hydroxide, to 1C00 ml,) was added
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slowly, the temperature of the mixture being kept between about
40° ana 60°, After sllowing the mixture to stand for 20 to 60
minutes, the volume was mede up to 25 ml,, end the magnesium
ammonium phosphate precipitate was filtered off, To an aliquot
(5 ml,) of the filtrate, concentrated hydrochloric acid (0.65 ml,)
was added, and the solution heated in & boiling water bath for 7
minutes to hydrolyse the gluccse-l-phosphate, After cooling,
the solution was transferred to a 25 ml, volumetrie flask, and
the content of inorganic phosphate determined by the normal

me thod, To correct for any unpreecipitated inorganic phosphate
in the magneeia mixture filtrate, the phosphate content of an
aliquot (5 ml,) containing unhydrolysed glucose-l-phoephate,

was measured,

Control experiments carried out using this method showed
that no adsortion of glucose-l-phosphate on to the megnesium
armmonium phosphate precipitate occured, It was also verified
that the presence of 0,57 to 17 of glycogen in the glucose-l=-
phosphate -inorganiec phosphate solutions did not affect the
estimation of glucose=l-phosphate, Glucose~G=-phosphate was not
nydrolysed under these conditions,

If inorganic phosphate is preecipitated from an undiluted
aliquot (2 ml,) of glucose~l-phosphate = inorganic phosphate
sclution by concentrated meagnesia mixture (2,5 ml.; ebove quentities
of reagents in 100 ml, of solution), co-~precipitation of ca
57 to 104 of the zlucose-~l-phosphate on the magnesium ammonium
phosphate cceurs, This effect is completely eliminated by

carrying out the preeipitation in more dilute conditions, as
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detailed above.

3. Activity of potato phosphorylase.

The method of Green and Stumpf was used in determining
the activities of phosvhorylase solutions (144),

One unit of phosphorylase sctivity is defined as that
emount of enzyme which catalyses the liberation of (1 mg. of
inorganic phosphate from glucose~l-phosphate in 3 minutes, when
the following digest is incubated at 35°.

Digest. Solution A. 1 ml. glucose-l-phosphate solution (0.1 M)

Solution B. 0.5 ml. citrate buffer (0.5 M; pH 6.0)

0.2 ml. soluble starch solution (5%)

1.0 = 1.3 ml., enzyme solution

Distilled water to 2.5 ml.
Solutions A and B were preheatéd separately to 350, then were
mixed and incubated at 35° for exactly 6 minutes. The reaction
was stopped by the addition of 5% trichloracetic acid (5 ml.).
Frecipitated protein was centrifuged off, and the inorgesnic phos-
phate in an aliquot (usually 1 to 3 ml.) of the centrifugste
was estimated.

At the same time a blank digest was set up. It
differed from the above digest only in that the enzyme solution
was not added until after the trichloracetic acid =olution, thus
preventing enzyme action from occuring. The inorgamic phosphate
in a aliquot of the centrifugate was estimated, and the resulting
figure was subtracted from the value which was obtained when
enzyme action had occured. The activity of the enzyme could then

be calculated.
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When determining the activity of crude phosphorylase
preparations, interfering enzymes (e.g,., phosphatase and phosphoe-
plucomutase ) were inhibited by including ions such as molybdate

(C.29) and fluoride (0,C1 1I) in the digest,

4, Freparation of potato phosphorylass,

The method employed for the preparation of potato
phosphorylase was personally communicaeted to Dr, D, J. Manners
by Dr, G, A, Gilbert and colleagues,

It involved precipitating phosphorylase from 117
ethanol, in the cold, as a phosphorylase - amylose complex,
extracting the phosphorylase from the amylose, reprecipitating,
re-extracting, and finally erystellising it from ammonium sulphate,
Gilbert and colleagues obtained 20 to 30 units of erystelline
enzyme from 100 ml, of potato Jjuice,

Reagents.,
509 etheanol: 6C¢¥ (v/v) ethanol solution, pH 6.0, con=-

teining 0,01 M eitrate (1074 ml, water, 1000 ml, absolute ethanol,
4,64 g, sodium dihydrogen citrate, pd to 6.0 with solid sodium
hydroxide, The pH wes tested at 20° efter five-fold dilution o
a sample with C,01 ¥ potassium chloride),

117 ethanol: 11¥ (v/v) ethanol solution, pH 6.0,

containing C,01 ¥ citrate, (0,282 ml, of 504 ethanol/ml, of 0,01
M citrate, pH 6,0).
Amylose: Fotetoes were peeled, washed, thinly sliced

end pulped in a "Waring" blender for 1,5 minutes in sodium chloride
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solution (1% w/v). The starch suspension was expressed through
a muslin bag (after prior washing of the muslin to remove any
starch added during manufacture), and the residual pulp returned
to the blender in fresh salt soclution for a further 15 minutes,
The sterch was washed several times by decantation with salt
solution, and then with distilled water to remove the salt,
It wes stored under water at 0°,

Wet starch (4C g.) wes suspended in water (100 ml,) and
the suspension poured into bolling hydrochloric acid (4 1.;
c,001 K),. After boiling for 30 minutes, the solution wes cooled
slightly, and filtered through a layer of keiselguhr. Txcess
n-butanol (ca €600 ml,) was added and the mixture heated to 65 =
700. It was then allowed to coo0l to room tempera ture, while
being vigorously stirred to meintain saturation with butanol,
The amylose - butanol complex separated on standing overnight,
and was removed by centrifugation, It wes dissolved in cold
distillad water (2 1,), and the sclution left at room temperature
for 30 = 4C minutes, Txcess ne~butanol (cas 300 ml,) was added,
and the solution heated and cooled as before, The amylose=
butenol complex was allowed to settle overnight, then seprrated
by centrifugetion, and its content of amylose determined by
drying down a portion. It was normally about 127,

When & solution of amylose was required, sufficient of
the complex to provide 2 g, of amylose was dissolved in water
(35C ml,). To facilitate solution, the water wes added gradually
with stirring. Citrate buffer (4 ml,; 0.5 ¥; pH 6,0) was added,

end the solution was boiled down in an open beaker to a volume
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of 200 ml, tc remove butanol, The resulting solution (17 w/v
emyloss; C,01 M eitrate) was then cooled to OG, with stirring,
in & refrigeratad sthanol bath at -8,

Ttxperimental method,

a) Preparation of freeze-dried potato juice: Feeled

potatoes (King Z“dward or Golden Wonder) were thinly sliced into
sodium hydrosulphite solution (7 g./l.) at room temperature, and
left to soak for 30 minutes, The slices were then washed well
with distilled water, cocoled to 00, and pulped in & hand mincer,
The juice was expressed through muslin, clarified by centrifugation
at 0”, and, unless being used immediately, wes freeze-dried,

The freeze-dried product could be stored indefinitely et 0° over
phosphorus pentoxide, without deterioration,

b) Preparation of phosphoryvlase: All operations were

done in a cold room at 00.

Stage 1. Then necessary, freeze~dried potato juice was
reconstituted with distilled water to the original volume, Juice,
or reconstituted juiee (100 ml,), containing between 200 and
300 Green and Stumpf units of phosphorylase, was stirred gently
at =1° while "509 ethanol” (28,2 ml.) was slowly edded from a
burette, to bring the concentration of ethanol to 114 v/v, After
centrifugation at 0° (8 minutes; 2800 g,), the precipitate was
discarded and the supernatant liquid poured into & portion of
amylose solution (20 ml,)., The mixture was brought back to
119 ethenol coneentration by slowly adding "50¢ ethanol" (5.6 ml,)

with gentle stirring. It was then centrifuged (5 minutes;
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2200 g.) and the preecipitate, which contained the whole of the
Q=enzyme in the original potato juice, was discarded, The
supernatant liquid was poured into the remeinder of the amylose
solution (180 ml,), which by this time was very opalescent, and
the mixture wes again brought to 11% ethanol concentration by
adding "50¢ ethanol” (50.8 ml.,) slowly st -1°. After being
stirred for 10 minutes, the mixture was centrifuged (5 minutes;
90C g.) and the precipitate was washed with "1149 ethanol"”

(280 ml,). The preecipitate was separated by centrifugation

(5 minutes; 900 g.), and the washing repeated a further three
tines,

The precipitate was extracted with gentle stirring for
30 to 60 minutes with 0,05 M eitrate solution pH 7.C (12C ml,),
After centrifugation (5 minutes; 2800 g.) the supernatant liquid
was filtered carefully through a sintered glass filter, porosity
3. The preciplitate was re-extracted with 0,05 11 citrate (80 ml.)
for 5 to 10 minutes, and the second extract was filtered and
combined with the first extract. Gilbert and colleagues in-
dicated that this riltrate should contain 100 to 12C Green end
Stunpf units of phosphorylase,

Stage, 2, imylose solution (200 ml,) was stirred while
the enzyme solution was added slowly, and the mixture wes then
brought to 117 ethenol concentration by carefully adding "50%
ethanol™ (113 ml,) at -1°, After being stirred for 1C minutes,
the mixture wee centrifuged (5 minutes; 900 g.), and the
precipitete washed twice, as before, with"1ll7 ethanol” (2680 ml,),
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The precipitate was again extracted with 0,05 ¥ citrate pH 7.0
(126 ml,, followed by 60 ml,) end the extracts filtered carefully
through a grade~3 filter, This filtrate should contéin 60 to
70 Green and Stumpf units of phosphorylase,

Stage 3. The enzyme 1s erystallised by addition of
emmonium sulphate, Le this step was not found necessary in the
present work experimental details are omitted,

Tnzyme preparation,

Gilbert and colleaguecs obtained only 2C to 30 units of
.crystalline phosphorylase from 100 ml, of potato juice, By
carrying the procedure as fer as the second re-extraetion, &and
then concentrating the solution by freeze-drying, it wes hoped
to obtain a higher yleld of phosphorylese of & sufficient degree
of purity for phosphorolysls experiments,

In the first preperation of phosphorylese, Xing Tdward
potatoes were used; freeze-dried potato juice (100 ml,) contained
24C units of phosphorylase, The volumes of citrate solution
used at the end of stage 1 to extraet phosphorylase from the
phosphorylese - amylose complex, were slightly modified; a total
of 18C ml, of solution containing 173 units of phoephorylase was
obtained, At this point phosphorylase was contaminated by traces
of Geenzyme and *-enzyme,

In stage 2, 1t was hoped that by adding the enzyme
golution to a smell portion of the amylose solution (10 ml,),
ad justing the concentration of ethancl to 119, and discarding the
precipitate, to eliminate contaminating enzymes, The supere=

naetant from this step wes added to a further voluwme of amylose



- 110 =

solﬁtion (170 ml.,), end the concentration of ethanol ad justed

to 11%. Thosphorylase (7¢ units) was extracted from the complex
with citrate solution (total volume 16C ml,), and found to be
free of (=enzyme and -enzyne,

The activity per ml, of this extract was too low for
it to be used in phosphorolysis experiments, & portion of the
extract (60 ml,) was therefore freeze-dried; the produect wes
dissolved in a small velume of distilled water, and dialysed
ezainst distilled water to remove excess inorgenic material,

(1t had previously been found that the activity of phosphorylase

was not affected by dielysis.) in activity determination showed
that a high percentage of phosphorylase was destroyed by freeze=

drying.

Aceording to Barker, Bourne, Wilkinson and Peat (147),
phosphorylase is partially deactivated when it is freeze-dried
from a eitrate solution of molarity less than 0.2, 'The cone-
centration of ecitrate in a further portion of the extreet (45 ml.)
was therefore increased to 0,2 M, and the solution was ffeeze-
dried, Again, the enzyme lost practically all of its activity,

fince freeze-drying could not be used for concentrating
potato rhosphorylase solutions, it was apparent that, if the
enzyme were not of sufficient purity at the end of stage 1
(where the concentration was ca 1 unit/ml,), the preparation
would have to be carried vLeyond stage 2 to the crystallisation
step,

'ne experiment was therefore repeated using potato



- 111 -

juice (1C0 ml,) freshly prepared from Golden Wonder potatoes,
and containing 350 units of phosphorylase, The quantities of
0.5 i citrate solution used in stage 1 were again reduced; the
total volume of citrate extract (150 ml,) contained 143 units of
phosphorylase,

Examinetion of this extract (see below), showed that
it was free of a-amylase, Q~enzyme, snd phosphatase, but that 1t
contained a trace of R-enzyme, fHiowever, as the activity of
phosphorylase per ml, wes at & high level, it was decided to
use this preparation in phosphorolysis experiments, adding

ammonium molybdate to inhibit R-enzyme, when necessary,

5. Tests for enzymic impurities,

The solution of potato phosphorylase prepared from
Golden “Wonder potatoes was examined, in order that any traces of
aramylase,'g-anzyne, R~enzyme, or phosphatase, which would inter-
fere with phosphorolyeis of a-l:4-glucosans, might be detected,

a) Q-enzyme and g=-amylase,

Amyleose is stained blue by iodine, but the intensity
of blue colour (and therefore the "absorption value" at ce 680
mu) of soluticns containing constant quantities of amylose and
iodine, decreases as the chain length of the amylose decreases,
In the absence of inorganic phosphate, phosphorylaese has no
action upon amylose, but both Q-enzyme, (branding enzyme), and
a-amylase, (which effects random hydrolysis of the molecule),
cause the chain length of amylose to decrease,

A solution of amylose (ca 2 mg,/ml,) wes prepared:
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amylose (ca 50 mg,) was dissolved in 0,5 N sodium hydroxide (4 ml.)
by heating in a boiling water bath for 3 to 5 minutes, The
solution was neutralised to phenolphthelein with approximately
0.285 N hydrochloriec zc¢id, and diluted to 25 ml,

4 digest containing amylose solution (2 ml,) and
enzyme solution (2 ml,) was incubated at 35°, At intervals,
aliquots (1 ml,) of the digest were removed, and stained with
jodine ~ potassium iodide soclution (1 ml.; 0,27 iodine, 279
potassium iodide) in a total volume of 100 ml, The iodine
ebsorption value (A,V,) was determined by reading the extinction
coefficient of thils solution egairst a blank containing iodine
and potossium iodie (0.002% iodine, 0.087 potassium iodide),
in a Hilger-Spekker photo-clectric absorptiometer, using a red
filter (Ilford 608; ca 680 mpl; The initial A.V, was obteined
by measuring the A, V., of &n aliquot (1 ml,) of & "blank" digest

in whiech enzyme sclution was replaced by citrate buffer (0,05 M;

pH 7.0},
Tiwe. (hr,) AeVo
¢ 1,117
1.25 1,101
3 1107

The A,V, was constant within the limits of experimental error;
it was therefore concluded that neilther Qeenzyme, nor a-amylase
was present,

b) R=~enzywe and a-emylase,

u=-Amylase lowers the iodine absorption value of amylopectin
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p-dextrin, by causing random scission of the interior cheins
of the molecule, R-enzyme, by hydrolysis of q~1:6 linkages,
causes an increace in the length o' the exterior chains, and
hence an increase in the iodine absorption velue,

B=Dextrin of waxy maize starch (ce 20 mg,) was dissolved
in distilled water (10 ml,), the concentration of the resulting
solution being approximately 2 wmg,/ml, A digest containing
g=dextrin solution (2 ml,) end enzyme solution (2 ml,) was
incubated at 350; et intervals, aliquots (1 ml,) were removed for
determination of A,V, A blank conteining citrate buffer (0.05

; pH 7.,0) in place of enzyme sclution, was used for measuring

the initial) ALV,

Time (hr.) AV,
¢ 0.076
1,25 0.078
3 c.082
24 0.106

The 4,V, increased gredually, indicating thet phosphorylase was
contaminated with & trace of R~enzyme,

¢) Phosphatase.

Phosphatase causes hydrolytic liberation of inorgenic
phosphate from glucose-l-phosphate and from glycerophosphete,
Digests containing sodium B~glycerophosrhate and enzyme were
incubated at 35°, and the content of inorganic phosphate
determined &t intervals,

“nzyme digest.

3 ml. sodium p=glycerophosphate solution (0.1 M)
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3 ml, enzyms solution

Blank digest,

$ ml, sodium p-glycerophosphate sclution (C.1 M)

3 ml. citrate buffer (0.05 M; pH 7.C)
Aliquots (2 ml,) were removed for determinatiun_of inorganic
phosphate, To correct for any hydrolysis of glycerophosphate
by the reagentis used in the analytical method, an aliquot of
the blank digest was treated in the same manner, &nd the extinetion
coefficient of the enzyme digest sample was read with the blank
digest sample in place of a reagent blanlk,

The percentage hydrolysis of sodium g-glycerOphoaphate
was calculated from the content of inorganic phosphate in the

digest solution,

Time (hr,) Fer cent hydrolysis of glycerophosphate,
& 0.16
20 0.29

It was conecluded that the phosphatase activity was negligible,

6., IYhosphorolysis of amylopeetins and glycogens,

The solution of phosphoriase prepared from Golden Wonder
potatoes, has been shown to be of satisfzctory activity end
purity, and wos used in the phosphorolysis of a=~l:d-glucosans,

Txperiments were carried out at pH 6.0, the optimum
pH of tne enzyme ( 139 ), and, to prevent contamination by moulds,
toluene was added to the digests,

The inorganic phosphate content of digests et the
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commencement of the phosphorolysis resction was usually C,1 ¥,

In most cases the polysaccharide concentration was ca 2 mg, /ml.,
Assuming that the phosphorclysis 1linmit was reached when 509

of the polysaccheride molecule had been converted to glucose=-
l-phosphate (e higher phosphorolysis limit than was ever found
experimentally), the ratio of inorgenic phosphate to ester
phosphate at the end of the reaction would be 15,1. This figure
is greatly in excess of the inorganic phosphate to ester
puocsphate ratio reached at equilibrium of the phosphorclytie
reaction. When the pHd 1s 6,0, this velue 1s 6.7 . Hence

the cessation of phosphorolysis could not be due to the equilibrium
point of the reaction having been reached,

a)., rhosphorolysis of amylopectin.

L senmple of amylopectin was degreded in order to show
that the enzyme preparstion was suificiently active to reach a
phosphorolysis limit within Z4 hours,

To inhibit R-enzyme, ammonium molybdate (0.27) was
added to the digest. Bailey noted that both ammonium molybdate
snd mercuric chloride inhibit R-enzywme, that ammonium molybdate
is without effect on poteto phosphorylase, and thet mercurie
chloride causes only slight inhibition of phosphorylase (169).
However, control experiments showed that, although ammoniun
molybdate {U.ﬂi)lcaused nolinhibttion of phosphorylase, the
enzyme exhibited only 199 of its activity in the presence of
mercuric chloride (i{/72,00C). It is suggested that the purer

enzyme preparations ere more sensitive to the presence of
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inorganic ions,
Before analysis, the amylopectin was dried, in vacuo,
over phosphorus pentoxide, for 4 hours at 10006
Digest. 20,9 mg. waxy maize starch
2 ml, phosphate buffer (0.5 }; pIl 6,0)
1 ml, amumonium molybaate solution (&9)

7 ml, phosphorylase solution (6,7 units; (.32 units/
mg., of polysaccharide)

The digest was incubated at 35°,
Aliquotes (2 ml,) were removed &t intervals for estimetion of

glueose~l-phosphate,

me ve) Soggls  mn B,
2 0.223 ' 0.050 31
% ' 0,269 0,061 38
24 0.318 C.072 45

Thaet phosphorolysic was complete within 24 hours was proved by
inereaging the phosphorylese content of the original digest to
0,55 units/mg. of polysaccharide: no further degradation occured
in the fcllowing 24 hours,

The phosphorolysis liuit of 459 for this semple of
waxy maize starch was 59 lower than the p-amylolysis limit (507),
& result whieh was of the same order as those obtained by other
workers (see Teble XIII), This indicates that the conditions
which were used for phosphorolytic degradation of émylopectins
were satisfactory. Glycogens were therefore degraded using

similar conditions.



- 117 =-

b) Phosphorolyeis of glycogens,

Phosphorolysis of several glycogens was carried out,
L typical experiment is reported in detail:

Defore analysis, the glycogen was dried, in vacuo, over
phosphorus pentoxide, for 4 hours at 100°.

Digest a, 20,0 mg, Mytilus edulis VI glyeogen

2 ml, phosphate buffer (0,5 M; pH 6,0)
7?7 ml, phosphorylase solution (6,7 units; 0,33
units/mg. of polysaccharide,)

1 ml, distilled water
(Since R-enzyme has no effect on glycogen, ammonium molybdate was
not included in digeste in which glycogen was submitted to the action
of potato phosphorylase). The digest was incubated at 35°,
Aliquots (2 ml,) were removed &t intervals for estimation of

glucose-l=-phosphate,

Time. (hr.) Zxtinetion ng, P, : Per cent
coefficient phosphorolysis.
2 0.041 0.009 6
4 0.043 0,010 7
24 0.060 0.014 9

After 48 hours the phosphorylase content of the original
digest was increased to 0,57 units/mg., of polysaccharide, by the
addition of 2 ml, of phosphorylase solution, After & further 24
hours, an aliquot (3 ml, equivalent in polysaccharide content to
2 ml, of the origiral digest) was removed for estimation of
#glucose-l=phosrhate. The per cent phosphorolysis had increased

to 11; i,e., phosphorolysis had not reached a limiting value
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within 24 hours,

It appeared that phosphorolysis of glycogens was slower
than that of anylopectins. In a second experiment in which the
came specimen of glycogen was submitted to the action of phosphory=-
lase, the amount of enzyme per mg, of polysaccharide was therefore
increased, However, this could only be done by increasing the
volume and thus the dilution of the digest. To ensure that the
effect obtained by using & larger quantity of enzyme wes not
nullified by the greater ailution, two digests were set up, These
conteined equal quantities of glyccgen, inorganie phosphate, end
enzyme, but the total volume of digest b was 15 wml,, while that
of digest ¢ was 20 ml,

Digest b, 20,9 mg, Mytilus edulis VI glycogen
2 ml, puosphate buffer (0.5 M; pH 6.0)
13 ml., phosphorylase solution {12.4 units; 0.59
units/mg, of polysaccharide, )
The digest was incubated at 35°, Aliquots (3 ml,) were removed

at intervels for estimation of glucose-l-phosphete,

e el Gl b o BREER.
4 | 0.04C €.009 6

10 0.055 0,013 8

24 0,004 C.014 9

90 0.128 0.025 16

Digest e, 20,0 mg, lytilus edulis VI glycogen

2 ml., phosphate buffer (0.5 M; pH 6.0)
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13 ml, phosphorylese solution (12,4 units; 0,62
units/mg, of polysacecharide,)
5 ml, distilled water,
The aigest was incubated at 350. Aliquots (4 ml,) were removed

at intervals for estimation of glucose~l-phosphate,

fim, ey SENR W WE phBoTETvats.
& C.033 0.008 5

10 C.059 0.013 9

24 0.061 0.014 9

96 0.114 0.022 14

Comparing the results of digests b and ¢, it i1s apparent that
phiosphorolysis is not appreciebly affected by dilution,

When the results of digest & are compared with those
of digests b and ¢ it is seen that incressing the amount of enayme
per mg, of polysaccharide does not affecet the rate of phosphor-

olysis of glyaeogen,

Results,

Five glycogens, of varying chain lengths and strudure,
were submitted to the s2ction of potato phosphorylsse, the con-
ditiones being eimilar to those in either digest & or digest b
(see above), The experiments were norma&lly carried out irn
duplicate and are summarised in Tables XIV and XV,

An edditional series of phosphorolysis experiments was
earried out with & preperstion of potato phosphorylase obtaired

from the Bios lLaboratories, Inec,, New York. The enzyme had an

activity of ca 60 units/g., and the amount of enzyme used,
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in terms of activity units, was only slightly less than in the
experiments reported in Table XIV, but the rate of phosphorolysis
ol glycosens was considersbly slower, The results obtained

with this preparation are reported in Table XVI, and inclule deta

oen Floridesn starches I, II end III.
TABLT XIV.

Potato phosphorolysis of glyvcogens (Series I).

Per cent phosphorolysls,
RauEoe. 05 sirenetns| % 4 hr.| 1¢ hr.| 24 hr.| 96 hr.

Rabbit liver I 0.4C - 3 3 -
jebbit liver V aj) | 0,40 8 9 11 14
b) C.65 7 8 10 -
sytilus edulis Vi a) 0.33 7" - 9 nt
b) C.59 6 8 e 16
c) C.62 5 9 9 14
Helix pomatia a) 0,39 2 5 5 i
b) .56 2 5 3 5

Trichomonas
foestus a) 0.64 12 14 16 19
b) 0,37 16 15 18 -

U. Units of phosphorylase per mg, of glycogen,
* 6 per cent phosphorolysis was attained after 2 hours,

T After 72 hours incubation,
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TABLLE XV,

A comperison of phosphorolysis end other data,

Source of Fer cent p=Amylolysis| "xt.
Folysaccharide phosphorolysis|C.L. Limit C.Le
(24 hr,)
Glycogens
Rabbit liver I 3 13% 25 5=6
Rabbit liver V 11 14 51 9=10
ytilus edulis
VI 9 13 45 8=9
Helix pomatia 5 7% 37% 5
Trichomonsas
foetus 16 15 60 11-12
Amylopectin
Waxy maize starch 45 20 50 12=13

" Experiments carried out by Dr, D, J. lanners and
colleagues,
Discussion,

It has been found that glycogens are degraded by potato
phosphorylese (c¢,f. 149,166); the reaction is, however, extremely
slow, and, even when high concentrations of ernzyme are used,

phosrhorolysis does not cease within 72 to 96 hours. This
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Fotato phosphorolysis of glycogens and related polysaccharides

(Beries II).

Per cent phosphorolysis,

Folysacecharide, U .
10 hr, | 22 hr, | 4C hr., |112«240 hr,

Glycogens,

Rabbit liver IV 0.29 - ) 6 9
Rabbit liver (B.D.H.) 0.38 - 6 8 -
cat liver VI 0,432 3 3 5" 9
Trichomonas foetus Ce28 6 7 10%® 10
Floridean starch I C.24 - 33 35 37
Floridean starch II C.26 25 24 24! -
Floridean starch III 0.27 - 27 28 29

U, Units of rhosphorylase per mg, of glycogen,

- After 70 hours incubation,
meant that potato phosphorolysis limits of glycogens could not
be obtained, end the originael intention of relating phosphorolysis
1imits to known structursl features of the glycogens, and possibly
using potato phosphorylase as a struetursl tool, had therefore to

be abandoned,
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when tihe data presenied in Table XIV was examined, it
was realised that althcugh degradation limits were not attainable,
different glycogens were not degraded to the same extent, It
wes considered thet, when one enzyme preparation was used through=
out a series of experiments, and the experimental conditions were
not altered, the extent of phosphorolysis of different glycogens
at any perticular time, should be comparable, The experiments
reported in Table XIV fulfilled these conditions, snd in Teble XV,
the average percentage of each glycogen converted to glucose=l-
phosphete in 24 hours (per cent phosphorolysis) 1is summarised,

Five glycogens were examined, and the per cent phos=-
rhorolysis varied from 3 to 16, In order to determine whether
this variation could be attributed to Xnown differences in the
struecture of these glycogens, figures for chein length, exterior
echein length, and interior chain length (See ~“ection TII) are
included in Table XV, It will be noted that the per cent
phosphorolysis figures increase in much the same order as the
average exterior chiain lengths, but that they are in no way re-
lated to either the aversge chain lengths or the sverage interior
chain lengths. This is not unexpected, and must be interpreted
as indicating that the longest exterior chasins are the most
readily attacked,

In the Series II experiments reported in Teble XVI,
four glycogens and three samplesg of Floridean starch were degraded
with the commercial rrepsration of potato phosphorvlase, The

amount of enzyme used (units/mg. of polysaccharide) was very



- 124 -

slightly less then in the experiments of Jeries I, yet the rate
of phosphorolysis of the glycogens was greatly decressed, As
the maximum difference in extent of phosphorolysis of the four
different samples was only 4% after 24 hours, no attempt has
been made to relate the per cent phosphorolysis to the exterior
chain length,

The difference in the pattern of degradation of amy=
lopeetine and glycogens by potato phosphorylase cannot be ex-
plained solely by differences in the lengths 6f their exterior
chains, The sample of waxy ma&ize starch which was treated with
protato phosphorylese under the sawe conditions as the glycogens
listed in Table XIV, hed a chain length of 20 glucose residues,
and a pB~amylolysis limit of 5C7, The esverage exterior chein
length was therefore between 12 ard 13 glucose residues, &
figure which is closely comparable to the average exterior chain

length of Irichomonas foetus glycogen (11 - 12 glucose residues),

Nevertheless, while 457 of waxy maize starch was converted to
glucose~l=phosphate in 24 hours, the corresponding figure for

Trichorionas foetus glycogen was only ca 167. It is tentatively

suggested that the potato phosphorylase molecule is large, and
that it 1s sble to attack only those chains of branched g=-1:4-
glucosans which do not lie in close proximity to other chains,
As amylopectins have longer interior chains than glycogens,
they must be less compact in structure, and will therefore be
more readily attacked,

The incresse in extent of phosphorelysis with ine

erenssing exterior chain length of glycogens, can be explained
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in a similar manner, The longer the average exterior chein
length of a sample of glycogen, the less compact will be the
structure at the perimeter of thé molecule, and consequently
phosphorolytic attack will occur more easily, If this hypothesis
is correct, the number of sites on the glycogen molecule which

are available to the enzyme, is limited, Enzymic atteck will
therefore be slow, and will not be sccelerated by increasing

the enzyme coneentration,

Re~enzyme, which hydrolyses a=-l1:6 linkaces, resembles
potato phosphorylese in that it readily attacks emylepectins,
but has & very limited acetion on glycogens, This may alsoc be
attributed to the size of the enzyme molecule,

The uncertainty as to the true potato phosphorolysis
limits of amylopectins can also be explained by this theory.

41 though the emylopectin molecule has a more open network of
chains than the glycogen molecule, the compactness of the
structure again increeses towards the interior of the molecule;
it ies suggested that certain of the braneh point glucose resldues
are situated too close together to allow potato phosphorylase

to effect, with =acse, complete degradrtion of the corresponding
exterior chains,

The potato phosphorolysis of rloridean starch is of
interest. Initial repid degradation occurs (“ee Table XVI),
and thereafter a slow creep in per cent phosphorolysis is agein
noted, Wvidence from periodate oxidation (Floridean starches

I, IT end III have &verage chain length values of 9, 12 and 13
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respéctively), and from p-amylolysis (B-amylolysis limits are
respectively 46, 37 and 37%), incicates that these polysaccharides
are not significantly different from normal glycogsens (17C). .
Certain differences in physico-chewmical properties have, however,
been noted, Floridean starch has a higher reducing power and
lower turbidity than glycogen, indicating that 1t has a lower
molecular weight, The specific rotation is lower than that of
glycogen, and the position of the iodine absorption maximum is
higher, -These observatione, supported by the higher per cent
phosphorolysis, suggest that the structure of Floridean starch

is not identical tc that of a normal glycogen,
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SECTION VI,

MUSCLE FHOSFHOROLYSIS CF GLYCOGENS.

Introduection,

The animal phosphorylase which has been studied in
greatest deteil is that from the leg and back muscles of rebbits,
It differs from plant phosphorylases in several ways, notably
in activator end primer requirements, and in action pattern to=-
wards brenchned glucopolysaccharides,

Cori and Green report that muscle phospliorylase exists
in two forms, denoted & and b (171). although these are equally
sctive in the presence of muscle adenylic acid (adenosine 5 =
phosphate}, in ihe absence of adenylic acid, phosphorylase b
is inective, whereas phosphorylase a exhibits about 607 of its
maximum activity. These authors have isolated an enzyme which
they consider is responsible for conversion of phosphorylase a
to phosphorylese b, Since the b form hes a molecular weight
about nelf that of the & form, Keller and Cori suggest that this
enzyme, the IR, or phosphorylase rupturing enzyme, cetalyses the
scission of the phosphorylese & molecule into two parts (172),
Keller reports thet trypsin can &lso effect the conversion of
phosphorylese & to b, but that trypsin end 'R enzyws are not
identical (173).

torkers in the Cori school found thet the greater part

of the phosphorlase extracted from rabbit museles in a rested
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condition, was in the & form, but that, if the musels had been
stimulated, the b form of the enzyme prevailed (171). They
sugcested that conversion of phosphorylese a to b in vivo was

a device which prevented exhsustion of musele glycogen supplies
during excessive stimulation (174), More fecantly however,
¥rebe 2nd Fischer have reported that the Cori procedure for the
preperation of rebbit musele phosphorylase, yields the bulk

of the enzyme Iin the b form, and that phosphorylase b is readily
ccenverted to phosphorylese @& in the presence of divalent cations
and adenosine triphosphete (175). This indicates thet the in
vivo stete of rabbit musele phosphorylase is still uncertain

and that the form of phosphorylase which is isolated ig dependent
upon small differences in experimentel technique,

Iike potato phosphorylese, muscle phosphorylase can
catalyse the synthesis of a~l:4-glucosidic bonds, but the two
enzymes differ in thelr primer requirements. Both are primed
to 8 small extent only by amylcse, but, whereas amylopectin
is more effective than glycogen as:brimﬁr for potatoc phosphory=
1usé, in the cese of muscle phosphorylese, the reverse is true
(158). Moreover, muscle phosphorylase requires the presence
of polysaccharide material before”synthesis takes place; un=
like the potato enzyme, it is not primed by short chein oligoe-
sacecharides.

In the presence of excess inorgenic phosphate, amylose,
amylopectin and glycogen are degraded by muscle phosphnorylase,

Degradsa tion of amylose is slow and stops when about 7C7 of the
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molecule has been converted to glucose-l-phosphate (176); it is
probable that the barriers to further enzyme action are the

enoualous linkages which have alrecady been mentioned (Pages 59 and 98).
Phosphorolysis of glycogen roaches a limit when between ca 287

and 497 of the molecule has been removed (117); the correspond-

ing values for amylopectin are higher (ca 367 to 537) (176,65),

The action pattern of musele phosphorylase when
branched gluco-polysaccherlides are degraded, has been studied by
Cori and Larner (177), When the muscle phosphorylase limit
dextrins 5f glyeogen and amylopeotin (@g-dextrins) are submitted
to the act;on of amylo-l:6=-glucosidase, the debranching enzyme
of rabbit muscle, glucose is produced. Zince this glucose
must have been joined by &n u~1:6 linkage to the rest of the
1init dextrin nclecule, it could have originatedlonly from the
Ae=chein stubs, It 1s thus proved thet the A-chain stubs of
¢-dextrins contain only one glucose unit,

Hestrin degraded the f=-dextrins of glycogens and amylo=
pectine with B-amylese and calculated that the amount of maltose
produced was equivalent to one molecule per exterior chain (176),
Since p-aﬁylage would bé unable to attack the A-chain stubs of
the ¢=-dextrin, Cori end Larner, essuming thet the polysaccharide
molecule conteined equal numbers of A- and B-cheins, suggested
that P-amylase removed two molecules of wmaltose from eech of the
B-chain stubs of the @=-dextrin (177). They concluded that the
p=chain stub of the @-dextrin was 4 glucose units longer than the

corresponding B-chain stub of the p=dextrin; 1f the length of
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the B-chain stub of the p-dextrin is 2 to 3 glucose units, that
of the ¢=dextrin must average 6 to 7 glucose units,

The differences between muscle and potato phosphorylase
have already been considered, Phosphorylase from brewer's yeast
has also been studied (142), “hile 1t is similar to potato
phosphorylace in thet it is not activated by adenylic acid, 1t
resembles musele phosphorylaese in thaet it is more effectively
primed by glycogen than by amylopectin, and ie not primed by
maltosaccharides, Yeast phosphorylase also differs from both
the animal and plent enzymes in the extent to which it degrades
branched a-1:4-glucosans, Although 1ts action is confined to
the exterior chains of the molecule, the yeast phosphorolysis
limits of both glycogens and amylopectins are similer to the
P-emylolysis limits (i.e. ca 5C¢), It is suggested that, es in
the case of pB-amylolysis, the exterior chain stubs are two to
three glucose units in length, It is interesting thet these
three enzymes from different sources ceatalyse the same basle

reaction, yet differ in their deteiled mode of asction,

Experimental,

1. Preparstion of muscle phosphorylese.

Musele phosphorylase was prepared by the method of Green
end Cori (178), the preparation being cerried out eleven times,
It was essential to work et 0%, but since no cold room was avail=
able for the earlier experirents, the solutions vere kept cold

by means of an ice-bath,
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The leg and back muscles of two rabbits were removed and
chilled, They were minced, and an equal volume of ice-cold water
added to the mince, The mixture was allowed to stand for 10
minuteé with frequent stirring, end the extract streined off through
muslin, The extraction procedure was then repeated,

After adjusting the pH of the combined extracts to
between 6.0 and 6,2 with dilute hydrochloric acid (the acid being
added slowly to avoid foeming), the slightly turbid solution wes
diaiysed egainst cold running water (50 to 1001 for 3 hours,

The pi was then brought to between 5.8 and 5,9 with C,08 X
hydroehioric acid, ‘'he precipitate which formed contained pn
enzyme (171), and was removed by centrifugation,

The eclear supernatant solution wes brought to pH 6.8
by the addition of sodium pge-glycerophcsphate (¢e 1 g, per 1CC ml,
of solution), . “atursted ammonium sulphate =olution (C,7 vdl.)
which had been prepared at room temperature, and adjusted to pH
6.8, was added, thus making the final solution 41% saturated with
emmonium sulphate, The pH was checked, and, if necessary, ed-
justed to 8,8,

A simall precipitate settled out overnight, and was
colleeted by centrifugation. (About 257 to 307 of the protein
in this precipitate was phosphorylasa), It was dissolved in
water (15 to 20 ml,) and dialysed ageinet cold running water
for 6C to 80 minutes, during which time & precipitate appeared
in the dialysis bags, plalysis was continued against cysteine=-

glycerophosphate buffer solution of pIl 6,8 (1 ml, ©,3 1 oysteine
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hydrochloride to 39 ml, sodium P=-glyecerophosphate), the solution
being changed three to four times during the course of 20¢ hours,

Aafter 20 hours, the contents of the dialyslis bags were
centrifuged at high speed, and the precipitate which conteined
phosphorylase end some cystine, waes well drained, The
phospiiorylase was extraetei from the preceipitate by triturating
for 5 minutes with cysteine - glycerophosphate solution (10 ml,;
C.03 M cysteine hydrochloride, 1% sodium p-glycerophosphate,

&d justed to pH 6.,8) at 300to 35°, Thies solution of phosphorylase
was then placed in a refrigerator at 00.

"ith the earlier experiments, in which refrigeration
facilities were inadequate, it was difficult to obtain an enzyme
preparation sufficiently active to be used in phosphorolysis
experiments, Although this problem was overcome, by the use of
a ¢old room, and the phosphorylase activity of the later preparations
was higher, the enzyme was difficult to crystallise, This may
have been because the greater part of the phosphorylase was in
the b form which does not crystallise so readily @as the a form,
Fischer and Krebs suggested thet phosphorylase b could be cone-
verted to phosphorylase & by adding manganous acetate (3 x 10‘3 M)
and adenosine triphosphate (4 x 10-4H) to the crude extract and
allowing it to stand for 2 hours at OO, befors procseding with
the next stage of the preperation (179); this technique was
tried, but crystalline phospliorylase & was not formed, However,
it was found that the solution obtained by extracting the

precipitate formed during the finsl dialysis stage, with cysteine -
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glycerophosphate buffer,imd & sufficlently high phosphorylase
content for it to be used in phosphorclysis experiments,

The preliminary experiments which are reported were
carried out on a typlcal preparation of muscle phosphorylese,
Cther phosphorylase solutions which had activities of the same

order, were similarly free from contaminating enzymes,

2. Ceneral methods used in muscle phosphorolysis,

z) Estimetion of inorganic vhosphate and gluccse-l-phosphate,

The methods are detailed in Section V.,

b) Precautions ageinst mould conteamination,

Toluene wes used in all digests, to prevent the growth
of moulds.

¢} Control of pH

All digests were buffered tc pH 6,8, the optimum pH

of the enzyme (180).

3., Examinetion of a typical preparation of musele phosphorylase,

&) Aetivity of musecle phosphorylese,

The method used was that of Cori, Cori and Green (180),
who incubated the enzyme with glucose-l-phosphate in the presence
of glycogen, under conditions in which the synthetic reaction was
kineticeally first order, They showed thet, over a considerable
range of enzyme dilutions, the rate of the reaction was proportion-
al to the enzyue ccncentration, and besed the unit of activity on

the equilibrium constsnt of the reaction,
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For & first order reaction

1l X
k = - lOf{,
t 10 X@w)X

where X, ie¢ the percentage of glucose~l-phosphate converted to

inorga;:c phosphate and polysaccharide at time % (in minutes), Cori,

Cori and Green showed that x, veried with pf, &nd that at pH

6.8, x, = 78, They messured the value of x for three values of

s (5,—25, and 15 minutes), were then able to calculate k, end

arbitrarily multiplying k by 1000, obtained the total number of

enzyme units present, This figure multiplied by the appropriate
dilution faetor (see below) gave the number of units of phosphory=
lase present in the origirnal enzyme solution,

The following solutions were prepared:

1) 4% glycozen solution,

2) 0,08 M sodium p=glycerophosphate (pH 6.8).

3) 0,06 i cysteine hydrochloride freshly neutreslised to pH 6.8,
Solutions 2 and 3 were nmixed in equal volumes and used for
dilution of the enzyuwe,

4) 0,064 11 erystalline dipotessium e8lt of glucose-l-phosphorie
acid, brought to pi 6.8,

5) To solution 4, adenylic ecid was asdded to bring the concentration

to 0,004 11,

Bxperimental FProeedure,

0,1 ml, of the stoek soclution of phosphorylase was
diluted with oysteine -glycerophosphete bdbuffer, the operation
being carried out in tﬁo steps when the dilution required was

grea ter than 25 fold,.
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To dilute enzyme solutiorn (0.4 ml,), solution 1 (0.2 ml,)
was added, and the mixture incubated at 35° for 20 minutes,
Solution 4 or 5 (0,2 ml,), prewarmed to 35°, was then =dded to
start the resetion, After exactly 5, 10 and 15 minutes, aliquots
(0.2 ml,) were pipetted into perchloric acid (10 ml.; 1.24) whioh
stopped the enzymic reaction, ¥From the content of inorgarie
rhosphate in these aliquots, the percentage (x) of glucose=l-
phosphate ccnverted to inorgenic phosphate and polysaccharide,
was obtained, and k was cslculated, Yhen the stoeck solution had
been diluted the correct amount, K was found to be ‘constant,
Results.

The phosphorylese & activity of the enzyme soclution was
determined by incubating the enzyme with gluc;se-l-phosphate end
glycogen in the abgsence of adenylic acid, The stock solution of
phosphorylase was diluted 1:1C by aysteine - glycerophosphete
buffer. Oinee, in the disest 1t was further diluted 1:1, the

"dilution factor" was 20,

Time (uin) x (¥) k x 1000 Yo of unite/ml, of stock
phosphorylase solution,
5 28 38,6 772
10 46 38,7 774
15 53 32,9 658

The total phosphorylase activity of the enzyme solution
was determined by incubating the enzyme with glucose-l-phosphate
and glyoogen in the presence of adenylic acid. The stock
solution of the phosphorylase was diluted 1:140 by oysteine =
glycerophosphate buffer, 3ince, in the digest it was further
diluted 1:1, the "dilution factor" was 280,
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Time (min,) x (%) k x 1000, No. of units/ml, of stock
phosphorylase solution,
5 19 24,2 6776
10 53 23.9 6692
15 43 23,2 6496

It may be concluded that the bulk of the phosphorylagse
in the stock solution wes in the b form, A1l phosphorolysis
experinents were therefore carried out in the presence of (0,001
il adenylic acid,

b) Furity of wusecle phosphorylase,

The enzyme with which musele phosphorylesse preparations
are most frequently contaminated, and which would interfere with
the course of phosphorolysis of glycogens, is the debrenching
enzyme, amybe-l:6-glucosidase, Its presence vas tested for, by
incubating the enzyme solution with & naturally occuring poly-
saccharide which was virtually a phosphorylase linit dextrin,
(This substanece wss the "glycogen™ obtained from the liver of a
humen female suffering from von Gierke's disease (181), )

Uigest. 1 ml, von Gierke glycogen solution (6,8 mg,/ml,)
Oe4ml, phosﬁhate buffer (0,5 ¥.; pH 6,.8)
0.2ml, adenylic acid solution (0.01 ¥.)
O.lml, phosphorylase solution,
Distilled water to 2 ml,
After 16 hours, the glucose-l-phosphate content of the complete
digest, was determined, and the extent of phosphorolysis found
to be 2,7/, This indicated that, although slight phosphorolysis

of von CGierke glycogen had occured, no amylo-l:6-glucosidase
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wes present in the phosphorylsse sclution, "ven a trace of
amylo-l:6-glucosidase would rupture several 1:6 linkeges, causing
the extent of phosphorolysis to be greatly in excess of 39.
lMoreover, had amylo-l:6-glucosidase been present,
phosphorolyeis of normal glycogens would not have reached a limit
when less than 507 of the molecule had been degreded, but would
have continued slowly beyond this point. - It was always found
that phosphorolysis stopped within about 3 hours, and, in one
case, 1t was shown that the degradation limit did not increase
when the amount of phosphorylese (and therefore the amount of
debranching enzyme, if any were present) was increased fourfold,

This is further proof of the absence of amylo=-l:6-glucosidase,

4, lMusele phosphorolysis of glyecogens,

It has been shown thet the muscle phosphorylase used
in the course of this work was of satisfactory activity, and was
free of debranching enzynme, A typleal phoéphorolysis experiment
is reported in detail,

At the commeneement of the reaction the inorganice
phospha te coﬁbnf of all digests was C,01 M, This high con-
centration of inorganic phosphate ensured thet phosphorolysis
did not cesse because equilibrium between inorganic phosphate
and glucose-l-phosphate was reached, (see Section Vv, Page 115)
The inorganic phosphete : glucose-l=phosphate equilibrium ratio
at pil 6,8 1s 3.5,

a) Composition of digest end analysis of products,

Before weighing out, the glycogen was dried in vacuo,
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over phosphorus pentoxide for 4 hours, at 100°,
Ligest. 46,0 mg, brewer's yeast glycogen,
4,0 ml, phosphate buffer (0.5 M; pH 6,8)
2,0 ml, adenylic ecid (0,01 X)
0.5 ml, phosphorylese solution (375C units; ca 80
units/mg, of polysaccharide

Distilled water to 20 ml,

The digest wes incubated at 38°, Aliquots (2 ml,) were removed

at intervals for estimation of glucose-l-phosphate,

Time (hr.) Txtinction ng. ¥, Per cent
coefficient ~ phosphorolysis.
0,02 0.043 0,009 5
1,0 0.238 0.053 30
5.0 0.241 0.053 30
24,0 U.239 0,053 30

The course of the reaction is shown by @ graph (Fig.XI) in which
percentage phosphorolysis is plotted asgainst time,

b) Proof that enzyme action was complete,

FPhosphorolysis of brewer's yeast glycogen ceased within
1 hour, thaet this was due to the degradation limit having been
reached, and not to insufficient enzyme being present in the digest,
vwas shown by setting up & second digest in which the ratio of
enzyme to polyseccharide was increassed fourfold.
Digest., 47.0 mg. brewer's yeast glycogzen.
4,0 ml, phosphate buffer (0.5 M¥; pH 6,8)

2,0 ml, adenylie acid (0,01 ¥).
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2,0 ml, phosphorylese solution (15,000 units: ca
320 units/mg. of polysaccheride,
Distilled water to 20 ml,
The digest was incubated at 35°, Aliquots (2 ml,) were removed
at intervels for estimation of glgcose-l-phosphate.

Time (hr.) Bxtinction ng. P, Ter cent

coefficient pho sphiorolysis,
0.02 0,155 0.034 19
1,0 C.253 C.056 31
5.0 C.253 0,056 31
24.0 0,238 C.053 29

The course of the reaction is plotted on the graph (Fig.XI).
Increasing the ratio of enzyme %o polysaccharide did not
alter significantly the phosphorolysis limit of brewer's yeast
glyecoszen, It was thnerefore assumed that the amount of enzyme
used in the first digest (sub-section &, above) was sufficient to
cause the true phosphorolysis limit of the glycogen, to be reached,
In & subsequent experiment, in which glycogen froum Helix
pomatia was subjected to the action of musele phosphorylase (110
units/mg. of polysaccharide) degradation reached @& ;imit of 20%
within 1 hour. LTter 4 hours the enzyme concentration was in-
creased to 250 units/mg; of polyseccharide, but no further de-
gradation occured in the subsequent 20 hours, It was thus
apparent that the lower concentration of enzyme wes sufficient to

cause complete phosphorolysis of glycogen,
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Regults,

Phosphorolysis of glycogens was complete within 2 to 3

hours, when the amount of enzyme used was about 80 to 100 units

per mg, of polysaccharide,

above were used to degrade a series of polysaccharides; most

Similer conditions to those detalled

experiments being carried out in duplicate,

ziven in Table XVII.

Results obtained with an earlier, and less active

The results are

preperation of phosphorylage are reported in Table XVIII,

TABLT XVII,

Musole phosphorolysis of a-li4=-glucosans (Series T),

Per cent phosphorolysis,

Source of polysaccharide, U.
l] «1,5 hr,| 3 hr,| § hr,.| 24 hr,
Glycogens,
Rabbit livér v &)| 100 33 38 - -
b)| 95 38 38 - =
Rabbit liver XIII a)l 100 29 30 - -
b)|100 31 30 - o
Cat liver IV a)ll05 37 36 - -
b)| 95 36 36 - -
Cat liver VI a)l1e0 34 34 - -
b)[105 34 34 - -
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Fer cent phosphorolysis.

Source of polysaccharide| U,
l~1,5 hr,| 3 hr, | 5 hr, |24 hr,

Foetal sheep liver 75 - - 28 29
Mumen muscle II a)|lCh 21 22 - -
b)| 90 20 21 ” -
liytilus edulis V a)l 95 19 20 - -
bj)|ll0 &0 21 - -
Mytilus edulis VI &)|10% a7 31 - 28
b)| 85 28 26 - -
Lsceris lumbricoides a)| 85 29 3l - al
b)|130C 29 30 - -
Helix pomatia a)|l 95 2 22 - -
b)[110 20 21 - 20"
Trichomonas fonfus 75 - - 56 35
Brewer's yeast a)| 80 30 - 30 30
b) | 320 - 31 - 31 29

Amylopeoting,

Taxy maize starch 'IX a)| 75 41 41 - -
b)| 85 41 41 - -
Waxy sorghum starch a}| 80 40 40 - -
b)| 90 39 39 - -
Rumen protozoa a)| 80 42 45 - 46
b)| 75 43 44 - -

¥ After 4 hours enzyme concentration was inereased to

250 units/mg, of polysacecharide,
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TABLE XVIII,

Musecle phosphorolysis of o-lid=-glucosans (Series II).

Per cent phosphorclysis,

Source of polysaccharide,
hr,| 6 hr,| 24 hr, | 48 hr,| 75 hr,

Glycogens,

Rabbit liver I - 12 13 14 -

Rabbit liver III - 29 31 31 -

Rabbit liver VI - 32 33 33 -

Foetal sheep liver - 27 28 28 -

Rabbit muscle - 23 24 25 -

Helix pomatia 18 - 20 - 21

Trichomonaes foetus 30 e 34 - 36

Tetrahymena pyriformis 28 - 30 - 31

rewer's yeast 25 - 27 - 28

Amylopectins

Waxy wmaize starch I 39 39 40 41 -

Yaxy maize starch II - 42 43 43 -
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Discussion,.

1, lusele phosphorolysis of a=-l:4=-glucosans.

Musele phospherolysis limits of seventeen glycogens
were obtained in the course of this work, They vary from 14
to 36¢%, although in the ma jority of cases, degradation ceased
when between 28 and 36 of the glycogen molecule had been con-
verted to glucose-l-phosphete,

In similar experiments carried out on other samples
of glycogen, by Cori and colleagues, phosphorolysis limits were
zenerally between 30 and 407 (117), and on average, were Some=-
what higher than those obtained in this work, br, G, T, Cori,
in & personal communication to Dr, D. J. lienners, indicated that,
for maximum activity of phosphorylase, the addition of cysteine
to the enzymic digests was essential, In the published experi=
ments of this suthor, howsver, there appears to be little consist=-
ency in the cysteine content of. phosphorolytic digests. Although
the ectivity of the enzyme was measured in the presence of 0.015
I eysteine (180), the complete degradation of glydogen by phos=-
phorylase plus amylo-l:6-glucosidase (debranching enzyme) wes
carried out in digests to which no eysteine was added other than
that present in the enzyme sclutions (177). The final cysteine
content of these digests was not greater than 0,005 1M, In tw
subsequent publications in which a) glycogen was exhaustively
degraded with phosphorylase in order to determine the phosphoro-
lysis limit (117), and b) was degraded alternately by phosphorylase

and amlyo-l:6~-glucosidase, for the purpose of studying the internal
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structure of the molecule (85), there is no mention of the
addition of cysteine,

" Hestrin had eerlier indicated that addition of cysteine
to phosphorolytic digests interfered with the determinstion of
phosphﬂte esters of glucosge by reductometric methods, Cori
reports thet, subsequent to the removel of protein and polye
saccharide Trom aliquots of the enzymic digest, glucose~l-
phosrhate was estimated by hydrolysis and then reduecing power
measurement (177), Accordingly, control experiments (unreported)
in whiech this technique was followed have been carried out, and
i1t was shown thaet ceysteine interfered markedly with glucose-lw
phosphate estimation, It wee thus obvious that, if eysteine
were added to phosphorolytie digeste, and glueose-l=-phosphate
estimated in this menner, large blank values wuld result, and
hence, the accuracy of the estimetion would decreese, Jori,
however, mekes no mention of this,

In view of the faect that, in the experiments of Cori and
colleagues no constent quantity of cysteine was sdded to phosphorol=
ytic digests, it 1is suggested that the presence of cysteine is not
essentiel, and that, provided sufficlent phosphorylase is present,
true phosphorolysis limits will be attained, In the control

experiments cerried out with brewer's yeast end Helix pomatie

glycogens (Peges 137, 138 asnd 139), phosphorolyeie ceased within
1 to 3 hours, and neither eddition of a further quentity of enzyme,

dissolved in cysteine - glycerophosphste buffer, nor &n increase

in the initiel amount of enzyme added to the digest, raised the
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phosphorolysis limit, It is therefore considered thet under the
conditions used in this worik, virtually complete phosphorolysis
of _lycogens was nchie#ed.

The results reported in Teble XVIII were obtained with a
less active phosphorylase preparetion, than was used for tie
experiments of Table XVII, However, when duplicate experiments
were carried out, the phosphorolysis limits obtained with the less
active preparestion were only 19 - 2% less than those obtained with
a more active enzyme prep-retion, This;differenca 1s conesldered
barely significant, and therefore, for those glycogens listed in
Table XVIII which were not elso submltted to the action of & highly
active phosphorylase preparetion, the meximum per cent phosphoroly-
sis obtained after 48 - 70 hours with the less active enzyme 1is
considered to be the phosphorolysis limit of the glycogen,

Several amylopectins were also submitted to the action

of musele phosphorylase; the results obtained are included in

Tavles XVII and XVIII,

2., lultiple branching of glycozens.

Although Meyer suggested, in 1941, the glycogen had &
multiply-branched structure (45), experimental evidence wss not
obtained until comparatively recently. Larner, Illingworth,
Cori and Cori degreded two samples of glycogen and two‘samples
of amylopectin by the alternate action of rabbit musocle
phosphorylese and amylo-l:6-glucosidese, asnd estimated the

percentage conversion to glucose-l-phosphate or glucose after
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each enzymic resction had reached completion (65). ceveral
successive degradstions were carried out; between 307 and 407
of the polysaccharide or corresponding limit dextrin molecule
was removed at each phosphorylase step, end ca 37 to 67 by each
glucosidase reaction, ‘hese results can be explained only 1if
tiie polysaccharides are multiply-breanched,

It hes already been shown that samples of glycogen
vary in degree of branc.ing and in the average position of the
branch point residue on the unit chain, and it was thought un-
likely that there would be uniformity in degree of multiple
branching (ratio of i-cheins tc Bechains, designated AB.) A
method for deternining approximate velues of AB was accordingly
devised,

Calculations of the degree of multiple branching ere
based on the differences between the experimentally determined
chain lengths of the pg-amylese limit dextrins (p-dextrins) and
muscle phosphorylese limit dextrins (¢-dextrins), end on the
accepted action patterns of these enzymes, The averege length
of the A-ghain stub of glycogen p-dextrins 1s 2,95 glucose
residues (Page 62 ); that of the B-chain stub is considered to
be n glucose residues (the most probable velue of n being 2,5),
It hes been proved that the L-chain stub of ¢-dextrine contains
1l glucose residue, end, on the basis of work by Hestrin snd Cori
{176, 177), it 1s essumed thet the length of the B-chain stub
is (n +4) gluccse residues (Page 129 ), variations in the
difference in average length of the exterior chain stubs of

p- and g=-dextrins frow one sample of glycogen to ancther, must
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therefore reflect veriations in the degree of multiple branching
of the glyeogens,
If there are equal numbers of A= and Be-chains, the

average lenzth of the exterior chain stub of the ¢-dextrin
l+1n+ & ne S

(®.C.L.¥.) is 5 8—5 . The average length of the
exterior ciain stub of the p-dextrin (3.0.L.p.) is Zait.tle
a)

The differencesin the average length of the exterior chain stubs
of the - and gedextrins is therefore L2 - n_%__z___g - 1,25
glucose residues,

The value of A when LB is 1:2 can be cslculated in

a similar manner, Since there 1s 1 A-chain to every 2 B-chains,
m.0..d. = 1 + 2én + 4) 2.5 + 2n

, and B,C,L. 3 ==5==; thus A

2n + 9 _ 2n + 2,5 _
5 3 = 2,17,

A complete saries of celculations for AB = 1:0.5, 1l:1.
1:2, 1:3, ste,, was carried out; in Fig. XII values of A are
plotted against the corresponding values of AB.

Zince only the exterior chains of the glycogen molecule
are attacked by muscle phosphorylase and p-amylase, the difference
(A) in the lengtis of the exterior chain stubs of the f- and B-
dextrins, is equal to the differenoelin the average chain lengths
of the dextrins, Tmxperimental values of this difference can be
readily obteined from muscle phosphorolysis and p-amylolysis data,
For example, rabbit liver V glycogen has & chain length of 14,

a muscle phosphorolysis 1limit of 32 end & p-amylolysis limit of
51. The average chain length of the ¢-dextrin is therefore 9,5
glucose residues, that of the pP=dextrin is 6,9 glucose residues,

and the difference, A , is 2,6 glucose residues, The value of
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ir dependent upon the degree of multipls branching of the molecule,
and fruﬁ the graph (Fig. XITI) it is geon thot A E;ﬁ correrponds
to en IH velus of 1:2,9, Tn o similer mepner, veluse of 10 ware
oslouleted for the other glyoocgens for whieh murcle phosphorclyais
dnta was obtelined (?eﬂ Tables IVIT ond XVITT)s The rasults ore
sunmarised in Table XTI,

A segond method for ealeulating velues of 7T hes been
deaveloped, and will de 1llustrated by the ense of humen muscle ¥T
glyocsgen, After enzyme sotion (musole phosphorylase and peanylasge
only the exterior ohain slube of the ie-ghsins remain; thens are
reapectively 1 and B,5 glucose residues in length, Foth enzymes
lreve inteet the intarior pnrts of the Hecheinsy 1f the avernge
fnterior ohain length is § glucoee residues, and the axterior chain
stub of the pedextrin conteins i gluccse residues, the aversge
length of the Bechain after peamylass aotion is (L + 2 + 1)
glucosa rasidues, {The brarcech point glucoee rasidue is not ine
sluded in alznaf the extarior ohain lsngth or the interior chain
length), fimilarly the aversge length of the Heghain aftar
muscla phosphorolyeis 4e (i + n+ 1 + 4) glucoes residuss,

(£ +n +1) 18 common t0 both, snd iz therefore denoted by m,
It iep sonsidersd thet the velue of 4B is 1:x,

Human wmusole IY glyosogen has an average ohaelin lanazth
of 11 zlucose ragiduss, 0 Peazylolynis lizit of 40 end & musrole
phosrhorylyeis linlt of 88, After geanylolysis has Peached
complation, the total number of clucvss residuss romeining, per
1 Aeohnin and Deahaine Lo 007 of 11{x + 1) @ €46 (X + 1),

However, G,6(x + 1} = S0+ xm

1-*. x(m o~ ﬁ.ﬂ) - 4.1 A A 0 W (1)
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After musele phosphorylase ection has reached completion, the
total number of zlucose residues remaining per 1 A-chain and
X B-chains is 787 of 11 (x + 1) = 8,8(x+ 1),
B,6(x *1) = 1+ x(m+ 4)
i,ex(m = 4,6) = 7,6 swecccacacaa - (2)
Solving equations (1) and (2),

M= 4.6 7.8

3,5m = 31,3
m = 8,6
Substituting in (1).
2,3x = 4,1
X = 1.8
By both methods of celculetion human musecle II glycogen has an
IB velue of 1:1.8,

From Table XIX it i1s seen thet with two exceptions
values of AB for glyeosens vary from 1:6.9 to 1 ¢ 2,9, It is
thus concluded  that glycogens show some variation in degree of
rul tiple branching, For comparative purposes, two samples of
amylopectin were examined; the dats obtained is also recorded in
Table XIX, Vaxy maize starch I does not differ significantly
from glycogens in degree of multiple branching, although waxy
sorghum starch, which has a higher average chain length appears
to have & higher ZB value,

Two zlycozens from rabbit liver VI end Trichomonss

foetus have LD values of greater thar 1:8, It is interesting
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T.")B —'-T J;I;b L]

Multiple branching of o-~l:4-glucosans,

Scurce of
polysaecharide, C.Le| & | C.L.Z| B | CuL.p A iB
Glycogens.
Rabbit liver I 13" |14 | 11.2 | 25 | 9.8 1.4 |1511
Rabbit liver III 13" | 31 9.0 | 51 | 6.4 2.6 |1:2,9
Rabbit liver V 14 | 32| 9.5]| 51 | 6.9 2,6 | 1:2.9
Rebbit liver VI 18% | 35 | 12,1 | 52 | 8.6 3.5 > 1:8
Rabbit liver XIII 15 | 30 | 10.5 | 46 | 8.1 2.4 1:2.4
Cat liver IV 13* | 26 8.3 | 53 | 6.1 2.2|1:2.1
Cat liver VI 12% | 34 7.9 | 52 | 5.8 2.1]1:1,9
Foetal sheep liver 13% | 29 > 49 | 6,6 2,6 | 1:2,9
nabbit muscle I 13% | 25 | 9.8 | 45%| 7.2 2.6 | 1:2.9
Human musele II 11 22 8,6 40 6.6 2,01 1:1.8
Miytilus edulie V o | 21 7.1 | 40 | 5.4 1.7 | 1:1.5
Mytilus edulis VT |13 | 28 | 9.4 | 46 | 7.0 2,4 1:2,4
Leearis lumbricoides|12® | #1 | 8.3 | 49%]| 6.1 2.2| 1:201
Helix pometie 7% | 22 | s.5 | 37%| 4.4 1.1 1:0.9
Triohomonas fostus |15% | 36 | 9.6 | 60%| 6.0 3,6| > 1:8
Tatrahymena puformis| 13 | 31 | 9.0 | 24%| 7.3 1.7| 1:1.5
Brewer's yeast 12* | 30 9.1 | 44®| 7.3 1.8 1:1.5
Amylopeotins,
vaxy maize staroh T 20" | 41 | 11.8 [ 50%|10.0 1.8 1:1,8
Waxy sorghum starch 257 40 15,0 52%112.0 0] 1:6.,3
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A, Muscle phosphorolysis limit (per cent)

B, pPe~amylolysis limit (per cent)

#, Txperiments carried out by Dr, D. J. Vanners and colleaguec,
C.L.¢. Average chain length of {-dextrin,
C.L.B. Average chainllength of p=dextrin.

t. Vealues reported by Hirst and colleagues; Ref, 182,

to note that both these samples have longer than everege chain
lengths.,

The velues of AB presentéd in Table XIX ere not cleimed
as ebsolute, since it is virtually impossible to ensure thet each
of the several thousand exterior chains in a glycogen molecule is
completely degraded by the enzymes, whilst the anslyticel procedures,
despite every precaution, ere barely accurate to within#¢, cmall
differences in - end p-limits result in relatively large diff-
erences in AB, The results in Table XIX are however considered to
show that significant differences in degree of multiple brenching
of different sanmples of glycogen and amylopectin exist.

Comparable calculations based on data published by
Cori and cclleagues are detailed in Table XX, Degrees of
multiple branching of both glycogens and anylopeetins are of the

same order of megnitude as those reported in Table XIX,

J. 4ecetylation of hydroxyl groups in gzlycogen,

In 1952, Illingworth, larner, Corli and Cori reported
that three samples of glycogen, which had been purified by

precipitation from 807 acetic acid, were not completely degraded
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by the simultaneous scetion of musele phosphorylsse and amylo=l ;8-
glucosidase (117). ‘hen these glycogens vere trested with hot
15ﬁ sodium hydroxide, and the experiments repeated, complete
degradation occured, The authors postulated thet the barriers
to enzyme action were acetyl groups which were subsequently

removed by alkali treatment,
TABIL® XX,

Degree of multiple branching celculated from daeta published by

Cori and colleagues (65),

Sourge of Gl Gl Calos A B
polyseccharide. @-dextrin B-dextrin
Glycogen.
Rabbit liver 15 9.7 7.9 3,8 {3#1.8

Amylopectins,

Whest 18 9.8 A 2.6 11:2,9

Corn 24 11,1 8,4 8.7 11:3,8

In the course of this work, & ssuple of foetal sheep
liver glyecogen (purified by acetic scid treatment) was digested
with 0,1 N alkeli et 100° for 0,5 hour in order to remove any
ecetyl groups which might be present, If precipitation from

acetic acid caused scetyletion of a significant number of hydroxyl



- 152 =

oroups, differences in the extent of enzymic degradation of
agetic reid precipitated glycogen before and after treatment
with alkaeli, should occur, The ralevant experimental date

is summarised in Table X(X.

TABLE XXI,

A comparison of the enzymie degradation of slyveogzens purified by .

different methods.

lluscle a
Glycogen, B=Amylclysis phosphorelysis | a=Amylolyis
limit limit limit
Foetal sheep o
liver® 49 28 82
Foetal aheepb
liver 49 28 81

a, Furified by precipitation from acetic acid
b, Acetic acld-precipltated sample treated with alkall,
¢, Value determined by Dr. D. J. Manners,

de Txperiments carried out with crude saliva,

P=Amylolysis and musele phosphorolysis experiments indicate that
acetylation of glucose residues of the exterior chains has not
ococured, From the results of the a-amylolysis experiments it is
concluded that, unless the acetyl groups are situated, not at
random, but solely at or near the branch points, no acetylation

has taken place,
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4, Comperison of zlvcouzens and smylopectins,

In the work deseribed in this thesis, a large number of
glycogens have been subjected to the action of arlzé-glucosanéses.
The data obtained hes been used, along with that from chemical
studies, in elucidating certein details of the structure of these
polysaccharides, It has been shown that glycogens vary in degree
of branching, in the average position of the branch point residue
on the uni£ chain, end’ in degree of multiple branching., cemples
obteined from different individuals of the same species are liable
to differ from one another in structu?e to as great an extent as
samples from different species, It appecars that, in azeneral,
glycogens from vertebrate and invertebrate sources have a similar
type of structure, although mammelian glycogens differ radiocelly
from other glyecosens in the characteristies of their iodine
absorption speectra, |, This indicates that mammelian glycogens are
in some respect different from glycoszens from lower animeles, but
the nature of this differerce is not Qt present obvious.

True glycogens have been iszolated only from animal
soureces, However, in 19839, lorris &nd lorris discovered that
a glyeogen~-type polysaccharide could be extracted from the seeds
of the sweet corn plant (14), snd more recently 'eyer and Fuld
have shown thet this "phytoglycogen" is similar to & normal
animarl g¢lycogen in both chain length (12 glucose residues) and
p-amylolysis limit (47,57) (18). Like Floridean staroch,
discussed in ﬁectioh V; "phytoglycozen" from sweet corn differs
from true enimal glycozens in certain physico-chewical properties,

which indicates that struetural differences may also be present,



The glucopolysaccharides eleborated by protozoe are
interesting in that they may resemble either glycogens, amy-
lopectine or normal starches, The polysacchaeride syrthesised

by the flagellate FPolytomella coeca has both linear and branched

compenents, which are analogous to normal amylose and amylopectin

(182), The ciliste Cycloposthium and & holotrich ciliate precsent

in the rumen of the shesp, both produce homogeneous branched
polysaccharides, of the amylopeotin type (184, 185). Ilowever,
the polysaccharides elaborated by other organisms, for example,

Tetrahymena pyriformis, Trichomones foetus, and Trichomona:s gellinae

ere glycogens, with unit chein lengths of 13, 15 and 9 glucose

residues, respretively (10,11), Another protozoan, Chilomonas

paramecium has been found to synthesise a polysaccharide of chain

length 18 which appears %o be assoclated with a small percentage
of amylose (186),

Amylopecting resemble glycogens in that they have multiply-
branched structures in which the average exterior chein length is
longer than the average interior chain length, Variations in
degree of multiple branching occur from one sample of amylopectin
to another, these variations apparently being of the same order
es those found in the gl&cogen series, Whether glycogens and
amylopectins form one homologous series of branched glucopoly-
sacchafides differing only in &egrea of branching, or whether ther
is a more fundamentel difference in structure, is not at present
obvious. It is believed that in both animals end plante, the
linear portions of the polysaccharides are elaborated by the

enzyme phosphorylése, and the a=1:6 linkeages by branching enzymes,
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The latter are transglucosidases, which cause the scission of
an a=1:4 linkage with the immediate transference of part of
the chaln to position 6 of ancther glucose residue, The
phosphorylases and branching enzymes of plants and animals
differ considerabdbly in specificity and action pattern, and thus

it is not surprising that the polysaecharides which they synthesise

ere structurally dissimilar,
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SUVMARY,

1, The degradation of glycozens from & variety of biole
ogicel sources by the enzymee harley B-amylase, salivary o-amylase,
potato phosphorylese and rabbit musele phosphorylase heas been
studied,

2, Twenty-six samples of glycogen were degraded by
p~amylase, In the me jority of cases, the percentagce conversion
to meltose varied from 397 to 537, but for glycogens from one
sample of rabbit liver and from Cardium,unusually low values of
259 and 14 respectively, were obtained. The average length of
the exterior chains of the glycogen molecules was shown to be
normally longer than that of the interior chains,

3., UVine glycogens were subjected to the setion of sali-
vary a-amylase, and the produets of enzyme action examined chrome
atographieally, Neither maltulose nor fructose-conteining w~dextrims
were detected, indicating that fructose is not present in thene
glycogens, The apparent percentage conversion to maltose, in
general, decreased as the degree of branching of the glycogen
increased,

4, The potato phosphorolysis of glycogens was inverte
igated, The reection was very slow, between 37 and 167 conversion
to glucose-l-phosphate occuring within 24 hours, The percenfage
phosphorolysis increased as the extericr chain length of the

glyecogen inereased,
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5., MMusecle phosphorolysis of glycogens was studied,
%ith the excertion of one sample of rabbit liver glycogen (whieh
had a phosphorolysis limit of 14¢Y) phosphorolysis limits betweer
219 and 367 were obtained, Calculatione based on musecle phos-
phorolysis and g~amylolysis data showed thet the degree of
multiple ﬁranching of glycogens varied from one specimen to
another, »

6, TFor comparative purposes, samples of amylopeectin
were also subjected to the action of these four enzymes,

7. In the course of this work, six samples of glycogen
ware isolated from various tissues, These pelysaccharides have
been cheracterised with respeet to glucose content, specific
rotation, and absorption spectra of icdine complex, In addition,
the average chain length of these, and several other samples of
glycogen hafa been determinedlby potassium periocdate oxidetion,
The ma jority of samples haed a chein length of 12 £ 2 glucose
residues, although specimens with chain lengths of 8, 15, 16 end

17 glucose residues were encountered,



- 158 -

BIBLIOGRAFHY,
l, Bernard, C., Coupt, rend., 1857, 44, 578,
2, Bell, D. J., Biochem, J,, 1936, 30, 2144,
3. Baldwin, ™, and Bell, D. J., Biochem, J., 1940, 34, 139,
4, Petree, L, G. and Alsberg, C, L., J. Biol, Chen,, 1929,
82, 385,
5. Baldwin, ¥, and King, H. ¥X,, Blochem, J,, 1942, 36, 37,
6., Loring, H. 8. and Frierce, J. G., J. Biol, Chem,, 1943, 148, 35,
7. MNorthecote, D, H., Zilochem, J,, 1953, 53, 348,
8, Menners, D, J. and Xhin Maung, J. Chem, Soc,, 1955, 867,
9. BErgle, U, R.,, J. Amer, Chem, Soc,, 1947, 69, 2061,
10, Menmners, D, J. and Ryley, J. F., Biochem, J., 1952, 52, 480.
11. Menpers, U, J, @nd Ryley, J. F., Blochem, J., 1955, 59, 369,
12, Chsargaff, ¥, and Moore, b. H,, J. Biol, Chem,, 1944, 155, 493,
13, Kent, P, W, and Stacey, 1M,, Biochem, Biophys. Acta, 1949, 3,
641,
14, Morris, D, L. &nd Morris, C., T., J. Biol, Chem,, 1939, 130,
535,
15. Morris D, L,, J. Biol, Chem,, 1944, 154, 503,
16, Hassid, W, Z., and MoCready, R, M., J. Amer, Chem, Soc,, 1941,
63, 1632, '
1?7, Sumner, J, B, and Sowmers, G, F., Arch, Biochem,, 1944, 4, 7,
l8, leyer, K. H, and Fuld, M., Helv, Chim, Acta, 1949, 32, 757,
19, Willstatter, R, and Rohdewald, M,, Z. physiol. Chem,, 1934,

225, 103,



20,

Bl
22
25,

4,

25.

26,
27,

28,
29.
30,
31,
32,
33,

35,

36,

37,

- 159 -

Rozenfel'd, ®., L,, Biokhimiya, 1948, 13, 306, (Chem, ADS.,
1948, 42, 8642,)

Young, F. G,, Biocheu, J,, 1937, 31, 711,

Pfluger, ©, F. W., Das Glycogen, (Bonn), 1905,

Meyer, K. H,, Adv, Bnzymol,, 1943, 3, 109,

von FPrzylecki, St. J. and lMajmin, R,, Biochem, Z,, 1934,

273, 262,
Rozenfel'd, ®, L. and Ravikovich, Kh, M., Doklady Aked,
Nauk S.8.S.R., 1948, 59, 45. (Chem, Abs., 1948, 42, 5932,)

lieyer, K., H, and ¥ress, J,, Helv, Chim, Actea, 1941, 24, 58,

Baldwin, ©., Dynamic Aspects of Biochemistry, University Press

(Cambridge) 2nd edition, 1952,

Semec, 1, and Isajevie, V,, Compt. rend,, 1623, 176, 1419,

Somogyi, M., J. Blol, Chenm,, 1934, 104, 245,

Bell, D. J. and Young, F. G., Biochem, J.,, 1934, 28, 882.

Norris, R, V,, Biochem, J., 1913, 7, 26, ’

Bell, D, J., Biochem. J., 1936, 30, 1612,

Haworth, W, N,, Hirst, %, L. end Smith, F¥,, J., Chem, Soe.,

1939, 1914,

Bell, D. J., Gutfreund, H., Cecil, R, and Ogston, A.G.,

Biochem, J., 1948, 42, 405,

Greenwood, C, T, &nd Robertson, J., S, M., J, Chem, Soe,,
1954, 3769,

Karrer, P, and Négeli, C,, Helv, Chim, Acta, 1921, 4, 263,

Haworth, W, N,, Hirst, %, L, and VWebd, J. I., J. Chem, Soec,,

1929, 2479,



a8,

39,

40,

41,

42,

43,
44.

45,
46,

47.

48,

49,

50.

54.
55,

- 160 =

Haworth, W, N, end Percivel, ¥, G, V., J. Chem, Soe,,
1931, 1342,
Haworth, W, N, and Pereival, ¥, G, V., J. Chem, Soec,,
1932, 2277,
Bell, b, J., Biochem, J,, 1935, 29, 2031,
peoon, J, S, 0,, Baldwin, ®, and Bell, D, J.,, Biochem J.,
1944, 38, 198,
Haworth, W, N,, Hirst, ©, L, end Isherwood, F, A,, J. Chen,
Soe,, 1937, 577,
Dell, D, J., Biochem, J,, 1937, 31, 1683,
Hassid, W, Z, end Chaikoff, I, L,, J. Biol, Chem,, 1938,
123, 755,
Meyer, K. H, and Fuld, l,, Helv, Chium, Acta, 1941, 24, 375,
Haleall, T, G., Hirst, ¥, L, and Jones,J. K. N., J. Chemn,
soe,, 1947, 1399,
Bell, D, J., J¢ Chenm, 30c., 1944, 473,
Bell, D, J., J. Chem, Soe., 1948, 992,
Hirst, 8, L., Hough, L, &and Jones, J, K., N., J. Chen, Soc,,
1949, 928,
Barlett, J. K., Hough, 1L, and Jones, J, K. N., Chem, and
Ind,, 1951, 76.
Cekley, H, E, and Young, ¥, G,, Biochem, J., 1936, 30, 868,
girst, ®, L,, Chem, and Ind., 1938, 57, 1130,
Hirst, €, L, end Young, ¥, G., J. Chem, Soe., 1939, 951.
Steudinger, H, &nd Husemann, ©,, Annalen, 1937, 530, 1,
Peat, S.,, Whelan, ¥, J., and Thomes, G, J,, J. Chen, So0,,

1952, 4546,



56,
57.
58,
59.
6C.
61,

Ge.

63.

66,
67.

68,
69.

70.

71,

- 101 =

Halsall, T, G,, Hirst, ®, L., Jones, J. K. N. and Roudier, 4,,
Nature, 1947, 160, 899,

Gibbons, G, C. and Beoissonnas, R, 4A,, Helv, Chim, Acta,
195G, 33, 1477,

Abdel-Akher, 1I,, Hamilton, J. K., lontgomery, R, and Smith,

Fey Jo Awer, Chem. Soc., 1952, 74, 4970,

Bell, D, J., @and Menners, D, J., J. Chem, Soc,, 1954, 1891,

Carlqvist, B.,, Acte Chem, Secand,, 1948, 2, 770,

Wolfrom, M, L., Lassettre, W, N, and O'Neill, A, N., T

| Amer, Chem, Soe,, 19051, 73, 595,

Potter, A, L., Silveirsas, V., McCready, R, . and Owens, H. S.,
J. imer, Chem, Soc,, 1953, 75, 1335,

Peat, 8., Firt, S, J. and Whelan, %, J., J. Chem, Soc,, 1852,
7086,

Hirst, ¥, L., and Manners, D, J,, Chem, &nd Ind,, 1954, 224,

larner, J,, Illingworth, B,, Cori, G, T. and Conri, C, F.,
Jo Biol, Chem,, 1952, 199, 641,

Whelen, W, J, and Roberts, ¥. J. F., Nature, 19652, 170, 748,

Roberts, ¥, J. P,, Ph.D, Thesia, University College of North
Wales, 1953,

Bloon, W, L., Lewis, G, T., Schumpert, M, Z. and Shen, T=M.,
J. Biol, Chem, 1951, 188, 631.

Bernard, C., lLecgons sur le Diabdte et la Glycouendse Animale,
Baillidre, (Paris), 1877,

Sevag, i, G,.,, Biochem, 2., 1934, 273, 419,

Trevelyan, W, %.,, Frocter, D, P, and Harrison, J. S., Nature,

1950, 166, 444.



72,

73.

74,

75.

78,

79,

80.

8l.

82.

83,
84.

895,

86,

a7.

- 162 =

Pirt, 8, J, and Whelen, W, J., J. Sci, Food Agrie,, 1951,
2, 224,

Sheffer, P, A, and Somogyi, 1., J. Biol, Chem,, 1933, 100,
695,

Henes, C, 8, and Cattle, M., Froe, Roy, Soec,, 1938, B, 125,
387,

Peat, 8,, Whelen, W, J,, Hobson, P, N, and Thomes, G, J.,
J. Chem, Scc., 1954, 4440,

Melaprade, 1,, Couwpt, rend,, 1928, 186, 382,

Jackson, %, L., and Hudson, C, 8., J, Amer, Chem, Soce¢,, 1936,
58, 378,

Jackson, T, L, and Hudson, C. 8., J, Amer, Chem, Soc., 1937,
59, 99%4.

barry, V. C., Nature, 1943, 152, 537,

Davidson, G, F., J. Textile Inst., 1941, 32, T, 109,

Halsell, T, G,, Hirst, ©, L. and Jones, J, K. N., J. Chen,
Soe,, 1947, 1427,

Brown, F., Halsall, T, G., Hirst, ®, L, and Jones, J. K. Ne,
J. Chem, Soec,, 1948, 27,

Bell, D, J, &nd Manners, D, J., J. Chem, Soc.,, 1952, 3641,

" Anderson, D, M, W,, Greenwood, C, T. and Hirst, ©, L., J.

Chem, Soec., 1955, 225.

Potter, A, L, and Hassid, W, Z., J. Amer, Chem, S0e., 1948,
70, 3488,

Sehlamowitz, M,, J. Biol, cChem,, 1951, 188, 145,

Archibeld, A, R, end Manners, D, J., unpublished work,



- 163 =

88, Meyer, K, H, and Rathgeb, P,, Helv, Chim, Acta, 1949, 32,
1102,
89, Abdel~Akher, M,, and 3Smith, F,, J. Amer, Chem, Soec,, 1951,
73, 994,
90, Huebner, ¢, ¥,, Lohmar, R,, Dimler, 2, J,, loore, S,, and Link,
K.P.,, J. Biol. Chem,, 1945, 159, 503,
91. Huebner, ¢, ¥.,, Ames, S, R, and Bubl, BeCoey Jo Amer, Chen,
Soc., 1946, 68, 1621,
92. Sprinson, D, B. and Chargaff, ,, J. Biol, Chenm,, 1946,
164, 433,
93, Head, ¥, S, H. and Hushes, G,, J. Chem, S5oc,, 1954, 603,
94, ©Sarker, I, B.,, Nature, 1951, 168, 122,
95, Head, ¥, S, He,, Nature, 195C, 165, 236,
96, Head, I, S, H. and Hughes, G,, J. Chem, So0e¢,, 1952, 2046,
97, Heead, F., 8, H., J. Textile Inst., 1953, 44, T, 209.
98, Mglaprade, L., Bull, Soe, chim, France, 1934, [5}, 1, 833,
99, Khouv;ne, Y. snd Arragon, G,, Bull, Soe¢, chim, France, 1041, .
[5], 8, 676,
100, -ﬁess, A, T7,, Hann, R, M, and Hudson, C, S., J. Amer, Chem,
Soc., 1942, 64, 985,
101. Kerr, R, W, and Cleveland, F, C., J, Amer, Chem, Soc,,
1952, 74, 4036.
102, Morrison, I,, Kuyper, i, C, and Orten, J, M,, J, Amer,
Chem. Soe., 1953, 73, 1502,
103, Davies, C, W, and Wencollas, G, H., MNature, 195C, 165, 237,
104, Englard, s,, Sorof, S, and Singer, T. P., J« Blol, Chen,,

1951, 189, 217,



105,
106.

107.

1c8,

109,

110,

111,

1iz2,
113,

114,
115,

116,
117,

118,

119,

120,

121,

122,

- 164 =

Whelen, W. J,, Biochem, foec. Symp., 1963, 11, 17,

French, D,, Knapp, D, ¥, &nd Pazur, J, H,, J, Amer, Chen,
foe,, 195C, 72, 1866,

Myrbéeck, K., 4dv, Carbohydrate Chem,, 1948, 3, 251,

Bernfeld, P,, Adv, ®nzymol., 1951, 12, 379,

Freeman, G, G. and Mopkins, R, H,, Biochem, J,, 1936, 30, 446,

Feat, 8,, Pirs, S, J. &nd Whelan, %, J., J, Chem, Soe,,
1952, 714,

Peat, S,, Thomms, G, J, and “hel&n, W, J,, J. Chem, Soec,,
1952, 722,

Hopkins, R, H, and Bird, R., Nature, 1953, 172, 492,

Whelan, ¥, J,, Beiley, J. M, and (in psrt) Roberts, P. J. P.,
Jo Chem, Soec., 1953, 1293,

lyrbéek, K, and Nycander, G., Biochem, Z,, 1942, 311, 234,

Whistler, ?, L., and Hiokson, J, L., J. Amer, Chem, Soc.,
1954, 76, 1671,

Posternak, T,, J, Biol, Chem,, 1951, 188, 317,

Illingworth, B,, Larner, J, and Cori, G, T., Je« Biol, Chem,
1952, 199, 631.

Manners, D, J., Fhe. D, Thesis, University of Cambridge, 1952,

Henes, C, 8., Capad, J, Res,, 1935, 13B, 185,

Bourne, =, J,, Macey, A, and Peat, S,, J, Chem, Soc,, 1945,
882,

Peat, S., Whelasn, W. J. snd Firt, S. J., Nature, 1949, 164,
499,

Hobson, ¥, i,, Whelan, %, J, and Peat, 8,, J, Chem., Soe,,

1950, 3566,



123,

124,
125,
126,

127,

128,
129,

léﬁ.
131.
152,
133,
134,

139,

1356,

1357,
138,

Qourne, Be Jop ﬁaworth, Sir Normen, iacey, i, &nd rest,
Sey Jeo Chem, Soc,, 1948, 924,

Meyer, K., H,, Txperientia, 1952, 8, 405,

Fischer, ®, H, &nd Stein, ®, A,, Arch, Sei,, 1954, 7, 131,

Tung Kung, J~F., Hanrahen, V, 14, and Caldwell, M, L., J.
Auer, Chem, Soc., 1903, 75, 5548.

whelan, W. J. and Roberts, P. J. F., J. Chem, Soc,, 1953,
1298,

Bird, R, and Hopkins, R, H,, Biochem, J., 1954, 56, 86,

Roberts, ¥, J. P. and Whelen, ¥, J,, Biochem, J,, 1952,
51, xvll,

Bevenue, A, &nd Willlems, X, T., Arch, Biochem, Biophys,,

19561, 34, 225,
Ostern, F,, Guthke, J, A, and Terszekowee, J., Z. physiol,
Cheu,, 1936, 243, 9.
cori, C, ¥, and Cori, G, T., Froec, Soc, Txptl, Bicl, Med.,
886, 1956, 34, 702,
gori, G, T, @&nd Cori, ¢, ¥., ¥roec, Soc, Bxptl. Biol., Med,,
1937, 36, 119,
gori, C, F., Echhidt, G, and Cori, G, T., Science, 1939,
89, 464,
Kiessling, W., Biochem, Z., 1939, 302, 50,
cori, G, T., Cori, ¢, ¥, and Sohmidt, G., J, Biol, qhem.,
1939, 129, 629,
Hapes, C, 8., Proec, Roy, Soec., 194C, B, 128, 421,
cori, G, T.,, Colowick, S, P, &and Cori, C, F,, J, Biol,

Chem,, 1938, 123, 375,




-~ 166 =

139, Hanes, C, S,.,, Iroe, Roy. Soc., 1940, B, 129, 174,

140, Whelan, VW, J., Nethods in Tnzymology, vol, 1, Academic Press,
(New vork), 1955, p. 192,

141, Schaffner, A., Naturwiss,, 1939, 27, 195,

142, Xhir Maung, th, D, Thesis, University of Tdinburgh, 1956,

143. Hehre, ®, J., Carlson, A, 8, and Neill, J. M.,56ience,
1947, 106, 523,

144, Green, D, T, &8nd Stuwpf, P, K., J. Biol, Chem,, 1942, l42,
355,

145, Meyer, K., H. and de Traz, C., Helv, Chim, Acta, 1944, 27,
840,

146, ieibull, C., Archiv Kemi, Min,, Geol,, 1945, 218, No,2,

147, Barker, 8, A,, Bourne, @, J,, Wilkinson, I, A, and Feat,
Sey J¢ Chem, S0e¢,, 1950, 84,

148, Gilbert, G. A, and TFetrick, A, D.,, Biochem, J., 1952, 51,
186,

149, Fischer, T, H, end Hilpert, H, M., Txperientia , 1953, 9,
176,

150, @seum, H, and Gilvert, G. 4., Nature, 1953, 171, 983,

151, opailey, J, ., Thowss, G, J., &nd Vhelen, V, J,, Bilocheun, J.,
1951, 49, 1vi,

52, C6ori G, T., Swanson, M, A, &and Cori ¢, F,, Fed, ¥roe,, 1945,
4, 234,

153, tiay, ¥. U, end Day, H. C., J. Biol, Chem,, 1944, 158, 477,

154, Cumner, J, B., Somers, G, F, and Sisler, ©., J. Biol. Chem.,

1944, 152, 479.



- 167 ~

155, Hidy, ¥, d, and Day, H, G., J. Biol, Chem,, 1945, 160, 2373,
156, " Yieibull, C. end Tisellus, A., ~TKiv Keml, Hin,, Geol., 1945,
194,., No, 19,

157, ¥roehl, ©. C, and Day, H. G., J. Biol, Chem,, 1946, 163, 667,

158, &cwanson, i, A, @and Cori, C, ¥,, J., Blol, Chem,, 1948, 178, 815,

159. Bourne, %, J., Siteh, D. A, and Peat, 3., J. Chem, S00.,
1949, 1448,

160, Sumper, J, B,, Chou, 7, ¢, and Bever, A, T,, Arch, Biochem,,
1950, 26, 1.

161, Hasgsid, ¥, Z., and MeQOready, R, ¥,, Jo Amer, Chem, Soc,, 1941,
63, 2171,

l62, Haworth, W, H.,, Heath, R, L, &nd Peat, S., J., Chem, Soc,.,
19428, 55,

1635, Berker, S, A., Bourne, %, J. and reat, S., J. Chem, S00,,
1949, 1712,

164, DBarker, S, A,, Bourne, ©®, J,, Wilkinson, I, 4, end Ieat,
8.y J+ Chem, Soe,, 195C, 93,

165, Ketz, J., Hessid, W, Z, and Doudoroff, M., Nature, 1948,
iél, 9o,

166, Swanson, M, f., J. 3161.'5nem., 1948, 172, 805.

167, Meyer, X, H., Weil, R, M, and Fischer, ®, H., Helv, Chim,
Acta, 1952, 35, 247,

l6a, Allen, R, J., L,, Biochen, J., 1940, 34, 858,

169, Bailey, M,, Ph.D, Thesis, University College of North wales,
1952,

170, Fleming, I, D., Hirst, ©, 1. and Manners, U, J., J. Chem,

Soc., 1956, 2831,



171,
172.

173,
174,
175,
176.
177,
178,

179,

180,

181,
182,

183.

184,

185,

186,

- 163 -

Cori, G, T, &nd Creen, A, A,, J. Biol, Chen,, 1943, 151, 3l.
Keller, P, J. and Cori, G, T., Blochem, BRiophys. Acta,
1963, 12, 1235,
Keller, P, J.y J. Biol, Chem,, 1955, 214, 135,
Cori, G. T., J, Blol, Chem,, 1945, 158, 333,
Xrebs,®, G, and Iischer, ©, H,, J. Biol, Chem,, 1855, 216, 113,
Hestrin, S,, J. Biol, Chem., 1949, 179, 943.
cori, G. T. and Larner, J., J. Biol, Chem., 1951, 188, 17,
Green, A, A, &nd Cori, G. T., 1943, 151, 21, |
Fischer, %, H., and Krebs, ®, G,, J. Biol, Chem,, 1955, 216,
121. |
cori, C, F., Cori, G, T. and Green, A, A., J., Biol, chen,,
1943, 151, 39,
Manners, D, J., J. Chem. Soc., 1954, 3527,
Halsell, T, G., Hirst, ®, L., Hough, 1, 2and Jones, J, K. N.,
J. Chem, Soe,, 1949, 3200,
Bourne, %, J,, Stacey, M, and Wilkinson, I, A., J. Chem, Soac,,
1950, 2694.
Forsyth, G,, Hirst, ®, L, and Oxford, A, B,, J. Chem, Soc,,
1953, 2030,
Forsyth, G, and Hirst, %, L., J. Chen, Soc,, 1953, 2132,
Archibald, A, R,, Manners, D, J., and Ryley, J., F., un-

published work,



- 169 =~

ACKNOWLTDGIENTS .

The author wishes to express her gretitude to
Professor W, L, Hirst for the kindly interest which he has
taken in this work, and to Dr, D, J. Menners, under whose
direction it was carried out, for his helpful advice and
constant encourageunent, She wishes to thank Frofessor
¢. H, Waddington, lrs, R, M, Clayton e&nd Dr, R, A, Beatty,
of the Department of Animel Geneties, for their co-operation
in the provision of experimental animels, Grateful ack-
nowledgment is also made to the Department of Scientific and
Industrial Research for the award of a maintenance allowance,
and to maeny friends in the Department of Chemistry whose
advice and assistance have contributed to the progress of

this work.,



