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SECTIOR 1I.

INTLHODUCTION

The use of yeast for brewing and beking has been
practised by men for many centuries without & knowledge
of the nature of yeast itself. Originally the name
was & mere deserijption of its function; the English
word "yezst" is derived from a Greek word meaning "I
boil" and the French "levure" from the Letin "levere" -
to raise. In 1680 lLeeuwenhoek examined yesst under
his newly invented microscope and found that it con-
sisted of & colony of very small spherical or oval bodies.
Later it was shown that these bodies (2-10p) are
isolated cells which reproduce by budding. In 1860
Paatewélo3) demonstrated that in the absence of living
yeast, fermentation does not take place, Since that
time it has been recognised that the yeast cell, with
its thick wall, belongs to the plant kingdom; it is also
a fungus because of its dependence on externul food.

Thus & conception of the yeast grew up, 2s a unicellular
group of fungi, reproducing by budding, and characterised
by its ability to cause fermentation.

1. The structure of yeast cells.

Like plant cells, yeast cells (Fig.l) have 2 well
defined wall, quite thick in old cells, which encloses
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& protoplast containing a "nucleus" and "vacuole" and
many other visible inclusions, The whole may be
embedded in a rather vaguely defined layer of ecapsular
material,

(50)

(e) Cepsuler material:- Hansen first observed
that yeasts sometimes secrete & mucilaginous materisl in
which the yeazst cells themselves remain closely embedded.
Aschner and oo-workers(S) reported that the capsular

material in Torxulopsis neoformans and for, rodundata

consisted of a pentosan and amylose.

(b) The gell wall:-~ Initially the cell wall is
very thin and remains elastic while the cell is growing.
Later it becomes thicker and relstively rigid. Chemiceal
components recognised histologically are pectic substances,
hemicelluloses, cellulose, yeast gum and chitin, liecent

(100) show thet

analytical studies by Northcote and Horne
it consiets of two layers, believed to be glucen-lipid
and mennan-protein with some glycogen granules adhering
internally.

(¢) The protoplast:- It is relatively devoid of
structure in the young cells but becomes progressively
filled with various vieible inclusions as the cell ages.

(1) Although the oytoplasm of actively dividing
cells appears homogeneous, incluszions are visible
in resting cells.

(ii) Glycogen accumulates in old und well nourished
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cells, This is the reserve carbohydrate of
yeast, the normel form in which energy is stored
and 1t disappears during starvation.(Ts)

(i1i) Fat appears in the cytoplasm of cells fed with
sugar in the form of refractile globules.

(iv) Pigments are responsible for the colour of yeast;

in & pigmented strain of faccharomyces cerevisiae,

the pigment is & guinoid prosthetic group cerried
on & polypeptide.

(v) There is usually one large central vecuole, though
there may be others near the poles of elongated
cells.

(d) The nucleus:- The nucleus, first described by
Guilliermond, is & small and relatively dense body situated
at one side of the central vacuole, The internal

gtructure of the nucleus is still unknown,

2. The chemical composition of yeast celis.

The chief elements present in yeast are carbon,
hydrogen, oxygen and nitrogen which normally account for
as much as 94% of the dry matter. They are mainly present
in the form of carbohydrates and nitrogeneous substances
although lipids, sterols and vitamins, especially members
of the B group, are also present in yeast. In addition,
various inorganic substances have been reported in yeast.

(a) water:- The chief component of yeast is water
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comprising 65-685 of the wet weight, which includes some
water adhering to, and not inside, the cells, Yeast has
been considered as & "solid phase" or mass of yeast cells
distributed amongst a "liguid phase," which consists of
water surrounding the cells, The solid phase being the
actual yeagt cells which is composed of the dry matter

of the yeast and water enclosed within the outer cell
membrana.(l37)

(b) Hitrogen compounds:- The principal nitrogen con-
taining substances present in yeast include proteins,
amino acids, purine and pyrimidine bases (adenine, guenine,
cytosine and uraeil) together with very small gquantities
of materials possessing oconsidersble physiclogical activity
(respiratory pigments [e.g., cytochrome] and vitamins),
leeoithin and cephalin, Some T0¥ of the total nitrogen
of the yeast is present as protein, 8-107 as purine bases
and about 47 as pyrimidines, The remeinder of the
nitrogen is probably present as soluble compounds such as
free amino acids and nucleotides,

(e) Carbohydrates:- A number of carbohydrate sub-
gtances have been reported in yeast. Glycogen (up to 30¥
of dry weight) is present and is utilised by yeast cells
as reserve carbohydrate. An investigation of the molecular
struc ture of brewer's yeast glycogen will be described in
Section II. Mannan or yeast gum (approximately 4%) is

present in most yeasts, The yeast cell wall, which
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according to Roelotsen(llT)

comprises 20# of the dry weight
of the cell, has & high polysaccharide content (approxi-
metely T0%£); it also contains about 6% protein. The
cell wall polysaccharides consist of spproximately egual
amounts of gluecan and mennan, together with z small
guantity of polysaccharide which is believed to be chitin,
Other carbohydrates reported to be present in yeast are
trehalose, 2-desoxy-D-ribose and hexose phosphates.

(d) Fats:- The fat-soluble fraction of the yeast
cell consists of mixtures of true fate (glycerides of
fatty acids) together with phospholipide (lecithin and
cephalin) and sterols. Fatty acids which have been
reported to be present in yeast include palmitic, stearie,
oleiec, linoleic, myristic and hexadecancic acids. The
sterols of yeast include ergosterol, zymosterol and
cervisterol, the ergosterol predominating.

(e) Inorgsnic constituents:- The chief component is

potassium phosphate; other inorganic materials reported
to be present in yeast are Ne, Mg, Ca, &, O1, 51, Fe, Cu,
Mn and Co. Richards and Troutman(ll4)raported that B,
Ba, Or, Cu, Au, la, Pt, Mn, Na, Pb, Ag, Tl and Sn have

been detected spectroscopically.

3. Algcoholic fermentation.
Prior to the work of Lavoisier, which started in 1784,

the nature of alecoholic fermentation was completely unknown
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and 1t was thought that only a suger and a "ferment"
were required for fermentation. Lavoisier{73)made the
first detailed chemical analysis of the resctants and
the finQI products, and found that there was a guantitative
relatiohahip between the sugser utilised and the amount of
the terminal products.

CgHyp0g —> 20,HgOH + 200,
In those days, yeast was regarded as an organic chemioal
compound of animel nature. Thanara(lag)in 1803 noted
that yeust itself underwent a change, since after fermen-
tation, it lost weight and could exert no further action.
In 1810 Gay-lussae, working with preserved grape Juioo$39)
found that fermentation did not oecur unless =2ir was

(22) (70) -

present, and in 1837 Cagniad-Latour, Katzing

(lae)working independently of each other, advanced

Schwann,
the hypothesis that yeast was & living organiem. This
hypothesis was repudiated by such eminent chemiste as

Berzaliua,(ls) Wohlnr(138)and Liahig.(77)

It was the classical researches of Paateur(IOB’lo"los)
which settled the dispute. In his studies he came to
the following conclusions:- (a) aleohol and carbon dioxide
are not the only products formed during fermentation;
glycerol, succinic @cid and other substances were also
produced, (b) there was a definite correlation between
suger fermented and life of the yeast, and that fermentation

was impossible without yeast, (c¢) decomposition of sugar
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by yeast was an anaerobic process in which yeast obtained
energy by the breakdown of intermediate substances,
(d) yeast could dbe cultivated in a manner similar to
bacteria,

For the next twenty years, a controversy prevailed
&8 to whether & living substance, as Pasteur suggested,
was sbsolutely aasantial for ulcoholic fermentation,
Traube(lso)advancsd the theory that definite chemical
substances (enzymes), formed within the cells, were
responsidle for fermentation, Although no direct
experimental proof was available, many investigators
favoured this hypothesis. In 1897 E. Buohner(zl)settled
this question by preparing a yeast juice and showed that
fermentation without intact yeast cells was possible.
He named the substance which was responsible for fermen-
tation "Iymese." Herden and Young(54)later found thet
yeast juice contained = dialysable and thermostable
substence, and that zymase was not active in the absence
of this substance; it was called "Cozymase." The
chemical eguation expressing the overall reaction,
0631206--2028508 + 200, has been shown to be more complex
than wee originally realized.

The importance of inorganic phosphate in yeast
fermentation was first recognised by Wroblewski(139)who
found that the rate of fermentation was increased when

66)

sodium phosphate was added. Iwanow( in 1905 observed
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that living yeast could convert inorganie phosphate into
organic phosphate, Harden and Young, in a series of
investigations’®3954) £ound that 1f boiled yeast juice is
added to a yeast extract supplemented by added phosphate,
there is an increase in the rate of fermentation indicating
that a definite chemical reaction takes place between the
sugar present and the added phosphate. They found that
for every molecule of glucose which formed carbon dioxide
and alcohol, one molecule of suger was esterified to

hexose diphosphate as follows -

20gH}1 206 + 2Na HPO4 —> 200, + 20,Hg0H + cﬁﬁup4(P04Na2)2 + 2H,0.
This is referred to as the Harden and Young eguation,

Later Harden and Robinaon(SI) showed that there is salso
present in yeast juices, in addition to hexose diphosphate,
& "hexose monophosphate” (an eguilibrium mixtare of glucose
and fructose monophosphates). After further investigetion,

(116)

intermedizte in the formation of hexose diphosphate.

Hobinson suggested thet "hexose monophosphate™ was an
Contemporary knowledge of the understanding of the
enzymic breakdown of monosaccharides commenced in 19502
when Easnua-bevy(so)auggestad that ascetaldehyde was an
intermediate product in the fermentation of sugars,

(97)1n 1910 observed that pyruvic acid was easily

Heubauer
fermented by yeast end appeared to be an intermediate
product in alcoholic fermentation. This finding wes

confirmed by Fernbach end Schoen who isolated pyruvie acid
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Scheme 1. Alcoholic Fermentation and Glycolysis.
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ATP

= adenosine~triphosphate ,’

UDPG = uridine diphosphoglucose

GDP
1.
la,
2
3.
4.
S
6.
7.
8.

= glucose-l:6-diphoephate
Phoesphoryluse, branching enzyme and dedranching enzyme.
Amylases and maltase.
Galactokinase.
Phosphogalactose isomerase.
Suorose rFhosphorylase.
Phosphoglucomutasce.
Fhosphatases,
Hexokinase.

Phosphohexose isomerase,

B8a and 8b. The reactions are uncertain, Ge=6-P, F=b6-P and

9.
10.
11.
12,

A%
14,
15,
16.
17.
18,
19.
20,
21,
22.

Y=b=-P form an equilibrium mixture.
Fhosphateses,
Fructokinese (Hexokinase).
Phosphatases,
Phoaphofructokinese.,
Phosphatases,
Aldolase,
Phosphotriose isoueruse,
Diphosphoglycerie aldehyde dehydrogenase.
Phosphoglyceromutase.
Lnolase.
Pnospho enol trgnsphosphorylase.
Lactic dehydrogenase.
Carboxylase.

Alecohol Dehydrogenase.
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a8 the caleium salt from fermentation mashes contaeining
living yeast. An important contribution was then made
by Embden who pointed out that diphosphoglyceric ecid
and phosphoglyceric acid, which had been isolated
originally from pig's blood(45) and muscle extract, were
intermediates in alcoholic fermentation.

Thus the overall picture of the mechanism of yeast
fermentation at this time was not too well understood.
However, the further investigations of Zmbden, Meyerhof,
Parnas and others have greatly clarified our knowledge
of alcoholic fermentation. This progress has been
greatly aided by parallel investigations of glyoolysia
in muscle. The two processes differ since in muscle,
lactic acid is formed while in fermentation, aleohol is
the terminal product.

Most of the enzymes involved in alecocholio fermentation
have been extensively studied and some isolated in the
erystalline form. Very little attention has however been
paid to the enzymes involved in reaction 1 (Scheme 1) and
this thesis is mainly concerned with studies of these
enzjymes, However, before considering these enzymes, a
brief account of the structure of their substrates (starch
and glycogen), and of related enzymes in plant and animal

tissues, will be given.



(a)

Key: (&) Laminated structure.
(b) Multiply brenched structure.
t Iinear chain of a-l:4-linked glucose residues.
t o=l:b-glucosidic linkege.
A,B,0 ¢ Type of unit chain.
R : Free reducing group.

Figure 2. Structure of amylopectin.




4, Enzymes involved in degradstion and synthesis of

a-1:4-glucosans.

Starch consists of two component polysaccharides:-
(1) amylose, & linear molecule consisting of several
thousand glucose residues united by e~l:4-linkages, and
(11) amylopeetin, @ highly branched molecule, composed
of several hundred unit chains each consisting of 20-25
c=1l:4~1inked glucose residues; the chains are inter-
linked by glucosidie linkages from the reducing group to
0(5) of a glucose residue in an adjacent chain,

Methylation studies of amylopectin led Haworth and
Hirat(57) to postulate a singly branched "laminated"

(90) proposed a mul%iply

structure. In contrast Meyer
branched "tree" structure for the amylopeetin molecule,
t0 explein the results obtained from enzymic degradation
gtudies. (Fig.2).

The two structures contein three types of unit-

(lll)oaeh of which ies linear and composed of c-l:d-

chains,
linked glucose residues, (i) A-chains are linear and

are linked only by an e-lib-linkage to an adjacent cheain,
(ii) B-chains are the cheins to which one or more A-chains
are attached and which is itself linked by an ¢-l:b=-
linkege from the reducing group to an adjacent chain.
(iii) C-chains, to which other chains are attached, and
carry the sole fraelraduoing group in the molecule.

The "laminated" and the "tree" structure differ in



the ratio of A:B chains (AB); in the former, the ratio is
1l: (n-2) where n is the number of chaine in the molecule,
whereas in the "tree" structure there are approximately
equal number of A and B chains,

Glycogen (animal "starch”), a highly branched molecule,
consists of several thousand unit chains (12-18 a-l:4-
linked glucose residues) interlinked by a-l:b-linkages,
Thus the "interior chains" (that part of a unit chain
between two branch points) and the "exterior chains" (thowme
parts of a unit chain between the branch point and the
non reducing terminal group) are shorter then those of

amylopectin,

() Amylases,
Three types of emylolytic ensyme have been reported

to be present in the plant and animal kingdom.

(i) e~-Amylase:-

e~-Amylases catalyse a rendom hydrolyeis of o-l:4-
linkages in starch and glycogen producing maltose and
a-dextrins consisting of 6-10 glucose residues, The
reaction can be followed by measurement of the rapid de-
crease in viscosity, turbidity or iodine stalning power
of the substrate. a-Dextring from amylose are linear
molecules, where_as those from smylopectin or gljcogen
have brenched structures, since c-amylases cannot hydrolyse
the o~l:b-glucosidie inter-chain linkaaeé. c-Amylases

have been isolated in purified form from many sources,



@.8s barley malt, mammalian pancreatic and salivary

secretions and severel bacterisl and fungal extractssal'ag)

(11) g-saylase.

p-Amylases catalyse a stepwise hydrolysis of
alternate o-l:4-glucosidice linksges, from the non reducing
end of a chain of glucose residues, with the liberation of
p-maltose. The enzyme action is arrested by the presence
of anomalous linkagee in the chain, Since f-amylase
cannot by-pass such linkages, the interior chains in
branched c~-l:4-glucosans are not attacked. Linear amylose
molecules are completely degraded by p-asmylase but aaylo-
pectin and glycogen yield maltiose and a B-dextirin of high
molecular weight, which differs from the original poly-
saccharide in that the exterior chains gontain only two
or three glucose residues. B~Amylase ocours in germinated
and ungerminated cerezls and in rice, sweet potatoes end
soya-beans,

(iii) rGlucose-producing" emylases.

Glucosze producing amylases catalyse a stepwise
hydrolysis of successive o~l:4-glucosidic linkages beginning
at the none-reducing terminal linkage. Although these
enzymes c¢annot hydrolyse the a-l:S-linkaggs, they can by-
pass them and thereby attack the interior cheains, Phillips
and Oaldwall(llz)reportod thet such an amylase from the
mould HRhizopus delemar liberated over 90% of the glucose

from smylose, amylopectin, glycogen end a P-dextrin.



(b) Debranching ensymes: -
Five debraanching enaymes which hydrolyse the c=l:b-

interchain linkages had been reported recently.

(i) R-Enzyme.

Hobson, Vhelan and Peat(63-110)

isolated Reenzyme in
purified form from potato and bLroad-bean. R-Bnzyme
hydrolyses the inter-chain linkages in amylopectin and
f=dextrin, e-Dextrins are also attacked by H-enuyme
giving a mixture of linear maltosaccharides. However,
Re-enzyme cannot hydrolyse the a-l:;b-linkages of glycogen
and the reason put forward by the authors is that giycognn.
with its short interior chains, is an extremely compact
molecule and hence, the formation of an enzyme-substrete
complex near the l:b-linkage 1s sterically hindered.

(i1) Amylo-l:6-glucosidase

Cori and Larnnrc33) isolated from rabbit muscle an
enzyme "amylo-l:O6-glucosidase® which could only hydrolyse
terminal o-l:ib-linkages, It had no sction on the non-
terminal e-l:6-linkages in amylopectin or glycogen but
could hydrolyse those o-l:b-linkages which are exposed by
the action of muscle phosphorylase on these poiysaooharidea.

(iii) QOligo-l:6-glucosidase

Larner and %cﬂiokle(72) discovered an enzyme "oligo-
l:6~glucosidase” in intestinal mucosa which catalyesed the
hydrolysie of e-l:b-linkages in c-limit dextrins, iso- .
maltose and panose. It had no action on muscle phosphorylase

limit dextrins,
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(iv) Iimit dextrinase

Hopkins and wtenar(64)

reported that brewery malts
contained an enzyme "limit dextrinase™ which hydrolysed
terninal g-l:ib-linkages of "limit dextrins" producing
glucose, TEvidence to show that limit dextrinase
hydrolysed the non-terminal e-l:f-linkagee was not however
obtained,

(v) Isoamylase

Maruo =nd Kobayashi(as)

reported that brewer's yeast
autolysates contained an enzyme which hydrolysed the
inter-chain linkages in glutinous rice starch producing
a more linear polysaccharide of lower molecular weight.
This enzyme, provisionally named “"isoamylese," and
previously referred to as "amylosyntheage," is similar to
R-gnzyme since it hydrolyses non-terminal a-l:S-linkages
in amylopeetin,

An investigation of the properties of this debranching
enzyme will be deseribed in Section IV; it iz shown that
isoamylase has & wider specificity than R-enzyme, amylo-

1l: 6=glucosidase, oligo-l:b6-glucosidase or limit dextrinase.

(C) Phosphorylase.

Phosphorylases catalyse the following reaction,
[e~1: 4-@lucosan], + Inorganic Phosphate —» [c=l:4-Glucosan], ,
+ e=Glucose~l=Phosphate, The reversibility of the
phosphorylase activity was shown by Kieaaling(ag) and Cori,
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Sehmidt and cori.(ET) The enzyme action is specifie in
that it can only degrade or synthesise c-l:4-linkages,
During degredation it attacks a chzin of a-l:4-linked
glucose residues by transferring a2 glucosyl residue from
the chain to inorganie phosphete; in synthesis it attaches
the glucosyl residue of glucose-l-phosphate to the chain
by an e-l:id-linkage, liberating inorganic phosphate.

The synthetie polysaccharide formed from glucose-le-
phosphate by muscle phosphorylase was shown by Hassld,

Cori and Mccready(se) to resemble the amylose component of
starch, Phosphorylase degrades synthetio amylose com-
pletely. Like p-umylase, phosphorylase aets upon the
hranched c-l:d4-glucosans attacking the non-reducing ends
and splitting off successive glucose residues until it
anoounter;Z;~1:G-glucosidic linkage (the branching point)
which acts as an obstruection, ‘

Phosphorylase occurs in skeletal muscle, heart muscle,
liver and brain of animals, yeasts and in higher plants
such as potatoes, bansnas, peas, beans and corn.,

The function of animal and plent phosphoryleses are
identical but their properties are different. Some
eriteria which differentiate muscle and potato phosphorylase,
and a description of the phosphorylase of brewer's yeast

will be given in Seetion III.
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(4) Branching enzymes.

Branching enzyme, which could convert amylose into &
branched polysaecharide similar to glycogen, was first
obtained from liver, heart and brain extracts by Cori and
sory . (31)

The existence of a branching enzyme in plant tissues
was first demonstrated by Haworth, Peat, Bourne and

y.(17'19'53) This enzyme is referred to as "(-enzyme."

Mace
Q=-Enzyme performes a double function, numely the formation
of a~l:6-linkages, which follows the seission of an egusl
number of a-l:4-linkages. Q-BEnzyme thus 20%s on amylose
producing branched polysaccharides which have structures
similar to amylopeotin,

The branching enzyme of brewer's yeast will Dbe

described in Section V.

5« Use of enzymes in structural studies.

The action patterns of the above enzymes have been
determined using purified amylose, smylopeetin and
glycogen of known molecular siructure. It follows there-
fore that these engymes may be used to investigate the fine
structure of sterch-type polysaccharides from & variety of

blological sources.

(a) a-Apylase

a~imylase has been used to deteet c-lid-glucosidie

linkages, Polyseaccharides which contain few, if any,
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sequences of two or three adjacent a<-l:4-linkages are

(83) It can also be used to

resistant to g-amylolysis,
determine the nature of the o-l:d4-glucosans, i.e. branched
or linear, o=-Amylolysis of linear c-l:4-glucosans gives
a high R, value (epparent percentage conversion into
maltose) whereas that of branched polysaccharides is lower,
Paper chromatographie examination of c-~amylolytic digests
also provides gquelitative evidence of branching in an
e~lid4-glucosan since c-dextrine are essily distinguished

from glucose, meltose and maltotriose,

(b) p-Amylase
f~Amylase has been used for the following purposes:-
(i) to detect the presence of enomalous linkages in
amyloses,
(i1) to distinguish gualitatively between linear and
branched a-l:d-glucosans,
(iii) to determine the exterior chuin lengths of
branched o-l:4-glucosans,
(i) The main product of the p-amylolyeis of amylose
is maltose, p-Amylolyses of various amyloses have been
reported by meny suthors and the percentage conversion into
meltose (R,) varied from 57 to 100%.(83'98) The low limits
were not due to retrogradetion of amylose during enzyme
action, or to the presence of conteminating branched
glucosans, In some cases the addition of f-glucosidase

to & Peamylolytic digest resulted in complete amylolysis,
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suggesting that these amyloses contained one or more f-

glucosidiec linkages.(107'log)

(ii) The product of the f-amylolysis of a linear
a=-l:4-glucosan is maltose, whereas branched polysaccharides,
e.8., amylopectin or glycogen, gives maltose (40-T07) and
& Pf-dextrin of high molecular weight. The determination
0f the f-amylolysis limit and the nature of the end
producte of enzyme action serves ae & convenient method
for differentiating between linear and branched a-l:4-
glucosans even though the chain length of the poly-
seccharide is unknown,

(iii) The exterior chain length of branched c-l:é-
glucosans, which cannot be determined by any chemical
method, can be caleulated from the B-amylolysis limit and
the chain length,

(e) Amylases and R-enzyme.
Whelan and Robortn(l35’136)

deternined the chain

length of rabbit liver glycogen by anulysis of the pﬁoduats
liberated by the successive action of salivary c-amylase

eand R-enzyme. They obtained the value 12:5, (periodate
oxidetion gave & chain length of 13°6), They also found
that linear maltosaccharides obtained by "debranching®
glycogen a-dextrins contained a small portion of hexa or
hepta-saccharides, The presence of these higher saccharides
suggests that some of the c-dextrins contained two a-1l:6-

linkages, thus providing further evidence that glycogen
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has a multiply branched struscture.
Peat, Whelan and Thomastlos’lll) employed f-amylese
and R-enzyme to show that amylopeotin has a multiply
branched structure., Treatment of p-dextrin (from waxy
maize starch) with Reenzyme gave & mixture of maltose and
maltotriose in 12+8¢ yield. A singly branched molecule
would yield only 0-083% of meltose and maltotriose, whilst
& multiply branched struocture with equal numbers of A-
and Bechains (Fig.2, p. 10 ) would yield 12*5%.(61)
The combined sction of f-amylase and R-enzyme has been
used to determine the unit chain length of wexy maize starch{134)
This enzymic method gave & chain length of 26; periodate

oxidation gave a value of 24-25,

(d) Phosphorylase and smylo-l:6-glucosidase.
The combined action of phosphorylase and amylo-l:6-

glucosidase, in the presence of inorganic phosphate, serves
as an elternative method of ensymie end-group annay.(33’65)
These two enzymes acting on amylopectin or glycogen produce
glucose-l-phosphate and glucose; the latter arises from

the hydrolysis of e-lib-linkages by amylo-l:é-glucosidase,

By estimating the molar percentage of glucose, the number

of a~l:b-linkages and hence the chain length can be calculated.
The results obtained with several amylopectins and glycogens
are in good agreement with those obtained by methylation

and periodate oxidation assays of the same samples,

The stepwise action of phosphorylase and amylo-l:b-



glucosidase on amylopectin and glycogen has provided

further evidence that these molecules have multiply

branched atruoturea.(Tl)



Hdolecular Structure of Brewer's Yeast Glycogen.

1. Introduction

The presence of glycogen in yeast wes first indicated
by Errera in 1885(36) end in 1894, cremer(B‘) succeeded
in isclating glycogen from yeast and demonstrating its
general resemblance to animal glycogen. Harden and
Young(sz’ss) described a method for preparation of yeast
glycogen (“D + 198+3"), in which glycogen was extracted
with water from disintegrated cells of pressed yeast, and
seperated from yeast gum by precipitation with ammonium
sulphate.

In 1925, Ling, Nanji and Paton’’?) found that dried
yeast is a more suitable source for the extraction of
.&lycogen than pressed yeast. By using 24 sodium hydroxide
solution as solvent, they avoided the necessity of
disintegrating the ecells, However they reported that
the glycogen extracted by this method generally contained
O+5«1«0% ash and about 0.257% phosphorus. Iokoyama(l‘o>

extracted glycogen from dried yeast with 507% potassium
hydroxide solution and purified it by removing gum with
Fehling's solution and precipitation of the glycogen

(ap + 192°) with aleohol. Later Daoud and Ling(35) modified

the method of Ling, Nanji and Paton(79) by improving the



method of removing copper from the glycogen solution after
the mannan has been preecipitated by Fehling's solution,
The sample they obtained, gave & brownish-red colour with
iodine, waz free from nitrogen, but contained traces of
phosphorus; the ash content was 1°59% and ep + 179 .

In the extraction of yeast glycogen, the first stage
involves breasking the cells so that the glycogen can be
brought into solution; there are three methods for this
operation: -

(1) mechanical breskage of the cells by grinding with
send followed by extraction with water,(ss'GT)
(ii) brezking the cells by drying end extrection of
the glycogen with (2-37) sodium hydroxide solution.(35'79’1‘°)

(iii) alkaline ecytolysis using (2-37) sodium hydroxide
at 95° followed by the extraction of glycogen from the
insoluble material, containing glycogen, with N hydrochlorie
3016(87) or with O*5N acetic acid at 750514’99)

Glycogen from baker's yeast had been studied dy

(99) has deseribed

several workers and recently Rorthcote
the molecular structure of this glycogen. Since no
structural examinations on brewer's yeast glycogen have
been reported, the molecular structure of brewer's yeast
glycogen has been investigated. In this study, alkaline
cytolysis and extraction with Q0°*SN acetic acid was used

for the preparation of the glycogen.
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2. Anzlytical methods and materials.

() Determination of reducing sugars.

Hedueing sugers were determined by the Shaffer-
Somogyl reagent 60(121) s modified by Hanes and cattle(‘g)
2
or by the Somogyi 1945 reagent(l“J) which had been

calibrated against glucose and maltose.

(b) RPaper chromatography.

Destcending charomatograms were carried out at room
temperature with Whatman No.l paper and benzene-pyridine-
butanol-water (1:3:5:3) as solvent. Development was by
spraying with aniline oxalate or with silver nitrate-

sodium hydroxide reagant.(l32)

(e) Iodine staining.

Polysaccharide solution (2 ml.; containing 2 mg. of
glycogen) was added to iodine solution (1 ml.; ooptaining
1 mg. of iodine and 10 mg. of potessium iodide per ml.)
and water 2 ml.; the absorption value of the polysaccharide-
iodine complex was measured on a Spekker Fhotoelectric
Absorptiometer in 1 em, cells, an Ilford filter No.603

being used, zgainst iodine-water blank.

(d) Determination of unit-chain length.

Unit-chain length wae determined by the oxidation of
glycogen with potssesium periodata(lg"é) and measurement

of the maximum amount of formic acid produced.
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(e) Salivary c-amylase. (Prepared by Dr., D, J. Manners).

Salivery c-amylase solution was prepared by dissolving
freeze-dried human saliva in distilled water, and removing
insoluble materials by centrifugation. The amylase
solution showed no maltase activity, but was contuminated
with maltotriase. During the digestion of waxy maize
starch, maltose, maltotriose and e-dextrine were the
initial products of the reaction, and glucose, maltose

1 136
and a-dextrins the end—products.( 35,136)

(f) p-Amylase.
f-Amylase was prepared from soye bezns by Bourne,

(17)

Macey and Peat's method, A solution of P-zsmylase was
prepared by dissolving soye beq# p-cmylase (50 mg.) in
Q-2 acetate dbuffer (pH 4°6; 20 ml,), and removing insoluble
material by centrifugation; the supernatant liguid had
en activity of 125 units fgr)ml., estimated by Hobson,

2

Whelan and Peat's method. Preliminary experiments
with maeltose and starch showed that the enzyme solution was

free from maltase and c-amylase,

3. Experimental.

(a) Preparation of brewer's yeast glycogen.
1.5 Kg. of washed brewer's yeast, dispersed in 3%

sodium hydroxide solution ( 1 1.) was heated at 95° for

(100)

6 hrs. The mixture was cooled, the cell-wall material
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was collected on the centrifuge and treated again with
hot 3% sodium hydroxide solution. The sodium hydroxide
extragts did not contain any appreciable amount of
glycogen. The glycogen was extracted from the cell-wall
material by three successive treatments with 0.5N acetie
acid (each 500 ml,) at_75° for 2 hr.(l"loo) The combined
acetic acid extractis were concentrated under reduced
pressure to about 500 ml., and ethanol (6 vols,) was added.
The crude precipitate of glycogen weas purified by three
precipitations from 80% acetic aoid(ls) and finally
several precipitations from ethanol. The yield was

177 g.

(b) Properties of the glycogen.
(1) white amorphous powder., Found: Nitrogen, 0.05%;

Phosphorus, nil; Ash, 0°10%. An agueous solution was
opealescent, and stained red-brown with iodine.

(i1) Speecific rotation:-
in water[ﬂJD+ 198° (G, 02523 o = 2‘OO°; .i = 4)

In N NeOH[<]+ 175" (G, 042505 & = 1:75°; 1 = 4).

(iii) Aeid hydrolysis of the glycogen (10 mg.) in 1.5N
sulphuric acid (2 ml.) at 100° for 2 hrs. gave glucose and
no other suger (paper chromatography). Quantitative acid
hydrolysis of the glycogen was determined by Pirt and
Whelan's method.(113) 0*5 ml., of glycogen solution (1-°04

mg. &lycogen) was hydrolysed for 2 hrs. in 1+5N sulphurie



acid at 100°., By the Somogyi 1945 reesgent, the hydrolysate
contained 1+10 mg, glucose, i.e. percentage hydrolysis 96.

(e) Potentiometric titration.

The iodine binding power of the glycogen was guantita-
tively determined by Mr. D. M. W, Anderson, using the
potentiometric titration method described by Anderson and
Greenwood.(z) It gave & typical glycogen curve, no
coloration was produced in the titration flusk and the
uptake of iodine was very similar to that of mammalian

glycogens,

(d) Moleculer weight determination.

The sedimentation constant of the glycogen weas
determined by Dr., C. T. Greenwood using an ultracentrifuge
(Spinco Model E). Although polymolecular, the glycogen
sedimented as one component, the sedimentation constant
(520) being 52 x 113 C.8.8, units equivalent to & mole-
cular weight of ca. 2 x 106. the diffusion constant being

assumed to be of the same order as that of other glyoogans.(ll)

(e) Salivary c-amylolysis.
An enzymic digest was set up containing glycogen

(5040 mg.), phosphate~citrate buffer (0-16M with respeect %o
phosphate) of pH 7.0 (20 ml.), sodium chloride (25.0 mg.),
salivery e-amylase solution (1 ml.), =nd water (29 ml.).
Aliguot portions were enalysed for iodine staining power,

end for maltose, at intervals, with Shaffer-Somogyl



reagent 60, after incubation at 35 .

The decrease in iodine-staining power was as follows:
Time of inecubation (mins.,) 0 4 10 20
Absorption value 0-305 0-035 0-020 0-010

The apparent percentage conversion into maltose after
1, 2 and 48 hrs' incubation was 62, 68 and 95 respectively.

Paper chromutography of the amylolytiec digest showed
the presence of glucose (Kg = 1), maltose (Rg = 0.55), =nd
a series of sugars of higher molecular weight (Rg < 0:09).

Maltulose was absent.

(f) Potessium periodate oxidation.
(i) Glycogen (5490 mg.) wae dissolved in 5% potassium

chloride solution (100 ml.) contained in a brown bottle;

10 ml. were withdrawn for e control determination, 8%
(w/v) sodium periodate (20 ml.) was added to the bulk which
was gently agitated (on rollers). 10 ml. samples were
removed at intervals, excess periodate was decomposed by
the addition of 1 ml, ethylene glycol and the formic acid
produced wzs determined by titrating with O:01lN sodium
hydroxide solution in a cerbon dioxide free atmosphere,
methyl red being used as indioator.(12'46)

The following results were obtained.

hima (hours) 96 168 |266 386
Potal formie acid produced (mg.)| 8-9 102 {10+6 | 10+5

Kpparent chain-length (glucose
residues) 15+6 13+6 | 13°2 | 13-2
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A 12-unit or l4-unit glycogen would yield 11+6 or
10+0 mg. of formic acid, respectively. In a duplicate
experiment, 302.3 mg. glycogen produced 6.5 mg. formic
acid, corresponding to the epperent chain length of 13-1
glucose residues.

(ii) The remaining solution of periodate-oxidised
glycogen was neutfalised with ethylene glycol (5 ml,) and
dialysed against running tap water for 36 hrs., and the
non-diffusivle materiel collected by freeze-drying. 50 mg.
of the periodate-oxidised glycogen were hydrolysed by
2N-gulphurie acid (2 ml.) at 100 for 3 hrs. No glucose
could be detected in the hydrolysate by paper chromatography;
brewer's yeast glycogen does not therefore contain 1l:2 or

1: 3-glucosidic linkages,

(g) P-Amylolysis of the glycogen.

Glycogen (48:-4 mg.) was incubated with 0-2M-acetate

buffer (pH 4.6; 6 ml.), water (21 ml,), =nd P-amylase
solution (3 ml.; 37% units) at 35 . Semples (3 ml.) were
withdrawn at intervals and snalysed for maltose with the
Somogyi (13945) reegent.

The course of degradation was as follows:-
Time of incubation (hours) 1 2 20 44
% Conversion into maltose 307 38-4 43-5 44-0

In a duplicate experiment with 50-4 mg. of glycogen,
the p-amylolysis limit was 43-84%. .

Examination of the f-amylolytic digests by paper
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chromatography showed the presence of maltose, and no

other reducing suger.

(h) Phosphorolysis of the glycogen.
The following experiment weas carried out by Miss A, M.

Liddla.(Ts) The phosphorolysis limit of the glycogen was

determined with erystalline rabbit-muscle phosphorylese,
prepared by Green and Cori's method.(43) Glycogen (460
mg.) was incubated at 35  with Q+5li-phosphate buffer (pH
6:8; 40 ml.), O-Oli-adenosine-5'-monophosphate (20 ml.),
muscle phosphorylase solution (0°5 ml.; 3680 units) and
water to a total volume of 20 ml, Glucose~l-phosphate
produced was determined by a slight modification of Allen's
method.(l'Ts)

The following results were obtained:-

Time of incubation lmin, 1 hr., 4 hr. 241
% Conversion into glucose-l-phosphate 5-1 30:C 300 30+
In a duplicate experiment with 470 mg. glycogen and

15,000 units of muscle phosphorylase, the phosphorolysis

limit wes 31%.

4. Discussion.

The experimental evidence shows that brewer's yeast
glycogen is generally similar to mammelian glycogens.
(]
Brewer's yeast glycogen is dextro-rotatory (ap + 198 ) znd

is soluble in water giving an opalescent solution which is

stained red brown with iodine, Potentiometriec titration
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shows the iodine binding power to be similar to that of
other glycogens, It is composed solely of glucose
residues since acid hydrolysis yields glucose (967) and no
other reducing sugar. Furthermore the absence of
meltulose in the c-amylolytic digest shows that fructose
is not a constituent of the ﬁlycogen.(los)
When brewer's yeast glycogen is subjected to salivary
c-anylase action, & rapid loss of iodine staining power is
observed and glucose, maltose and c-dextrins are obtained
as final products, The glucosidic linkages in the glycogen
are thereiore predominantly of the a-l:4-type. Potassium
periodate oxidation of the glycogen indicates & unit-chain
length of thirteen glucose residues; the absence of 1:2
or l:3-linkages in the glycogen is shown by the fact that
glucose is sbsent from the hydrolysate of the periodate-

(13,60)

oxidised glycogen. Thus bdbrewer's yeast glycogen

contains only e¢-l:4 and l:6-glucosidie linkages,

The action of p-amylase on the glycogen results in e
447 conversion into maltose, which is the only reducing
sugar liberated. The exterior cheins therefore comprise
& glucose residues and the interior cheins, on the average,
contain 4 glucose residues. Brewer's yeast glycogen is
attacked by erystalline muscle phosphorylase in the presence
of excess of inorgenic phosphate producing glucose-l-
phosphate, the limit being 30%. The phosphorolysis limits
of & 12-unit and 13-unit glycogen from various animal tissues

6
vary from 29 to 35.(75'7 ) The glycogen has a molecular



XY -

welght of ga. 2 x 10° (obtained from the sedimentation
constant).

Thus brewer's yeast glycogen consists of ca. 10° unit
chains, each comprising, on the average, 13 a-l:4-linked
glucose residues, which are randomly interlinked by l:6-
glucosidic linkages. It therefore resembles the majority
of the glycogens from memmelian, invertebrate and protozoan
tissues;(e‘) nevertheless, small but significant differences
in degree and position of branching between baker's yeast

and the brewer's yeast glycogen are revealed (Table 1).

Table 1,

A comparison of the properties of bsker's yesst and brewer's
Jyeast glycogens.

Properties Baker's Yeast Brewer's

A B yeast

fla], in water +184 |+187° +198°

Unit-chain length 11-12 - 13

Amylolysis limit 50 |46-48+5 44

xterior-chain 1sngth‘ 8 - 8
nterior-chain length¥ 2=3 -

(99)

A, Data from Northcote.

B, Data from Jaanloz.(ET)

% Number of glucose units removed on f-amylolysis plus
2+5.

# Unit-chain length - Exterior=chain length - 1,
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It is not unexpected that the glycogen from baker's
yeast and brewer's yeast show small differences in mole-
cular structure, since the conditions of growth and
fermenting properties of the two yeasts are different;
furthermore the enzymic composition is not the same., The
unit-chain length of the glycogen and the position of
brenching in the chains will depend upon the "balaunce”
between the activities of phosphorylase and the branching
and debranching enzymes, Thus the structure of the
glycogen will be related to the metabolic condition of
the orgenism @t the time of isolation of the glycogen.



ceotion III

Studies on Brewer's Yeaust Phosphorylese

1. Introduction

The reaction between glycogen and inorganiec phosphate
yielding hexose phosphate, was discovered by Pernas and

Baranowski(lOl'loz)

who called this enzymic process "phos-
phorolysie” by analogy with the hydrolysis produced by
amylases. Glucose=l-phosphate was isolated by Cori and
Cori(zs) and shown to be the product of phosphorolytic
breskdown of glycogen in muscle. "

t(118’119>3howed that

In 1938, Scheffner and Spech
glycogen was converted by fresh or dialysed yeast juice
into hexose monophosphate. No cozymese was reqguired, and
the presence of arsenate or iodoacetate had no effect on
enzyme action, They also reported that by adjusting the
pH of a dialysed extract of dried yeast to 5+5, phosphorylase
precipitated out. Cori and cori(za) also reported that
dialysed extracts of dried brewer's yeast formed glucose-
l-phosphate from glycogen and inorganic phosphate under
conditions in which glucose was not phosphorylated. They
gshowed that at pH 4+5 more glucose-l-phosphate than 6-phos-
phate was formed; the reverse was found at pH 7°5.

Activity determinations carried out by estimating both

glucose-l-phosphate and glucose-d-phosphate gave maximua
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eotivity at pH 7.5.

Kiessling(ss'sg) in 1939 prepered & protein fraction C
from Lebedew's juioe(74) by repeated precipitation with
ammonium sulphate solution (0+30-0+35 saturation). C-
Protein contained phosphorylase and catalysed the esterifica-
tion of glycogen with added inorganie phosphate, 157 being
converted to glucose-~l-phosphate. He also showed thet
the reaction was reversible and that 857 of the glucose-l-
phosphate was synthesised into glycogen, the reaction having
an egquilibrium constant K = 52 at 28° when the total free
inorganie phosphate conecentration was 2.4-22.2 x 10™%x.

By werming C-protein in agueous ammonium sulphate (0°1
saturation) st 38-40 for 30 mins., and rejecting the
precipitate, he obtained phosphorylase (free from glucose-
l-phosphatasge) which required no co-enzyme for ite action.

The specificity of yeast and muscle phosphorylase for
the a-l:i4-glucosidiec linkage was noted by Meyer and Bernfeld(ge)
and by Hassid, Cori and MoOreedy’?®) respectively, Althougn
phosphorylases of muscle and potato have been isolated in
highly purified and orystalline forms, very little atten-
tion has been paid to the phosphorylase of brewer's yeast.
Attempts have therefore been made to purify this enzyme and
to study its properties.

Mlethods which have proved effective in }1herating
enzymes from microbial cells, e.g. mechanical rupture of

the cell, autolysis and chemical treatment, have been employed
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%9 bring phosphorylase into solution. The following
methods which gave active extracts will be described: -
(a) mechanical breakage of yeast cells by grinding
with sand, and extraction with water,
(b) autolysis of pressed brewer's yeast,
(¢) maceration juice or Lebedew's Juiue.(74)
(d) butanol-water extraction of dried dbrewer's yeast,
(e) sodium bicarbonate extraction of dried brewer's
yeast,

Preliminary experiments showed that phosphoglucomutase,
phosphatases, branching and debranching enzymes were present
in all the above extracts, Phosphorylase activity tests
have therefore been carried out in the presence of
appropriate inhibitors (sodium fluoride, mercuric chloride
and ammonium molybdate) which had no action on ph;sphorylaaa.

2+ DMethods end meterials

Unless otherwiese stated, reagents were used as agueous

solutions.

(a) Brewer's yeast.

Brewer's yeast, supplied by Messrs, William Younger end
Company Limited, was thoroughly washed with water; any
excess water was removed, using a Buchner funnel. The
yeast was spread on shelves and dried by & current of warm
air (35 ) in & 'Mitchell Dryer.' The dried yeast was then
stored in air tight bottles at 0°C.
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(b) Reagents for phosphate estimetions.
(37)

(1) Piske and Subbarow's reagent.

The original reagent was the filtrate obtained by
dissolving 05 g. le-amino=-2-naphthol-4-sulphoniec acid in
195 ml, 15% sodium bisulphite and 5 ml., 207% sodium sulphite.
Since pure sodium bisulphite was not readily accessible, an
attenpt was mede to use the stable sodium metabisulphite,
When the reagent was prepared with the theoretical amount
0of sodium metabisulphite according to the sbove directions,
a fine precipitate was observed in the final coloured solu-
tion which made accurate colorimetric determinations
impossible. Varying concentrations of sodium metabisulphite
and sodium sulphite were tried and the most promising
‘resulte were obtained with a reagent prepared in the
following manner: -

14 g. of sodium metabisulphite were dissolved in about
80 ml, of water in a 100 ml, standard flask. 250 mg. of
l-amino-Z-naphthol-4-sulphonic acid snd 1 g. of sodium
sulphite were added and the solution made up to 100 ml.
The solution was filtered and stored in the dark,

(ii) Acid molybdate.

2+5 g, of ammonium molybdate (AnalaR) was dissolved
in 100 ml., 5N-sulphuriec acid (AnalaR).

The reagent was calibrated against standard potassium
dihydrogen phosphate solution (1 mg. inorgenic phosphate

per ml,) stored over chloroform at O C.
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(e) Estimation of astorwzhogphat._(47343)

(i) Glucose-l-phosphate.

A solution (2 ml,.,) containing free inorganic phosphate
and "ester phosphate" (ester-P) was treated with 2¢5 ml,
magnesia mixture (magnesium chloride dihydrate 55 g.,
ammonium chloride 135 g., concentrated ammonium hydroxide
350 ml., and water to a total volume of 1000 ml.) to remove
free inorganic phosphate and the mixture diluted with water
to 25 nml, The precipitate was filtered off. The traces
of inorganic phosphate remaining in the filtrate were
determined by treating 2 ml, with the Fiske and Subbarow
reagent, A second portion (2 ml,) of the filtrate was
hydrolysed with 0+25 ml, concentrated hydrochloric =zeid
for 10 mins., at 100°. The free phosphate liberated was
estimated with the Fiske and Subbarow reagent. The dif-
ference between the two estimations represents the ester
phosphate,

(ii) Glucose=-b6-phosphate.

Glucose~b6-phosphate was estimated in & similer menner,
except thet inorgenic phosphate was liberated from glucose-
6-phosphate by digesting the ester with 60% perchloric acid.

(d) Determination of protein nitrogen.
Protein nitrogen was determined by the biuret method

of Robinson and Hogden.(lls)yaaat protein being used as
the standard.
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(1) Reagents:-~ 10% Trichloroacetic acid,
3% Sodium hydroxide,
20% OCopper sulphate (penta hydrate).
(i1) Preparation of standard yeast protein.

10 g. dried brewer's yeast was incubated with 01N
sodium bicarbonate solution (50 mi.,) et 35 for 2 hours.

The extract was centrifuged (5000 r.p.m.) et 0°C for 15 mins.
and the supernatant collected. An egual volume of 10%
trichloroacetic acid was added, and the precipitated protein
washed several times with 5% trichloroscetic acid, AnalaR
acetone, and dried under vacuum over phosphorus pent-
oxide. The yield was 1.28 g. The protein nitrogen content
was determined by the Kjeldahl procedure - Found N, 12°:0%.
Standard yeast protein solution (1 mg. nitrogen per ml,)
was prepared by dissolving 208.30 mg. yeast protein in 3%
sodium hydroxide in a total volume of 25 ml.

(iii) Calibration curve.

05, 1+0, 15, 20, 2+5 and 3+0 ml. of the standard
protein solution was introduced into 10 ml, graduated centri-
fuge tubes, The volume was brought to about 9 ml., with 3%
godium hydroxide, 025 ml. copper sulphate solution added
and the volume made up to 10 ml, with the alkali. After
shaking the contents for 1 min., the solutions are allowed
to stand for 15 minas. The colour of the supernatant solu-
tions, after centrifugation, are compared on the Spekker

Photoelectric Absorptiometer in 1 cm, cells at 550 m p against
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a water blank,
FProtein nitrogen (mg.) 00 05 10 15 2:0 2:5 3.0
Absorption value (A.V.,) 0404 0.12 0+21 030 0:39 0-48 0:57

(e) Determination of phosphorylese activity.
Phosphorylase activity was determined in terms of

(44)

Green and Stumpf units where one unit of phosphorylase
activity is defined as the amount of enzyme which catalyses
the liberation of 0+l mg. of inorganic phosphate from
glucose-l-phosphate in 3 mins, &t 35" in the following digest.
5-10 units Enzyme solution,
05 ml, Qs SHi~citrate buffer pH 6.0,
0-2 ml, 5% soluble starch,
1-0 ml. 0+ lii-glucose-~l-phosphate.
Final volume 35 ml.
cince yeast phosphorylase prepurations contain phospho-
glucomutese, phosphatase, branching and debranching enzyme
&s impurities, the phosphorylase activity tests were carried
out in the presence of inhibitors as in the following digest: -
1.0 ml enzyme solution,
O*4 ml, 2% emmonium molybdete, (phosphatase inhibitor)
© 0*4 ml, O*li-sodium fluoride, (phosphoglucomutase inhibitor)
0+2 ml. 0+Ql¥-mercurie chloride, (branching and debranching
enzyme inhibitor)
0+%5 ml, O*2M-citrate buffer pH 6°6,
0+5 ml. 29 soluble starch,
1.0 ml, O0+1¥M-glucose-l-phosphate,
Final volume 4°0 ml,



Glucose~l-phosphate solution was added after temperature
equilibration (35 ). The reaction was stopped after 6 mins.
by adding 10f% trichloroacetic acid (4 ml,) and the volume
made up to 10 ml. The solution was centrifuged and 1 ml.
of the supernatant analysed for free inorganiec phosphate

using the Fiske and Subbarow reagent.

(f) Preperation of glucose-l-phosphate.

Glucose-~l-phosphate was prepared by the action of
(47,48)

potato phosphorylase on sterch as described by Hanes
and purified by means of ion-exchange resins according to
the method of McCready and Haasid.(es)

(1) 72 g. ammonium hydrogen phosphate were dissolved
in 500 ml, of water,

(i1) 30 g&. soluble starch were suspended in 1000 ml. of
water and heated at 100° for 30 mins. and cooled,

(4ii) 1245 g. skin peeled King Edward VII potatoes were
minced and the potato Juice squeezed out through two layers
of muslin, 400 ml, of potato juice thus obtained were
treated with 120 ml, dry Kieselguhr and filtered through
& layer of Kieselguhr in a Buchner funnel. 300 ml, juice
were obtained.

Solutions (i), (i1i) and (iii) were mixed and water added
to a final volume of 2+25 1. The pH of the solution was
adjusted to 7+0 (bromo thymol blue as external indicator),

10 ml, of toluene was added and the mixture incubated &t 35 .

The reaction was followed by estimating the amount of
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gliucose-l-phosphate formed.
Time (hours) 1 2 19 20
Bster phosphate in digest (g.) 0315 0-793 1-935 2003

Thus 24.03 g. of glucose-l-phosphate were formed after
20 hours. The digest was boiled, cooled to room tempera-
ture, 2 mols. magnesium acetate added and the pH of the
solution adjusted to 8+5 with concentrated ammonium
hydroxide. The precipitated proteins and magnesium
ammonium phosphate were filtered through a layer of
Kieselguhr and a filter paper on & Buchner funnel, The
filtrate was now ready for passage through ion-exchange
columns, which were regenerated three times before use.

The solution was first passed through a column con-
taining Amberlite resin IR-120(H) (40 x 4+5 cm. diameter)
end then through a second column containing IR-4B(0RH) (35 x
3 em, diameter). The latter was washed with distilled
water (3 l1l.) and the glucose-l-phosphate eluted with 4%
ammonium hydroxide (500 ml.). The eluate was treated with
potassium acetate (50 g.) and the pH adjusted to 12 with
10% potassium hydroxide, The volume was reduced under
vacuum at 30° and the pH readjusted to 12, IMethanol (1+5
volume) was added and the glucose-l-phosphate allowed to
erystallise at 4 for 24 hours. The crystals of di potas-
sium glucose-l-phosphate dihydrate were washed with
methanol, ether and dried in vacuo at 50°; yield 16°36 g.

Theoretical ester-P as glucose-l-phosphate 8.33%
Found total-P 8-324
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(g) Preperation of alumina gel nu,u(z‘)

A hot solution of aluminium emmonium sulphete (340 g.
in 500 ml, weter) was poured into 3°25 1, of ammonium
sulphate and hydroxide (100 g. ammonium sulphate and
215 ml, 20% aszmonium hydroxide) kept at 60", with vigorous
etirring. When the precipitate floccoculated, the mixture
wes diluted to 20 1., with water and the supernatent fluid
decanted as soon as the precipitate settled. Washing with
water was repeated three times, and the precipitate was
treated with 40 ml, 204 ammonium hydroxide to remove the
last traces of basic aluminium sulphate. The precipitate
was washed 20 times with a large volume of water and stored
at 0'C for three monthe in a small volume of water. The
PH of the solution was adjusted to 6+5 and the dry weight
of alumina C, in a known volume of the suspension wae

determined, Found 22 mg. per ml.

(h) Preparation of celeium phosphete gel.(e‘)

150 ml., ealeium chloride aolutibn (132 g. ceCl,,6Hy0
per litre) was diluted to about 1600 ml. with tap water and
shaken with 150 ml., trisodium phosphate solution (152 g.
Na3PO4,12Hp0 per litre). The mixture was brought %o pH
74 with dilute acetic acid and the precipitate washed four
times by decantation with large volumes of water (15-20 1.).
The precipitate was finally washed with distilled water,
and suspended in a known volume of water. The pH of the
solution was adjusted to 6'8Iand stored at 0°C,

Calecium phosphate content - 20 mg, dry weight per ml,
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2 Phoaghogxlaae-aotivity of agueous extract
of pressed brewer's yeast.

Pressed brewer's yeast (1000 g.) was disrupted by
grinding with sand (500 g.) in a mechanical mortar, and
the mixture extracted with water (2°5 1.)., Insoluble
material was removed on the centrifuge, and the pH of the
supernatant (2 1.) adjusted to 7°8. A small precipitate
was removed, and the pH readjusted to 6+5 with dilute
agetic acid. An equal volume of saturated ammonium
sulphate (pH 6-5) was added, the precipitate being collected
on the centrifuge, and dissolved in water; total volume
100 ml.

Phosphorylase activity;~ 0-58 units per ml.;
totel 58 units.

4. Thosphorylase sctivity of autolysate.

Pressed brewer's yeast (2°5 Kg.) was washed with excess
water, collected on the refrigerated centrifuge at 0 and
the adhering water removed by filtration, using & Buchner
fuhnal. It was incubated with toluene (300 ml.) and a
little water at 35° for 5 hours, Citrate buffer (O0-2M-
pH 683 500 ml.) and water (1500 ml,) were added and the
mixture allowed to stand for 15 hours. The solution weas
centrifuged at 0° , and the supernatant (2800 ml,) collected.
Solid ammonium sulphate was added to 075 saturation; the

precipitate was collected by filtration, using e Buchner
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funnel, and dissolved in O-ll-citrate buffer pH 6-8 (100 ml.).
Phosphorylase activity:- 1+80 units per ml.; total 180 units.

5. Phosphorylase activity of lLebedew's Jgioe.(7‘)

Dried brewer's yeast (100 g.), erushed in a mechanical
mortar for 1«5 hours, was incubated with water (300 ml,) for
3 hours at 35°. The solution was centrifuged (3000 r.p.m.
for 45 mins, at 0°C); the supernatant was collected and
treated with an equal volume of saturated ammonium sulphate
at 0. The precipitate was eollected on the centrifuge and
dissolved in 0.lM-ecitrate dbuffer pH 6.8 (100 ml.).

Phosphorylase activity;- 4°20 units per ml.; total 420 units.

6. Fhosphorylase activity of butanol extract of

dried brewer's geast.(93)

Dried brewer's yeast (crushed in a mechanical mortar,
100 g.) was suspended in water (300 ml,) and Os2M-citrate
buffer pH 6-8 (100 ml,). n-Butanol (200 ml,) was added
slowly with constant stirring and incubated at 35  for 30
mins, The solution was centrifuged at 0° =nd the water
layer collected. An egqual volume of saturated ammonium
sulphate (at 0°) was added, the precipitate collected on
the centrifuge and dissolved in Q«liM-eitrate buffer pH 6.8
(100 ml,).

Phosphorylase activity:- '0+40 units per ml,; total 40 units.
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1. ZPhosphorylase activity of sodium bicarbonate
extract of dried brewer's 1gast.(131)

Powdered dried yeast (100 g.) was incubated with O-lil-
sodium dbicarbonate (500 ml.) at 35 for 2 hours. The
® lution was centrifuged (5000 r.p.m. for 15 mins, at 0 C),
and the supernatant collected (350 ml.) and treated with
an equal volume of ammonium sulphate solution (saturated at
o'¢). The precipitate was collected on the centrifuge and
dissolved in O+1lM-citrate buffer pH 6+8 (100 ml.).

Phosphorylase activity:~ 5:25 units per ml.,; total 525 units.

8. Preliminary experiments with crude phosphorylase
preparation.

The sodium bicarbonate extract of dried brewer's yeast
showed the highest phosphorylase activity and hence this
enzyme solution was used for the following experiments.

(a) Stability of the enzyme in solution.
(i) Yeast phosphorylase solution in 0O.li-citrate dDuffer

pH 6+8 was stored et 0°C and its sctivity determined at
intervals, The following results were obtained.
Time (hours) 0 25 48 68
Units in 10 ml, 175 10°5 37 0+0

(11) Yeast phosphorylase solution in 0 li-citrate buffer
(pH 6+8; & ml.,) and O-2l-cysteine hydrochloride solution
(pH 6+8; 2 ml.) was kept et 0’ and the activity determined

at interveals.
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Keyt A, Citrate buffer pH 6.8.
B, Oysteine buffer pH 6°8,
¢, Dialysie.

Figure 3. Stebility of yeest phosphorylase in

golution.
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Time (hourse) 0 25 48 68
Units in 10 ml, 135 8.4 16 0-0
Thus yeast phosphorylase is very unstable (Figure 3).

(b) Bffect of dialysis on phosphorylase activity.
(1) Yeast phosphorylese solution (10 ml.; 175 units)

was dialysed against distilled water at 0°C, and its

activity determined at intervals. The following resulte
were obtained.
Time (hours) 0 22 48
Units (total) 17+5 26 0«0

(i1i) The distilled water was recovered, evaporated to
dryness at 40 under vescuum, and the activity of the above
solution redetermined in the presence of the substance
obtained. No aectivity was found.

(1ii) Yeast phosphorylase solution (10 ml,) was dialysed
agaeinst 0.2M-citrate buffer pH 6.8 at 0°C for 18 hours.
The phosphorylase activity of the original solution and the
dialysed solution wage determined. The following results
were obtained.
Phosphorylase activity of original solution 21.4 units
Phosphorylase activity of the diaslysed solution 12-4 units.

Yeast phosphorylase is therefore demsctivated on

dialysis egainst water. (Pigure 3).

(c) Freeze drying.
Phosphorylase solution (25 ml.,) was freeze dried in 0.2M-
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Figure 4. Qptimum pH of yeest phosphorylase.
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citrate buffer pH 6:8., The protein obteined was redissolved

in water and the volume made up to 25 ml, The phosphorylase

activity of the solution was determined together with the

original solution.

Phosphorylase activity of the originsl solution 21.4 units

Phosphorylase activity of the freesze dried protein 26:0 units.
Thus yeast phosphorylase is stable in the freeze dried

state.,

(d) Optimum pH of brewer's yeast phosphorylase.

Enzyme solutions (10 ml.) were kept at various pH values,
megsured on glass electrode pH meter, for 20 houre at +1°C.
Precipitates which formed in some of the solutions were
removed by centrifugation and the supernatants collected.

The activities of the solutions were then determined:-

[oH TE (38 [4 286 [5°0]5°4[5°8B[6:2[6°671°0]

| 2otsl Units (0.0 [0.0 0.0 2.7 [3.2] 3.7[5.5[7.0[8.0[7:0

The optimum pH of brewer's yeast phosphorylase is
approximately 6+6., (Figure 4).

(e) Tempersture effects.
(1) Rate of enzyme mction:-~ phosphorylese activity tests
were carried out at 25 , 30 , 35 , 40 , 50 and 60°C, The

following results were obtained: -
Temperature C. 25 30 35 40 50 60
Units per ml, 5.2 | 61| 6.3 | 4.0 | 0.0 | 0.0
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Figure 5. Optimum femperature of yeast phosphorylase.
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Pigure 6, Effect of temperature on yeast phosphorylase.

(Time of incudation 20 minse,)
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The rate of brewer's yeast phosphorylase action
decreases at temperatures greater than 35° . (Figure 5).
(ii) Enzyme inactivation:- phosphorylase solutions (1
ml.,) was incubated with 0.2M-citrate buffer pH 6+6 (0+5 ml.)
at 25, 30, 35, 40, 50, end 60°C for 20 mine. The solutions
were coocled to roonm temperature, and their activities
determined &% 15,
Temperéture "G 25 30 35 40 50 | 60
Units 5T | 5+8 | 58 | 5.7 | 4:6 | 040

The enzyme is therefore deactivated at temperatures

above 40°C. (Figure 6).

(£) Sffect of time on the extraction of phosphorylase from

jeast.
Dried yeast (50 g.) was inocudated with O+lil-scdium

bicarbonate (250 ml.) at +1' C. Samples were removed after
1, 2, 4 and 8 hours and centrifuged at 0°C. The free
inorgenic phosphate content of the solutions was then
determined.

Pime of extraction (hours) 1 2 4 8
Free phosphate content (mg. per mi.) 096 1.05 1.18 1.32
The solutions (20 ml,) were precipiteted twice with

saturated aumonium sulphate, at 0+5 saturation, under
identical conditions. The precipitates were dissolved in
O+ lM~-citrate buffer pH 6+6 (5 ml.) and the free phosphate

eontent and phosphorylase sctivities of the soiutions were
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determined. The following results were obtained.

Time of Extraction | Total free phosphate | Total Units
(hours) (mg.)
1 0.05 12-5
2 0+05 13+
) 0+05 12«0
8 005 90

Thus the free phosphate content of the extract increases
with time, but this can be removed by ammoni&m sulphate
precipitation. The optimum time for the extraction of
phosphorylase from dried brewer's yeast with O.lN-sodium

bicarbonate solution is 2 hours.

(g) Temperature of extraction.
Dried brewer's yeast (20 g.) were extracted with 0-1lu-

sodium bicarbonate (100 ml.) at +1°C and 35°C for 2 hours.
The solutions were centrifuged at 0°C (5000 r.p.m. for 15
mins,) and 65 ml. of each supernatant colleeted., FPhosphory-
lase was precipiteted twice with saturated ammonium sulphate
(0.5 saturation a2t 0'C) and the final precipitate dissolved
in Q+lM-citrate buffer pH 6:6 (16 ml.). The phosphorylase
activities of the two solutione were determined:-

Temperature of extrasetion ‘e 1 35

Total units 14-4 112.0

Extraction of the yeast at 35 C is therefore desirable.
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(h) Degradetion of sterch with verying concentrations of the

.nz:ﬂﬁ .
Digests containing 02, 05, 0°8 and 10 ml. of the

enzyme solution were set up a2s follows,
2+5 ml, 2% starch,
0+5 ml, 2% ammonium molybdate,
1.0 ml, phosphate buffer (pH 6-7; 0-5M),
1.0 ml. enzyme solution and water.
The glucose-l-phosphate produced was estimated after

30 mins, and 1 hour. fhe following results were obtained.

Time Glucose~-l-phosphate produced in the digest (mg.)

(hours) | 0+2ml, enzyme |0+5ml.enzyme [O+8ml.enzyme |1+0ml,enzymel
0.5 0.84 1.44 1.92 2.16
1.0 1.08 1-46 204 2:28

The activity of brewer's yeast phosphorylase is therefore
proportional to the concentration of the enzyme (Figure 7).
The leg in the graphs may be due to the presence of 10 mins,
hydrolysable (N.hydrochlorie acid; 100°C) ester phosphate

in the enzyme solution.

(1) Phosphatase sctivity in phosphorylase presparations.

Phosphatase activity was determined using sodium f-
glycero-phosphate (12.5 mg. per ml,) as the substrate. The
following digests were set up and the inorganic phosphate

gontent estimeted after 21 hours,
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' Composition of the digests
Digest | przyme Substrate cgltoine water | Free phos-
solution uffer phate in the
| (ml,) (ml.) pHT-0(ml.) |{(ml.) digeet
(mg. )
(1) 10 1 5 g 125
(11) - o O 19 0+00
(11%) 10 - 5 10 0-31

Thus 76% phosphate was liberated by the enzyme;

phosphatase is therefore present.

() Inhibition of phosphatase.

The following digest containing 0°027 emmonium molybdate

was set upt=-

1.0 ml,

glucose~l-phosphate (6:91 mg. per ml,),

20 ml, O+2M-citrate buffer pH 6-6,
0+5 ml. 0+2% ammonium molybdate,
1.0 ml. water,

0«5 ml., enzyme solution.

1l ml, samples were removed at intervals and inorganic
phosphate (free-P), ester-? (10 mins. hydrolysable im N HCl),
and the total phosphate (total-P) concentrations determined.

Time (hours) Free-P(mg.) Ester-P(mg.) Total-P(mg.)
0-5 0.48 0-73 1.83
3+0 0:55 0.65 1.83
2440 1.38 0+13 1.83

Since the concentration of glqcose-l-phosghate decreased

and the free phosphate increased, the phosphatzse was not
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innibited by 0.024 ammonium molybdate.
The experiment was repeated in the presence of 0.2%
ammonium molybdate when the following results were obtained.

Time (hours) Free-P(mg.) Ester-P(mg.) Total-P(mg.)

1 0-13 075 1-82
4 0-13 0.80 1.82
24 0-13 075 1.82

Thus phosphatase activity is inhibited by 0.2% ammonium
molybdate,

(k) Phosphoglucomutase activity of phosphorylase preparations.
The phosphoglucomutase activity was determined according
to Najjar.(gs)

The following digest was set upi-

1 ml, glucose-l-phosphate (74+4 mg. glucose-l-phosphate and
14-76 mg. WgS0y,TH0 in 10 ml. at pH 7+5),

2 ml. oysteine hydrochloride (78:8 mg. in 10 ml.; pH 7:5),

1 ml, enzyme solution.

After 4 hours, 0.04 mg. inorganic phosphate and 0+48 mg.
glucose~l-phosphate were present, corresponding to 93%
conversion into glucose-b-phosphate.

Thus phosphoglucomutase wes present in the enzyme

preparations.

(1) Inhibition of phosphoglucomutase.

(1) Suthsrland(127) reported that phosphoglucomutase from
skeletal muscle, heart or yeast is inhibited by zine, copper,

mercury and silver ions. The following digest was set up
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in the presence of zine sulphate (10"4M):-
1.0 ml., glucose-l-phosphate (74.4 mg. glucose-l-phosphate
end 14.7 mg. 4MgS04,TH0 in 10 ml, at pH 7.5),
1-5 ml, oysteine hydrochloride (78:8 mg. in 10 ml. at pH 7+5),
1.0 ml, zine sulphete (11:48 mg. ZnS04, THR0 in 50 ml.water),
1.0 ml, enzyme solution.

The amount of inorganic phosphate and glucose-l-phosphate
was estimated after 4 hours. 0«04 mg. inorganic phosphate
and 048 mg. glucose-l-phosphate were found in the digest
corresponding to 934 conversion into glucose-b6-phosphate.

Thus 10~4% zine sulphate had no action on brewer's yeast
phosphoglucomutase.
(1i) Sodium fluoride.
The use of sodium fluoride as & phosphoglucomutase

(23) during

inhibitor was suggested by Chung and Nickerson
studies of polysaccharide synthesis in growing yeast. Three
digests were set up containing 0-.-01M, 0.02¥ and 0.041 sodium
fluoride as follows: -

1.0 ml. glucose-l-phosphate (19.8 mg. per ml,),

0.5 ml. sodium fluoride (0.1M and water),

05 ml., 2% ammonium molybdate,

2.0 ml. 0O.2M-citrate buffer pH 6.8,

1-0 ml, enzyme solution,

The glucose~l-phosphate content was estimated after 2

and 24 hours. The following results were obteained,
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Time Glucose-l-phosphate content (mg.)
(hours) 0+01M.NaF, 0+02i.NaF, 0«04} .NaF
2 19.80 19.80 19.80
2 4 19.80 19.82 19.74

The phosphoglucomutase activity of brewer's yeast is
inhibited by 0+0lM-sodium fluoride.

(m) Glucose-b-phosphatase activity.

Glucose-6-phosphatase activity was determined in the
presence of 0+0lM-sodium fluoride solution. The following

digest was set up:-

2.0 ml. glucose-b-phosphate (125 mg. per ml.),
1.5 ml, O-2M-citrate buffer pH 6-8,

0+*5 ml, O-+lli-godium fluoride,

1.0 ml, enzyme solution.

The inorgenie phosphate in the digest was determined
at intervals and the following results were obtained.

Time (hours) 2 4 24

Inorgenic phosphate liberated (mg.) 040 00 Q-0
Glucose-b6-phosphatase is absent from the enzyme

preparation.

(n) Test for primers.

Digests containing maltose, maltotriose, amylose,

soluble starch snd yeast glycogen (10 mg.) and & control
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digest without primer, were set up as follows:-

1.0 ml, O+lM-glucose-l-phosphate,
0.5 ml. OQ-2M-citrate buffer pH 646,
Q¢4 ml, 27 smmonium molybdate,

04 ml, O+lM-sodium fluoride,

0«2 ml., water,

0+5 ml, primer (10 mg.),

1.0 ml, enzyme solution.

The inorgenic phosphate liberated wes determined and

the following results were obtained,

J

Primers Nil [M=ltose | Maltotriose | Amylose [Soluble
gtarch

“free-P lLiberated '
(mg.) 1«02 | 1-02 1-01 124 1-40

Yeas
glye

159

Yeast glycogen is the most effective primer for brewer's

yeast phosphorylase.

fo) Activators.

The phosphorylase activity tests of the enzyme solution

(10 ml,) were determined:- (i) without any

activators,

(ii) in presence of adenosine-3-phosphoric acid (yeast

adenylic acid; 1 mg.), and (iii) in presence of cysteine

hydrochloride (1 mg.).

Activators | Nil Yeast adenylie | Cysteine
1 acid hydrochloride
Total units | 1°5 5 7*5

The following results were obtained.
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(a) Precipitation of phosphorylese at pH 5-3.
Meyer and Bernreld(gl) deseribed a method of preparing

phosphorylase from dried bakers yemst in which phosphorylase
was precipitated from solution by adjusting the pH to 5°3.
An attempt has been made to use this procedure in the
purification of brewer's yeast phosphorylase.

Enzyme extract (100 ml.; 180 units) was treated with
dilute acetic acid to pH 5+3 and allowed to stand for 2 hours
at 0°C., The solution was oonfrifuged at 0°C and the pre=-
ceipitate and the supernatant were collected. The precipitate
was dissolved in O« lM-citrate buffer pH 68 (10 ml,) and
insoluble materiale removed on the centrifuge. The phosphory-
lase getivities of the solution and the supernatant (pH
adjusted to 6-8) were determined. The solutions had no
activity.

(b) Ammonium sulphate fractionation.

(1) Dried yeast (200 g.) wes incubated with O.lM-sodium
bicarbonate (1000 ml,) at 35  for 2 hours. The solution was
centrifuged at 5000 r.p.m, for 15 mins, at 0°C and the clear
supernatent collected (700 ml,). Ammonium sulphete solution
(700 ml.,; saturated at 0°C) was added slowly with constant
stirring at 0°C and the precipitate collected on the
centrifuge. It was then dissolved in 0O*li¥-citrate dbuffer
pH 6°6 (200 ml,) end insoluble material removed on the

centrifuge.
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The solution obtained was then fraotionated with

saturated ammonium sulphate at 0°, the precipitatesbeing
dissolved in Q- lM-citrate buffer pH 6+6 (100 ml.) and freeze

dried,

The phosphorylase activity of the protein fractions

wag determined and the following results were obtained.

Eraotion Concentration of ammonium | Yield in g. | Unite per g.
sulphate (seaturation)
- 0«00 - 0+20 nil -
Ay 0420 = 0+35 5.80 110
A2 0¢35 - 050 8.05 78
- 0«50 - 0.65 nil -

(11) Praoction A2 (7 &.;

546 units) was dissolved in 0-1llM-

citrate buffer pH 6°6 (100 ml.) and a further ammonium

sulphate fraetionation carried out at 0°C,

The precipitates

obtained were dissolved in O+l¥M-citrate buffer pH 66 (50 ml.)

and freeze dried,

frections was determined.

The phosphorylase activity of the protein

Fractio*ﬂonoontration of ammonium | Yield in g. | Units per g.J
sulphate (saturation)

- 0+00 « 0+20 - -

B, 020 - 040 3+50 92

B, 0+.40 = 0:50 1.50 32

- 0+50 - 0.60 ~

Thus 176 units of phosphorylase (32%) were lost during

refractionation.
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(e) Brotein nitrogen determinations of emmonium sulphate
fractions.

Dried brewer's yeast (50 g.) was incubated with O« 1M~
sodium bicarbonate (250 ml.) at 35° for 2 hours. The solu-
tion wes centrifuged at 5000 r.p.m. for 15 mins, at 0°C. and
the supernatant (175 ml.) collected. least protein was
precipitated with saturated ammonium sulphate at 0+5 seatura-
tion, collected on the centrifuge, and dissolved in 0O- ll-
eitrate buffer pH 6:6 (protein fraetion Ay 60 ml.). The
phosphorylase activity and protein nitrogen content of
solution A were then determined.

Protein
Protein Vol(ml.) Unites per nitrogen per Total Units per mg.
ml, ml,.(mg.) units nitrogen
A 60 4.0 3.16 240 1.26

The solution was fractionated with saturated ammonium
sulphate at 0°C, and the precipitates collected on the centri-
fuge, and dissolved in 0°*lM-citrate buffer pH 6°6. The
phosphorylase activity of the solutions and their protein

nitrogen contents were determined.

L oncentration Units | Protein Units
raction pf ammonium |[Volume| per |nitrogen |Total | per mg.
sulphate (ml.) | ml, (mg. per |Junits |nitrogen
( saturation) ml.g
Gy 000 - 0-:27 25 2.10 2.24 525 0+94
Co 0+2T7 - 0-36 12 6.80 3.52 81.6 1.93
C3 0+36 - 0+45 11 440 3-74 48-4 1-18
Cy 0+45 = 060 8 075 3-36 6:0 0-22

loss of activity 45.5 unite (19%).
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Protein solutions Cp and C3 were combined (fresction C)
and refreotionated with seturated =mmonium sulphate at 0° C.
The precipitates obtained were dissolved in 0-lM-eitrate
buffer pH 6+6, and their asctivities and nitrogen content
determined.

Concentration Units| Protein Units
Fraction| of ammonium Volume | per |nitrogen | Total | per mg.
sulphate (ml,) | ml, | (mg.per | units | nitrogen
(saturation) ml,)
ot 0+00 = 0.27 5 4.2 | 2.52 21 1.68
¢? 0.27 = 036 6 8:5 | 4-00 51 212
g3 0+36 - 0-45 5 3.2 | 3.50 16 0.91

Loss of phosphorylase activity 25 units (22%).

(d) Protemine sulphate treatment.

An attempt has been made to selectively remove nucleic
(42) The

acids from yeast extracts with protamine sulphate
following experimente were conducted at 0°C.

(i) Dried yeast (50 g.) wes extracted with O-lM-sodium
bicerbonate (250 ml.) and centrifuged at 5000 r.p.m. for 15
mins. The supernatant (170 ml,) was treated with 2% protamine
sulphate solution (85 al.) and kept in the refrigerator for 12
hours. The precipitate was removed on the centrifuge and the
supernatant (250 ml,) treated with saturated ammonium sulphate
solution to 0+5 saturation. The yeast protein was then
dissolved in O-liM-citrate buffer pH 6.6 (20 ml,) and the
phosphorylase activity and protein nitrogen content determined.
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Volume of the Units per Protein nitrogen Total Units per
solution (ml.) ml, per ml, units mg.nitrogen

20 1.0 32 20 0-31

In the previous experiment, without protsmine sulphate
treatment, the solution had an activity of 1*26 units per
mg. nitrogen (p.58 ).

(i1) The experiment was repeated in the following way.

Yeast extract (170 ml.) was divided into three portions
(50 ml.; 250 units) and treated with 50 ml., 2% ml, and S ml,
1% protamine sulphate solution. The precipitates were removed
on the centrifuge, and the supernatants treated with saturated
ammonium sulphate solution to 0.5 saturation; the precijitated
protein was dissolved in O-li-citrate buffer pH 6+6., The

phosphorylase activities were determined.

Protamine sulphate | Volume of the |Total phosphorylase
concentration (%) solution (ml.) units

0-50 6 66

033 | 9 108

0.09 15 87.0

The protamine sulphate treatment thus deactivates brewer's

yeast phosphorylase,.

(e) Acetone fractionation.

The sodium bicarbonate extract of dried brewer's yeast
(700 ml,; 3675 unite) was fractionated with AnalaR ecetone

at -7°C. Acetone was added very slowly with constant stirring,



The precipitates obtained were washed with cold acetone and
dried under vacuum. The phosphorylase setivity of the
acetone powders were determined and the following results

were obtained.

Acetone
Fraction|concentration | Yield in | Units per
(£) & &
Dy O - 24 17-6 20
D, 24 - 36 56

The mejority of the phosphorylase zctivity (90%) wes

lost daring acetone fraectionation.

(£) Alcohol fraotionation.(41)

Yeast phosphorylase solution (50 ml.; 24% units) was
fractionated with 50% (w/v) ethanol-citrate solution (127 ml.
absolute alcohol; 10 ml. of O.2M-citrate buffer pH 6.6,

63 ml, of water) at -4" C. The precipitates obtained were
collected on the centrifuge, dissolved in O.lM-ecitrate buffer
pH 6.6 and the insoluble material removed, The following

fractions were obtained.

Fraetion | Alcohol concentration (%) |Volume (ml,)

B, 0-1 2
£, 11 - 17 6
B, 17 - 23

E4 23 - 30 11




The phosphorylese activity of the solutions were
determined; none of the fraetions showed appreciable
phosphnorylase setivity,

Brewer's yeast phosphorylase is therefore deactivated
by ethanol under conditions in which phosphorylases from

other sources are siable,

(g) Alumina edsorption.
Alumina has been used by Cori, Cori and Sdhmidt(32) and

Shapiro and WQrtheimer(lgz) in the purification of phosphory-
lases. The following experiments were carried out at 0°C.
(1) Yeast phosphorylese solution (3 ml.; in water) was
treated with alumina Cp (22 mg., dry weight per ml.; pH 6-3)
et various alumina concentrations for 15 mins. The solu-
tions were centrifuged, and the phosphorylase activity of
the supernatant ligquids determined. The protein nitrogen
content of these solutions was also determined and the

following results were obtained.
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Concentration Total
of alumina ¢ Total Total protein | Units per mg.
mg. {dry waigﬂt] volume| wunits| nitrogen nitrogen
per al, (ml,) (mg.
0 3.00 21.30 13.74 1.55
2 3.30 20.13 13.38 1.51
4 3.66 18.8% 12.74 1.49
6 4.13 18.38 12.22 1.51
8 4.70 16.61 11.28 1.38
10 5.50 13.75 9.20 1.39
12 6.60 6.27 8.45 Q.74
14 8.25 0.00 4.62 0.00
16 11.00 0.00 1.72 0.00

(ii) The experiment was repeated with protein Co (3 ml,.s
in Q«lM-citrate buffer pH 6:6) and the following results were
obtained.

g?“ﬁfﬁﬁfﬁﬁigﬁ Total Total ng:iin Units per mg.
mg. (dry weight)| volume | unite nitrogen nitrogen
per ml, (ml,) (mg,

0 3.00 15.75 8.04 1.96

2 3-30 14.36 | 680 2.11

4 3.66 13.36 673 1.98

6 4.13 11.98 6+20 1.93

8 4.70 10.11 5.64 1.79

10 5450 6-88 4-95 1.39

12 6+60 2.64 2.90 Q.91

14 8.25 0:83 231 0+ 36

16 11«00 G+ 00 0+ 00 0+ 00
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Thus phosphorylase is completely adsorbed by alumina Cyx
at & concentration of 16 mg. (dry weight) per mli, An attempt
has been made to adsorb the phosphorylase on alumina followed
by elution with citrate buffer. The following experiment
was cerried out at 0°C.

(1i1) Protein solution Cy (4+5 ml.; 23+6 units) was
treated with alumina suspension to 4 mg., per ml. The solution
wes centrifuged and the supernatent treated with alumina to
16 mg. per ml, The aluminas-protein complex was collected on
the centrifuge and eluted with Q+«2M-gcitrate buffer pH 6+6
(6 ml.). The eluate was found to have no phosphorylase
activity.

(h) Caleium phosphate adsorption.
(1) caleium phosphate adsorption studies were carried out

in o similar manner; however, due to the high concentration
of inorganic phosphate ions, measurement of phosphorylase
activity according to Green and Stunpf(‘4) was impossible,
Since the degradative activity of phosphorylese is directly
proportional to the enzyme concentration (p. 50; Figure T)
& method was devised to determine phosphorylase activity by
degradation,

A digest containing a known amount of phosphorylase
(4 units) and the following solutions was set up:-

1.0 ml, 2% soluble starch,
0«5 ml. O+5M-phosphate buffer pH 6.7,
0.3 ml., 2% ammonium molybdate,
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0+3 ml, O«li~sodium fluoride,

0+15 ml, 0+0QlM-mercuric chloride,

0:2% ml, veter,

0«5 ml, enzyme solution (4 units).

The erzsyme asolution was added after tempersture egquili-
bration (35°C) and the reaotion allowed to proceed for 30
mins, It was stopped by adding 10# trichloroacetic acid
(3 ml,), excess inorganic phosphate precipitated by msgneéia
mixture (4 ml,), the solution centrifuged and 2 ml. of the
supernatant withdrawn for glucose~l-phosphate determination.

0.85 mg., of glucose-l-phosphate was present; 1 unit
of phosphorylase thus produced 0+21 mg. of glucose-l-
phosphate under the above conditions.

(i1) Protein solution Cp (2 ml.; 16 units) was treated with
calcium phosphate gel suspension (20 mg. dry weight per ml,;
pH 6+8) at various concentrations and kept at 0° for 30 mins.
The solutions were centrifuged at 0°, and the phosphorylase
activity of the supernatants determined by the degradative
method, The protein nitrogen contents of the solutions were

also estimated, Ly the Biuret reaction.



oncentration Total
f caleiun Total | Total | protein| Units per mg.
hosphate gel |veclume| units | nitrogen nitrogen
.(d;i weight)| (ml.) (mg, )
/mi.

0 2.00 | 16400 7.60 2.10

2 2.22 | 14.20 T7-29 1.98

4 2+50 | 14.40 T.20 2.00

& 2.85 | 15.06 T.01 2.15

8 3433 | 1731 T.06 2445

10 4.00 | 17+33 6.88 2.52

12 5.00 | 17.62 6+70 2.63

14 6.66 | 11.73 5.86 2.00

16 1000 000 560 0.00

Up to a caleium phosphate concentration of 12 mg. per

ml., the phosphorylese remains in the solution; it was
totally adsorbed when the concentration of caleium phosphate
was increased to lﬁ mg. per nml, An attempt was made to
make use of this faot in the purification of yeast phosphory-
lase., The following experiments were cerried out at 0°C.

(4ii) Protein solution C, (6.5 ml,; 52 units) was treated
with calecium phosphate gel suspension to 12 mg. per ml, for
30 mins, The solution was centrifuged, and the supernatant
collected and treated with calecium phosphate suspension to
16 mg. per ml, for 30 mins, The mixture was centrifuged and

the supernatent and adsorbent collected. The supernatant

contained 8.3 units of phosphorylase activity. The adsorbent
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was eluted with 0.25M-phosphate buffer pH 6.7 (5 ml.) for
12 hours at 0°C. The phosphorylase activity of the eluate
was 1.1 unitas,

(iv) The experiment was repeated in the following way.
Protein solution G, (30 ml.; 160 units) was treated with

caleium phosphate suspension to 12 mg. per ml. for 30 mins.
The solution wae centrifuged and both the supernatant and
adsorbent collected. The supernatant contained 41 units
of phosphorylase ectivity. 119 units of phosphorylase was
therefore adsorbed by the caleium phosphate. The latter
wes eluted with O+«S5M-phosphate buffer pH 67 (10 ml,) and
the phosphorylase activity of the eluate was 2.6 units,

The above experiments (iii and iv) show thet experiment
(i1) is not reproducible on & large scale und that yeast
phosphorylase is very difficult to elute from its adsorbents.

10. "Debrasnching" and "brenching" enzymes in
yeast phosphorylase preparations.

(2) The presence of & "debranching" enzyme in yeast
proteins was recognised when the following experiments were
carried out.

(1) Degradation of wexy maize starch with yeast phosphorylase

(protein 4y
The following digest was set up,

5 ml, waxy meize starch (52.6 mg. in water),
1 ml, O¢+lii-sodium fluoride,



1 ml, 2% samonium molybdate,
2 ml., OQ.SHi-phosphate buffer pH 6.7,
1 ml, enzyme solution Ay (100 mg. per ml.; 11 wunite).
2 ml, semples were withdrawn at intervals and the
glucose-l-phosphate content determined.
Pime (hours) 1.5 4 24 T2
Phosphorolysis (%) 36 43 45 44

A yeast phosphorylase limit dextrin of waxy maize starch
was prepared by treating waxy meize starch (4.088 g.) with
protein A; as in the above digest, The phosphorolysis
limit, determined after 24 hours incubation was 443, The
digest was boiled and deactivated proteins removed on the
centrifuge. The solution was dialysed against running tap
water for 48 hours, the volume reduced to about 100 ml. by
distillation under vacuum, filtered and freeze dried, The
yield was 214 g., (93%).

(i1) p-imylolysis of waxy maize starch phosphorylase
limit dextrin,

The following digest was set up:-
20 ml, waxy maize starch dextrin (52+4 mg. in water),
7 ml., 0O.2M-acetate buffer pH 4.6,
3 ml, soya bean f-amylase solution (375 units).
3 ml, semples were withdrawn at intervals for estimation

of maltose by the Somogyi reagant.(123)

Time (hours) 8 2 4 24
Amylolysis (%) 275 277 286 28.8

i.e., p-Amylolyeis limit 29%.



Since 44% of the waxy maize starch hed been degraded
by yesast phoaphoryl&ae (as shown in experiment (1)), 29%
degradation of ths residual dextrin by p-amylase represents
60% total degradation of the originel polysaccharide. The
p-amylolysis limit of waxy meize starch is 50% and therefore
small amounts of a debranching enzyme must be present in
protein Ay

Similar debranching activity has also been detected in
motein fractions D1, Dy, E3 and E4; the engzyme responsible
for this aectivity,"iscamylese",will be deseribed in Section IV,

(v) A "branching" enzyme was shown to be present in yeast
phosphorylase preparations when the following experiments
were conducted,

(1) Aetion of protein Aj on amylose.

The following digest was set upst-
5.0 ml, &amylose (2 mg. per ml.),
2+0 ml, Os28-citrate buffer pH 6.8,
1.0 ml, water,
2°0 ml., protein A; solution (10 mg. per ml.).

The reaction was followed by measurement of changes in
the iodine staining power of amylose. 1 ml, samples were
withdrawn at intervals and treated with 1 ml., iodine solution
(2 mg., iodine end 20 mg. potassium iodide per ml.) the volume
being made up to 100 ml, The absorption value (A.V.) of the
amylose-iodine complex was then measured on a Spekker photo-

~ eleotric absorptiometer in 4 cm. cells, an Ilford filter
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No.608 being used, against an iodine blank,

Time (mins,) 0 15 30 60

AoV, 1.040 0395 0275 0-230

The reaction digest was reduced to & small volume and

examined on & paper chromatogranm,. Glucose, maltose and
reducing sugars were absent; the fall in absorption value
of the amylose-iodine complex was not therefore due to
hydrolytic enzymes.

(ii) p-Amylolysis of amylose treated with protein Aj.

The following digest was set up:=-
5 ml, amylose (2 mg., per ml.),
2 ml, 0O+2M~-acetate buffer pH 5-89,
1 ml. protein A, solution (10 mg. per aml.).

A control digest without enzyme was also set up. The
reaction mixture was incubated at 35°C for 1 hour when
protein A, was destroyed by heating in a boiling water bath
for 3 mins, The solution was cooled and the p-amylolysis
limit determined by adding 2 ml, soya bean p-amylese solution
(250 units) and estimation of the amount of maltose produced.

Amylolysis (%)
Amylose treated with Ay 54
Amylose (control) | 79

Since the p-amylolysis limit of amylose decreased, the
fall in absorption value in experiment (1) was due to the
presence of a branching enzyme in protein A;. Similar
branching sotivity has also been detected in other yeast
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protein fractions; the branching enzyme of brewer's yeast

will be described in Section V.

1. Synthesis of polysaccharides from glucose-l-phosphate

Phosphorylase catalysee the synthesis of amylose from
glucose-l-phospnate in the resence of a suitable primer.

The following experiments were carried out at 35°C.

(a) B digest was set up as follows:-
400 mg. glucose-l-phosgphate,
1000 mg. yeast protein B, (32 units),
10 mg. glycogen (primer),
40 ml, Q+5M-citrate buifer pH 6-6,
2+5 ml, Oe«ld-sodium fluoride,
2+5 ml, 2% emmonium molybdate,
and water to 25 ml,
The reaction was followed by (i) iodine staining,
(ii) determination of the free inorganic phosphate liberated.
Iodine staining:- A 0+5 ml, sample was diluted to
5 ml, with water, heated to dezctivate the enzyme and
filtered. 3 ml, of the filtrate was treated with iodine
(1 ml,) and the volume made up to 10 ml. The absorption
value (A.V.) of the iodine-polysaccharide complex was then

measured on the Spekker photoelectric adsorptiometer in 1 cm,

cells at 680 mp
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Eey: Ay, 2 hours sample,

B, 24 hours sample,

Figure 8., The sbsorption spectra of synthetie

polysaccharide-~iodine complex.
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Time (hours) 0+033 ; ) 2 24
AV, 0130 0«370 0+695 0610

To show that the fall in absorption value of the 24
hour sample was due to the branching enzyme, the absorption
spectra of the 2 and 24 hour samples were determined on a
Unicam spectrophotometer, The wavelengths of maximum
gbsorption were 580 and 560 mp respectively (Figure 8).

Determination of inorgenie phosphates- 1 ml, sample
of the digest was diluted to 5 ml., and heated to dezctivate
the enzymes, The solution was made up to 15 ml. with water,
filtered and 2 ml, filtrate analysed for inorganic phosphate,

Time (hours) 2 24

4 Synthesis 68-1 83+8

After 24 hours, the molar ratio of inorganic phosphate
to glucose-l-phosphate was 5°16. The whole digest was
boiled and denatured proteins removed by filtration. The
solution was dialysed for 36 hours =and freeze-dried. The
yield of polysaccharide was 97°7 mg.; ash content 14%.

(b) In order to obtain sufficient polyseccharide for purifica-
tion, & large scale digest was set up as follows:-

4.00 g. glucose-l-phosphate,

200 g. yeast protein D; (40 units),

400 mg. yeazst glycogen (primer),

150 ml, Q+ll¥-godium fluoride,

15.0 ml, 2% ammonium molybdate,

7:5 ml. Q+0lM-mercuric chloride,
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50:0 ml, 0O-2M-citrate buffer pH 6-6,
and water to 150 ml.

The resaction digest was heated after 8 hours and the
mixture filtered., The filtrate was dialysed against
running water for 4 days and freeze dried (941:3 mg.). The
erude polysaccharide was dissolved in water (100 ml.) and
treated with 40% trichloroacetic aseid (20 ml.); & precipitate
was removed on the centrifuge, and the supernatant solution
dialysed against running water for 2 days, The poly-
saccharide was precipitated three times with glazcial acetic
acid and further purified by several precipitations with
ethanol. The yield was 3733 mg.

The polysaccharide contained 1.3% inorganic material,
and by ascid hydrolysis, had a glucose content of 90%. It
had ap + 170°, corrected as glucosan, and stained red-brown
with iodine. To determine the f-amylolysis limit the
following digest was set up:-~

10 ml. synthetic polysaccharide (2 mg. per ml.),
2 ml. O-+2M-acetate buffer pH 4.6,
3 ml, p-amylase solution (375 units).

3 ml, aliguots were withdrewn for determination of the
reducing power. The following results were obtained.

Time (hours) 2 4 24

Conversion into msltose (£) 365 40-7 44-1

The p-amylolysis of the polysaccharide was similar to
thet of yeast glycogen.
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In this experiment polysaccharide containing a-l:4-
linked glucose residues was synthesised from glucose-l-
phosphate; since however the enzyme preparation contained
traces of branching enzyme, the polysaccharide is branched
rather then linear. The latter enzyme was not entirely
inhibited by 0+0005M-mercuric chloride, as was the case in

small pilot experiments.

2. Degradation of polysaccharides.

Phosphorylases degrade a-l:4-glucosans in the presence
of inorganic phosphnate producing glucose-l-phosphate,
Polysaccharides of known structure were used to study the

mode of yeast phosphorylase aection.

(a) Digests conteining yeast glycogen (50-3 mg.), cat liver
glycogen (50-4 mg.) and waxy meize starch (500 mg.) were

get up as follows:~-

5 ml. polysaccharide,

2 ml, 0.5%-phosphate buffer pH 6.7,

1 ml, O«lM-sodium fluoride,

2 ml., protein Ay solution (9-:8 units).

Glucose~-l-phosphate produced was estimated gnd the

following results were obtained.

% Conversion to gluooaa—l—phcsphatJ
Polysgecharides
1 hour 3 hours 22 hours
Yeast glycogen 35 48 46
Cat liver glycogen 36 48 43
waxy maize starch 38 49 44
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Since the results indicate that phosphatase is hydro-
lysing the glucose~l-phosphate formed, the degradation of
waxy maize starch was repeated in the presence of 0+2¢

ammonium molybdate.

(b) The following digest was set up:-
5 ml, waxy maize starch (52+6 mg. in water),
1 ml, 2% ammonium molybdate,
1 ml, O+li-sodium fluoride,
2 ml, O+5M-phosphate buffer pH 6°7,
1 ml, protein A; solution (100 mg.; 11 units).

2 ml, saemples were withdrawn for glucose-l-phosphate

estimaetions.
Time (hours) 15 4 24 T2
% Phosphorolysis 36 43 45 44

The studies on the degradation of polysaccharide by
brewer's yeast phosphorylase indicate its genersal resemblance
to other phosphoryleses, in that its degradative action is
limited to the phosphorolysis of exterior chains in glycogen
and amylopectin,

13. Discussion.

The amount of phosphorylase brought into solution by

the various methods described are summerised in Table 2.
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Table 2.

Extraction of phosphorylese from 100 g. (dry weight)

of brewer's yeast.

Hlethod of extraction

Phosphorylase
units (total)

Pressed brewer's yeast, agueous extraction after
grinding with sand

autolysis with toluene
Ppried brewer's yeast, Lebedew's juice

butancl-water extract

sodium bicarbonate extract

39
48
420
40
525

Dried yeast is preferable to pressed yeast as a source

of phosphorylase, Although butanol is useful in the

purification of alkaline phoaph&taae(94 )and other enzymes,

it apparently denatures yeast phosphorylase. Extraction of

dried yeast with sodium bicarbonate is the most effective

method and hence has been used for the preparation of yeast

phosphorylase, the optimum extraction temperature and time

being 35° end 2 hours respectively.

In solution, brewer's yeast phosphorylase is extremely

unstable, even if stored ander the conditione in which

potato and muscle phosphorylase are stable, The rate of

inactivation of yeaet phosphorylase is especially rapid if

the solution is dialysed, but the inactivation was not due

t0 the fact that brewer's yemst phosphorylase reguired a

dialysable co-enzyme such as yeast adenylic acid,

The
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presence of added yeast adenylic acid or cysteine hydro-
chloride, which activates many enzymes requiring free -SH
groups for activity, had no effect on enzyme action. Freeze
drying in eitrate buffer had no effeet on the enzyme and the
freeze dried powder could be stored at 0° without loss of
activity.

The optimum pH of yeast phosphorylase is 6°6; the rate
of the enzyme sction is meximum at 35, and the enzyme is
denatured if heated above 40° at pH 6°6 for 20 mins., Yeast
phosphorylase, like potato phosphorylase is sensitive to
heat; the yeast enzyme is completely denatured at 50° for
20 mins, (Figure 6), whilst the latter loses 61% of the
activity at 58 for 3 mina.“" As expected from the
liichaelis~lenten theory, the rate of the enzyme &ction is
proportional to its concentration. Like muscle phoaphorylase(lzs
the synthetic activity of yeast phosphorylase is primed more
effectively by glycogen than amylopeetin. Potato phosphory-
lase haz been shown to be primed more effectively by eamylopectin

(128) A comparison of some of the properties

than glycogen.
of muscle, potato and brewer's yeast phosphorylese is shown

in Table 3.
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Table 3
A comparison of the properties of muscle, potato and yeast
phosphorylases.
Property Husecle Potato Yeast
phosphorylese |phosphorylase jphosphorylase
Optimum pH 6°8 549 - 63 6+6
Optimum temperature 35° 35° 35°
Activator Adenylic nil nil
acid;
cysteine
hydrochloride
Effective primer Glycogen Amilopeotin, Glyecogen
maltotetraose
and higher
maltosaccharides

During the purification studies, several attempts were
made to precipitate phosphorylase at pH 5+3 as reported by
‘other workera.(gz’lla) A suspeneion of the precipitate, the
bulk of which was insoluble, showed no phosphorylase activity.
The pH-phosphorylase activity curve (Pigure 4) shows that
activity is considerably lowered at pH 5.4. Since no
phosphorylase could be detected in the precipitate the enzyme
must have been irreversibly denatured.

The phosphorylase preparations contained phosphatase,
phosphoglucomutase, iscamylase and branching enzymes &g un-
desireble impurities, However, no means has yet been found
of removing these impurities without denaturing the phos-
phorylase, and attempts have been made to inhibit these



79 »

enzymes with suitable inhibitors. Phosphatases are
effectively inhibited by 0:2¢ ammonium molybdate and phos-
phoglucomutase by 0.0lM-sodium fluoride. Branching enzyme
and isoamylase have no action in the presence of 0.001M
mercuric chloride and the inhibitors mentioned have no
effect on phosphorylase action, The activity tests were
therefore carried out in the presence of these inhibitors.
Ammonium sulphate fractionation appears to be the only
method suitable for the purification of yeast phosphorylase.
However the enzyme impurities, mentioned above, were always
detected in the ammonium sulphate fractions and isolation
of yeast phosphorylase cannot therefore be achieved by
repeated preecipitation with azmonium sulphate. Unlike
potato phosphorylase, yeast phosphorylase is very sensitive
towards organic solvents. When acetone was used for
fractionation 90% of the activity was destroyed, whilst
yeast phosphorylase is almost completely denatured when the
aleohol-citrate reagent, used by Gilbert snd his oo-workers(g"l)
in the purification of potato phosphorylase, was used, The
activities of isocamylase and branching enzyme are greuater
in fractions prepared by use of organic solvents than the
ammonium sulphete fractions and acetone and aleohol have
therefore been used for the preparation of these enzymes
(section IV and V). An attempt to remove other impurities
(.e.8. nucleic acids) with protamine sulphate, without
effecting the phosphorylase activity, failed. In the experi-

ments on the adsorption of yeast phosphorylase on alumina Cg
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end calcium phosphate gel, the phosphorylase was eassily
adsorbed, but it was difficult to elute the enzyme from the
adsorbate. Citrate and pnosphate buffers (0+1-0.54) have
little or no effeot in bringing phosphorylase into solution,
although this type of purification has been employed in the
preparation of other phosphorylases.

In mode of action, yeast phosphoryluse generally
resembles the phosphorylases from other sources in that it
catalyses the synthesis of c-l:4-glucosans from glucose-l-
phosgphate, The degradative action is also similer since
it appears to be confined to the exterior chains., It does
differ in fine detail, from muscle phosphorylase since the

yeast phosphorolysis limits are significantly greater than
(75)

the corresponding limits with the muscle enzyme (Table 4).

Ieble 4.

Phosphorolysis of polysaccharides with muscle and yeast
phosphorylase.

Polysaccharides | Yeast phosphorylase| IHuscle R 101{
limit (; hrs, ) phosphorylese |esis limi
(% 1imit (%) (£)
Eeast glycogen 48 30 44
Pat liver glycogen 48 36 53
faxy maize starch 49 40 50

luscle phosphorylase action involves a selective shortening

of A-chains; the A~ and Bechain stubs in a muscle phosphorylase
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limit dextrin contain 1 and 6 or 7 glucose residues respec-
tively. It is possible that the exterior chain 'stubs'

of & yeast phosphorylase limit dextrin, like those of -
limit dextrins, contain, on the average, 2 or 3 glucose
residues,

Thus the available experimental evidence indicates that
brewer's yeast phosphorylase differs, in some respects from
both potato and musecle phosphorylases; from a preparative
point of view, the most significant difference is the
sensitivity towards organic solvents and instability in

solution.
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Seetion IV.
e st

Isoaunylase.
1. Introduction.

The presence of a debranching enzyme in yeast was first
reported by leyer and Bernreld,(gl) who found that yeast
"phosphorylase" attacked pP-limit dextrins; they did not
provide any experimental evidence to show that this resction
was brought about by the action of two distinoet engymes.

In 1951, Haruo and Kobayaahitss) reported that autolysates of
brewer's yeast contained an enzyme which hydrolysed the
interchain linkages of glutinous rice starch produeing linear
low'moleoular weight e-l:4-glucosans, It also attacked g~
limit dextrin produeing & polysaccharide which could be
further degraded by p-amylase; it had no action on bacterisl
dextran (e-l:b-glucosan), This enzyme, previously known &as
"amylosynthease,” was renamed "isoamylese."  They also

showed that isoamylase (optimum pH 6+0-6+2 and temperature 20°)
did not require phosphete ions for its sction end concluded
that it was similer to R-enzyme, isolated by Hobson, Whelan
and Peat(63'110)

hydrolyses the interchein linkeges in esmylopectin.

from potatoes and broad beans, which

During studies on brewer's yeast phosphorylese, it was
found that protein Ay (Seetion III, part 10) degraded waxy

meize stareh giving 445 conversion into glucose~l-phosphate,
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The residusl dextrin, on treatment with p-amylase, gave 29%
conversion into maltose; this represents 60¢ total degrada-
tion of the original polysaccharide, whereas f-amylase
normally degrades only 50y of the molecule., Since the action
of phosphorylese and f-anylese is confined to the exterior
chaing of bfanched polysaccherides, it was concluded that
protein Ay contained a debranching enzyme. This enayme
catalyses the hydrolysih of a limited number of the a-l:6-
linkagee in wexy maize starch, thereby removing the barriers
to p-amylase action. The factor responsible for this
activity will be referred to as isocamylase.

Isoamylase activity has also been observed in some of
the yeast proteins described in Seetion III, part 9, the
greatest activity being shown by protein Dl' Acetone
fractionation has therefore been used for the preparation of

isoamylase.

2. Methods and materials.

(a) Paper chromatogrephy.

Desoending chrometogrems were carried out at 20° with
Whatman No.l paper and propanol-ethyl acetate-water (6:1:3)

as solvent.(zo) Development was by spraying with silver

nitrate-sodium hydroxide reagant.(132)

(b) Deproteinisation.

Enzymic digests were deproteinized, prior %o reducing

o
suger determinations, according to Nelaon(g ) using zine
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sulphate solution (5% ZnS04, 6Hy0) and barium hydroxide
solution (approximately O+3N). The two reagents were
adjusted so thet 5 ml, zine sulphate solution required 4.7 to
4.8 ml., of baryta to produce a definite pink colour to
phenclphthalein, 0«5 ml, each of zine sulphate and barium
hydroxide solutions were used for a 3 ml, sample of the
enzymic digest, the zine sulphate being added first as
reported by Hers, Beaufays and De Duva.(sg)

(e) Determination of redueing sugers.

Reducing sugars were determined by the Somogyi 1952

(124)

reagent, prepared to give a glucose range of 05 to 1+5 mg.,

and calibrated against standard glucose and maltose solutions,

(d4) p-Amylase.
Barley p-amylase purchased from the Wallerstein Laboratories

(New York), (free from c-amylase and maltase) was used for the

determination of p-amylolysis limits. The enzyme powder had

an activity of 100 units per mg. determined dy Hobson, Whelan

and Peat's method.(sz) '

(e) Maltodextrin [Prepared by Dr. D. J.'Mannnra].
Maltodextrin wae prepared by the action of maelt c-amylase

on soluble starcn and purified by repeated precipitation with

ethanol.
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3« Experimental.
(a) Preparation of protein Dj.

Dried brewer's yeast (200 g.) was extracted with 0.1M-
sodium bicarbonate solution (1000 ml,) at 35 for 2 hours.
The solution was centrifuged (5000 r.p.m. for 15 mins,.) at
0°C. and the supernatant (700 ml.) treated with AnalaR acetone
(700 ml.) at «7°C, The precipitate was collected on the
centrifuge (-4°C) and dissolved in 400 ml, 20% (v/v) ethanol
solution in Q.2M-citrate buffer pH 6.0, After removing
insoluble material on the centrifuge, the solution (435 ml,)
was fractionated with AnelaR acetone at -7 C and the precipitate
obtained at 0-24% acetone concentration was collected and
washed three times with cold acetone and dried under vacuum.

The yield of protein Dy was 17:6 g.

(b) Experiments with protein D;.

The following experiments were carried out to characterise
some of the enzymes present in protein ;.
(1) "Debranching" sctivity.
The following digest was set up:-
10 ml, yeast glycogen (3.9 mg. per ml.),
5 ml, O+2M-phoephate~citric acid buffer pH 7-0,
10 ml, protein D solution (8 mg. per ml,).
0«5 ml., samples were removed at intervals and treated with
0°25 ml, iodine solution (0+24 iodine in 24 potassium iodide);
one drop of 5N hydrochloricz acid was added and the volume made
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up to 5 ml, The absorption values (4.V.) of the poly-
saccharide~iodine complex were measured on a Unicam spectro-
photometer at 480 mp in 1 cm, cells against an iodine blank.
The following results were obtained.
Time (hours) 0 2 4 24
AV, 0-270 0+ 365 0426 0:610

The experiment was repeated with waxy maize starch, and
the B-limit dextrin of potato amylopectin; however these
attenpts to follow the reaction by iodine-staining were not
successiul. Hence a unit of activity could not be defined
using the method described by Hobson, Whelsn and Peat(SB) for
R-enzyme. Isoanmylase activity has therefore been expressed
in terms of the increase in Peamylolysis limit of glycogen.

(11)'Phosphorylaso activity.

The phosphorylase activity of protein D] estimated by
Green and Stumpf's method (Section III) was 20 uhits per g.

(iii) "Branching" activity.

The following digest was set up:-

3.5 ml. eamylose (approximately 2 mg. per ml,),
15 ml, Or2i-citrate buffer pH 6+0,

1.0 ml. water,

10 ml, protein Dy solution (30 mg. per al.).

1 ml, samples were withdrawn at intervals, and treated
with 1 ml, iodine solution (0:2% iodine in 2y potassium iodide),
1 drop of 5N hydrochloric acid added and the vedume made up
to 100 ml., The absorption values (A.V.) of the amylose-iodine
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complex were measured on a Spekker photoelectric absorptio-
meter at 680 mp in 4 om, cells against an iodine blank,
The following results were obtained.
Time (hours) 0 0+16 1.5 20+0
AV, 1.210 0+ 975 0-650 0+440

The reaction digest was reduced to & small volume and
examined on & paper chromatogram, Glucose, maltose and small
reducing sugars were absent; the fall in iocdine-stain of
anylose was therefore due to the presence of branching enzyme.

(iv) Maltase metivity.

Maltose (5 mg.) was incubated with protein Dy (10 mg.) in
citrate buffer pH 60 (1 ml,) for 4 hours, The reaction
digest was examined on & paper chromatogram and found to
contain glucose and a trace of maltose. Thus maltase is

present in protein Iy,

(¢) Purificetion of isocamylase. |
Protein Dy (5 g.) was dissolved in 20f% ethanol solution

(200 ml,) at -4 C., Anhydrous sodium sulphate (2 g.) was
added and the solution stirred slowly with cooling to -7°C.
Maize sterch (112 g.) was added to the eolutibn and stirring
continued for 2 houre, The solution was centrifuged (4500
r.p.m, for 15 mins,) at -4 , and the supernatant (90 =ml,)
treated with 180 ml., cold AnaslaR acetone at -10°C., The
precipitate was centrifuged at -4 , washed twice with cold
acetone, and dried under vsouum. The yield wes 2°09 g.
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(d) Properties of isoamylase.
Isoemylase, thus prepared, was a white amorphous powder,

soluble in water and contained 8% nitrogen. It wae free from
phosphorylase, amylases and branching enzyme which had been
adsorbed into the maize starch, but contained a trace of
maltase, The enzyme preparation had no aetion on glucose in
the presence of acetate buffer. The properties of isoamylase
have been determined using this purified preperation.

(e) Maltese activity.

The following digest was set up:-
2 ml. maltose (21.24 mg., per ml,),
S ml. 0.2M-acetate buffer pH 5.89,
16 ml, water,
2 ml, isoanylase solution (40 mg. per ml.).
3‘ml. samples were withdrawn at intervals and heated in
e boiling water bath for 3 mins, After deproteinization, the
glucose was estimated with the Somogyi 1952 reagent. The
following results were obtained.
Time (hours) 24 48
"% Gonversion into glucose 94 97
The enzymic digest was exanmined on the paper chromeatogram;

glucose was the only sugar present.

(£) Effect of heat on isoamylase.

2.5 ml, aliquot portions of isoamylase solution (20 mg.
per ml., in acetate buffer pH 5+89) were heated at 35°, 45 and
55° for 1 hour =nd the debranching setivity and maltase activity
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were tested as follows.
(1) Debranching activity.
Digests consisting of the following were set up.
2 ml, yeast glycogen (4-12 mg. per ml.),
3 ml. O-2u-acetate buffer pH 5.89,
1l ml. iscamylase solution.

The digest was heated in boiling water bath for 3 mins,
after 24 hours incubation at 20°, 2 ml, p-amylase solution
(200 unite) was added and the p-amylolysis limit determined.
The following results were obtained,

Temperature °C. 35 45 55

Isoamylase activity (a2 increase in g- 23 15 6
emylolysis limit)

(i1) Maltase activity.
. Digests consisting of the following were set up:-
4 ml, maltose (2+1 mg. per ml.),
2 ml., O-2M-acetate buffer pH 5.89,
1 nl, water,
1 ml. isoamylase solution.

3 ml, samples were withdrawn, deproteinized and the
reducing power, as maltose, determined after 48 hours incuba-
tion, The following results were obtained.

Tempersture  C. 35 45 55

Maltase activity, (as aggarant inerease in T3 71 0.1
ose)

Thue maltese is completely deactivated when heated to 55°
at pH 5-89; at the same time, & considereble amount of the
debranching activity is also destroyed (Figure 9).
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(g) Stability of isoamylase.

The following digest was set upt-
10 ml, yeaet glycogen (4 mg. per ml.),
5 ml, 0.2M-acetate buffer pH 5.89,
3 ml, water,
2 ml, isoamylase solution (40 mg. per ml,).

(1) 5 ml, sample was removed after 72 hours incubation
at 20°, and the isoamylase destroyed by heating in & boiling
water bath for 3 mins. The solution was cooled and 3 ml,
p-amylase solution (600 units) added, and the f-amylolyeis
limit determined.

(11) To another 5 ml. sample at 72 hours, 2 ml, fresh
yeanst glycogen solution (4 mg. per ml.) wes added znd this
wae incubated et 20° for a further 24 hours., The isocamylase
was deactivated and the pP-amylolysis linit determined in a

gimilar manner, The following results were obtained.

Time of incubation with | Mg. maltose Increase in f-
isoamylase (hours) produced am310%¥§1s limit
(1) 72 6102 . 27
(ii) 24 10.33 {

Thus isoamylase is still active even after 72 hours
incubstion with glycogen, the f-amylolyeis limit of which is 44%,

(h) Zime of incubation.
A digest containing B.D,H., glycogen (B-amylolysis limit
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45%) was set up as follows:~
10 ml. B.D.H, glycogen (4.04 mg., per ml,),
5 ml., 0Q-2N-ccetate buffer pH 5.89,
2 ml, water,
8 ml., 4isoamylsse solution (10 nmg. per ml,).

5 ml., samples were removed after 24, 48 and 72 hours
and isoamylase deactivated by heating in a boiling water
bath for 3 mine. The solutions were cooled and treated
with 3 ml., g-amylase solution (600 units) to determine the
p-amylolysis limit of the resulting polysaccharide. The
following results were obtained,

Time of incubation with isoamylase (ars.) 24 48 T2
Increase in f-amylolysis limit (%) 20 20 20
Thus isoamylase action is complete within 24 hours.

(1) Action of isoamylase on isomaltose, maltotriose, won
Gierke cogen, a-limit dextrin limit dextrin, and

yeast glycogen,
15 mg. substrate was incubated with isoamylase solution

(20 mg, per ml. of acetate buffer pH 5.89; 1 ml,) for 24
hours and the enzymic digest then exsmined on a paper

chromatogram. The following results were obtained.

Substrate Reducing sugars found
Isomaltose Glucose and isomaltose
Maltotriose Glucose and maltose
VYon Gierke glycogen Glucose
o~Limit dextrin (etarch) Glucose and maltose
f-Limit dextrin (yeast gly- | Glucose and maltose

cogen
Yeast glycogen Nil
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4.  Action of isoamylase on polysaccharides.

(a) Amylose
The following digest was set up:t-

2.5 ml, amylose (potato)solution (4 mg. per ml.),
1:0 ml., OQ+2M-acetate buffer pH 5-89,
1.5 ml, isoanmylase solution (10 mg. per ml.),

A control digest without isoamylase was set up. Both
digeste were heated in 2 boiling water bath for 3 mins,after
24 hours incubation (20°C)., The P-amylolyeis limite were
then determined by adding p-emylase solution (3 ml.; 300
units)., The following results were obtained,

p-amylolyeis limit (%)

Amylose (eontrol digest) 91

Amylose treated with isoamylese 96

The result indicates that the isoamylase is free from
branching enzyme; furthermore, some of the anomalous
linkeges in amylose may be 1l:6 linkages, since the p-amylolysis
limit ie increased after incubation with isoauylase.

(b) Brenched a-1:4-glucosans.
The aoction of isoamylase on the P-amylolysis limit of

a numbar of branched a-l:é4-glucosans was investigated as
follows: -

polysaccharide, O+2M-acetate buffer pH $5.89, water, and
isoamylase solution (in water) were incubated at 20° for 24

hours, The digests were then heated at 100° for 3 mins. %o
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inactivate the enzymes, and after cooling, 3 ml, f-amylease

solution (300-600 units) was added.

After 24 hours incubation

at 35° , the percentage conversion into maltose was determined.

The detailed compositions of the digestsare tabulated

below.
Digest Substrate Weight |Buffer | Vater |Isoamylase|Total
solution |vol-
(mg.) (ml.) (ml) {(mg); ml, jume

1 Maltodextrin 10-0 1.0 25 | 213 195 50

2 f-Iimit dextrin 413 5.0 |12-0 | 80; &0 |25-0

3 Wexy maize starch 245 4.0 T-0 | 405 1.0 (12+0

4 Waxy sorghum starch| 242 4.0 60 503 20 120

5 Protozoal amylopectin 240 4-0 60 | 503 2.0 |[12+0

6 Von Gierke glycogen| 25+2 4:0 7+0 | 403 1.0 |1l2+0

7 B.D.H. glycogen 40+4 5«0 | 12+C | 803 80 [25°0

8 Rabbit liver 25+3 40 8+0C 40; 1+0 13-0
glycogen A

9 Habbit liver 244 4.0 6+0 50; 2<0 120
glycogen B

10 Helix pomatia gly- | 251 4:0 | 8.0 | 403 1.0 |13-0

cogen
5§ Trichomonas foetus | 2540 40 T-0 | 403 10 |12-0
glycogen
12 Brewer's yeest 39.8 5.0 | 12+0 | 80; 80 |25+0

glycogen

The following results were obtained,.
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i
Substrate B-Amylolysis

Digest Ref.,|f-Anmylolysis Increcee
linit limit after in p-
No (£) treatment |emyloly-
with sis
1aoam§1aae linmit
(% (#£)
1 jMaltodextrin 67 » 94 27
2 felimit dextrin 0 * 32 32
3 |vaxy maize starch 50 * 66 16
4 |waxy sorghum starch 52 75 76 24
5 |Protozoal amylopectin 63 75, % 80 17
6 |Von Gierke glycogen 14 82 13 4
? B.D. Hc glyoosen 45 * 65 20
8 | Rabbit liver glycogen A 53 75 76 23
9 | Rebbit liver glycogen B| 49 5% 59 10
10 | Helix pomatia glycogen | 37 12 60 23
11 | Zrichomonas foetus gly-{ 60 85 80 20
cogen
12 | Brewer's yeast glycogen| 44 b.28 68 24

#* Determined in a control experiment, without iscamylase.

In digest 2 the P-amylolysis limits were 19 and 20% after

incubation with isoemylase for % mins, and 2 hours respectively.

In digest 12 the p-amylolysis limite were 48 =nd 58%

after incubation with isoamylase for 5 mins, end 2 hours

respectively,

(82)

(e) Action of isoamylase on Von Gierke glycogen,
A preliminary experiment (p. 91) had shown that glucose
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was released by the aotion of isocamylase on the Von Gierke
glycogen, This experiment was repeated guantitatively in
the following way,

Von Gierke glycogen (65+3 mg.) was incubated with iso-
amylase solution (2 ml.; 80 mg.), O+2M-acetate buffer pH 5.89
(3 ml,) and water (5 ml,) at 20", The liberated glucose was
estimated with the Somogyi 1952 reagent; the percentage
gonversion into glucose after 90 hours incubation was 7.3,

Assuming thaet the Von Gierke glycogen has an average
chain length of 6 glucose residuas(az) and contains equal
numbers of A- and B-gchains, the theoreticzl amount of glucose
which would be released if all the single A~chain linkages
were hydrolysed is B8.3%,

(4) Simultaneous action of isoamylase and P-amylasse on brewer's

yeast glycogen.
The following digest was set up:i-

15 ml, brewer's yeast glycogen solution (40°2 mg.),

5 ml, OQ.2l-acetate buffer pH 5.89,

2 ml., isoamylase solution (80 mg.),

3 ml, p-amylase solution (375 units).

Since the isoamylase preparation contained traces of

maltase, the reaction was followed by estimating the amount
of glucose produced. 3 ml. samples were removed at intervals,
deproteinized and the glucose content estimated with the

comogyi 1952 reagent. The following results were obtained.
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Time of incubation (hours) 24 48 72 120
# Conversion into glucose 66 81 86 92

(e) Stepwise eetion of isoamylese and f-amylase on brewer's

yeast glycogen.
Brewer'e yeast glycogen solution (7 ml.; 250 mg.) was

incubated with isoemylase solution (1L ml.; 40 mg.) and O-2-
acetate buffer pH 5:89 (5 ml.) &t 20° for 24 hours. The
enzyme was deactivated by heet and p-amylese (3 ml.; 600 units)
was added and the P-amylolysis limit determined after 24 hours
by analysis of & 4 ml, portion of the digest. The remaining
solution was again treated with isoamylese solution (1 ml.;

40 mg.) after destroying the p-amylase by heating, =nd incubated
at 20° for 24 houre, The isoeamylase was then deactivated,

end & 3 ml, semple removed for determination of the initial
reducing power of the digest. 3 ml, B-amylase (600 units)

was added to the solution and the B-amylolysie of the

resulting polxsacﬁharidc determined. The following results
were obtained.

Maltose content ¢ Amylolysis
of digest (mg.)

First treatment with isoamylase 17+6 67

Seecond treatment with isoamylase
(initial) 18-4

(after addition of p-amyluse) 2046 14
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3. Discussion.

Debrenching enzymes bring about the hydrolysis of
a=l:6-interchain linkages in brahohed o=l 4-glucosang;
this results in an 1ncreaae of the p-amylolysis limit and
the iodine staining bower of the polysaccharide.

The available evidence, from p-smylolysis studies (and
in one experiment, from iodine staining power measurements)
ghows that isoamylase catalyses the hydrolysis of non-
terminal o-l:6-linkages in amylopectin, glycogen and their
degradation products. Isoamylase has no action on the
e=-l:14-linkeges in glycogen. then yeast glycogen is incubated
with protein D1, during 24 hours a 47y inecrezse in the
absorption value of %the iodine-glycogen complex at 680 mp
wag observed; however attempts to follow the isoamylase
action on P-limit dextrin, and amylopectin by iodine-staining
were not successful. Deternination of a unit of activity
by an iodine staining method, similar to that used for R
enzyme aoctivity determinations was not therefore possible.

Protein Dy contains phosphorylase, brenching enzyme,
and maltase but is free of amylases; by starch adsorption
the phosphorylase and branching enzyme ocan be completely
removed, although the final preparation still contains traces
of maltase. Attempte to selectively inactivate the maltase
by heating to 53° at pH 5:89 were not succeﬁaful, since
although the maltase was destroyed, a considerable amount of

the isoamylase activity was also lost. The presence of
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this maltase does not, however, interfere with the degradation
studies of polysaccharides since the maltuse itself has no
action on polysaccharides, and the f-amylase is added after
deactivation of the isoamylase preparation., In the special
cases of a (i) stepwise, and (ii) & multaneous degredation
0of & polysaccharide by isoamylase and P-amylase, the effect
of the maltase can be eliminated by estimation of the, (i)
initial reducing power before the addition of p-amylase and
(ii) reducing suger es glucose.

Isocamylase also catalyses the hydrolysis of terminal
a-1l:6-glucogidic linkages since it hydrolyses isomaltose,
and liberstes glucose from & sample of Von Gierke glycogen,
which contains & number of single glucose residues attached
by l:6-linkages to the rest of the molecule.(az)

Iscamylase action on glycogens and amylopectins is
incomplete since the p-amylolysis liﬁits of the isoamylase
treated polysaccharides do not exceed 80%; this is not due
to the denaturation of the enzyme in the digest, It is
shown that isoamylase, after 72 hours incubation with
glycogen, is still capable of hydrolysing the c-l:ib-linkages
of freshly added glycogen. It seems probable that iso-
amylase action is mainly confined to the hydrolysis of the
l:6~-1linkages of A-chains.

The action of iscamylase on varicus polysaccharides,

together with their chain lengths and p-amylolysis limits,

are sunsnarised in Table 5.
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Teble 5.

Effect on the f-asmylolysis limits of polysaccharides treated

with isoamylese.

#

glycogen

Chain [f-Amylolyeis [f-Amylolysis | Increase in
Polysaccharides }engthlimit (5 limit after | f-amylolysi
isoamylase limit (ﬁi
treatuent

Amylose (potato) - 91 96 5
lMaltodextrin - 67 94 27
f-Limit dextrin 1l 0 32 32

(waxy maize starch)
Waxy maize starch 22 50 66 16
Waxy sorghum starch 25 52 76 24
Protozoal amylopectin 22-23 63 80 17
VYon Gierke glycogen 6 14 18 4
B.D.H, glycogen - 45 65 20
Rabbit liver glycogen] 18 53 76 23

A
Rabbit liver glycogen| 12 49 59 10

B
|Helix pomatia glycogen 7 37 60 23
Trichomonas foetus 15 60 80 20

ycogen
Brewer's yeast 13 44 68 24

* Determined by potassium periodate oxidation;

Heferences (75

»82,83).

Debranching enzymes previously reported include amylo-l:6-
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glucosidase, limit dextrinase, oligo-lib6-glucosidase, and

R-enzyme,

The activity of these enzymes, together with

isoamylase, towards various substrates is summerised in

Table 6.,

Table 6.

Zhe specificity of debranching enzymes.

:
hain

ize of A~
Substrates Debranching enzymes
(glucose
residues) Amylo-) Limit | Oligo- Re Iso-
116~ |dextriq4 1l:16- |Enzyme [amylase
gluco~ nase |glucos-
sidase idese
jduscle phosphory-
lase limit 1 kS ? - 4 -
dextrin
je-Linit dextrin 2=3 - + + + +
f=Limit dextrin 2=3 -~ + - + +
Isomaltose 1 + ? + - +
Amylopeectin 10-15 - - - + +
Glycogen 6-9 - - - - +
References 33 64 T2 63,110

(+) Indicates that the enzyme is active towards the sub-

strate whereas (-) indicates that the enzyme has no action on

the substrate.

Thus amylo-l:b-glucosidase, limit dextrinese and oligo-

l:6-glucosidese hydrolyse terminal c-l:b6-linkeages,
R-enzyme and isoamylase appear to be the only debranching

The
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enzymes which can hydrolyse non-terminal ou-l:6-glucosidic
linkages, The difference between R-enzyme and isoamylsse
is that R-enzyme ocannot hydrolyse isomaltose and glycogen,
whereas isoamylase is active towards both these two sub-
strates. Isoamylase has therefore a wider specificity than
any of the debranching enzymes previously reported.
Isoamylase has been used in this Nepartment, for the
deteotion of c-~l:b6-glucosidic linkages in polysaccharides.
For example, the nature of the interchain linkages in
Floridean starch, a glucosen containing ec-l:4~-linkages,
isolated from certain algae, have recently been oharaoterised.(38)
When treated with isoamylase, the pP-amylolysis limit of
Floridean starch inerezsed from 42 to 65%, and it was there-
fore concluded that the interchaian linkages ere of the c-~l:b-

(133) isolated isomaltose from a

type. Later, Dr, Warburton
partial acid hydrolysis of Floridean starch, thus confirming
the view that a-l:b-linkages are present in the polysaccharide.
In 2 similar experiment, Mr. A, R. Archibald (unpublished
results) has shown that the interchain linkages in the amylo-
pectin of the protozoe Chilomonas paramecium are ¢-l:6; the
p-amylolysis limit of this polysaccharide increased from 58
to 727 on treatment with isocamylese.

Recent experimental evidence indicates that certain
panples of amylose contain & small proportion of linkeges
other than c¢-l:id4-glucosidic linkages since they are not

completely hydrolysed by p-amylase. The action of isoamylase
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on one sample of amylose suggests that a proportion of the
anomalous linkages may be a-l:b-linkages since the p=-
amylolysis limit of the amylose is increased after incubdbation
with isoamylase, In this case, the fractionation procedure
for the separation of the amylose and amylopectin components
of starch must have been slightly impaired. Isocanylase may
therefore find use for the detection of traces of amylopectin

in amylose samples.
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Section V

Studies on the Branching Enzyme of Yeast.

1. Introduction.

Cori and cor1(31)showed that extrects of liver, heart
and brein tissues contained an enzyme which acted on amylose
produeing a branched polysaccharide with the same iodine
staining power and solubility as glycogen. The existence
of a related enzyme, named J-enzyme, in plant tissues was
demonstrated by Heworth, Peat, Sourne and Maoey.(l7'19'58)
J~Enzyme acts on amylose producing a branched polysaccharide
similar in structure to amylopectin, It performs a double
function, namely the formation of a-l:b-linkages which
follows the scission of an egqual number of a-l:4-linkages.
Potato y-enzyme has been extensively studied by Peat and his
oo-workorl(5'6'7'8'18) and recently has been isolated in
erystalline form by Baum, Gilbert and Patriuk.(9'4°)

During studies on yeast phosphorylase, it was found
that the iodine stazining power of amylose, when treated with
protein 4), decreased from 1-904 to 0:23 within 1 hour (page 69).
It was also shown that the f-amylolysis limit of the amylose
treated with protein Ay was 545, that of the original poly-
saccharide being 79%. A branching enzyme must therefore
be present in protein Ay, end since the presence of &

branching enzyme in yeast has not previously been reported,
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the properties of this enzyme have been investigated.

Among the yeast proteins obtained during phosphorylase
purification, the fractions precipitated with ethanol showed
the greatest branching asetivity and the least phosphorylase
aciivity. Hence, ethanol fractionation has been used for

the preparation of the branching enzyme of yeast.

2. HMethods and materisls.

(a) Iodine staining.
Iodine solution (1 ml.; containing 2 mg. of iodine and

20 mg. potassium iodide per ml,.,) was introduced into a
graduated flask (100 ml.) and water added to ¢2.80 ml, A
drop of 5N hydrochloriec acid wae added., A sample (1 ml,)
of a digest ocontaining polysaccharide was added to the above
solution, and the volume made up to 100 ml. The absorption
value (.A.V.) of the polysaeccharide-~iodine complex wes
measured on & Spekker photoelectric absorptiometer in 4 cm.
cells, an Ilford filter No.608 (680 mp ) being used, against

an iodine blank.

(b) Paper chromatography end determination of reducing sugesrs.
Reducing sugars were determined by use of the Somogyi

1952 reagant(124) and descending chromatograms were carried

out as deseribed in Section IV, page 83.

(e) p-Dextrins.

p=Dextrine of lLight'es glycogen and waxy maize starch were
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prepared by the prolonged action of barley p-amylase
(wallerstein Leboratories, New York) on the polysaccharide
at pH 4+6. The limit dextrin was recovered and the treat-
ment with p-amylase repeated.

(d) Amylose.
Amylose was prepared according to Baum and Gilbart.(lo)
Fresh potato starch (10 g.) was dispersed in water (1 1,)
and the pH of the solution brought to 3 with hydrochloriec
acid, The suspension wae boiled for 30 mins., cooled
repidly to 60°, stirred with excess n-butanol and allowed
to stand overnight. The precipitate was washed three times
with butanol-saturated water, and redissolved in hot water
to give & 024 solution., It was reprecipitated with
butanocl, and the process repeated. Finally the amylose was
waghed several times with ethanol and dried under vacuum
over phosphorus pentoxide &t 100°C., The yield of amylose
(eB.V, = 1:15) was 2+1 g.

Another sample of amylose (B.V. = 1+°33), prepared by

Dr. D. J. Menners, was also used in the investigations.

lo BEQriﬁQntalt

(a) greparation of branching enzyme.
Dried brewer's yeast (100 g.) was extracted with 0-1lM-

sodium bicarbonate solution (500 ml.) at 35° for 2 hours.
The solution was centrifuged at 0° (5000 r.p.m. for 15 mins.)
and the supernatant (350 ml.) collected. The solution was
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treated with saturated ammonium sulphate (0°C) to 05
saturation; the precipitate was collected on the centrifuge
and dissolved in 0O*lM-citrate buffer pH 6°8 (100 ml.).

50% (v/v) ethanol-citrate solution containing 0-OlM-citrate
buffer pH 6°8 was added at -4° to 25% alcohol concentration.
The preecipitate was removed on the centrifuge, and the
alcohol concentration of the supernatant solution inecressed
to 30¢. The precipitate was collected, and triturated
with O¢li-citrate buffer pH 6+8 (40 ml,) for 30 mins.
Insoluble materiasl was removed by centrifugation, and the
supernatant solution treated with saturated ammonium sulphate
at 0° to 0+5 saturation. The precipitate was collected on
the centrifuge, dissolved in Q+lM-citrate buffer pH 6+8 (20
ml,) and freeze dried. The yield was 263 g. Found
protein nitrogen, 2+3%.

(b) Branching enzyme activity determination.

The branching enzyme activity was determined by the
method of Gilbert end Patrick.'#?)  fhe following aigest
containing varying concentrations of the branching enzyme
was set ups-

3.5 ml, enzyme solution (10 mg. per ml,) and water,
1.0 ml, O+2l-citrate buffer pH 6.8,
0+5 ml, 2% soluble starch (AnzlaR).

The reaction was followed by deteramination of the

absorption value (A.V.) of starch-iodine complex., The

following results were obteined, after 10 and 40 mins.
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(a) Activity as a funetion of time.
(b) Relationship between motivity and

enzyme concentration,
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incubation at 20°,
Initial A.V., 0'753 Dm (A.V. at To:.-’)’ Qe 132' 108 (D"nw)t I.BO

Concentration 10 mins, 40 nmins,
of branchin
enzyme (mg. # Fall in | log (D-D_ ) | # Pall in | log (D-D. )
AV, A.Y.
10 8:7 1.743 333 1.566
15 13+3 1.714 41-1 1.491
20 16+7 1.693 468 T1.426
25 2040 1.670 50+0 1.386

Figure 10(b) shows thet the percentage fall in A,V. (10
mins, semples) is proportional to the enzyme concenirstion.
Hence, the unit of activity is defined as the amount of
enzyme which casuses & fall in the sbsorption value of the
starch-iodine complex by O+l of the Spekker absorptiometer
reeding within 10 mins., under the above conditions,

(e) Branching sctivity.

The following diges?t was set up:-
2:5 ml, amylose (1 mg. per ml,),
1.0 ml, O°*2H-citrate buffer pH 6.8,
1+5 ml, Dbrenching enzyme =0lution (45 mg.; 3 units).
The reaction was followed by iodine etaining and the
following results were obtained.
Time (hours) 0.0 0-5 1.5 200
AV, 0435 0210 0.15¢C 0~035
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The digest was examined on & paper chromatogram and it
wag found that glucose, maltose and small reducing sugars

were absent.

(d) Zest for contamineting enzymes.

(i) Maltose, meltotriose and isomaltose (10 mg.) were
incubated with the branching enzyme preparation (20 mg.) in
O+2ii-citrate buffer pH 6+8 (05 ml.,). The digests were
examined on & paper chromatogrem after 24 hours incubation

at room temperature. The following results were obtained.

Substrates i Redueing sugars found
Maltose Maltose and glucose
Maltotriose Maltotriose, maltose and glucose
Isomaltose Isomaltose and glucose

The enzyme preparation is therefore contaminated with
traces of maltase, maltotriase and iscamylase; the presence
of these engymes will not interfere with activity determina-
tione of the branching engyme prepearation,

(ii) e-Amylase.

The c-anylase test was carried out as deseribed by

(62)

Hobson, Whelan and Peat. Three digests were sot up

and the lodine staining power determined as follows,
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Digest Amylose | Amylopectin| Glycogen
-dextrin | f-dextrin |

eight of substrate (mg.) 5 10 10
Eatar (ml,) 5 5 5

s2M-citrate buffer pH 6+8 2 2 2
Branching enzyme solution 3 3 3

(60 mg.; 4 units)
Aliguots removed for iodine

gtain (ml.) 10 1-0 1-0
Iodine solution (ml,) 1+0 0+5 0+5
Volume of poliaaoeharide-iodine

o lution analysed (ml. 100 50 50

The absorption values were measured on a Spekkexr photo-

electric absorptiometer in 4 em. cells at 680 mp ageinst

an iodine blank,

The following results were obtained.

Time Percentage of original sbsorption value
l(mins. )
Amylose Anylopectin f- Glycogen f-dextrin
dextrin
0 100 100 100
20 49 81 100
60 36 T4 100
1080 16 58 1006

a-Amylese is absent from the enzyme preparation since

the iodine staining power of glycogen f-dextrin remained
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constant, The branching enzyme of yeast acts on waxy maize

starch f-dextrin (Figure 1l).

(e) Optimum temperature.

Yeast branching enzyme (1 ml, in ecitrate dbuffer pH 6°8;
1-33 units) was incubated with amylose (1 ml.; 1 mg. per =ml.)
at 10, 15, 20, 25, 30 and 35°C for 30 mins, The iodine
etaining power of the amylose was then determined, when the
following results were obtained:- “
Temperature C. 10 15 20 25 30 35
% Fall in A,V. 55+6 60+2 629 611 597 566

The rate of the enzyme sotion is maximal at 20°C.

(Figure 12).

(£f) Optimum pH.
Yeast branching enzyme (100 mg. in 10 ml. water; 666

units) was dislysed against distilled water at room temperature
for 12 hours to remove the citrate buffer from the freeze
dried preparation. The dialysed solution (1-5 ml,) wase
incubated with amylose (1 ml.; 29 mg. per ml.,) and 0+2i-
phosphate buffer of pH values ranging from 4:10 to 7+95 (15
ml.). The reaction was allowed to proceed at 20° for 15

mins, and the iodine staining power of the amylose then

~determined.
PH 410 518 610 705 795
% Fall in A.V. 0+0 22+7 42-9 52+1 39+3

Thue the cptimum pH of the yeast branching enzyme is
T.05 (Figure 13).
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(g) Activetion of yeast branching enzyme.
Barker, Bebbington and Bourna(4) reported that the rate

of agtion of (Q-enzyme from Polytomella goeca on amylose was

inoreased by the presence of maltosaccharides (D.P, 2-10)
whilst saccharides devoid of e-lid-glucosidic linkages did
not have this effect. The following experiment was carried
out to determine the effeect of maltosaccharides on the action
of yeast branching engyme,

Amnylose (1 ml.; 2°9 mg.) wee incubated with branching
enzyme (1 ml.; 1 unit), O0*2M-citrate buffer pH 6+8 (1.0 ml.)
and activator (1 ml.; 10 mg. in 0*2M-sodium sulphate) at
20°0, The reaction was followed by the determination of the
AV, of amylose-iodine complex. The following resulte were

obtained.

Percentage of original A.V,.
Activators

10 mins, 20 mins. 40 m;na.
None 50 38 - 29
Maltose 49 38 29
Maltotriose 48 37 29
Cellobiose 49 38 29
Yeast glycogen 53 41 33

Thus the presence of maltosaccharides or cellobiose

has no effect on the rate of the branching enzyme of yeast.
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(n) Inhibition of yesst branching enszyme.
(1) 4 digest containing 0.333% ammonium molybdate,

which inhibits Re-enzyme, was prepared as follows:-

3 ml., amylose (1 mg., per ml,),

1 ml, O« 2M~-citrate buffer pH 6.8,

1 al. 24 ammonium molybdate,

1l ml. enzyme solution (1 unit).

A control digest without ammonium molybdate was &also

set up and the iodine staining power of the amylose was
determined after 10 and 45 mins. incubation at 20°C.  The

following results were obtained.

Percentage fall in A,V,
Digest
10 mins. 45 mins,
Ammonium molybdat 2344 486
(0°3338) )
Control 27.9 54.5

Thus ammonium molybdate has very little effect on the
yeast branching enzyme.

(ii) Mercuric chloride.

The effect of merocuric chloride, which inhibits plant
J-enzymes, on yeast branching enzyme was studied, Amylose
(1L ml.y 2 mg.) was incubated with the branching enzyme (0.5
ml. in citrate buffer pH 6°8; 1 unit) and mercurie chloride

of varying concentration (05 ml.)., The reaction was allowed
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to proceed for 30 mins., and the iodine staining power of
the amylose determined.
Initiel A.V. of the amylose-iodine complex 1-01

kgcl concent- Eg/ !!‘y llsy
ration in digest 0 |20,000]°10,000}'5,000

I
72,000 |T9’1.,000 Ly

500]

AV, D36 0-41 047 0+62}{ 1-01} 1-01j1-01

Thus brewer's yeast branching enzyme is inhibited by
5 x 10™% mercurie chloride.

(1) Action of branching enzyme on amylose, waxy meize starch,

and brewer's yeast glycogen.
The following digests conteining amylose (40°0 mg.), waxy

miaze starch (39+9 mg.) and brewer's yeast glycogen (42+2 mg.)
were set up:-
16 ml, polysaccharide solution,
5 ml, 0+ 2M-citrate buffer pH 6°8,
4 ml, Dbranching enzyme solution (7 units).

The reaction was followed by iodine stauining and p-
amylolysie limit determination at varioues intervals, The
f~limit determination was carried out by removing 5 ml,
sanples which were then heated in boiling water bath for 3
mins.; after cooling, 3 ml. p-amylese solution (900 units)
was added and the maltose produced after incubation (35°)
was estimated by the Somogyi 1952 reagent (with deproteiniza-
tion). The following results were obtained.
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W
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2 T4.3 49.3 46.8 54.4 00 473
4 80.5 48.6 53.1 563 0.0 47.8
24 909 54.1 68.7 68.4 0«0 48.5

The results show that the yeast dranching enzyme
preparation, unlike plant (e-enzyme, attacks waxy maize starch;
this finding is not altered by the demonsetration of = trace
of iscamylase activity in the preparation.

(5) Action of branching enzyme on amylose.
Amylose (5 ml.; 5 mg.) was incubated with branching

4 units) in O+2W-ecitrate buffer pH 6:8 (2 ml.).

enzyme (3 ml,;
1l ml, samples were withdrawn at intervals and iodine solution
(1 ml.) added and the volume made up to 100 ml, The
ebsorption spectrum of the polysaccharide-iodine complex was
studied using a Unicam spectirophotometer, The results
Pigure (15) shows the

It was found

obtained are shown in Figure (14).
decrease in the absorption value at 680 mp.
that the wave length of the maximum absorption falls during
incubation (Figure 16). The colour of the solution obtained

at 120 mins. incubation wes very weak, hence, to obtain the
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wave length of meximum absorption after 1200 mins., 1 ml. of

the sample was treated with 0+2 ml. of iodine solution and

the volume made up to 10 ml, A brown solution which has

the maximum wave length at 520 mp was obtained (Figure 17).
1.5 ml, of the remaining digest was deproteinized and

the reducing power determined (Somogyl reagent). The digest

had no reducing power.

(k) Action of f-amyluse, c-amylase and isoamylase on amylose
treated with branching enzyme.

The following digest was set up:~
8 ml, amylose (3°96 mg. per ml,),
4 ml, O-2M-citrate buffer pH 6+8,
4 ml,  Dbranching enzyme solution (80 mg.; 5-3 units).
The digest was divided into three portions (5 ml.) and
the resction allowed to proceed for 4*5 hours at 20°C. The
branching enzyme was destroyed by heating in boiling water
bath for 3 mins, and the solutions were cooled to room
temperature,
to (1) water (1 ml,) and p-amylase (2 ml,; 8C0units)
was added,
(ii) water (1 ml,) and c-amylase (2 ml,) added,
(iii) isoamylese solution (1 ml,; 25 mg.) added and
incubated at 20°C for 18 hours; the isoamylase
was then deactivated and f-amylase (2 ml.; 800
units) added.

‘The apparent percentage conversion into maltose was
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determined, and the following results were obtained.

Digest | Degradation of amylose, treated |#% Amylolysis
with branching enzyme, with:-

(i) p-Amylase 45
(i) a-Amylase 92
F;ii) Iscamylase and p-amylase 65

The resulte show that the branching enzyme acts on
amylose producing @& branched polysaccharide having & -
amylolysie limit of 45%. The extent of degradation by
u-amylase indicates that the majority of the linkages in the
branched polysaccharide are a-l:4. Treatment with isoamylase
followed by p-amylase proves that the branch points formed
by the branching enzyme are a-l:6-linkages since the f-amy-
lolysis limit increased from 45 to 65%.

4. Discussion.

Fractionation of yeast juice with ethanol-citrate buffer
was repeated several times, and it was found that although
all the fraetions showed branching aetivity, the greatest
activity was obteined at 25-30% alecohol concentration,

Hence the protein obtained at this fraction was used in the
preliminary studies of this enzyme.

The protein preparation conteins traces of maltase,

maltotriase and isocamylase since it slowly hydrolyses maltose,
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maltotriose and isomaltose respectively. The presence of
maltase and maltotriase does not interfere with studies of

the branching enzyme since they have no aetion on amylose or
#0 luble starch, The enzyme preparation also contained traces
of isoamylase; this was observed only after prolonged
incubation, Thus & 4.5% increase in the f-amylolyeis limit
of glycogen occurred during 24 hour's incubation, whilset

with & normal isoamylase preparation, & 15-20% increase is
observed after only 2 hours (see p.%4 ). The enzyme prepara-
tion is free from c-amylase, p-amylase and glucamylase; the
absence of c-amylase was shown by the test described by
Hobson, Whelan end Peat,(GZ) whilst p-amylase and glucamylase
were absent since (a) no amall sugar could be detected (paper
chromatography) in the reaction digest of polysaccharide with
enzyme, and (b) no inerease in the reducing power of the
reaction digest occurred.

Like the (-enzyme of potatoes.(s) the transformation of
amylose to a branched polysaccharide by the yeast branching
enzyme is optimum at pH 7.05 and 20°C., Unlike the Q-enzyme
of Polytomella ooeca.(4) the yeast branching enzyme does not

require activators for its ection on amylose. In contrast
to yeast phosphorylase the yeast branching engyme is
inhibited by mercuric chloride (5 x 10“M); ammonium molybdate
(0+33%) has no significant action on the enzyme.

Determination of branching enzyme activity by Gilbert and
Patrick's method“o) shows that enzyme action is direetly
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proportional to its concentration within 10 mine. Hence,
& simple method for activity determination could be devised
in which a unit of activity is defined as the amount of
enzgyme v ich causes the fall in absorption value of the
starch-iodine complex by 0+l Spekker esbsorptiometer reading
within 10 mins, under the standard conditions,

The absorption spectrum of the amylose-~iodine complex
after treatment with branching enzyme cleerly indicates that
e branched polysaccharide is formed. The iodine staining
power of smylose falle rapidly, with time, at 680 mp and the
wave length of maximum absorption falls from 630 to 520 mpm.
The p-amylolysis limit of the branched polysaccharide so
obtained is 45%, and since the polysaccharide is repidly and
extensively degraded by c-amylase (92% epperent conversion to
maltose), the majority of the linkages are c-1:4, The branch
points formed by the enzyme are c-l:b-linkages since treatment
of the polysaccharide with isoamylase increased the p-amylolysis
limit from 45 to 6%5#%. The polysaccharide formed is therefore
similar to glycogen with respect to degradation by p-amylase
and isoamylase; for example, the f-amylolysis of B.D.H.
glycogen is increased from 45 to 6574 on treatment with
isoemylase (p.9%.).

The yeast branching enzyme difiers from the related plant
g-enzyme in that the latter does not aect on amylopectin,
Normal plant cells do not coﬁtain glycogen type polysaccharides
and their absence may be due to the inability of plant
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G-enzymes to attack interior chains of less than 6-8 glucose
residues (as in amylopeetin), thus preventing further branch-
ing of amylopectin with the production of a more highly
branched glycogen-type molecule, By contrast, yeast
brenching enzyme can cause branching of interior chains
conteining 6-8 glucose residues, although enzyme action
¢eases when the interior chains are shorter than 3-4 glucose
residues, However, glycogen type polysaccharides have been
reported in certain varieties of sweet corn; unfortunately
date on the specificity of the Q-enzyme from these plants

is not yet available.
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Summary.

The phosphorylase, isoamylase and branching enzyme of
brewer's yeast (Saccharomyces cerevigise) which catalyse
the synthesis and degredation of a-l:4-glucosans have been
investigated.

Various methods of extraction of phosphorylase from
brewer's yeast are described, and & protein preparation,
having a phosphorylase activity similar to that of plant
phosphorylase preparations has been obtained by ammonium
sulphate fragtionation, The enzyme preparation, free from
amyleses, was contaminated with phosphatase, phosphogluco-
mutase, branching and d#branohing enaymes, The inhibition
of these impurities by specific inhibitors is described.
Organic solvents are not suitable for the purification of
phosphorylase; adsorption studies using alumina Cyp and
caleium phosphate indicate that phosphorylase cannot easily
be recovered from these adsorbents.

Yeast phosphorylase is unstable in solution, and the
rate of inactivation is especially rapid on dialysis. It
does not reguire activetors for degradative or synthetic
aetivity; the latter activity is primed more effectively by
glycogen than any other maltosaccharide, The optimum pH
and temperature of yeast phosphorylase are 6-6 and 35°
respectively. |

The action pattern of yeast phosphorylase is generally

similar to that of other phosphorylases, but some oriteria
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which differentiate brewer's yeast phosphorylase from xuscle
and potato phosphorylases have been discovered.

Brewer's yeast isoamylase, which hydrolyses both terminzl
and non-terminal c-l:6-glucosidie linkages, has been studied.
A method for the purification of isoamylase is described.

It is shown that isoamylase has a wider specificity than any
of the debranching enzymes previously reported, | Isoamylase
has been used to detect c~lib-linkages in branched o-l:4-
glucosans,

The branching enzyme of brewer's yeast, responsible for
the transformation of linear e¢-~l:id4-glucosans to branched
polysaccharides, has been studied. This enzyme acts on
emylose, producing & branched polysaccharide having a
structure resembling that of glycogen. The enzyme preparation
is contaminated with traces of maltase and isoeamylase, but
is free from other hydrolytic enzymes. Enzyme action is
inhibited by mercurie chloride (5 x 10"%); it is optinmum
at pH 7.0 and 20°, and it is not activated by maltosaccharides.
The branch points synthesised by the branching enzyme are
shown to be ¢~l:6-glucosidie linkages.

The specificity of the above enzymes was determined by
studying their action on starch-type polysaccharides,
including brewer's yeast 'glycogen,' the molecular structure
of which heas been determined. This reserve polysaccharide
is repidly degraded by a-amylase and has a molecular weight

of ca., 2 x 106; it hes an average chain length of 13 glucose
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residues, & p-amylolysis limit of 447 and & muscle phos-
phoryolyeis limit of 30#. The molecular structure
therefore resembles that of a typical animal glycogen.
Small but significant differences between the molecular

structures of baker's and brewer's yeast glycogens have

been revealed,
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a-1: 4-Glucosans. Part 111.* The Molecular Structure of Brewer’s
Yeast Glycogen.

By D. J. ManNERS AND KHIN MAUNG.
[Reprint Order No. 5858.]

Brewer’s yeast (Saccharomyces cerevisiae) contains a glucosan which is
stained reddish-brown by iodine, is degraded by salivary z-amylase, and has a
molecular weight of ~2 x 108, The polysaccharide has an average chain
length of 13, a g-amylolysis limit of 449, and a phosphorolysis limit of 23%,.
The molecular structure therefore resembles that of a typical glycogen. The
properties of the glycogens from baker’s yeast and brewer’s yeast are compared.

ALTHOUGH the glyvcogen from baker’s yeast has been studied several times (e.g., Northcote,
Biochem. J., 1953, 53, 348 ; Jeanloz, Helv. Chim. Acta, 1944, 27, 1501), little attention has
been paid to the corresponding polysaccharide from brewer’s yeast. A sample of the
latter, isolated by Daoud and Ling (/. Soc. Chem. Ind., 1931, 50, 3651), had [«], +179° in
water and was stained brownish-red by iodine; Yokoyama (Beitr. Physiol., 1925, 8, 95)
found [«], 4-192° in water. No structural examination appears to have been published.
The present communication deals with an investigation of the molecular structure of
brewer’s yeast glycogen; this is being used as a substrate in studies on the carbohydrate-
metabolising enzymes in this organism.

The glycogen was extracted from yeast cell-wall material (obtained by disruption of
the whole yeast with hot dilute sodium hydroxide) with 0-55 acetic acid (Bell and Northcote,
J.. 1950, 1944; Northcote and Horne, Biochem. J., 1952, 51, 232), and was purified by
several precipitations with 809, acetic acid (cf. Bell and Young, Biochem. J., 1934, 28,
882) and with ethanol. The purified glycogen gave an opalescent solution in water
([e¢]p +198°), which was stained reddish-brown by iodine. The iodine binding power of
the glycogen was quantitatively determined by Mr. D. M. W. Anderson, using the potentio-
metric titration method described by Anderson and Greenwood (Chem. and Ind., 1953,
642); it was similar to that of mammalian glycogens. Acid hydrolysis of the glycogen
gave glucose (969,) and no other reducing sugar. The glycogen was readily attacked by
salivary «-amylase, as shown by the rapid loss of 1odine staining power, and the production
of glucose, maltose, and «-dextrins; the glucosidic linkages in the glycogen are therefore
predominantly of the «-1:4 type. Since maltulose was absent from the =-amylolytic
digest, fructose is not a constituent of the glycogen (cf. Peat, Roberts, and Whelan,
Biochem. J., 1952, 51, xvii). Oxidation of the glycogen by potassium periodate (cf.
Halsall, Hirst, and Jones, J., 1947, 1399 ; Bell and Manners, J., 1952, 3641) and determin-
ation of the maximum amount of formic acid produced indicated a unit-chain length of
thirteen glucose residues. In an attempt to detect 1:2 or 1:3 linkages, periodate-
oxidised glycogen was hydrolysed with acid, and the hydrolysate analysed for glucose (cf.
Hirst, Jones, and Roudier, /., 1948, 1779; Bell and Manners, J., 1954, 1891). Paper
chromatography showed that glucose was absent; the glycogen must therefore contain
only a-1 : 4 and 1 : 6 glucosidic linkages. Treatment of the glycogen with g-amylase gave
449, conversion into maltose, indicating that the exterior chains comprise 8 glucose residues ;
the interior chains, on the average, thus contain 4 glucose residues. Treatment of the
glycogen with muscle phosphorylase in the presence of excess of inorganic phosphate

* Part 11, J., 1954, 3527.



resulted in a 239, conversion into glucose l1-phosphate; 12-unit and 13-unit glycogens
from various animal tissues have phosphorolysis limits of 20—25%, (Liddle and Manners,
unpublished). Examination of the glycogen in an ultracentrifuge, by Dr. C. T. Greenwood,
showed it to be multimolecular, the sedimentation constant (S,y) being 52 x 10712 c.g.s.
units [equivalent to a molecular weight of ca. 2 x 108, the diffusion constant being assumed
to be of the same order as that of other glycogens (cf. Bell, Gutfreund, Cecil, and Ogston,
Biochem. J., 1948, 42, 405)]. An estimate of the shape of the molecule, and the degree of
multiple branching in the molecule will be described in a later communication.

The available data indicate that brewer’s yeast glycogen consists of ca. 10% unit-chains,
each comprising, on the average, 13 «-1 : 4-linked glucose residues, and randomly inter-
linked by 1 : 6-glucosidic linkages. The molecular structure thus resembles that of the
majority of the glycogens from mammalian, invertebrate, and protozoan tissues examined
in our previous studies (Bell and Manners, loc. ¢cif.; Manners and Ryley, Biochem. J., 1952,
52, 480) ; nevertheless, small but significant differences in degree and position of branching
between the baker’s yeast and the brewer’s yeast glycogen are revealed (see Table).

A comparison of the properties of veast glycogens with rabbit-liver glycogen.

Source : Baker's yeast Brewer's yeast Rabbié—liver
y B
[0 A WateT ...ivisiinssasimniinn 1184° 4 187° +198° +196°
Unit-chain length ............... 11—12 — 13 12—13
B-Amylolysis limit ............... 50 46—48-5 44 43
Exterior chain length * ...... 8 — 8 8
Interior chain length § ......... 23 - 4 3—4

A, Data from Northcote (loc. ¢it.). B, Data from Jeanloz (loc. cit.). C, Data from Bell and
Manners (loc. cit.).

: ¥ hNo.lof glucose units removed on B-amylolysis plus 2:5. { Unit-chain length — Exterior chain
ength — 1.

In our previous papers (Bell and Manners, loc. cit.; Manners and Ryley, loc. cif.) exterior chain
lengths were calculated on the assumption that the exterior '‘ stubs " of g-limit dextrins contained
1-5 glucose residues (cf. Meyer, Adv. Enzymology, 1943, 8, 109); Peat, Whelan, and Thomas (/.,
1952, 4546), however, have shown that a proportion of the ** stubs "’ in a g-dextrin from waxy-maize
starch contain two or three glucose residues. A mean of these latter figures has been used in the
present caleulation.

In view of the different conditions of growth and fermenting properties of baker’s and
brewer’s yeast, and hence, enzymatic composition, it is not unexpected that the glycogens
show small differences in molecular structure; the unit-chain length and the position of
branching in the chains depend upon the *“ balance ’ between the activities of phosphory-
lase and the branching and debranching enzymes, i.e., on the metabolic condition of the
organism at the time of isolation of the glycogen.

EXPERIMENTAL

Analytical Methods.—(a) Determination of reducing sugar. Reducing sugars were determined
by use of the Shaffer—Somogyi reagent 60 (J. Biol. Chem., 1933, 100, 695) as modified by Hanes
and Cattle (Proc. Roy. Soc., 1938, B, 125, 387) or by the Somogyi reagent (J. Biol. Chem., 1945,
160, 61) which had been calibrated against glucose and maltose.

(b) Paper chromatography. Descending chromatograms were carried out at room temper-
ature with Whatman No. 1 paper and benzene—pyridine-butanol-water (1:3:5: 3) as solvent.
Development was by spraying with aniline oxalate or with a silver nitrate-sodium hydroxide
reagent (Trevelyan, Procter, and Harrison, Nafure, 1950, 166, 444).

(c) Iodine stain. Polysaccharide solution (2 ml.) was added to iodine solution (1 ml.;
containing 1 mg. of iodine and 10 mg. of potassium iodide per ml.) and water (2 ml.), and the
absorption value of the polysaccharide-iodine complex measured on a Spekker Photoelectric
Absorptiometer (1 cm. cells), an Ilford filter No. 603 being used, against an iodine blank.

(d) Determination of glucose 1-phosphate. Glucose 1-phosphate was determined by a slight
modification of Allen’s method (Biochem. J., 1940, 34, 858).

~ Preparation of Glycogen.—A dispersion of washed brewer’s yeast (1-5 kg.) in 39, sodium
hydroxide (1 1.) was heated at 95° for 6 hr. (cf. Northcote and Horne, loc. cit.). After the
mixture had cooled, the cell-wall material was collected on the centrifuge and treated again
with hot 3% sodium hydroxide. (Thesodium hydroxide extracts did not contain any appreciable



amount of glycogen.) The cell-wall material was extracted by three successive treatments
with 0-5n-acetic acid (each 500 ml.) at 75° for 2 hr. The combined acetic acid extracts were
concentrated under reduced pressure to about 500 ml., and ethanol (6 vols.) was added. The
crude precipitate of glycogen was purified by three precipitations from 809, acetic acid (Bell
and Young, loc. ¢it.) and finally from ethanol. The yield was 17-7 g.

Properties of the Glycogen.—The glycogen had [u«]}} +198° (¢, 0-25in H,0); +175° (ca. 0-50
in N-NaOH) (Found : N, 0-056%; P, nil; Ash, 0-109%). An aqueous solution was opalescent,
and was stained red-brown with iodine. Hydrolysis by 1:58-sulphuric acid at 100° for 2 hr.
gave glucose and no other sugar (paper chromatography). The glycogen had a glucose content
of 969,, determined by quantitative acid hydrolysis (Pirt and Whelan, J. Sci. Food Agric.,
1951, 2, 224).

Salivary a-Amylolysis of the Glycogen.—Salivary w-amylase solution was prepared by dis-
solving freeze-dried human saliva in distilled water, and removing insoluble material by
centrifugation. The amylase solution showed no maltase activity, but was contaminated with
maltotriase. During the digestion of waxy-maize starch, maltose, maltotriose, and o-dextrins
were the initial products of the reaction, and glucose, maltose, and «-dextrins the end-products
(ef. Whelan and Roberts, Nature, 1952, 170, 748; J., 1953, 1298).

An enzymic digest was set up containing glycogen (50-0 mg.), phosphate-citrate buffer
(0-16m with respect to phosphate) of pH 7-0 (20 ml.), sodium chloride (25-0 mg.), salivary
amylase solution (1 ml.), and water (29 ml.). Aliquot portions (2 ml.) were analysed at intervals
(Shaffer—Somogyi reagent 60), after incubation at 35°.

The decrease in iodine-staining power was as follows :

Time of incubation (min.) ......... 0 4 10 20
Absorption value ..........c.coeeee 0-305 0-035 0:020 0-010

The apparent percentage conversion into maltose after 1, 2, and 48 hours’ incubation was 62,
68, and 95, respectively.

Paper chromatography showed the presence of glucose (R, = 1), maltose (R, = 0-55), and
a series of sugars of higher molecular weight (R, < 0-09) in the digest. Maltulose was absent.

Potassium Peviodate Oxidation of the Glycogen.—Glycogen (549-0 mg.) was dissolved in 5%,
potassium chloride solution (100 ml.); 10 ml. were withdrawn for a control determination.
89% (w/v) sodium metaperiodate (20 ml.) was added to the bulk, from which 10-ml. portions
were withdrawn at intervals for determination of formic acid by titration in a carbon dioxide-
free atmosphere against 0-01n-sodium hydroxide, methyl-red being used as indicator (cf. Halsall,
Hirst, and Jones, loc. cit.; Bell and Manners, loc. cit.). The following results were obtained.

Time (hr.) ... 96 168 266 386
Total formic acid produced {m;:, } T T 8:9 10-2 10-6 10-5
Apparent chain length * (glucose resuducs) 156 13-6 13-2 13-2

* Calculated from the weight of glycogen oxidised.

A 12-unit or 14-unit glycogen would yield 11-6 or 10-0 mg. of formic acid, respectively.

The remaining solution of periodate-oxidised glycogen was neutralised with ethylene glycol
(5 ml) and dialysed against running tap water for 36 hr., and the non-diffusible material
collected by freeze-drying. 50 mg. of this were hydrolvsed by 2N-sulphuric acid (2 ml.) at 100°
for 3 hr. No glucose could be detected in the hydrolysate by paper chromatography; brewer’s
yeast glycogen does not therefore contain 1: 2- or 1 : 3-glucosidic linkages.

B-Amylolysis of the Glycogen.—pB-Amylase was prepared from soya beans by Bourne, Macey,
and Peat’s method (., 1945, 882). A solution of g-amylase was prepared by dissolving soya
bean B-amylase (50 mg.) in 0-2m-acetate buffer (pH 4-6; 20 ml.), and removing insoluble material
by centrifugation; the supernatant liquid had an activity of 125 units/ml., estimated by Hobson,
Whelan, and Peat’s method (/., 1950, 3566). Control experiments with maltose and starch
showed it to be free from maltase and a-amylase. Glycogen (48-4 mg.) was incubated with
0-2m-acetate buffer (pH 4-6; 6 ml.), water (21 ml.), and -amylase solution (3 ml.; 375 units)
at 37°. Samples (3 ml.) were withdrawn at intervals and analysed for maltose. The course
of degradation was as follows :

Time of incubation (hr.) ...... 1 2 20 4+
% Conversion into maltose ........................ 30-7 384 43:5 44-0

In a duplicate experiment with 50-4 mg. of glycogen, the B-amylolysis limit was 43-89.
Phosphorolysis of the Glycogen [with A. MARGARET LippLE].—Glycogen (52:4 mg.) was
incubated at 35° with 0-5m-phosphate buffer (pH 6:8; 2:0 ml.), adenylic acid (1 mg.), muscle




phosphorylase solution (0-20 ml.), and water to a total volume of 10 ml. Crystalline rabbit-
muscle phosphorylase was prepared by Green and Cori's method (/. Biol. Chem., 1943, 151, 21).

Time of incubation (hr.)

% Conversion into glucose 1-phosphate

200 23-2 23-2
In a duplicate experiment with 53-4 mg. of glycogen, the phosphorolysis limit was 22:8%,.

The authors are indebted to Professor E. L. Hirst, F.R.S., for his interest and advice, to Dr.
C. T. Greenwood for determination of the sedimentation constant of the glycogen, and to Mr.
D. M. W. Anderson for the potentiometric titration. They also thank the Government of the
Union of Burma for the award of a State Scholarship (to K. M.) and Messrs. Wm. Younger and
Company Ltd. for supplies of yeast.

DEPARTMENT OF CHEMISTRY, UNIVERSITY OF EDINBURGH. [Received, November 8th, 1954.]

PrinTeED 1IN GREAT BrrTaiN BY RicHArRD Cray AnD ComPANY, Ly,
Buncay, SUFFOLK.

179




Reprinted from Chemistry and Industry, 1955, pp. 950-951

‘OBSERVATIONS ON THE SPECIFICITY OF
YEAST isoAMYLASE

By D. J. Manners and Khin Maung
Department of Chemistry, The University, Edinburgh

In the course of studies on carbohydrate metabolising
enzymes in brewer’s yeast, we have subjected waxy
maize starch to degradation by yeast phosphorylase;
44%, conversion to glucose-1-phosphate was observed.
The residual dextrin was then treated with -amylase,
resulting in 299, conversion to maltose. This repre-
sents 609, total degradation of the original polysac-
charide, whereas B-amylase normally removes 50%
of the molecule. The phosphorylase was prepared by
ammonium sulphate fractionation of an extract of
brewer’s yeast; it was free of w-amylase, and had a
phosphorylase activity similar to that reported' for
preparations from potatoes and broad beans, namely
ca. 100 umnits per g.

Since the action of phosphorylase and B-amylase is
confined to the exterior chains of amylopectin and
glycogen,* we concluded that the phosphorylase prepara-
tion contained a debranching enzyme which catalysed
the hydrolysis of a proportion of the 1 : 6 inter-chain
linkages in waxy maize starch, thereby removing the
barriers to S-amylase action.

In 1951, Maruo and Kobayashi® reported that auto-
lysates of brewer’s yeast contained an enzyme which
hydrolysed the inter-chain linkages in glutinous rice
starch producing a polysaccharide of lower molecular
weight and increased susceptibility to f-amylase. This
enzyme, previously known as amylosynthease, was
renamed :s0amylase. It appears probable, therefore,
that our phosphorylase preparation contained iso-
amylase.

By acetone fractionation (at — 10°) of a brewer’s
yeast extract, we have obtained a protein preparation
(hereafter referred to by the provisional name of
1soamylase) which catalyses the hydrolysis of a propor-
tion of the 1 : 6-linkages in glycogen? (from brewer’s
yeast), f-dextrin (prepared by the action of B-amylase
on waxy maize starch) and maltodextrin (a mixture
of linear and branched maltosaccharides prepared by the
action of malt g-amylase on potato starch). The poly-
saccharides were incubated with isoamylase at pH 7:0
at 20° for various times; after inactivation of the
enzyme, the $-amylolysis limit was determined.

Time of incubation p-Amylolysis limit (%)

with fsoamylase Glycogen B-Dextrin  Maltodextrin
Nil s 44 ) 67
5 min, e 49 19 —
2 hr. 3 54 20 —
24 hr. - 57 32 94

These results demonstrate hydrolytic activity towards
non-terminal «-1 : 6-glucosidic linkages. During 24 hr.
2 47% increase in the absorption value of the iodine-

glycogen complex at 680 mp. was observed. However,
attempts to follow enzyme action on [-dextrin by
iodine-staining were not successful; this criterion of
activity has also been found to be unsatisfactory in
similar experiments with the debranching enzyme of
higher plants (R-enzyme)®.

tsoAmylase action on glycogen is incomplete, and is
presumably limited to A-chains (side chains); incuba-
tion of BDH glycogen with isoamylase for 24, 48, and
72 hours gave a similar increase in (3-amylolysis limit,
from 45 to 65%. If yeast glycogen and P-dextrin
have multiply branched “ tier » structures, with 509, of
the branch points in the outermost “ tier,” then hydro-
lysis of the outermost branch points (which join A-chains
to the rest of the molecule) would increase the B-amyloly-
sis limits to 58 and 329,, respectively.

isoAmylase also catalyses the hydrolysis of terminal
«-I : 6-glucosidic linkages, since it hydrolyses isomal-
tose. Furthermore, on incubation with a glycogen of
abnormal structure,” which contains a number of single
glucose residues attached by 1 : 6-linkages to the rest
of the molecule, glucose was liberated.

The isoamylas preparation was free from o-amylase,
phosphorylase and branching enzyme, but contained a
trace of maltase,

Debranching enzymes previously reported include
R-enzyme® (from potatoes and broad beans), and amylo-
I : 6-glucosidase” (from rabbit muscle). R-enzyme
catalyses the hydrolysis of non-terminal «-I :6-
glucosidic linkages in amylopectin and its B-dextrin,
and in «-dextrins from amylopectin and glycogen; it
has no appreciable action on glycogen or on isomaltose.
By contrast, amylo-I : 6-glucosidase action is limited
to the hydrolysis of isomaltose and terminal o-1 : 6-
glucosidic linkages in muscle phosphorylase limit
dextrins from glycogen and amylopectin. isoAmylase
has, therefore, a wider specificity than cither R-enzyme
or amylo-1 : 6-glucosidase.

isoAmylase, together with a-1 : 4-glucosidases, is now
being used in investigations of the fine structure of
amylopectin and glycogen.
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