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. In this thesis, chemical and enzyuic studies on a number of
starch=type polysaccharides are described, with special reference to
the po=sible presence of anomolous linkages or other structural
modifications,

The action of hot dilute hydrochloric acid on maltose in
concentrations usually eunployed for the partial acid hydrolysis
of polysaccharides has been shown to give rise to nigerose, a
disaccharide containing an a=l,3-linkage in amounts that would
account for the presence of this disaccharide in partial acid
. hydrolysates of some starch-type polysaccharides. GSome evidence
e has been adduced for the retention of configuration of the glucosidic
linkage during this acid catalysed transglucosidation. There is
therefore no satisfactory evidcnce for the occurrence of a=ly3=limke
ages in starch=type polysaccharides.

A prelicinary survey of the enzymic degradation products of
some polysaccharides has been carried out for fructosyl containing
dissccharides. The isolation and partial characterisation of
maltulose from an a-amylolysate of waxy-maize starch supgests thet
fructosyl residues occur in the original polysaccharide.

An extract from sweet-corn flour was subjected to ammonium
sulnhate frectionation followed by continuous electrophoresis.
Further fractions vere obtained that contained branching activity.
Incubation of the sweet-corn branching enzyme ( SCBE ) with amylo-
pectin gawe rise to a glycogen—-like polysaccharide which was
characterised by the analytical use of enzymes. The SCBE yielded a
branched polysaccharide on incubation with amylose. Some of the
properties of the SCBE were characteriseds viz., pli= and temperature
optimum, susceptibility to inorganic salts. Evidence was also
obtained for the presence of a sweet-corn debranching enzyme ( SCDBE ),
and its pHeoptimum determined.

Biopsy specimens from seven suspected cases of zlycogen storage
disease were examined for glycogen content, phosphorylase and glucose-
-G=phosphatase activity. The glycogen structure was partially chare

o acterised in most of these, and an estimation of the erythrocyte
glyco3en was made in two of the casess Data was obteined which enabled

two oi the cases to be discounted as suffering from glycogenosisy
and four others for a clear diagnosis to be made of the glycogenosis
typee The remaining case was not very clearly defined either from
a biochemical or clinical point of view.

Use other side if necessary.



Te ay Jathar.



I wish te thank Frofessor Sir Bdmund Hirst, C.B.E., F.R.8.,
for the interest taken in this work, and for the provision of
laboratory facilities.

I should like to take this opportunity te sxpress siy
sincere thanks teo Prefessor D.J. Manners who gave invaluable
guidance and encouragement during his supervision of this work.

I should also like to thask =y many colleagues in the
Department of Chemistry for helpful discussions and assistance
during the course of this work.

I wish to thank Jerehez Ltd. for o maintenatoe slliowance.

Judod. Powe.






DISCUSSION « »

- & - - -
- - - - =
& ® @ . =

« 117
. 18



-ni"-

1. Chremstography of Reversion Experiuents
Aﬁ.ﬂ?&bl(?&ml). & = - & L . =

2. Borate-electrophoresis of Nigerose (Pigure 2) . .

AR 2HS

5. The Countiauoua Slcetrephoresis of Zssanylase:
Protein BElution Curve (Figure 1) « « + « + =+ . 60

4. The Elutien of Vazxy-Naige Starch f-limit-Dextrin
and Maitose from a Sephadex G735 Column {Pigure 2) 60

5. Engysic Degradatiocn of Pslysaccharides (Pigure 3] 68

g%

ia Fart Three:
6. Prelininsyr Dlectropherasis of Exirect of
M‘M(Wl’sa .« a - ® = - . - ”

7. The Coniinucws Lloetresheresis of f-1III: Fretein
Elutien Cazrves (Figure 2) <« ¢ o+ ¢ o o o+« 92

8. The Action of f-1II on Potato Asylopectin at 37°
(““‘3’ s = * . . @ . » . @ . o7

9. Assay of Coubinad Flectropheresis Fractions for
Branching and Ge-Amylase Activity (Figure &) . . 97

io. mm-cmmumwman“
‘F‘MS)ll - = . @ * = -« = . = .!@3

i1i. The Sweet-Corn Debranching Engyme pli-Optimum at
laﬂ(ﬂmaﬁi - » - » e - .- » « 103

in Part Four:
i2. ¥odel of a Segument of the Glycogen Molecule . . .
(m‘) o = - = . = . = . » . = « 119

13. Pree energy and ATP {Figure (2a) s e oo o ABH



Pellowing Page
In Part Four: {Continued)

ik. Metabolic Interconversions of Fezoses and

liexese Monophosphates . . . o . . ® . » 223
15. Fegulation of Glycogen Synthetase and

Phezphofractokinase Activities (Figure 20) . « . 124
16. The Syntheosie and Degradetion of Glyecogen in

Relation to Glycagen Storage Discase {Pigure 3) 126
17. Borueumal Contrsl of Phosphorylass setivity

(mh).o . - - » . » - = « = « 128
18. Glycogen lictabolism: a Summary of Possihle

Contrel Mechanieme {(Pigure 3} . : » . » . Aize
19. B ftrccture of Sliycogen Phssphesrylses idsii

mm{ﬁgmﬁ). . = » . - a - » « 131
0, Classificatien of dlycogen Storage Pisease

‘m?)" . = _— . = v = . = .t”
#1. The Engymie lydrolysis of Glucese-é-Phosphate:

M(F‘ma).u a = - = - = « « 453
22, Tie Effect of Liovege Conditions on Glucose-i-

phosshatase setivity {(Figure 9) . . P s » 153



.

GERTRAL _INTRODUCTICN.

In the structural investigation ef polysaccharides, a
number of purely chemical teclmiques have beoen developed.
For oxample, the treatmont of wood cellulose (the most
abundunt polysaccharide) with strong mineral aecid yields the
inforsation that this waterial is coupused entireiy of De
glucoese. Similar treatuent of petato starch, another
typical polysaccharide, yleids identical information. Wood
cellulose and potate starch are classified as homopoly-
saccharides, i.e. they are both composed of a single
constituent sugar. The biclogical function of cach of these
two materials, however, is eutirely different; the cellulose
in wood is a structursl leature of the plant and is virtualliy
metabelically inert, whercas the starch of potato is wmetabol-
ically very active and has no structural significauce. it
is therefore fundawentally unlikely that the molecular structe
ure of these two materials is the sawme. In contrast to homo-
polysaccharides, heteropelyesccharides are composed of two or
wore simple sugars; for example, certain cereal hemicelluloses
have been shown to consist of both Dexylose and Learsbinose.

MHore advanced chemical techniaues have been used to
reveal the nature of the basic differences between cellulose
and starck (Honeyman, 1959). Fer example, permethylation
of celliulose follewed by hydrolysis shows that each D-glucose
unit /



unit is linked to two others by positions 1 and L of its
carben skeleton. Hethylation analysis of starch showe that
1,k=linkages are present, but in addition there is also a
saall percentage of 1l,6=linkages. Optiecal rotation studies
on cellulose darivativoé have shown further that the configur-
ation of the glucosidic linkage 18 -, whilst that of stareh
is @-. These results bave been confirmed by infra-red
cnalysis.

Thus on the foregoing evidence, it would appear that the
cellulose molecule consists of PeDeglucose units iinked in a
linear array through 1,%-glucosidic bonds, whereas starch is
largely composed of del,lielinked Deglucose residues.

Although prior to 1940, starch was regarded as a single
polysaccharide, most native starches of plant origin can be
fractionated into at lieast twoe chemically distinct components
(Schoch, 1942). The higher molecular weight fraction called
amylopectin, contains the small proportion of 1,6-linkages
referred to above. Methylation annljsln suggests that these
ocour wherever two chains of glucose residues are joined
together, Guantitative examination of the products of methyle
ation indicate that the average chain-length (CL) of the amylo=
pectin molecule is approximately 25, i.e. that there is one
1,6~1inkage per 25 glucose residues. The other starch
component amylose is linear, and has a high affinity for iodimne.

Since /



Since amylese forms issoluble complexes with some alecohols,
Cels uebutansl, a convenient methad of separation from auylo-
pectin ies available. Although asylopectin has a lower affinity
for fecdine, both compounds exhibit characteristic icdine
abserption spectra. Amylose, unlike amylopectin, is
rolatively insoluble in water. The two main starch cowmpenents
are accordingly very easily distinguisted from esach other by
simple chemical teste, In the plant, starch occurs in
characteristice, hi-refringent gronules. Evidence Tor the way
in which the chains of glucese residues in the amylopectin
molecule are arranged, has not been sbtained by chemical
analysis alone; the use of enzymic methods is essential.

Partial aeid hydrelysis (Svans gt al, 1959), i.e.
contreliled treatment of a polysaccharide with dilute acid such
that complete fragmentetion dees not eccur, is usually
sufficient in erder to show that a braanched hetarcpalysacohare
ide may be composed of several diastinguishable types of chain.
The resultant melecular fragments can be placed in order
rather in the same way that amine acid sequences in proteins
have been determined. In a hemopolysaccharide, there is
evidently no such "iaternal” means of identification of
molecular Cragments produced by fregmentation procedures.

The branching characteristics of the starche-type poly-
saccharides have been determined by the analytical use of two

cliasses /



classes of hydrolytic ceusyme - {(a) the amylases and phospheryle
ases thut attack ®el,%-linkages, and (b)] the “debranchling®
enzymes or dwei,f-gluccsidases that hydralyse braneh pointe.

In addition teo starches of plant erdigin, glycogen
{Bermard, 1857), a praoduct typiecal of animal metaboliss, hae
& structure that is sisilar teo the brasnchad starch component
aaylopectin in some respeocts. The structure of glycogen is
considered in Part Pour of this Thesis. In Part Three, some
properties of phyvteoglycegen, & siarch-type polysaccharide
isciated from sweet-corn {Zea Mays) are described.

Accordingly a starch-type polysaecharide may be defined
as a bigh molecular wvelight polymer of Deglucose, in which the
Gwl belinkage predosinates, but which alse may contains
appreciable guantities of 0«l,lelinkages, fovaing the branche
points of an arborescent structurs. Some starch degrading
enzymes are considered next {(Manners, 1962),

Beimylase: One of the amylusea, Seamylase, characteristically
liberates f-maltose froim stareh by rupture of the Cel-0 bond,
{(Meyer & Larner, 1959); the only other major product ie an
iodophilic polysaccharide {that resists further enzymic action)
referrsd to as a Belimit destrin. It is convenient to
consider the action of Pemnylase (an enzyme found in many
higher plants) on linear substrates and branched substrates
separately. Vhen Jeamylaszo degradez amylopectin, maltose is
seloased /



released to the extent of ca. 0. The remaining portien of
the amylopectin molecule constitutes the f=limit dextrin, the
enzyme being unable to circumvent Oel,l-linkages, In fact,
feauylolytic attack stops short of the branch-peointe in an
anylopectin molecule by 2«73 glucese residues. If the aection
of Pfe-amylease is followed by a debranching enzyme (an 0-l1,6-
glucosidase) the short or "stub® chains are released, and
feamylolysis can proceed until a second felimit dextvia is
reached. Hy stepwise degradation of this type, it ie possible
to build up a structural medel for amylopectin (Peat gt al,
1956). Studies of the action of Jeanylase on amylose have
had a chequered history. In the first instance, most S-amylase
preparations are contaminated with a second enzyme, idontified
as Zeenzyme (Pirt et ai, 1952), which resvited in the complete
conversion of anyleose inte maltose irrespective of the method
used to isclate the amylose. This point is inmportant, since
an amylose isclated under anaerchic conditions bas bheen shown
to exhibit a higher S-amylelysis limit {percentage conversion
to maltose) than an aerobically isclated amylese., lHowever,
Zeenzyme was later re-identified as small traces of dwanylase
{Cunningbam et al, 1960), and the barriers to f-amylase action
as G-l,6-linkages (Kjelberg & Manuners, 1963)6.' The successive
action of fe-amylase and isosmylase (a debranching enzyse
specific for 4-l,6-linkages) resulted in the complete cone
version of amyliose to maltose.

d=Anylase /



Z-Amylasg: In contrast to the orderly release of maltose
from suitable substrates by P-asylase, the action of T-amylase
(Hoberts & Whelan, 1960) is characleristically random, and
takos place in both the exterior and interior regions of
starch-type polysaccharides. Less than complete Ce-anylolvsis
of starch produces a wide range of Ze-dextrins, A esuavenient
mothod for following the reaction is by uweasurement of wviscesity
whigh decrsases sharply, or alternatively by the chauge in
cclour of the icdine/pulysaccharide complex from blue te red
to colourless, At this stage of the reac¢tion, the achroie
point, the d-dextrins have an average D.P. (degree of polymere
isation being the number of glucose uaits present) of ga. 8.
The second etage characteristie of Ceamylolytic action then
proceeds relatively slowly, during whieh the G-dextrins are
hydrolysed to mmltetricse, maltose and glucose. The eone
figuration of the ancwmeric carbon atom 1s retained.

Rocent work has shown that low concentrations of T-anylase
hydrolyss omylose te maltotriese and maltose, and that higher
concantrations are required to effect the further siow
bydrolyeis of maitotricse to maltose and glucose. "urther,
the action of the enzyme on malteosaccharides 1is not complately
random {Pagur, 19353), e.g. maltotetraose yields maltotriese
and glucese on salivary d-amylolysis. Again, when branched
substrates are hydrolysed a low coneentratien of the snzyme
gives /



gives rise mainly to maltose and maltotriose, and to oligo-
saccharides of DP> 3. whereas a higher enzyme concontration
affords maltose and glucese, and oligosaccharides of DP> &4,
According to the enzyme source, glucesidie linkages adjacent

to branch-pointa in amylepeetin have been shown to he more or
leose resistant te hydrolysis. The enzyme is widely distributed
in the antmal kingdom and amongst higher plents (Bird 4 Hopkins,
1954). THeither ¢~ nor f-msylase have any synthetic ability.
Phosphorylase: The enzyme phosphorylase (Cori et al, 1939),
abundantiy present In muscle, is considered in detail in Part
Four of this Thesis. The enzyme catalyses the follewing
roaction:

Gel=P + (a)n«‘_:_,— {c) « P

n+l i

The action of the enzyse is either t2 effect the de nove
synthosis of a linear polymer resembling awylose, or in prese
snece of inorpanic phosphate to degrade such a linoar substrate
to glucose«~le-phosphate. The degradative action of the enzyme
has been extensively employed in the elucldation of the branche
ing characteristice of amylopectins and glycogens.
B=gnzyme: The action of Pwenzyme {(Pirt gt al, 1552) found in
higher plants is i many ways analopgous te phosphorylase; the
same type of equilidrium reaction ia catalysed, and the degrad.
ation ef an amylopeetin to a phospghorylase limit dextrin is
similar, llowevey, a “"primer" molsenle consisting of a malte-

dextrin /
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maltodextrin of DP > & is reguired before any synthosis of
anylodextriue can take place.

Asylo=l,6-giucosidase, (Larner gt al, 195;) an snsyme typieal
of animsl metaboliss debranches glyecogen asd asylopectin
phosphorylase linit dextrins with the produstica of a small
amount of glucose. The sismitaneous action, inereisre, of
phespborylase and amyle=l,beglucesidase leade te the complete
degradation of a brauchsd substrate to Z=glasese-i«phosphate
and glucoese; the amcunt of the lLatier present after enaysie
digestian is directly proportieonal to the degree of Lranching
of the subetrate.

S-engyug. (lobeseon gt al, 1951) = debranching susyue found in
pigher plants, for example, potate or vroad-baus, ecan hydrolyse
the branche-points of amylopectin or he Iinit dextirias of Ve
ensyne or feasmylase. The enzyse has ne action on usrsal
glycogens or their lisit deztrinsg. Used ia eonjuaction with
feanylase and s-amylase, leonzyue Las gprovided structural
infersation on the branching charscteristics and chaia-lengths
of branched subgstrates. Lariy preparastions of Heonuyme were
contaninated with a debranching ensywe haviug e slightly
differvnat substrate specifieity. This engyue, lleil dextrin-
ase (Msciiliies & Havrrie (1559)), hydielysss the brunch-points
of asyiopectin in Selivit dediriss, bat Lbas ne aciien on the
intact pelysaccharide or feiicli desiwin.

isgoauylase
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isoamviasg. A dehrapnchisg enzyme from ycast, lscasylase
{Gunja &t al, 1961l: HNaxruo & Xebayaski, 1951), hydrolyses
thie hranch-points of asmylopsciin and glycogen and theiyr
respective Jelisit-dextrinas: the enzyme thus has a broader

substrate spoeificity compared with Reonzywe.

The present work is coucerned with ¢the apgplleation of
biachemizal techniques {exemplified Ly the uvmulytical use
of stavchedograding ensymes) to the determination eof the
structure s starch-type polysaccharides. Whilst tue basie
structure of nost of the known polysacelisrides that fall
within this claszification is well hkunown, structursal fesiures
that are not included in the byoad definition of astarch~iype
pelysaccharides, bhave Leaen repeirted in thﬁ iiterature. Parts
One and Two of this Theasis deal with an inveutigatien of these
structural anomalies. In part Three, an investizatien of a
branching ensyme frou sweotl-guin is described, aud scme of
its properties with regerd to starche~type polyssccharides
investigated. Iin Part Four, some cuges of glyecogen storage
dicease (where metabolic discrders affeet human carbohydrate
synthesies and degradation), hove buen examined with respect
to the structure of liver apd museles glycopeng, and also with
respoct to the endogenous levelrs of enzymic mctivity in the

liver.
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Samplee in small tubes fitted with cotton-woel plugs were
placed in a pistol-drier at 60°, and dried oversight under
reduced pressure over phosphorus pentexide. Sugayr samnples
were stored in an evacuated desiccator over phosphorus

pentexide.

Listillation
The velume of polysaccharide and other solutions was

reduced either (when the initisl volume did not exceed 1 1.)
in a Shandon rotary film evaporator at a temperature not
exceeding 40%, or (for very such larger volumes) in a stesm-
heated cyclone apparatus.

Rialysis
The dialysis tube was placed in distilled water which was

stirred mechanically. Dialysing enzyue solutions were placed
in a cold room (0-5‘). When the diffusible products were not
required, dialyses were carriced out against rumming tap-water

at 18°,

The following solvent systoms were used and are gquoted
throughout this Thesis according to the volumetric proportions
of their constitueants,

Selvent /



(1)
(2)

(3)
(&)

{5)
(6)
(7)

- 11 -

Solvent Yolunetric Proportions

Ethyl acetate:pyridine:water 10/4/3
Ethyl acetate:acetic acid:

formic acid:water 18/3/1/4
n-Hutanel:ethanol :water KO/11/19
nejutanol:acetic acid:

methanol :water 517/100/219/166
n-Butancl :pyridine:water 6/473
neButanol:acetic acid:iwater 4/1/5 (top phase only)
n-Propancliethyl acetateiwater 18/2/7

Solvent (1) was extensively used to separate glucose and
individual maltodextrins (DP = 1-5) from one another, (develop=-
ment time 24-36 hr). Solvents (2) and (i) were used to
separate nigerose from maltose (development time 2-3 days).
Solivents (3) and (6) separated most glucose disaccharides
adequately, especially when a multiple development technique
was used, (development time 4-5 days). Solvent (5) was used
to separate maltose, isomaltose and maltotrieose, (development
time 48 hr).

r Chromategraph = Spray FReagents

Alkalive Silver Hitrate This reagent was prepared from
saturated silver nitrate sclution (1 ml) and acetome (200 ml).
The slight precipitation that coccurred on mixing these two
solutions was removed by the drop~wise addition of water.

The dried, developed chromatographic and electrophoresis papers
were dipped into the acetone:silver nitrate reagent and aire
dried. The dry papers were sprayed with an ethanolie sclution
of /
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of seodium hydroxide, prepared by making up a sodium hydroxide
solution {5ml, 10N) to ga. 40ml with methylated spirits.
Colour was allowed to develop first at air-temperature, and
then aver a ateam bath. This treatuent enhanced the sensitiv-
ity of the reagent. Finally the background (dark brown) was
removed by ismmersion of the papers in a saturated solution of
sodium thiosulphate, foliowed by a thorough washing in tap-
wvater. On the dry papers, black spots against a white back-
ground were visible: both reducing and non-reducing carbo-
hydrates were revealed by this method, (Trevelyan gt al, 1950).

Aniline Oxalate Dried chromategraphy papers were sprayed
with a saturated solution of aniline oxalate in methylated
spirits, and the coleour revealed by heating for ga. 10 min at
120°, Aldogses produced a yelliow:brown spot. and pentoses a
pink spot against an initially white background. The reagent
was generally leses sensitive than alkaline silver nitrate. but
specific for reducing sugars, {Partridge, 1949).

Bimedone The most successful ketose reagent tried was

dimedene (1,ledimethyl-3,j-diketogyglghexane). This reagent
was prepared by dissolving dimedone {300 mg) in ethanol (90ml)
to which was added g-phosphoriec acid (10ml). The dry chromatoe

graphy papers were sprayed with the reagent, air-dried, and
then heated at 110% for 5 min. A brown spot (which tonded

to fade) was produced againet a white background. The reagent

was /
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was sensitive to ed quantities of fructese in the presence of
a large excess of glucose, (Adaehi, 1964).
This reagent was also

tried, but it tended to preduce rather fragile papers with a
heavy background ceoloration. Fetoses gave pink spets that
tended to fade, (Porsyth, 1948).

The use of an ethancliec sclution

of this reagent was limited to the detection of relatively
large smounts o. ketoses {Dedonder, 1952).

This reagent was prepared before
use by the addition of potassius permanganate selutien (1 part,
0157 in 2¢ sodium carbonate) to sodium metaperiodate solution
(4 parts, 1%). Dry chromategraphy papers were sprayed with
the newly mixed reagent and the colour allowed teo develop at
room temperature for ga. 30 min. The pink background was then
washed away with tap-water, leaving a brown spot against a
white background. This reagent was used te detect the pres-
ence of - and Se-methylglucosides, (Lemieux & BDauwer, 195h).

used to distinguish between maltose and nigerose: the %el,le
linked disaccharide gave a blue apot, and G«l,J-linked di-
_m«ugﬂymt. The papers were rendered very fragile
by this reagent, (Schwimser & Bevenue, 1936).

Paper /



was used generally and was develeped in 10/4/3 solvent. The
sugars were revealed by the alkaline silver nitrate reagent.
Whatman 3MM paper

was used for this methed. Typically, 100-200 mg of sugar
mixture (as a syrup) wae streaked 5 in. from and parallel to
the shorter edge of a2 16in x 18in paper sheet. The paper

was doveloped from 24-46 hyr in 10/4/3 solvent. Bands of the
separated components were located by guide strips, i.0. narrow
strips of paper {(cut in the direction of solvent flow) taken
from either edge and the centre of the chromatogram, and which
were sprayed with alkaline silver nitrate reagoent. Individual
bands were eluted with water. The eluate was concentrated and
a portion checked for purity Ly re-chromatography.

The same procedure as
above was eapleoyed, except that Whatman No. 1 paper was used.

The guide strips were spotted separately ocu the same sheet of
paper beside the streak of mized sugars. The bands of individ-
ual components, located by gaide strips, were eluted with water,
filtered, and estimated by the phenol sulphuric methed.

The /
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Ibe Estimation of Sugars

Ihe Somogyi (1932) Methed Sugar solution (Sal)
containing not more than 2mg of glucose or lmg of maltose
and Sowogyl reagent (5sml) were mixed in a stoppered tube, and
heated in a boedling water bath for 20 min. The cooled
solution was titrated against sodius thiosulphate (0.01H)
solution after the addition of 2N sulphuric acid (Jwi). The
end-point was detected with starch indicator (2-4 drops).
Generally, a titre difference of [.0ml was equivalent to O.5luag
maltose or 0.2%ug glucose. The concentration of standard
sugar solutions (in saturated benscic acid) was determined by
polarimetry.
A sugar solution (1.0ml)

containing not more than 90 )g carbohydrate material was mixed
with phenol solution (1.0mi, 5.00). Sulphuric acid (A.i.)
{5.0ml) was added from a burette with the end shortened (to
increase the flowe-rate). The phenol sulphurie solutions were
allowed to cool for ga. 30 min, and then the optical density
of each was vead at 490m. in 1 om cells. Each measurement
was carried out in triplicete and reagent blanks were made
for each determination (Dubeds et al, 19356).

Acid Hydrolysis A suitably diluted polysaccharide solution
was m 28 with respect to sulphuric acid and heated in a
boiling water bath for 135 min, The cold solution was aade
alkaline to /
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to phenolphthalein with sodium hydroxzide (2W) and the pink
colour resoved Ly the drop-wise addition of sulphuric aecid
{(U.01¥). The neutral hydrolysate was made up to a standard
volume and estimatod by the Sowmegyi (19352) method.

The method described above

was used. It was found that the ratio of the epiical dens-
ities obtained for equal welghts of glucose and glycogon was

61.9.

digested overnight with sulphuric acid (A.%., 2.0ml) and &
catalyst (sodium sulphate: copper sulphate:sodium seleunate,
80:20:1 w/w). The clear digest solution was transferred to
a Kjeldanl steam distillation apparatus, and the ammonia
liberated by the addition of sodium hydroxide (10N, 10ml)
estimated by titration with standard hydrochloric aecid,
Chibnall gt al, 1943).

Ihe Biuret Method This method {Hobinson and Hegden,

1940) ie deseribed in Part Three, this Thesis.

Electrophoresis was carried
out in a Shandon apparatus using borate buffer (0.05 or 0.1M,
pH 10.0) and 10-30 volts per cm for 1,5 to 2 hr, (Foster, 1953).

fesmylolysis /
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A Feamylase preparatien supplied by Vallerstein
laberatories (New York) was used for all exporiments. The
euzyue contained ne maltase activity, but did show residual
traces of Ge-nmylase {(Z-enzyme). Generally, 50 unie {Hobson
&% gl, 1950) wore used per mg. polysaccharide. The maltose
liberated was estimated by Sowogyi (1952) reagent.
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ANTHODUCTION .

The fragmentation of a polysaccharide by graded treatuent
with dilute acid has proved a powerful analytiecal tool in the
determination of structure. (Bouveng & Lindberg, 1960).
Analysis of the products of a complete acid hydrolysis enables
the identity of the simple monosaccharide unit or units
comprising the polysaccharide to be established. The products
of a partial acid hydrolysis include some undegraded fraguents,
and the identification of these, for example, by comparison with
known die or tri-saccharides dezonstrates the configuration of
the glycoeidiec bond linking the monosaccharide unite. It should
therefore be possible using this technique to build up a
structural model of any polysaecharide that is correct on two
counts: the identity of the basic structural unit or units, and
the type of glycosidic bond or bonds linking thess unite.

A number of factors require careful consideration before
ovidence frow acidiec fragmentation studies can be unequivoecably
accepted, From a purely practical point of view it is important
that none of the monomeric polysaccharide fragments is destroyed,
(volfrom gt al, 1948) by treatment with acid that is toe strong,
or by excesasively prolonged exposure to acidic conditions,
Pentoses are liable on acidic treatment to be degraded to
A=furfuraldehyde, and keto- and aldo~hexcses can be degraded to
Sehydroxy-2-furfuraldehyde which 1is further degraded to levulinle

acid /
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acid and formie acid (Newth, 1951). The production of anhydrides
also occurs (Voifrom gt al, 1954). It is alse important that

the experimental conditions remain acidic or neutral, since
carbohydrates are ususlly alkali-sensitive (Vhistler & DeMiller,
1959). This applies particularly during neutralisation
procedures,. For example, alkaline treatment of glucose gives
rise to fructose and mannose (Speck, 1959), or to a series of
sacchavinie acids (Yowden, 1958), This type of difficulty can
be avoided, however, by careful selection of experimental
conditions,

Of the artifacts that can arise, one example has already
been described, viz: the interconversion of monosaccharides or
altorations of their structure, Another type of artifact, with
which Part One of this thesis is prisarily concerned, arises as
a eonsequence of the de-nove synthesis of oligosaccharides
including disaccharides undor the conditions of partial acid
hydrolyesis. This phenomenon, termed “"aeld reversion”, leade
to the recombination of polysaccharide fragments with glyecosidic
bomnde which may or say not be the same as in the original polye
saccharide.

Aedd hydrolyeis can in this sense be considered as a
reversible process, and the condensation of monosaccharides in
an acidiec environment may lead eventually to the formation of none
dialysable polymers. The conditions favouring this type of

roaction /
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reaction, however, are not generally encountered during partial
aecld hydrolysis experiments, The peolyecondensation of Deglucose
(507 w/v) in aeid has been shown {Pacsu & Mora, 1950), and also
under anhydrous acidic conditions in dimethyl sulphoxide ({(Micheel
& Gesser, 1958). Strongly acidic eationie resins oan aleo
catalyse polymerisation rveactions of Deglucose (0'Colia & Lee,
1956), PBarly examples (Dobereiner, 1832) of "aoid reversion"
include the isolation by Flecher (1890) of isomaltose as an
osagone after treatment of maltose with hydrochlorie aecid, and
the work of Meelwyn Hughes (1928), who explained some of the
results he obtained from optical rotation studies on acddie
eolutions of Deglucose in teras of the formation of a "di-glucose®,
A number of model experisonts have been deseribed in the
recent literature in which different concentrations of wonoe
saccharides or pairs of monosaccharides have been treated with
dilute acid, These are exemplified by Learabinose which ylelds
privarily the fel,3« and Jel,li- and the B,felinked disaccharides
{Jones & Nicholsen, 19358), The §,f«linked dieaccharide is also
produced from Dearabinose (Fdece, 1956)., Acid-treatment of
Dexylose (Ball & Jones, 1958) gives riee to a series of di-
saccharides linked by Gel,2«, fel,deand aand $-1,4-, and also
f,8-bonds, Demannose on similar troatment yields tel,be,
fwlyBo, Bel,le and Jel,belinked disaccharides (Jones & Nicholson,
1958), HMixtures of lexylose and galactose have also been
studied (Taufel, gt al, 1956). Deglucose ylelds a variety of

reversion /
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reversion products with both - and J- configurations (anno,

et al, 1959). O'Colla gt al,(1962) have reported a high
incldence of 1,3 and 1,6-linked disaccharides among those
isolated from reactions in which molten glucose was Greated with
cationic resin, VWeolfrom gt al, (1953) stated that the pre-
doninant products of an scid reversion of leglucvee were 1,06-
linked disaccharides; a small quantity of levoglucosan was also
isolated (Volfrem gt sl, 1956). In contrast to this observation,
the anhydro-gugar has been shown to constitute 700 of the
reversion products of Deglucose (Peat gt al, 1958), under
different experimental conditions.

An interesting confirnation of the multiplieity of reversion
products is provided by a nusbor of analyses that have been
conducted on "hydrol®, an industrial starch conversion liquor
resulting from the acid treatment of starch (Sowden & Spriggs,
1956). All the theoretically poesible ways of linking two
Deglucose moclecules have been shown in the disaccharides isolated
from this source excopt the Cyflelinked trﬁhaleao (Sato, 1957, 1958).
With the eaception of maltose and isomaltose, where the glucosidie
linkage is preformed in the starch molecule, the othor disacchars
ides, vim: gentiobiose (B~1,6« ), nigerose (2el,j= ), lasinaribiese
(Bel,9 ), cellobiose (Bel,be ), kojibiose (%=l,2« ), sophorose
(fel,2« ) and the o,a, and the J,f-iinked trebaloses, must result
from the acid treatment of starch,

In /



In susmary then, aecids ocan catalyse the dehydration of
monosaccharides by: (1) intermolecular condensation resulting
in the formation of oligo~ and polysaccharddes (2) intramclecular
climination of water yielding anhydro-sugars and (3) the fermation
of unsaturated furfural derivatives particulariy from ketuses.

fvidence for the presence of Gel,belinkages in auylopectin
has been ebtained from acidic rageentation studies. The die
saccharide isomaltose has been isclated from partial aeid
hydrolysates in greater quantities than would be expected from
acid reversion alone, in control expevriments in which an
equivalent amcunt of glucose was treated in the same way as the
polysaccharide, 1t was shown that the amount of iscwaltose
sroduced by roversion was ca, 0.5 of that isclated from the
hydrolysed polysaccharide (Volfrom gt al, 1953). Sieilar
evidence has been adduced for glyovogens (Hacon & Dacom, 1954)
(Peat gt al, 19535). in any cuse, less equivocasl® evidence is
provided by ensymic studies (Larner gt al, 1952), methylation
analysis (Haworth g¢ @i, 1937 and also indirectiy through a
knowledge of the in vive synthesisa of brauched starchetype poly-
saccharides (Manners, 1962),

In addition to the isolation of die and triesaccharides cone
taining Qel,be and 2el,6-linkages from partial acid hydrolysates,
the isclation of nigerose, a disaceharide containing an Uel,le
iinkage. has been reported. Agcordingly, the del,Jj-liinkage hus
been /



been suggested as a structural feature of glycogen (Volfrom &
Thomupson, 19%7), amylopectin, (Welfvom & Thompsen, 1956) and
Ploridean starch (Peat, gt al, 1959). Confirmatory evidence
in the form of pericdatee~resistant units (Hamilton & Smith,
1956) in these polysaccharides is not satisfactory (Manners &
Mercer, 1963;: although the isolation of nigorose from Floridean
stareh by enaymiec hydrolysis has been reported (Peat gt al, 1959)..
¥hilet Deglucose has been shown to yleld most of the eleven
theoretically possible disaccharides on reversion, it has been
sugpested that monosaccharides are not the most suitable contrel
sugars for model reversion experiments (Peat gt al, 1958). These
authors suggest that when a disaccharide is hydrolysed, the energy
associated with the original bond becomes available for the forme
ation of a new glycosidiec bond if the resultant monosaccharides
rocombine. The use of a disaccharide that contains the same
linkage as the polyssccharide in centrol experisents is therefore
preferable,. ¥hen maltose and gluesse are heated in an acidie
medium, the yield of nigercse is of the oxder of 17, (Pasur &
Budovitch, 1956), The minute gquantities of nigerose that have
been isolated fm partial acid hydrolysates (0.001-0,28")
appear to be accountable in terms of a limited aclid reversion, l.o.
they are experiwmental artifacte (Manners & Mervrcer, 1963)?’ The
use of a radioactive monomer in reversion experiwents has been
su; gested (Jones & Nicholson, 19358)., DBy adding a radicactive

monosaccharide /
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monosaccharide te a polysaccharide in dilute scid, any reversion
products are labelled, The results of preliminary studies with
maltose and radicactive glucose have boen published (Manners gt al,
1965), and the production of radioactive oligosaccharides wae
shown. |

in view of the large amounts of nigerose obtained by acid
roversion of glucose and maltose, compared with the yilelds
obtained when glucose alone is used as a control sugar (Strocuyuiki
& Boruch, 1964), a nunmber of model reversion experiments have been
devisod in Part One as an extension of the work initiated by
Morcer (Ph.D. Thesis, 1962). |

The conditions selected were those used for the partial acid
hydrolysis of amylepectin and glycogen (Peat gt al, 1958, 1959a).
In the firet series of experiments, confirmation was sought of
an observation of Mercer {(Ph.,D. Thesis, 1962), that approximately
equal quantities of isomaltose and nigerose wore produced by the
action of dilute acid on maltose, A 17 solution of maltoseo in
0e33 ¥ sulphuric aeid wns heated at 100° for two hours, the
conditions used by Peat gt al, (195%a) for the hydrelysis of
Ploridean stareh., A 0,47 solution of- polysaccharide heated in
0.1 ¥ hydrochlorie acid for 8 hy., was favoured by Velfrom and
Thoupson (1956) to hydrolyse amylopectin (waxy maimxe etarch), and
sc another experiment has bdeen carried out in which a 0,47 solution
of maltose in 0,1 N hydrochloric acid was heated for 8 hr, The
results of a quantitative paper chromatographie analysis of these

reversion /



reversion experiuents are discussed later.

The preduction of 1somaltose by acid hydrolysis from
glycogen has slsc been studied in view of a report by uﬁgler
and Wilkinson (1962) thet this disaccharide was not detected in
partisl acld hydrelysates prepared frem glycogen obteined from
starved rabbitas. The production of isomaltose fyrom maltose
has been followed kinetically in a paper chromatographie study,
and in several other model experiments, the astion of dilute acid
on temethyl gluccside and Pemethyl gluceside has been examined,
Pifferent technicues for the neutralisation of acid reversion
experixents have been compared, and finally when the present
anthor had become wmore adept with the tecilmical problems that
arose in these studies, the action of dilute hydrochleric acid

on maltose was reeexaminoed,
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A chrouatograpbie annlysis of the maltose sample available
showed the presence of a small amount of maltotricse and other
maltosaccharides, These impurities were reomoved by displaces
ment chromatography on a charcoaliCelite column, prepared as
follows, Celite 545 (60 g) was washed in a 131 dilution of
hydrochlorie aecdid (500 mi), and thoen washed with water until
neutral. The Celite suspensions wore stirred electrically for
cas 15 uin., in five separate washings of water (800 wl).
Chaveoal (B.U.H.,, 60 g) was twice washed with water, the fines
being decanted each time, Tiheo washed charcoal and Celite were
mixed and wore {ines decanted, A 2.5 in, diameter tube fitted
with a graphite-~lubricated tap was used for the colusn, A
glass-wool plug was placed in the botitom, followed by a layer
(1 in.) of Celite. The charcoal:Celite mixture was added in
small batches, and a filter-paper dise placed on top of the
prepared column, The coluan was washed with 8 1. water.
Mercuric chloride (200 mg) was then added as an antiseptic.

Maléose (2.0 g) wae diseolved in water (30 wml) and placed
on the colusn aund eluted with a stepe-wise ethanoliwater gradient,
vizs water, 57, 107 and 307 ethanol, The final ethanol
concentration was used to empty the column which was then washed

free /



- DY

free of alcohol. The comtents of each fraction were assayed
by paper-ghronstography.

A pecond and third bateh of maltose were ench similarly
purified, but usivg a different gradient elution system, viaz:
water, 4%, 8., and 247 ethanol. The second system was found
to give @ better yield of pure maltose, namely, 1.4 g in the
first experivent, end 1.9 g in the second.

Table I showe the results of the chromatographic exam-
ination of the fractionation sbtained by the second elution
syatom, Pach fraction was evaporated to a syrup under reduced
pressure, and spotted on to a 6 in., strip of Whatman Ne. 1 paper,
and developed overnight in solvent 10/4/3 against suitable
controls. The second, third and fourth fraeticons were combined,
ZamE_ X

;-
AR

% Praction Yasey kﬁxthnnol Gcntontvutagg A {

i . , Vater
§ Volune i 1 19 1.3 1.5 1.3 2 2 8 1litres
- Glueoso T {+) !
[
Maltose * 4 44 e - {+) é
Maltotricse () 1

{¢), trace; +, amall spot; ++, large spot.
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Maltose (579 mg) was dissolved in 58 ml sulphuric aedd

(0,366 M) contained in a 250 ml flask fitted with a water reflux
condenser, and heated for 2 hy. on e boiling water-bath, The
flask wae cooled and the hydrolysate neutralised by the addition
of barium carbonate (12 g). The wellestirred precipitate was
centrifuged and washoed twice with water. Further washings of
the precipitate, examined by paper chromatsgraphy proved to be
froo of carbohydrate material. The supernatants were combined
and the total volume adjusted to 350 ml.

Maltose (528 mg) was dissclved in 133 mi hydrochiorie

acdd (0,102 ¥) and heated under reflux for 8 hr. on a bolling
water bath. The hydrechloric acid was removed from the coonled
hydrolysate by ion-exchange chromatography. The Duclite Ael
resin (50 al restevoluse) was regoenerated in G.1 N sodium
hydrexide (3500 ml) by stirring the resin suepension for 30 min,
The resin, placed on a 1 in, diamnvter column was backewashed to
remove the swaller particles to the top. 2 1, water were
reguired te remove all traces of alkalinity.

Reversion mixture € 2 was passed through the colunsn and

eluted /
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eluted with & bedevolumes of water, The neutyral sluate velume

wag then adjueted %o 50 ml.

Maltose (535 mg) was dissolved in 133 ml hydrochloric acld
{(0.102 ¥) and heated under reflux for & hr. on a boiling water
bath. The cooled hydrolysate was neutralised by the addition
of silver carbonate (21 g). The silver carbonate was prepared
by dissolving A.R. silver nitrate (50 g) in water (250 ml)
contained in a darkeglass bottle. A.R, sedium carbonate (15 g)
in water (250 ml) was added slowly to this solution. The super~
natant was decanted and the precipitate washed with water (2 x
250 wl) until free from carbonate, i.e. until the washings gave
ne colouration with phenolephthailein. The silver carbonate
was eollected on & Buchner filter and washed in situ with ethanol
(2 x 250 ml) and then with water (2 x 250 ml)., The product was
dried first by suction on the filter, and then at 60Y in & pistol-
drier. The yield (of a light tan coloured powder) was 36.1 Ze,
and decomposed at 218°,

The precipitate obtained by the addition of silver carbonate
to reversion mixture D 1 was centyrifuged, washed with vater and

the voluwe of the counbined supernatants adjusted to 50 ml,

(5) /
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A portion {20 wml) of the nesutral solution from each reversion
experisent was concentrated to a syrup under reduced pressure,
and spotted onto YWhatuan Ne. 1 sheets, topether with suitable
markers, The chromatograms were developed for three days in
solvent 517/100/217/166. On spraying with alkaline silver
nitrate reagent, the presence of nigerose, #nltosa. and isowaltose
in thi disaccharide region of the papers was clearly shown (see

P 31 )-

Heutral solution (0,20 wl) from reversion experiments A 2
and € 2 was separately streaked on two sheeta (16 in. x 18 in.)
of WVhatman 3 mm paper. The ehromatograns were sach developed
for 70 hr. in sclvent 517/100/21%7/166, and the nigerose band
located by gulde strips. Each band wae eluted by plaecing it
between two microscope slides, and allowing water to travel down
the band into a tared beaker, The voluze of each eluate wase
obtalned by welight, and the carbohydrate content of 1 nl pertions
estimated by the phenol sulphuriec method. These results are

shown 41in Table II.
TARLE 31X /
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c 2

D1

CHROMATOGRAPHY OF
REVERSION
EXPERIMENTS
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Maltotriose

Isomaltose

Maltose

Nigerose

l

Figure 1. |

Glucose
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ZADLE  IX.
tima N .
i Reversion Volume of g per Nigerose
. Conditions Fluate (ml.) wl. (%)
?
g ¢ 2 3¢73 1.70 340
|

A2 6.70 7.90 2.3 |

Each value shown 48 the average of three deterninations
less the paper blank reading.

Three separations were carried out in order to estimate the
anount of glucose, nigerose, maltose and isomaltose preseat in
A2, C2, and D 1, In the first, the ratio of isomaltose to
maltose + nigerose was determined by a separation on Whatman 3 ma
paper developed in 10/4/3 selvent., The apprepriate bands were
located by guide strips, eluted with water (50 ml.), and 2 ml
portions of the filtered eluate estimated by the phenel sulphuriec
wmethod, against paper blanks. These results are shown in Table
Iix. in the see¢ond separation ,using the same chromatographie
paper and solvent system, the ratio of glucose to aaltose +
nigerose was determined, These results are shewn in Table IV.

Reversion Isomaltose laltose + Nigerose

A2 24,6 Bh,5
¢ 2 31.1 72.0

p 1 29.8 84,5
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anLe V.

Letination of Glucose and Maltose s Nigerose.
Reversion Glucnase Haltose + Nigeroese
Conditions (pg/al.) (ng/ml.)

A2 ‘ 67e5% 18,0
C 2 70.5 13.0
D3 6645 8.2

(8) In the third separation, the selvent 517/100/217/166
was usoed to separate nigerose and malitose,. These results,
obtained by phenol suiphuric estimation of aliquots of
filtered oluatesn, are Sabulated below.

Reversion Maltose Nigerose
Conditions {(ug/ml,) {n@/wi.)

A2 17.2 7.2
c 2 10.3 67
D2 15.7 5e6

All readings given in the preceding three tables are the
average results of three deterninatione from which paper blank
readings have been subtracted.

iIn /
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In Table VI the relative proporiions of the maln products
of reversion in this series of experiments are expressed on

a per cent. basie.

Components. AR c 2 D1
Glucose 7h 76 84
Maltose 14 10 8
isomaltose 6 7 k
Nigerose 6 7 5

ke sanmple of wmalteose used in thie series of exporiments
was from the same preparation that was used in reversion
experiments A 2, C 2 and D 1,

Haltose (1008 mg) was dissolved in hydrochloric acid
(250 mi, 0,1022N) at 0-5°. Three reverasion exzperiments were
carried out on the acid maltose solution. In the first, 50 ml
were heated in a 250 mil flask fitted with a water reflux condenser
in a beiliug water bath for 1 hr, In the second, heating was
continued for 2 hr, and in the third, for 8 hr. At the end of
each periced of heating, the appropriate flask was cooled, and the
acid removed by ion-exchange ehroustography. The preparation of
the /
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the Duclite A~d golumn used is deseribed on p.28 . The colunns
were washed through with 250 ml water, which was then evaporated

to a syrup under reduced pressure.

The syrups obtained Ain the preceding section were each

streaked separately onto Vihatman J mm sheets, and developed
overnight with esolvent 10/4/3, ‘The giucose, maltose, and
isomaltose bandes were located by gulide strips, cut into thin
ptrips, and eluted by immersion in 25 ml water, Portiuvns of
the filtered eluates were ecstimated by the phenoel sulphuric
method. The experimental readings for two determinations are

presented in Table VII.

.. «
Component 60 min, 120 min, 480 min.
(p@/mi.) (1) (2) (2) (2) (1) (2)
| Glucose 11,1 33.0  33.0 1642 1.k 2340
| Haltose 53.4 83,0  27.6 18.2 8.1 6.1
; Isomaltose 1.9 7.1  12.1 2.6 6.6 3.6

These results are shown in Table VIIY expressed as
percentage of each component present at each time given.
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Time Reversion Components (%)

(Min.,) Maltose Glucose Isconaltose
(1) {(z) (1) (2) (1) (2)

0 100 - o - 0 -
() 67.8 67.9 25.6 28,6 2.7 2.5
120 38.0 49.0 45,5  A4.0 7.0 16.0
480 17.6 18.4 68.0 70.0 11,0 14,3

e e s A

The maltose sanple was shown o contaeia a trace of trie

saccharide materdial, identificd Sy paper chromaitography as
maltotriose (See Experimental svetion . 26).

Maltose (13 g) was dissclived ian 4% ethamol:water 2 1.)
and the solution passed through a charecal:Celits column (lil W/W)
dimensions 2.2 x 10.5 ea. The colusay sluate was evaperated
to dryness under reduced pressure (at 50%) in a retary film
ovaporator and the maltess recrystalliised from acetonerothanecl
solutlien. The yield of trisaccharide~fres maltose was 14 g.
The eligosaeccharide material remaining on the tolusm was eluted
with 25 othanol:water and the eluste svaporated as before.
Chromatography ia solwent 10/4/3 revealed the presence of
multotriose and hilgher aanltosaccharides.
(12} /
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Maltose (400 wg) was placed in a 250 ml flask contaianing
100 ml of 0.1025 ¥ hydrochloric scid maintained at 100% in a
boiling water bath. A water reflux condenser was fitted, and
the hydrolyeis allowed to continue for 2 hr.

Approximately 500 ul (restevolume) of resin were placed in
a large colunn fitted with a glass~woel plug. QUi ¥ sodium
hydroxide solution (4% 1.) wae passed through, fellewed by water
until the effluent was neutral. The column was backewashed,
and 25 ml of the fine-particies firom the top of the column resin-
bed were removed and placed in a 2.2 ¢m dice., coluun fitted with

a glass-wool plug.

After 8 hr the flask containing the hydrolysed meltose was
rapidiy trensferred to, and cnoled im a refrigerator (0-57).
The cold acid solution was placed on the colusn deseribed above,
and the colusn washed through with 5 bed-volumes of water at ea.
5 ml per minute. The final pH of the eluate was 6.5 (Johnson
Papers).

(23) /



The column eluate was evaporated to 2«3 ml under reduced
pressure at 35° and kept frozen when not required. Paper
ehromatography in 10/4/3 showed the presence of glucose,
maltose, and isosaltose (againet appropriate markers). A
very heavily spotted chromatogram run for two days in soclvent
10/4/3 showed the presence in trace amounts of trisaccharide
material, and higher maltosaccharides, The reagent spray

used in each case wae alkaline silver-nitrate.

A sheet of Whatman No. 1 paper (16 in. x 18 in.) wase
streaked twice along the shorter side, 5 inches from the edge
with "E" and developed for one day in 10/4/3. The maltose
and isomaltose bands were located by guide strips and eluted
as follows: the waltose bands (duplicates) were cut into small
strips, placed in a crystallising dish and immersed in 10 ml
water delivered frow a pipette. The dishes were each covered
with a clockeglass and agitated gently several times during
30 min. The isomaltose bands were esimilarly treated, The
eluates obtained in thie way were filtered through glassewool
plugs, and 1 al portions estimated by the phenolesulphurie
method, {(see Table IX).
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o.n.~29 Maltose (a) Isomaltose (b) Ratio o/b
A ; 0.151 0.057 - Je2
B 0,067 0.032 2.9
Blani 0014

A second quantitative separation was carrded out siumilarly

to the first in orxder to determine the disaccharide to the monoe
saccharide ratio. The disaccharide band was oluted with 10 wul
water, and the glucose band with 50 ml, 1 =l portions of the
disaccharide eluate and 0.5 ml portions of the glucose eluate
ware cotimated as beforet- the optical density readings given
in Table X were taken against a paper blank,

0.9.429 Disaccharides Glucose Ratio

04117 0.633 1.2163.4 |

(18)/
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A 16 in, x 18 in, sheet of Vhatman Ne. 1 paper was streaked
as previously deseribed (p 37 ) with "H" and developed in the
solvent 18/3/1/4 foxr 7 days. The waltose and nigerose bands
wore then located by spraying the guide strips with alkaline
silver nitrate reagent., The sugars were eluted with 10 ml water,
the eluates filtered and 1 nl portions estimated by the phenol
sulphuric method as described on p. 15. The results are
tabulated below in Table XI,

_ OeDeyog Maltose lNigerose Ratio |
{ i
A 00037 0.08& w

i B 0'0,7 OQQha Re21d

P

From the foragoing data, the percentage composition in
terms of the predominating eanpcn-uta_or "H* was caleulated,
{see Table XIX).
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f Sugar Per cent.
i Glucoee 98,0

. Isecmaltose 0456

i

§ Nigorose 0.99
l_nnltasa 0.45

The remalunder of the neutralised reversion "H" syrup was

placed on two Vhatman 3 mm sheets as a streak, and chromato-
graphed for 24 hr 4n solvent 10/4/3., After drying, three areas
of the paper, cut inte small strips euch located by guide strips
were eluted by agitation in 200500 ml water, The three areas
were: (1) glucose, (11) disaccharides, (1ii) higher saccharides.
Rach paper-area was oluted twice, and the eluates filtered through
glussewool plugs.

{1) The glucese fraction was concentrated te a syrup
under reduced pressure and checked for purity by reechromato-
graphy.

{i1) The dieamccharide fraction was aleo evaporated to a
syrup, and then streaked on two further sheets of Whatman J mm
paper. The chromatogram was developed fer 36 hr in solvent
10/4/%. /



BORATE-ELECTROPHORESIS

OF NIGEROSE

c d a,b & d controls.

i - maltose
ii-isomaltose
iii-glucose
iv-nigerose + trace

isomaltose

c- fraction 2b.

Figure 2.
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10/4/3.

(3i14) The "higher" saccharide fraction was re-chromatographed
after concentration as a single spot on Whatman No. 1 paper for
48 hr in solvent 10/4/3. Traces of five oligosaccharides of

“B ¢ O¢) wore shown by the alkaline silver nitrate spray reagent.

This fraction (ooo {11) above) was further examined as
follows.

The isomaltose (Z2a) and the maltose + nigerose (2b) bands
were located by guide strips and eluted separately as previously
described (see p.40 )., The purity of the isomaltose fraction
was checked by roe-chromatography. Fraction 2b was streaked
on a Whatman 3 mm sheet and chromatographed for seven days in
solvent 18/3/1/k. The separation was not as clear cut as had
been obtained on No. 1 paper, so the nigercse band and the
leading edge of the maltose band were re-eluted, and the filtered

eluate analysed by borate electrophoresis.

Fraction 2b was electrophoresed against authentic nigerose
glucose and maltose and isomaltose markers on a 3 inch wide
strip of Whatman No. 1 paper (see traecing on previous page).
The conditions used were 0.1 M borate buffer, pH 10.0; 300 v;
15 wmA for 1 hr, Spray reagent, alkaline silver nitrate.
Fraction 2b was shown to contain a component with the same

electrophoretic mobility as authentiec nigerose.

(22) /
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A Vhatman No., 1 paper-chromatogram, spotted similarly
to the electrophoretogran desoribed above was developed in
solvent 18/3/1/4 for 5 days. The presence of nigerose was

confirmed by Rh-vllun.

chromatographieally pure, and the same hydrechlorie acid
desefribed on p.33 was used,
fisomaltose

(67.7 mg) was dissolved in 16.56 ml hydroechlorie seid (0,102 N)
and heated vnder reflux on a bolling water-bath for &4 hr. The
cooled hydrolysate wae noutraliaodloa a Duolite A~k column
preparoed as described om p.28 . The column was ﬁath.d through
with 500 ml water, and the eluate concentrated ic a syrup undesx

reduced preszsure.

The syrup obtained in the preceding section was streaked
on a Vhatmen 3 mn sheet which was developed overnight in solvent
20/4/3. The trisaccharide band was located by guide strips,
eluted, filtered, concentrated, and chromatographed against

authentic /
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authentic isomaltotriose and pancse in 18/3/1/4 solvent for
three days. The trisaccharide component had the same ﬂuuvnlnn
as isomaltotriose.

A disaccharide component obtained in the preceding section
displayed the same mobility as maltese on borate electroe
phoresis,

Ereparation of Haterialg: The te and Bemethyl Deglucosides
were pecrystaliised from aqueous ethanol, and checked for purity

by papprunhronatogrnphr. Alkaline siiver nitrate, and
periodate~porasanganate spray reagents wvere used to reveal the
glucocsides.

s-methyl glucoside {500 mg.) was disselved im 25 ml
hydrochlorie acid (2.01 N) at 70°, and refluxed for 2 hr at
this temperature. { Reversion Experiment V). The condenser
was remcved and the flask and contents rapidly cooled in an
fice-water mixture. The hydrelysate was neutralised on a
De=Acidite FF coluumn prepared as follows: resin (restevelume
75 ml) was regenerated by stirring in sodium hydroxide solution
(2 N} fer ono hr, and then freecd from alkali by repeated washiags
with /
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with distilled water, The resin wasz placed in 22 um dia,
column fitted with a glass-wool plug. The column was eluted
with 4 bedevolumes of water, and the eluate concentrated under
reduced pressure. Residual acidity in the concentrated eluate
was rexoved by the addition of more resin vhich was filtored
off before reducing the volume to 2«3 ml. The neutral syrup
was kept at -15%,

Pemethyl glucoside was treated in exactly the same way.

(Reversion xperiment ).

Approximately half the material obtained was streaked onto
a 16 in. x 18 in. Vhatman 3 = sheet, which was developed over-
night in 10/4/3 solvent. Guide strips were used to locate
the 1,6«linked disaccharides, which were cut out, and eluted
with 235 ml water. 4 Mg were obtained,

Hicroe-scale ensyme digests were prepared (see p. 63 ),
using an emulsin preparation, shown previously te preferentially
attack Jelinked glycosides, JAuthentiec isomaltose and gentiobie
ose control digests were incubated at the same time. After
incubation overnight at 37°, the digests were examined by papere

chrouatography.

(30) /
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The enzyme digests were spotted onto Whatman Ne, 1 paper
with appropriate markers, and the paper developed overnight
in 10/4/3 selvent. No glucose was apparent after incubation
with emulsin, either in the control isomaltose digest, or the
isolated disaccharide from the t-methyl glucoside hydrolysate
digest, whereas gentiobiose and the disaccharide from the other
digeat had been considerably hydrolysed.

On borate electrophoresis (005 M, pH 10,0) for 50 min.
at 450 v. and 8«24 mA, the sugar from methyl ®-glucoside had

the same mobility as authentic isomaltese. The eluates were

treated with Bicedeminrelit before electrophoresis.

pogen: approximately 90 mg of glycogen
(rabbit liver, 1954 preparation) was diseclved in 10 ml sulphurie
acid (0,988 N). Aliquots of 1 ml of this solution were ptpoﬁtcd
into 8 stoppered test-tubes. The tubes were placed in a
boiling water bath, and two tubes withdrawn at 2, and then at
4, 6, and 8 hr, The hydrolysates were neutralised by the
addition of sodium hydroxide solution (2 N) until a faint pink
colouration was observed in the presence of phenolephthalein.
This ceolour was removed by the addition of a fow drope of ca. 0.05
N sulphurie acid, The neoutralised hydrolysates were made up to
25 ml /
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25 ml in standard flasks, and the asount of hydrolysis that had
taken place was measured by the Somogyli cuprimetric method for

reducing sugars,

The polysaccharide concentration was determined by hydrolysis
of a 1 ml aliquot in sulphuric acdd (2 N) for 2.25 hr in a
boiling water-bath, and determination of the liberated glucose
by the Somogyi method,

The remainder of the neutral hydrolysates was concentrated
under reduced pressure, aand the salte present precipitated by
the addition of & volumes of ethanol., The "salte{res” con-
contrates were then developed on ¥hatman Ne. 1 paper for Z& hr
using 16/4/9 solvent.

Table X111 shows the percentage hydrolysis with time of
the glycogen samples, and also the results of the chromato-

graphie analysis.

Tane mg Glycogen Hydrolysis Appearance of
{hr.) iydrolysed (%) Isomaltose
0 {(wt. of glycogen present per tube, 85,6 mg).
2 78.8 mg 9R.0 +
4 8l.5 95.2 4
5 83.0 97.0 Py
& 84,8 99,0 P

*—> 444+ inereasing amounts of isomaltose.
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AT E

The action of hot dilute acids on chromatographically
pure maltose has been studied under a variety of conditions.
Iin the first series of experiments A 2, C 2 and D 1, waltose
has been hydrolysed under the conditions generally used for
the partial acid hydrolysis of polysaccharides, in whiech the
production of experimental artifacts due to reversion from
glucose is minimal. Under the conditions solected (see
Introduetion) the production of approximately equal amounts
of isomaltose and nigerose was demonstrated by paper
chromatography, confirming earlier work (Mercer, 1962). In
& large~scale qualitative experiwent, lNeyrcer found that
treatnent of maltose (12,5 g) with hot dilute sulphuric acid
{033 N, 1,25 1.) gave a mixture of sugare including isce
waltose and nigerose which he charascterised chemically. The
present work was conocerned with more quantitative aspects of
the rate of formation of these disaccharides, and in visw of
Mercer's results, our producte bave been characterised only by
slectrephoresis and papey chromatography againet authentic
compounds .,

Although the present work was done on a milligran scale,
the preduction of nigerose was clearly detectable by paper
ohromatography, in sharp contrast to reversion experiments
in /
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in whiceh glucose had been used as a reversion "econtrol"”
(volfrom gt al, 1956).

In respect to the rapid production of reversion artifacts,
the results of Kﬁclor and ¥ilkinson are surprising. These
authors have attributed structural eignificance to their
fatlure to find isomalteose in » "portial acid hydrolysate" of
liver glycogen from starved rabbits. Their experimental
conditione (6«8 hr hydrolyeis in normal sulphuric acid) are
sub-optinal for the formation of a maximum yield of isomaltose
(volfrom gt al, 1951). It was of interest therefore to repeat
the hydrolysis of glycogen under the conditions specified by
hKfigler and Vilkinson and to follow the course of the reaction
both by paper-chromatogrophy end alse by measurcunent of peducing
povwer. Volfrom gt al, (1951) in an extension of the work by
Kuhn and his celiaborators (1932) have shown that maxisum
production of isomaltose from glycogen occurs at 89Y hydrolysie.
In Table XIII 4t ie shown that after 2 hr more than 907 of the
glycogen has been hydrolysed. Paper chrosatography showed
also that isomaltose production was apparently still incressing
during the later stages of the hydrolysis. This could be
partly an artifact due to reversion, Thus, even assuming that
the structural deductions made by these authors were correct,
they should still have found isomaltose during thelr hydrolysie
experiments due to acid reversion,

in /
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Inu the reversion esxperiuvents, 4 3, B 2, and D 1, differont
technigues of neutralisation were used, and the hydrolysia
artifacts examined by papere-chromatography. Jualitatively,
appareantly equal amounts of isomaltose and nigerevse appeared
in each experiment and on quantitative analysie thie observation
was confirmed (see Table VI), Re~chromateography of the nigerose
fractions showed that an incomplete separation from maitose had
been obtained in the gquantitative experiment, so that the high
yield of nigervse shown (4-7%) has to be reconsidered. The
method of caleulation used assumes a cemplete recovery of all
components after neutralisation of the hydrolysates, ir, Tor
example, a 107 loss vere assumed for each coupounent, the
adjustuent necessary to the glucose percentage yield 4in the D 1
column (Table VI q.v.) would result in a yield of the reversion
disaceharides of the order of 2%. ‘This conclusien is borne
out in a separate exporiment in which a known volume of the
neutral revorsion sclution was chromatographed and the nigerose
component separately eluted and estimatoed (see Table I11).
However, the difficulty in obteining a complete separation of
nigerose from maltose does not invalidate the observation that
the primapry reversion artifact {(disaccharides) are present in
approximately equivalent amountas, The neutralisation technigues
enployed were shown not to yvield significantly different coume
positions of reversion products,

in /
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In the peversion experiment C 3, the hydrolyeis of maltose
and the eoncomitant formation of reversion disaccharides was
followed hinetically by quantitative papere-chromatography.

The results given in Table VIII ape—presented—rpraphitcatiyon

the osccaite page. The ratio | maltose/isomaltose| suggests
that undoy the glven conditions there is a tendency to an
egquilibrius condition after elght Lours, The observation of
Overend gt al, (1962) that on hydrolyeis demethyl glucoside
yvielded approximately 100 of dinﬁoeharldﬁ products 48 in harsony
with this view, However, these asuthors identified their die
saccharide unexpectedly as gentichiovse; the action of dilute
acid on both methyl glucosides wvas therefore investigated,

in the wethyl glucoside experiments, evidence was obitalned
that 48 in accordance with the suggestion {Mercer, 1962) that
wmaltose reverslion products are preponderantly linked by bouds
with the deconfiguration. The reversion disaccharide from
femotihyl glucoside was hydrolysed by emulsin, the almond fe
glucosidase, whereas the equivalent disaccharide from femethyl
gluceside wae not. (ef. Armetrong 1903). The fact that when
& glucose and me ltose mixture is troeated with dilute acdd the
reversion produects are predominantly t«linked disaccharides
suggests that acld catalysed transglucosidation in which maltose
is the donor of glucosyl is a sufficiently rapid precess for the
products of reaction to retein the configuration of the glucoside.

The /
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The mechaniswme generally accepted feor the hydrolysis of
glucosides {see Vernon gt al,(1961) and Overend gt al,{1962))
oither yield products where anomerisation has ocourred, or no
such prediction is made. Hurd and Cantor (1938) made the
observation that on methylation, maltesa hydrolysed slightly,
and that the presence of Cemethyl glucoside could be shown as
a product of reacvtion.

The action of hot dilute acid on isomaltose was also
exanined, The major products ¢f reaction included maltose,
and a trisaccharide identified ae iscomaltotriose, The
fdentification of iscmaltotricse in partial acid hydrolysates
of glysogen shouid therefore be treated with caution (Wolfrom
et 21, 1957). The acid catalysed transgluccaidation reactions
of the type under discussion are therefore not limited to
maltose or the wethyl glucosides.

Finally, the experiment in which the action of Aflute
hydrochlordic acid on maltose was ree-examined (reversion H) is
eonsidoroed, The preducta of reaction were examined by an
fmproved, quantitative paper chromatographie teohnique, and
shawved (see Table XIl) thet reversion of a naltose "econtrol”
can yield ca, 17 nigerose. In conclusion, it would appear that
a limited amount of aecid catalysed trensglucesidation could
account for the nigercse that has been isclated from various
amylopeetins and glyeogen (see Introductien), The occurence
of isomaltotricse as a pree-formed unit in glycogen is aleso
questioned /



- 5P -

questioned.

French (19564) has pointed out that during seildic fragmente
ation of bhighly branched polysaccharides, the local carbohydrate
concentration 48 very high compared te the bulk concentration,
even in very dilute solution. The role of “control" reversion
experiments should therefore be econsidered rather differently,.
As a basis for caleculation, Prench has assumed that the polye
sacchuride has an ideal Meyer (1943) structure, with three
glucose units 5 3 long sach between each pair of interior branch
pointn, Accordingly the branch may be considered to move
around in & sphere of radius 7.5 K. and there will be four
glucosne wnits to each branch point. The wolar concentration
of mononsaccharide units is, therefore:

24

4 10°% & 107

.‘..3 M

6.02 x 107 /3 «w(7:3)3
Viscosity measurements suggest that the polysaccharide is
hydratod to the extont of 2 g. water per g. of polysaccharide,
and this provides the basis for caleoulating the molar cone

centration of glucose units in a different wvay, vizs

1/162
246

10°7 & 2.4 M

By assuming the limiting glycogen spherical model (see p.120),
a/
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& third methed of caleulatiag the lecal concentration of wonoce

saccharide units fuilows:

61,000

/ 4/3 . (180)3 x 10°%7 = 4.3 M

0.602 x 1029

The internal concentration of glucose uaits in a glycogen
wolecule therefore corresponds to between 30-60% w/v which
compared with the apparent concentration anod in acidiec fragwent.
ation studies is very high indeed. The relevance of conirel
"reversion® experiments is therefore doubtful (Cf: vwolfrom et al,
1963), especiaily when they are used to prove that reversion has
not taken place in another rather difrferent set of experimental
conditiors,. In addition the sxtreme proximity of the chains eof
glucese units in a branched peolysaccharide such as glycogen,
coupled with the fact that «~l,l-glucosans even of very short
chain-liength tend to form heiices which may intertwine, together
offer unusual epportunities for transgluceosidation. The
experiment of Pazur and Budoviteh (1956) where gluccse (137 w/v)
and maltose (277 w/v)} were heated in decinorsal hydrochlerie
aecid conditions under which ca. 17 nigerose was formed by trans-
glucosidation from maltose (donor) to glucose would appear to
have a greater comparative value than the "control"™ experiments

generally quoted.
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SUNMIARY.
(1) The action of dilute hydrochloric and sulphurie acid on

maltose has been studied under the conditions generally used
for the partial acid hydrolysis of polysaccharides.

{2) The ready forwmation of experimental artifacts, mainly
isomaltose and nigerose has been shown, in yields of the
order of 1%. '

{3) Purther evidence has been obtained that favours the
hypotheeis that aclid catalysed transglucosidation is partly

responsible for the %-linked "reveraion®™ preducts of maltose.

(k) The methods used teo neutralise the acid hydrelysates have
been shown, in three instances, not to effect the couposition

of the mixture of reversion disaccharides,

{(5) The action of dilute acid on isomaltose has been shown
to yield iscmaltotriose amongst other reversion products.

The action of dilute acid on a-unthylglnéodia. has been shown
to give rise to isomaltose, and the action of dilute acid on

B-mothyl glucoside similarly gives rise to genticbiose.

{(6) The rate of hydrolysis of glycogen by hot dilute acid has
been stwiled, and the rate of production of reversioan artifacts

has /
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has been meapured. The results eobtained have bean discussed
in relation to the esnisting "reversion™ literatore.

An account of sonme of this work has been published in the
Journal of the Chemical Society, March, 19635, pp 2150-2156.
See Appendix I.
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ANTRORUCTION.

In addition to the possible oeccurrence of anomalous
%.d,3-linkages in starche-type polysaccharides (see Part One
of this Thesis) reports have appeared in the literature of
twe other types of anomalous structure. All mative starches
contain phosphorus {Parrish & Whelan, 1961) and the unequal
distribution of chemically bound phosphorus (Schoeh, 1942)
between the twoe major starch components (BDaldwin, 1930;
Posternak, 1935) enabled Samec and Haerdtl (1920) to devise
an electrophoretic separation of amylose, the lincay starch
conponent virtually free from phosphorus, amnd the branched
amylopectin component that contains the major proportion of
phesphorus. Posternak (1933) isolated glucese-G-phosphate
from a phosphorylated cligosaccharide prepared from starch
by digostion with pancreatic “-asylase, and demonstrated the
alkali lability of the esterified phosphate. Hodge gt al
{(1948) found that the inorganie phosphate remained in the
linit dextrin obtained on J-anylelysis. Poasternak later
{1951) showed that the phosphate esterified te a maltohexaose
and a tetracse isclated from starch was not linked either to
the reducing or the non-reducing teraminal glucose residues.
The hexaose was not degraded by P-amylase, nor was it an
effective primer for the synthetic action of phosphorylase.
The location of the esterified phosphate in the phesphounalte-
tetraocse of Postermak (1951) was established by Parrish and
¥helan /



Whelan (1961) by a poriocdate technigue {Parrish & ¥Vhelan,
1959; Eliis gt gl, 1950) as on the third glucose residue

from the reducing end group. The same authors adduced
electrophoretic evidence for some of the phosphate groups in
starch being separated by fewer than three glucose residues;
such & structure would be resistant to “-amyleolysis as in the
case of nearly vicinal %el,S=linkages (Roberts & Whelan, 1960).
Radowski end Smith (1963) have suggested an association
between the esterified phosphorus of starch and the Z=l,6-
linkages of the aamylepectin component; this would explain the
distribution of phosphorus in the starch fractions obtained on
te and Jeamylolysis. Such phosphate groups may well cone
stitute a barrier te the hydrolytic action of J-anmylase
{Mac¥William & Harris, 1963).

The second anomalous structure that say occur to a small
extent in starche-type polysaccharides has been suggeated by
the isclation of maltulose from enzymic digeasts of glycogen
and waxy maige starch (¥helan & Reberts, 1952). Radomski and
Soith (1962) also report the ocourrence of maltulose in G-
amylolysates of waxy maize starch. Peat gt al., (1952)
showed the presonce of fructose-containing C-limit dextrins
in engyaic digests prepared from glycogen extracted fronm the
livers of pregnant doe rabbits. The occurrence of maltulose
has alsc been reported from the enzymiec degradation of phyto-
glycogen (Turvey gt al, 1956). Dacon and Bacon (19354)
reported /
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reported the isolation of an “iscmaltose fraction”™ containing
& ketose function, from MNytilus edulis glycogen.

The possibility that some stayrches and glycogens contain
a small percentage of fructose residues raises the guestion
of amylase specificity. If the disaccharide maltulose is a
satural product of the Ceanylolysis of, for example, waxy
maize atarch, then the enzyse cannot have an absolute specifie-
ity for an Gel,helinkage between twe glucose residues. The
reported presence of nigereose in feanylolysates of Floridean
starch (Peat gt al, 1959) raises a similar guestion for the
specificity of P-amylase.

Iin the preparation of dextran from sucrose by the
synthetic action of the microorganisam Leuconsstoc mesentericdes
{(Jeanes gt al, 1948) a levan (a fructose polymer) is entraimed
with the dextran. it is also possible that free fructose or
sucrose in the wodium may be carried down (Wise, gt al, 1955).
Eructose units might occur as a structural part of the dextran
molecule, as "easily hydroliysable® teruinsl fructosyl units
{Hehre, cited by Vise gt al, 1955).

A number of enzymic degradation experiments have beeon
designed in Part Two of thie Thesis to investigate (a) the
possibility of isolating the disaccharide nigerose from several
polysaccharides incliuding Floridean starch, and (b) the possible
oceurrence of fructose residues in the same starting materisls.

For this series of exporiments a new preparation of the

ensyme /
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engyme iscanylase was required, and a slightly modified method
of extraction from baker's yeast {Ssceharosyces gerevisise)
is desecribed in the experimental section (iLjeiberg, Ph. b.
Thesis, 1962).

Dried baker's yeast (D.C.L., 100g) was stirred for 2.5 hr
at room temperature in bicarbonate buffer (0.1, 700ml). The
extract was centrifuged for 20 win at 2,000 r.p.s. and the
supernatant solution (600ml) was coeled to 0-35" and an equal
volume of re-distiiled acetone (A.R.) added and the resulting
precipitate was stirred for 2 hr at 0=5°. The acotone was
distilled at 56° over potassium persanganate acidified with
sulphuric aecid). The acetone precipitate was centrifuged
at 2,000 r.p.m. for 20 min, and extracted overnight at 0-3°
with MeXlvaine buffer (0.1M, pil 6.0).

The buffer extract was centrifuged and redistilled
acetone (38al) was stirred inte the supernatant solutien (460al)
at 0=5". The precipitate {(fraction 1) was centrifuged at
2,000 re.pe.m. for 20 min, and then dissolved in ga. 30 =l
water. The supernatant solution {(525n1) was treated with
acetone {(88ml) as before, ylelding fraction 2. The fraction-
ation procedure was repeated on the third supernatant solution
(560m1} /
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{560ml) by the addition of acetone (140mi). The three
fractions, dissoived in water, were then dialysed for 36 hr
at 0-5° against water (10 1.)

Malysed enzyme preparation (1 ml) and glycogen (2ml,lmg/ml
in 0.1 citrate, pi 6.0) was incubated at room temperature.
The iodine staining power of a 1 ml aliquot and of ilodine
solution (5ul) was measured on a P.2. 137 recording spectro-
photometor at O and 3 hr in 2 om cells. The iodine reagent
was prepared by diluting 0.2 scolution of iodine in 2.07
potassium iodide (10ml) to 200ml. This sclution was
acidified by the addition of hydrochlorie acid (Jml, 6%).
The results are tabulated below (Table I).

LS 2 3 0.0, 480
Acetone (%) 0 - 16 17 = 28 29-50
T=0 0.325 0.425 0.300
T=13 0.323 0.510 0.315
Difference (V) 0.0 20.0 5.0

Hialf of Ffraction 2 was freeze dried in Mellvaine buffer (0.01M
pil 7.0) and the other half fractionated further by centinuous
electrophoresis.

{3} /
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Engyme solution (25ml) was fractionated over a 24 hr

period on a Spince continuous electrophoresis cell at 600 V

and 75 mA in citrate buffer pi 6.3, 0.01M, Individual tubes
were assayed for protein conteunt at zseq}». and tubes represeunt-
ative of the main areas under the protein elution curve assayed
for enzymic activity.

{a) Digest - iscamylase activity:
Buzyme fraction (1mi)

Substrate (2mi), 2ug glycogen in citrate hgﬁ:.r.
? .01

(b} bpigest « o)amylase activity: se for digest (a),
but with asylopectin in place of glycogen.

The digestes were incubated at room temperature for J br,
and portions {lel) wers stained with iodine reagent (jml digest
{(a), 10ml daigest (b) at 0 and at 3 hr. The results of this
experiment are showa in Fig. 1 (cpétaito).

The freesze-drying of the first half of fraction 2
yielded 855mg of active material, tested by ite activity
tovards a glycogen substrate. The purest electrophoresis
fractions were bateched {nuubers 22.92) and freeze-dried.
vielding 337sg. Hewever, on testing this final fractiom
proved to be virtually inactive; loss of activity having
occurred during the f{reezse-drying process. A large scale
isclation of isvauyluse was next attempted, using a sliightly
modified wmethod.

s) 7/
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Dried baker's yeast (D.C.L., 500g) was extracted with
bicarbonate buffer (0.1M, 3.51.) by stirring for 2.5 hr in
two 5 1. beakers at room temperature. The extract was
contrifuged for 20 min. at 2,000 repe.m. giving a final volume
of 2.6 1. An equal volume of redistilled acetone was added

slowly at 0-5" to the supernatant solution (2.6 1.) which was
then stirred for 3 hr in the cold room. The acetone (A.R.)
was distilled at 56° from a 2 1. flask containing 2350g
potassium permanganate and sulphuriec acid (10ml)}. The
redistilled acetons was stored in a brown glass bettie at -15°.

The acetone~precipitate vas centrifuged at 2,000 r.p.m. for
15 min and the supernatant solution discarded. The residue
was extracted with Mellvaine buffer (pil 6.0, C.18 1 1.)
over-night {18 hr) at 0-5". The buffer extract was centrifuged
at =10” for 20 min at 2,000 r.p.m. and the supernatant
{950l ) fractionated as follows:

Redistilled acetone (18lml) was slowly added with stirring
to the supernatant sclution which was placed in & beakerxr
surrounded by an ice-salt mixture (0-5). The stirring was
continued for 15 min after the addition of the acetone. The
precipitate wvas centrifuged at «10° for 20 min at 2,000 Tepetie
and the residue discarded. The supernatant solutien (1050ml)
was further fractionated by the additien of redistilled acetone
{230ml), and stirring continued for 15 min after its additien,
under /
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under the same condium as bafore, The precipitate was
similarly centrifuged, dissolved in ga. 100al water, and
dialvaed againet water (5 1.) overanight at 0.5 . The dialys-
ate was made 0.1M with respect to citrate buffer (pi 6.0) by
the addition of an equal volume of 0.2H buffer, and freeze-
dried. The yleld of iscamylase preparation (between 16 and
31° acotone) was 5.5g.

ACCAVWE JL80aLYIAS FEACTLR O

(1) gZe-smylase Activity. An onsyse solution (lsl) containing
10mg/ml was prepared, and its activity tested towards amyloe-
pectin and glycogen substrates (see pere. 2 above) by an iodine
staining techunique. The action of the enzyme tewards asylose
was also examined. The optical density of fodine stained
aliquots takéh from the glycogen digest increased by 147 after
3 hr and by 1207 aifter 17 hr. Neo decreases in optical density
were observed Tor either the amylopectin and amylese experiw
ments afteor &2 J hr incubation at room temperature. The iso-
amylase fpaction was therefore develd of @mylm activity.
(11} Haltase dctivity. The micro-enzymiec techuique: of
Hoban and Parker {1954) was used te test for the activity of
maltase in the presence of ribitol, erythritel, glyeercl and
Tris at pil 6.0 at recua-temperature. After 24 nr., the ribitel
and erythritel digestis showed that slight hydrolysis had taken
place on examination by paper chromategraphy; uone was observed
for the Tris and glycerol digeats. After 48 hy, more hydrolysis
had /
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had occurred in the eryturitel and ribitel digeats, aund the
glycercl digest showed hydrolysis. Only a trace of glucoee
was present is the Tris digest, indicating almost counplete
inhibition of the contaminating maltase under these conditions.
(Keleman & Whelam, 1965).

{444) A differential

maltase response was shown at pi 6.0 and pH 8.0 towards Tris
buffer. A trace of activity was present after 24 hr incub-
ation at pi 6.0, whilst none at all could be shown under the
same conditiome at pH 8.0

{iv) Haltotriase Activity. No activity could be shown
after a 24 hr ineubation at pH 6.0 in citrate buffer (0.1M)
at reom-temperature.

{v) 'The enzyms preparation was shovn te be devold of phos-
phatase activity (the Cori (1952) method was used).

' Saiive (200m1) was collected, after chewing a plece of
paraffin-wax, diluted with an equal volume of water, and
stored under tolueane. The activity of a servies of decimally
diluted solutions of the enzyme was determined according teo
the method of Pilscher and Stein (1954). Ensyme {(l=i. 1:1
dilution) activity was equivalent to 3.5 units, where 1 unit
is defined as the amgunt of enzyme that will iiberate 1 ag.
of maltose from a 17 selutien of starch in J min.

A prelininary experiment in which 100mg of waxy maize
starch /
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starch at pil 7.0 wore troated with 0.1 units of ensyus per
20 mg polysaccharide showed that 60-707 apparont conversion
inte maléose was prodaced after a 20 Lr incubaticn poricd at
37'. 4 large scale digest was set up as folliows: Haxy
maize starch {100 g) was disselved in water (% 1.) with
gentle heat. lellwvaine bHulfer (0.2%, 9 7.9, 300al) was
added to the flltered stareh solution, and also sodiuas
chiloride (3500ug). Ensgywe solution (150ul) was thea added
and the digest incubated at 37° ausder teluene faur 18 he.
Datermination of the reducing pewer of an aliquot ahowed that
62.3% appareat conversion inte maltose had been effected.
The enayae action wad arvested by heating the digest to ga.
80° for 10 wmin, and the whelo digest camceatrated to 250mi
unnder reducad pressura,

A large charcoaliCeliite cviuvem was prepared from 2 kg
Ultrasordh charcoal and 2 kg Celite. lialf the onzyme digest
{125 wl) wae placed on the colusn as a J-fold dilution, and
the elution coumenced with water. The first 3 1. aof the
ciuaste wvere discaried. The feilowing results were obtained
with the technical assistance of Nr. J. Chaluers.

TABLE /
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11-12
1314
15-24
25-31
32
3341
43i-43
44
45-38
5961
62«63
66-74
75-77

ko

Vater

Ethanol

Lthanol
LZthanol
Pthanoi
Lthanol
Ethanol
Lthanol
Ethanol
Ethanol

8.2
& 32a
8 3.8
8 1.7
8 S5.4
8 10.0
8 51.1
8 59.0
iz 7.3
12 46.3
26 8.3
“0 3.9
20 59.9
30 11.3
5 9.8
50 21.6
50 w

Haltose

Maltose, Glucose (Trace)

Haltose

#altose (Trace)

Maltose {(Trace)

Hone

Howne

Maltotriose

Haltetriose,lligher Oligosaccharides
Haltotriose,liigher Cligosaccharides
Haltotriose,lilgher Oligoesaccharides
Haltotriose,lligher Oligosaccharides
Hona

Fractions 1114 were coumbined, and also fracticns 1%5=30; those

were iabelled Vel and P2,

fractions 0«67 constituted Fe3)

and finally fractioans 64.74 (Fel) were also coubined. The
resaining frections were discarded,

These fractions were obtained in the fellowing ylelds: ¥-1 4.8g,

Fall 11-7‘. f-: 7.5‘. and F-k 7-3‘-

(9) /
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Solutions of the column fractlons containicg ga. lOmg/ml
were examined by the procedure of Heyrowvsky {(1956). Portions
{lzl) were pipetted into siteppered tubes, and fB-indolylacetie
andd (0.25m1, 0.5% solutfieon in 96} ethancl) added together
with hydrochleric acid (B.0mi). The well-mixed sclutions
were allowed to stand overnight (18 hr) at reom temperature.
The optical density of the resultiag viclet coloured scjutions
was read in 1 em cells at 530 uvb. 4 standard calibration
ewrve for fructese was propared (lﬂ-lb@,xg) and also eontrols
in whiek an equal weight of maltose (chromategraphically pure)
was estinated, The exaet concoentration of each solution was

determined by the phenolegulpburdce methoed. The results

obtained are expressed in Table 111 as fructose equivalents.

Column Eetosze Control® Het Xotose
Fraction Lontent Ketose Content Content
{ pa/md) { pem/md) { pa/ml)
Fel 12 7 -
Pe2 126 29 36
Pty 30 28 -
Poli 27 52

# these figures are taken as accurate to within 5 8.

Since /
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Since fraction Fe-Z was the only fractien containing
carbohydrate with a significant ketese fuunction, a portion
{60Umg; was chrouatographed om a sheet of Vhatman 3 WM paner,
and developed fer 36 hr im 14/2/7 solvent. The leading odge
of the maltose band on the gulde sirips appeared pink vhen
sprayed with the resorcinel-hydrochleric acid spray reagent,
and accordingly, this part of the chromatogras was eluted
with water and re-chromatographed after concentration under
reduced pressure, Chromatography in three different solvents
(1o/4/3, 18}3“‘/’@. and 1%/2/7) against an authentic maltulose
marker convinecingly demonstrated that this disaccharide
contalining & ketose group has been isolated from waxy asalze
starch. The dimedone spray reagent was used; this method
detects a» latvie se 1 g fructese, and is unaffected by up
to 300 g glucese.

The follewing pelysaccharides were exanined by sone or
all of the methods deseribed in this secticn.

Floridean starch, potato amylepectin, phytoglycogen Al
{prepared by ¥r. J.C. Patterson (see p.79 ), and phytoglycogen
A2 {prepared by Dr. J.il. Turvey, see Peat gt al, 1956). Vaxy
maize gtarch, waxy sorghus starch and rabbit liver glycogen
{extracted from the iivers of pregnant does, and kindly
provided by Dr. J.l. Turvey) were aleo examined.

in /



ENZYMIC DEGRADATION OF POLYSACCHARIDES.

olys ide.

C

ﬂ-amylase Maltose [ C 1 ]
i

J

ﬁ -Limit Dextrin

X —amylase Maltose [ C 2 ]
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Figure 3 .
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In Pigure 3, the experimental procedure is shown
schematically.
(a) The Pelimit dextrins used in the follewing series of
experinents were prepared by dissolving the polysaccharide
(500mg) in water, and after the addition of acetate buffer
{100mi, O.1m, pi 4,7) and P-amylase (250mg) the total volume
was adjusted to 5§0-1. The incubation was carried out under
toluene for 24 hr at 37°. The ensyme was deactivated by
raising the temperature of the digest to 100° for 10 min.
The volume was reduced to ga. 50ml, and the denatured protein
removed by centrifugation. The digest was dialysed against
water (5 1.), after which the BS-limit dextrin was precipitated
by the addition of ethanoi (3 wvel.). ise dialysate was cone
centrated undex reduced pressure. Centinued incubation of
the limit dextrin with P-amylase.did not yleld any additional
maltose.
{b) A convenient method for the iscolation of [-limit dextrins
was afforded by gel-filtration oun & Sephadex G=75 column (1 in.
x 9 in. ). A Peamylase digest (containing ga. 100nmg poly-
saccharide) was placed on the column and eluted with water.
Fractions (5ul) were collected and the progress of the separ-
ation was followed by the phenci-sulphuric method and by an
iodine staining technique. The [=dextrin appeared first, shown
by both iodine stain and the phenolesulphuric method. The
maltose followed, detected only by the phensl-sulphuric method.
The /
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The separation was clear cut, as shown by paper chromatography
and the profile of the elution curves, and had the advantage
that each component was eluted by a total velume of ga.50ml

vater (see Fig. 2).

Digests: Enzyme (Saliva, 1:10 dilution, 2ml)
Pelysaccharide (200mg)
Buffer (Citrate, 0.2M, pH 7.0, 5ml)
Total voiume, 50ml.,
incubation uander tolueme at 37° for 24 br.

The concentratiop ef saliva used was found to yield
mainly maltose and maltotriose under these conditions. After
incubation, the digest vas concentrated under reduced pressure,
and chromatographed on WVhetwan 3 M| sheets (developiment for
20 Lr in 16/4/3 solvent). The maltose band was located by
guide strips and eluted, and the U-dextrins then eluted separ-
ately. The maltose obtained at this stage was labelled C2,
€1l being the malteose liberated during the initial P-amylelysis.

The t-dextrins (in 25ml water) were incuboted with isoe-
amylase (50mg) in citrate buffer (pi 6.0, G.1H, 5ml) for 48 hr
at room temperature. The enzywe was deactivated by heat (10
min. at 100°). ¢ P-amylase (50mg acetate buffer, 10ml OC.1M )
added to a total volume of 50ml. incubation was continued
for 2% hr at 37°, at pH &.7.

The products of enzymolysis were separated on Yhatman J MM
sheets under the same comditious as before, and the maltose

band /



@ T

band {C3) eluted. The three maltece bands {Cl, €2, and C3)
were oxamined for the presence of {a) nigerase and (h)
maltulose as follows: Sheots of Yhetwnan Neo. I paper {(6in,)
spotted withk C1, €2, and €7 and authentie nigerose markers
were developed for 2«3 days in 18/3/1/5 solvent and exanined
with the alkaline silver nitrate spray roagent for the possible
presonce o4 nigerose. Correrponding chrometograms spotted
with authentic maltulore markors were alsc develsped for 2
daye in 14/2/7 solvent and sprayed with the dimedone reagent
{Admehd, 1964).

The folioving polysaccharides were examined: Florddean
starch, podtato amylopectin, phyteglycogen A, waxy sorghum
sturch and vaxy maize starch. Figoeroes uwas detected only in
tha C9 hand Qtl Piavidesn starch, and maltulose was not detected
at aay stege by this method.

Phytoglveagen Al, phytoglycogen A2, waxy maise stareh
and rabbit liver glycvogen vwere subjected to “-asylolysis under
the conditions described sbove for the Ceamylolysis of Jelismit
daztrins. The products of enzymic doegradation wors separatsd
by paper chromategraphy in solvent 14/3/7 and the disacchavide
band eluted with water (15ml).

The filteved siluates were assayed by the phenol sulphurie
mothod (0.2m1) and by the B=indoiyl acetic acid mathod {1imi)
described above. The results indicated a maximunm possible
ketose /
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ketose content in eack of the order of 0.2/. 4 papere
ehrematographlie czaninatica of the diszocharides eliuctes
suggested thatl only the phyleglycogen AZ, suxdi the vaxy malze

sterch contalued agpivcinble quantities of fructese.

iwideuge Las bDeca obtained that supports the observation
of Peav gt al (i939) that nigorese exists preformed in
Pioridean stareh {Jllses edulis). That the disaccharide
was detected only after the ZY-amylolysies of the polysaccharide
Belinit dextrin suggests that the 2-i,j-iipnkages cocur only
within the f{uterioy of the molecuie: the work of Peat g al
indicated, iu cuntrast, that some of these linkages were in
the osuter chains. The fact that an andliagous sxperisent on
potate amyiopectin carvied out at the same time faliled to
yield any nigerose vules out the pessibility of ehaymic transe
glucosidation being respensible for the formation of nigerose
in the Fleridean sfarch experiment. The experimental
conditions were either at pi 4.7, pH 6.0 oy pH 7.0 which would
rule out acid eatalysed transglucesidation (see Part One, this
Thesia),

The presence of n small proportion of @-l,jelinked zlucese
resldues in Ploridean starch would suggest that there are soue
differences between the starch synthesising systems in Pilsea

gdulis /
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Dilesa edulis and the higher land plants. Heither starche
UhPglucesyl transferase nor phesphorylase, are, a8 far as it
te kuewn (Manvers, 1962) able to synthesise any glucosidie
linkage but the el,l=type.

The isolaticn of maltulose from an Z-aunylolysate of waxy
malze starch confirms the gualitative evidence already obtained
by Vhelan and Peat {19%2) and ladomski and Smith (1962). The
yield in the present experiment was of thé order of 0.5%. The
Seglucosan structure that could incorporate a fructesyl residue
is not yet known; this must await the isolation of a larger
fragment than 2 disaccharide. Paper chrematograpkic evidence
and also evidence by colerimetric assay bas alse bean obtained
for the possible presence of maltulose in twe phytoglycogens
(Torvey gt sl, 1956) and alse in pregnant dee liver glycegen
{Peat gt al, 1952). These observatious also heve implications
with regard to the bLilosyuthesis of starchetype polysaecharides.

A podified preparation of isoamylesse froa baker's yeast
has boen devised which yisldsd a purs, active iscomylase
fraction: an atteapt to {ractionate this ensyme by continuous
electrophoresis vas partly successful, but the lability of the
enzyne preventad any further work on the elestrophoresis

fractions.
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SLARY.
{1} A pure fraction of ihe onzypue ilsoanylase has Lean
ehtaiaed Tros Dakor's yeast.
{2) 4 large scale falivary Teauylolysio experiment on waxy
malze starch yiolded ga. 0.3% of a fructose-ceantaluing
disaccharide, tentatively identified as waitulese.
{3) An enzymie degradatiocn experiment of Plerideun stareh
produced evidence for %wl,j-linkages in this polysaccharide,
probably in the ifuterior of the mclecule.
{(4) Twe phyteglycogons and a rabbit liver glycogen were
alse examined for the poessible sccourrenees of fructose, and
also nigerose. The latter was not detected, and the presance
of a fructese-coutaining disaccharide was shewa in one of the

phytogiycogens.

{5) A modified mothod for the extraction of isoamylase from
baker's yeast has been devised.
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Sweet-corn (Zea lNays) differs from most higher plants in
its ability to synthesise both a two-component starch and a
glycogen~-type polysaccharide (phytoglycogen). iorris and
Horris (1939) on the basis of iodine staining observations and
cupric chloride crystallisation patterns first characterised
this sweot-corn couponent as "giycogen-like™. Their material
was obtained by an scetic acid fractionation. The name "phyto-
glycogen", however, was suggested by Susmner and Somera (1944),
A chemical characterisation Ly methylation analysis (Hassid &
HeCready, 1951) established that phytoglycogen had an average
chain length (CL = 12) typleal of glyecogems. Whilst some
authors (Peat gt al 1936 ) regard phytoglycegen as indistinguishe
able from animal glycogens, Dvonch and Whistler (1949) prefer
to describe the plant polysaccharide as a highly brausched
asylopectin. This point of nomenclature would appear te be
covered by the deseription of this polyszaccharide as a phytow
glycogen {Cf. Fryduwan & Capdini, 19635). The suggestion has
been made (Whelan, 1955) that the potentiometric leodine titration
method of Anderson and Greemwood (1953) might be used to
distinguish phytogiycogens from other starch-type pelysaccharides.

A swall percontage of an icdophilic glucan has sometimes
boen found to contaminate phytoglycogen preperations (Peat gt al,
1956 /
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19% : Dwvonech & Whistler, 1949) and can be removed by adsorption
on callu.ﬁao folloving a suggestion made by Pacsu and Mullen
{194%1). The latter authors, noting the ncrjdur use of starch
in the sizing of linen {and tracing this procedure to the sizing
of papyrus cf. Radley, 19353) successfully used a column packed
with cotton for the adsorption of uyious.

The characteristically highly branched structure of phytoe-
glycogen suggests that ensyses mediating the in yive syathesis of
this polysaccharide might differ from those already described for
the amylopectin couponent of plant starches, Por example, the
plant branching enzywe (Qesnzywe] has been isolated from the
potato (Peat gt al, 1944, 1945a, 1945b; Barker gt al 1950) and
has been prepared in & crystalline state by Gilbert & Patrick
(1952) and also by Daum & Gilbert (1953). Geenzyme also occurs
in the broad bean and pea (Hobson gt al, 1950) and green gram
{fham & Gird, 1952). The isclation of a branching ensyme from
animal tissues was earlier reported by Cori & Coxdi (194)), and
since then, branching enzymes have also been found in yeast
(Gunja gt al, 1960y Hanners & bkhin Maung, 1956), the flagellated
protozoan Pplytomells coeca (Barker gt al, 1953) and Heisseria
gexrfiava (Hehre gt pl, 1947, 1949), and also in Axthrobacter
{Ghosh & Preiss, 1965). The brunching enzyme of rat-liver and
muscle has been studied by Larner {(1953).

The animal onzyme differs from the plant Ceenzyme in sube
strate specificity, since the latter displays no activity towards
anylopectin /
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amylopectin, The animal enzyme will convert this sabstrate
into a synthetie glycogen, a reaction that provides a simple
assay method based on the decrease in iodine stalniang powver
{Larner, 19355). The plant enzyms can be assayod by use of a
linear substrate, for example amyleose, inteo whieh it will
introduce branch points (Darker gt sl, 1949) with concomittant
decrease in iodine staining pover. The action of the ensyme
is probably irreversible (Darker gt al, 1950). & decrease in
feanmylolyeis limit velues of suitable substrates is alsoe a useful
measure of branching asctivity. The plant enmyme introduces new
brapehepoints into the outer chaine of certain branched sub-
strates; this has been demonstrated by Larner (1933). By using
suscle phosphorylase (a) to degrade the outer chains of a rabbit
iiver glycogen and (b) to re-synthesise them in the presence of
labelled Deglucose~lephosphate, this auther obtained a glycogen
in which wost of the outer chains were abnermally leng and wvere
radicactive. ily Geenzyss action, the polysaccharide was further
branched, and then by the successive action of phospherylase and
& debranehing enzyme, the new branch points were liberated and
found to be radiosctive. The nature of the branch peints as
being a-1,6-glucosidic in type has also been demonstrated by
mothylation studies on synthetic amylopectins (Bourme gt al, 19350,
19s52). The transfer of short branched chains by the yeast
branching eagyme has been reported {(Kjolberg & MNanners, 1963;;
The /
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The branching ensyme of sweet corn has been examined in
Part 11X of this thesis. During the completion of thies work,
we were informed by Dr. C.E. Cordini that his colleagues
(Lavintsan & Erisman, 1964) had obtained evidence fer the
presence of a branching enzyme in sweet corn (See Hauners &
Rowe, 1964, and alse Appendix 1).
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The extraction and fractiomation were carried out by My, J.C.

Patterason.

Mature Zes Mays (%00 g. var. Golden Dantam) was ground
and steeped im 0,01 N wercurie chloride (1 1.) for 18 hr. The
solid was re~extracted four times (2 hr) with 0,001 ¥ mersurie
ehlovride (1.5 1.). The comblined extracts and steep idquor
ware passed through a Sharples centrifuge, and the volume reduced
to 1.2 i, under reduced Lreéssure. The supernatant solution was
passed through a pad of Calite, and ethamol (1.5 1.) added at 0°,
The precipitate was centrifuged, washed with acetons and ether,
yieldiang %1 g. of polysaccharide. The pelysaccharide was
frastionated Ly dissclving 20 g. in water {300 =1} at 0% and
adding 600 al acetic aecid slowly, with continued stirring. The
mizture was loft overnight at 0°, The precipitate was centrie
fugad, washed free of acid with acetone, and redissolved in water,
The »i was adjusted to 6.5 (sodiuxz hydroxide) and the polye
saceharide precipitated by the addition of ethanol at 0°., Yield
of Phytoglycogen A: 16 g. {See Peat gt al, 1956, and Greemwood
& DasGupta, 1958).
() /
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Phytoglycogen A (200 mg) was dissolved in 50 sl water.
A portion of this solution (20 ml) was added to 20 ml of sodium
metaperiodate solution (81), and the volume made up to 50 ml.
The preparation of the reaction mixture and the subsequent oxide
ation experiwent were carried out at 0-27. Aliquots (10 wl)
were taken at 24 hr intervals and titrated against sodium
hydroxide to pi 5.8 en a Pye Universal pi-meter. Titration
readings are given in Table I.

TaBLeE  XI.
o> S 5y
. 24 0.4k The sodius hydroxide soluticn was
K3 0.46 standardised against potassium
72 0.48 hydrogen tartrate, and all
96 0.51 titrations were carried out in
Blank G, 00 an atmosphere of !2.

The exact concentration of the poelysaccharide selutioen
was determined by hydrolysis in 2N sulphuriec acid for 2.25 hr.,
and estimation of the liberated glucose by the Somogyi method.
The Tormie acid yileld was obhtained by extrapolation to zere

time.

(3) /



Pelysaccharide solution {5 #l1) plus Jesaylase (10 wngz
1000 units) ia 5 mi acsetate bulfsr (8 k.6, 0.2 %) were made up
to 25 wl, and the digeat imcubated for 2h br at 37%. Aliquote

(5 ml) were estimated Ly the Semogyl methed.

Polysaccharide solution (5 ml) plus Ceanylase (10 wmg
*ealibrated" enzyme) in 0.25 M citrate buffer, pH 7.0, and
sodiun chloride 2.5 ml (0.5.) werse made up to 25 ml, and
incubated for 24 ur at 37°.  Pertioms, (2.0 ml) were estimated
by the Somogyi meothod. These results are incorperated in
Table 11,

Tﬁtrio&att Cxidation Moles Vormic aeld per  Average
wt p/e 52.4 mg/50m1l  Ambhydrohexese Unit Chain-Length
{10 ml aliguots) 0.0668 15.0
teamyloliysis Limit Haltose released Femliumlt
Yaine (Pa)
wt p/s 13.1 mg 11.95 mg 87.0%
Jeamylolysis Limit Maltose released feidnit Value

(3) /7
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Sweet-corn filour (500 g.) was stirred at room temperature
(18%) for 1 mr in citrate buffer (2 I., G.05 M, pil 7.0). The
extract was centrifuged fox 10 min. at 2,000 pr.p.m. The milky
superaatant selution wae passed twice through a Sharples
contrifuge at 200 mi/win. The final volusme of the exiract
wos 1465 =1,

Seild snsonlius sulphade (NSay 4 Daker)] was stirred inte
the ext@act. The Tractionation was carried out at 47, After
each addition, stizring was contiaued for a further 15 anin.
The resulting Craciions werye each ecantrifuged fer 20 min. ad
2000 Pepetie Tha details of the fractionaticn precadurs are
given in Table Ili. Fractions I-1V were thon taken up in
water, and dialysed separately in a cold reon {0=5" ) for 48 ar
against ranoning tap-water. The dizlysates vare centrifuged
for 10 min. at 2,000 r.p.nu. after eaeh haed begon made C,.1 M

with reapsct to clivaete bHufler at pi 7.0.

IAmLE 33X /
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Fraction Mumber! I X I1x v

Fercent. Hait 22 32 5% 70
{w/v).

Vu%nng centrifugate 1465 1650 1830 532
=l

Yt. added ans.

sulphate (g ) 366 212 432 200

Fraction weigsht 6.9 6.3 84,0 1.7
(e}

Pereent. Frosein Jek Zei 7.6 i3

{Kjeldahl)

Percent. Carbohydrate 12.0 1l.5 71.5 20.0

{ Phenclesuiphuric)

Digost: Ensyme, 10 mg in J ml bulfer, 0.5 N gisrats,
pil 6.0 Substrate, amylopectin (10 mg) in 2 =l.

Mpests were incubated at 37°. Alisuots {1 mi) wewre taken
at 9, 1, 2, and 3 hr, and stained with standard ifodine solutions
3 drops of & ¥ hydroeblorie acid were addeod and $he solution
diluted hy the addition of water (40 ml). The optieal density
at 550 my was road in 1 em sells. The results are given in
Tabls IV.

ZABLE XX /
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"""‘“ x £uI Pl £-III £=IV

o 0.638 0.650 O.704 C.615
’. - 0&“’ °¢‘25 -
2 - 0.575 Ge 350 ~
3 0.600 0.5906 0.532 Go58ﬂ

Ferecent.

Deecreasoe at

T = 3 bours 6.0 9.2 2k.0 5.5

Digest (I): 3 =l enzyme (7.5 mg) in 0.25 ¥ eitrate
P 6.0. 2 ml pelysaccharide sclution
{gilycogen 20 ng).

mm-ummummm

Digest (II): As eabove {digest I) but with asylopectin in
place of glycogen.

Digest II was incubated at 37°,

Aliguots (1 ml) were taken at O, 1, 2, and 2% hr, stained
with 1 ml iocdino standard solution, and diluted with 20 ul water
(glycogen digests) and 40 =l water (amylopectin digests),
togethor /
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together with 3 drops of 6 ¥ hydrochloriec acid. Optiecal
density readings vere taken at the wave-lengths of maximum
absorpticn in 2 o=n cells digest (I)anal em cells digest (IX)

The results of those determinations are given in Table V, and
were caleulated by working out the change in optical density
per unit weight of Mmehaﬂd. at TeaZ hr., 1.0, in column
f-I (digest 1) at T=2 the optical density reading difference

is 0.018, and (for digest Ii) 0.054. Dut in digest I, there is
four times the "amount™ of pelysaccharide present therefore the
corresponding figure is divided by 4.

f=31% {10 g) was dissolved in 0.05 ¥ sodium bicarbonate
{250 m1) and stirred for 15 min. The temperature was then
lowered to =5° and the stirring continued for a further 15 min.
The resulting solution was centrifuged for 10 min. at 2,000 r.p.s.
and the supernatant solution freactionated as shown in Table VI.
The acetone (distilled over potassius permanganate, acidified
with sulpburic acid) was added with stirring over 10 min., and
the stirring then continued for a further 10 min. The
temperature was maintained at ca. -8°.

IasLe v/
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IABLE X
Bigest I,
.5, 470 f=I f=II f=IiX f=IV
T =0 (hr) 0.758 0.772 0.902 0.752
T=1 - U769 G.882 G661
T=2 D.740 - U.885 0.621
T = 2% 0.698 V778 0. 850 -
Digest II,
_OePeyyy
T =0 (hr) 8.775 Ce780 G786 0,732
Tel 0. 760 0,760 0.753 0.712
Ta 2 0.721 0.722 0.700 C.715
T = 24 0.711 ©.708 0.552 0.688
Amylase +
m 0.054% G.060 0.084 0.017
Amylase
Activity 0.005 0.000 0.005 0.033

ZapLE VI /
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Fraction Husber: f<II1/I f=11l/2 ¢JI13/3 feilX/4

Percent. Acetone 13 26 47 75
Volume Centirifugate

(1) 250 300 360 470
Volume acetone added

{m1) 45 55 150 koo
Fraction Welght

(g) 0.k 5.5 Oeb 0.7

Protein Vercent. _
{Kjeldahl) b3 75 1.7 17.2

Laech fraciion was centrifuged for 10 miun. at 2,000 re.p.m. and

the precipltate taken wpy in water, and dialysed against distilled
water for 3 hr at 0°. Lach dialysate was made 0.1 M with
respect to citrate at pii 6.0, und freecze dried. The detailed
results are given in Table Vi,

onation.
pigest i Engyme 7.5 mg in 3 ml 0.5 M citrate, pii G.0.
Giycogen 40 mg im 2 =1,

The digest was iaccebated at room temperature.

Digest II As above, but with amylepeetin in plage of
glycogen.
The ddgest wee incubated at 37°, and aliquets
(lml] were treated as befere.

The /
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The results of this assay are givea in Table Vii.

ZABLE VIX.
Digest I,

CeDeymg f=111/1 f=1i1/2 f=X11/3 f=13i1/4
T =1 0.739 G.9k1 0.782 0.699
T =2 0;619 0-75’- O.é!'t 0.52&

Digest 11,
O.B.Siﬂ
T =2 U750 V. 658 0.775 Ve 750
T = 24 Ue 558 . 680 0. 715 O.521
Amylase »

dranching

Activity 0170 0299 G.168 G175
Amylase

Acetivity G.055 3eU73 Ue UGG 0.072

{11) /
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{13} Action op B-idmit Dextrim.

The following digest was set up:
Enzyme 5 ul (80 mg £oIXI)
Polysaceharide solntion 20 wl (40 wmyg)
Buffer, 5 =l citrate (1.0 M, pH 6.0)

The resction was carried out for 3 hr at 37°, and then stopped
by besting for 10 min. at 100°, An identical digest was similarly
treated without incubaticn to afford a bLlank. The feauylolysis
limit of each digest was deterunined oun 20 mul portions of the
digests by the addition of Peanylase (80 mg) i 5 ml water. The
feamylolysies digente were made up to 50 ml with acetate buffer pit
4.1 and 0.1 M, and ineubated for 24 hr at 37°. The liberated
maltose was estimated by the Scomogyl wmethed. The results are
tabulated below:

Reagent BDlank 9.43 and 2.44 ml.
T o 0 Control 7T.95% and 7.94 w1,
T o 3 Beldimit 7.7% annd 7.73 =l.

The change in Peanylolysis limit was calculated as follows:
the tityre difference between the cemtrel and the branching
enzyme experiment was 1.70 « 1.%9 sl = 0,21 mi. Since a
titre difference of 1.0 ml = 0,51 mg maltese {calibration
experiment, sce general methods section), 1.07 ag maltose or
1,02 mg pelysaccharide have been iliberasted per 50 =l digest,
and the increase in the Seanylolysis liasit of the Jedextrin
due to the action of the branching eazyae is:

i:02 5 100/27 = 3.8%
(12} /
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Protein distribution on stained electrophoretogram.
[ see Grassmann & Hunnig, Naturwissenschaften (1950)
37, 496 Je

Figure 1.
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The action of the branching ensyme on the waxy-maise

starch felimit dextrin was aleo followed by an iodine staining

tochnique. The absorption of 1.0 ml portions of the coentrol
and ensyme digests was weasurod at 535 mp by staining with 1,0
ml standard iodine solution, and diluting with 20 ml water
(and 3 drops 6 ¥ HCL). The optical demnsity readings were
initially 0.920, and after 3 hr, 0.,875. The percentage
decroase was therefore,

5208,

The action of the branching enzyme on felimit dextrin
was therefore accompanied by an inorease in the fe-amylolysis
limit, and a suall decreoase in the absorption of the poly=
saccharidesiodine complex,

A preliminary smallescale electrophoresis was first
carried out. [Ensyme {ca., 10 mg) was dissolved in 0.5 ml
buffer (0.01 X citrate, pi 6.3) and streaked ontc a plece of

"wick" paper € & 8 470 (see Fig 1), The experimental conditions

wores
Paper 4,6 x 24,0 om.: Volts 4i0: Amps: 68 mA.3 Buffer 0,01
M eitrate, pi 6,31 Time 2,23 hr.

The electrophoresis was run in duplicate, one paper bLeing

stained /
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stained to show areas of migration, and the other assayed as
follove, The paper was divided longitudinally, and ecach
half cut into 2 em stripe numbered from the deotum line. Fach
strip vas imnersed in 5 ml of the following buffer/substrate
seolution: b mli glycogen (10 mg/mi) 25 ml ecdtrate 0,25 M,

pit 6.0, 25 ml water. Corresponding styrips wore ilmmersed in
5 ml of a buffer/substrate sclution in which the glycogen was
replaced by amylopectin (2 ml, 10 mg/ml).

Aliquots (1 ml) were removed at T = 0 and T = 2 hr, and
added to 20 ml iodine reagent (amylopectin digests) and 10 ml
(glycogen digests). The iodine reagent wae prepared by
diluting 10 wul of standard iodine solution and 3 ml of 6 N
hydrochlorie acid to 200 ml.

A similay prelisinary electrophoresis exporiment was also
carried out using 0,02 H ecitrate at pil 7.0, with less success,
The resulte of the experiment deseribed are given in Table VIIii,

TABLE VIiL /
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Strip Glycogen Substrate Amylopectin Substrate
e Teo0 Tea Teo Tea2
-5 0.188 0.185 0.401 0.401
-l 0.188 0.192 0.h01 0.4%01
-3 0.188 0.193 0.401 0. 401
-2 0.168 0.190 0.401 0,378
-l 0.188 0.183 0.401 0.406
*l 0.188 0177 0,401 0. h01
2 0.188 0.180 001 0.401
+3 0.188 0.188 0.h01 0.h01
+h 0,168 0,188 0.401 Q.401
+5 0,188 0,188 0.401 0.395

feulll (4.0 g) were dissolved in water (20 ml) and dialysed
against running tap-water for 3 hr. The dialysis was then
continued at 0° against 0.01 ¥ eitrate at pit 6.7 overnight.
A Spinco model CP continucus electrophoresis cell wvas used for
the fractionation of the dialysed material over a 42 hr period.
individual tubes were qualitatively assuyed for protein coantent
by measuring their U.V. absorption at 280 QTL. These results

are /



(14) THE CONTINUOUS ELECTROPHORESIS OF f-III: PROTEIN
ELUTION CURVES.
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are presented graphically in fig. 2 .
The experimental conditions were: Volts 600: Amps. 69 mas
Buffer, 0,00 M citrate, pH ‘.3.

Tube numbers 9, 17, and 25 were selected from each rack
as being representative of each of the three main areas of the
elution curve, and wvere assayed using amylose, amylopectin,
and glycogen as substrates under standard conditions as follows:
Digest: 1 ml ensyme fraction., 2 ml substrate (2 mg) in
0.25 M eitrate, pil 6.0,
The digests were incubated for 2 hr at 37°.
Aliquots (1 mi) were removed at T = 0, and T « 2 hr and pipetted
into iodine reagent (5 ml for glycogen digests, and 10 ml for
amylopectin and n-fxonl digests). The results of these assays,
ouﬁr.alod as percent. decrease in optical density readings are
given in Table IX, The glycogen readinge wore taken at 470 Bp
the amylopectin readings at 550 i e and the amylose readings at
€30 wy
For further experiments with the "debranching enzyme®,
fractiona B9, C9, and D? were combined, and for further experie
ments with the "branching” enszyme, fractions € 25, D 25, and
P 25 were combined and kept frozen,

(26) /
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Amylopectin Glycugen Amylose
Bagk Tube | Twd Te2 DIfL, & | Pwd T=2 DT, & |T=0 Ted D378, &
B 9 678 675 O 0L | 081 096 #1535 3197 =« = - -
(%) 17 721 720 O O | 194 180 15 7L - - - -
25 682 484 198 204 | 105 96 9 6% « = - -
¢ 9 690 631 (59) 0% | 097 101 +4 +4d|228 215 © 0%
(1) 17 72% 728 6 1% | 220 212 8 25|238 252 © o
25 68% 444 240 35¢ | 102 103 ¢ ©oil177 963 113 641
B 9 | 700702 0 9% | 081 097 +15 s19%|2k1 238 ©  0F
(M) 17 784 702 82 107 | 282 283 0 0%26k 250 o (1 38
25 699 hi%9 250 36L | 102 105 O ©0%l238 083 115 65.
E 9 GBG 678 11 25 | OBY 092 +8 107|263 242 o 0%
{¢#) 17 778 682 96 125 | 266 267 0 905|261 260 & [ 3
25 €92 474 231 329 | 103 112 +9 +9%| 298 092 146 610
P 9 692 682 10 27 | 105 112 7 477|245 243 o0 0%
() 17 | 850 661 18y 22% | 397 36k 33 85277 256 23 8%
25 699 461 238 3475 | 179 180 0O 05238 086 152 640
G g9 692 678 20 3¢ 088 = - - 298 - o
{m) 17 782 639 143 189 | 2857 22 15 64260 260 20 8%
25 721 k3L 287 Bot | 11 12h 410 +9%|239 oB4 145 617
H 9 660 668 22 79 | 0951 108 +17 4194|238 236 O o’
(%) 17 70 654 86 125 | 174 176 0 05283 24 13 5%
25 696 444 252 367 | 399 118 +19 +19%(235 085 150 645
(#) Maltase activity present.
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All the remaining fractions were combined as follows:

tubes 1 and 2 from each rack, and tubes 3 and 4 from each rack
ée, were combined, and the resulting 16 fractions were further
assayed for branching activity, The digents used were:

| Dgest: 1 ml ensyme fraction: 2 ml substsrate in 0,25 M

citrate, pi 6,0.

The substrate was amylopectin or glycogen (1 mg/ml). Each
digest was incubated at 37° for 2 hr, and 1 ml aliquots were
diluted with 20 ml iodine reagent (amylopectin digeste) and

5 mi (glycogen digests). These results are given in Table X
and are also presented graphieally.
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; | 258 394 ~OG% 25 1.2 «517 520 000 oL
2 256 185 o071 27% 3l 552 3530 o22 &
3 257 188 069 265 5.6 559 532 027 5%
w 263 194 069 267 w.wo 553 533 020 b
t
6 264 207 057 22% ii.12 552 527 025 5%
7 2684 202 062 2hd 13.1% 578 S48 030 uﬁ
8 377 300 077 21% 15,16 578 548 030 3%
9 530 393 137 267 17,18 618 552 066 11
10 339 272 087 267 19,20 6Ch 542 062 107
i1 284 212 072 25% 21,22 560 mﬁn ok8 9%
iz 273 223 ) 8% 23,24 551 81 070 135
1 276 228 6 195 25,26 551 &AL 107 19%
i 270 230 oho 15% 27,28 559 438 iz1 224
i5 268 238 030 117 20,30 559 480 079 14%
16 275 247 028 10% 31,32 559 472 087 16%
Delia '\:. t 1 co cells

QCUC'S '\e_r t 1 eu colls

5 ml Iodine Reagent
1 =l aliquots.

550

20 wml lodine Reagent

1 ml aliguots.
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Hecnuse the large amount of polysaccharide (707, see Table
I) in feIli appeared in some of the electrophoresis fractions,
these were examined for iodine staining pover, Aliquote were
taken ( 1 ml), and stained with iodime reagent (5 ml). The
resulte are given in Table XI,

Tube 0.0 460 mp Oulle 330 mr Oele 630 mpe
1 0,000 0,000 0,000
2 0.010 0.003 0,003
3 2,009 0,007 0.003
4 0,013 0.066 0.000
5 0.027 0,006 0.004
2 e 026 0009 04007
8 0.238 0.142 0.012
9 0476 04310 0.456

10 G.362 Ue258 0.135

i1 0.12% 0.080 0.04%

i2 0,072 0,037 G024

ih 0.066 0,023 0,011

15 0.039 0,007 04003

(1n) /
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{18) _The Action of Brapehing Fozvme on J
Pigest: 35 ml enzyme {(pooled fractions C23, D25, F25):
20 wi polysaccharide {1 mg/ml) in bulfer:
Huffer, 0.5 ¥ citrate, pi 6.,0.

Portions, (i ml) were taken at T =« 0, 1, 3, 6, and 24 hr and
stained with fodine reagent (5 ml). The results are given in

Table XIX.
ZABLE SiX.
T Amylopectin Amylose
| () A Max 0aDs A\ Max Qebs |
o 554 0.870 630 1.220
i 5k6 0.770 594 0.610
3 541 U 670 578 0« 580
6 535 0.570 565 0765
a4 516 0,350 556 0.710

Standard Protein Solution: Tryptone (900 mg) was made up to
100 mi, and a Kjeldahl detersination of 2 ml gave 2.16 mg nitrogen.
The Tryptone therefore comtained 757 pretein.

] : Mg .

Tryptone solution (0.5 to 2.0 ml) was made up to 3.0 ml in
centrifuge tubes, The total wvoluue was Lrought up to ¢a.9 al with
3% modium hydroxide sslutien, and 9.25 al 207 copper sulphate
solutien added., The tubes were each shaken for 1 mian. and then
allowed to atand for 135 wmin, The tubes were then centrifuged

and the velume adjusted to 10 =i, Ylectrophoresis fractions
(3 m1) /
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{3 ml) 9, 17 and 25 were sinllarly treated. The eptical densities
of the centrifuged solutions were read at 550 qﬂkin i o=, celis.
The standard solutien (1.0 wl) geve a Ziuret optical dousity of

Oell5.

~._n
c:i..n.,:,B ful =17 f=i5
0. 500 Gadioh G016
g Proteis
per =l GaHi2 2.3 V06

Digests iueubated at 37° vere saspled at T = €, 15, 30 and

&0 wmin.
Hgest: 1.5 wl enxyme [pocied fyactions €25, BR5, P25}
3o ml polysacchardde (6.0 ag asylopectin) in
U235 H gitrate, pi 6,0¢ Ued wi sait solutien.

Aliquots {1 wi) were stained with jodine reagent (10 =i).
in the feliculng tables, the flinal sali concentraticn is glven.
Optienl densities at 330 urkuu#o resd in 2 o= celis. The
results so obtalned are tabulated ia Tables XIV, Av, and XVI.

Iams xxv /
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IABLE _XIV.
Mercurie Chloride.
chlz T=20 T =15 T = 30 T = 60
5 x 10’6 M 0.850 0.820 0.815 0.810
5 x 10™ M 0.850 0.850 0. 840 -
5 x 10‘“ M 0,850 0.8%0 0.845 -

5 x 10-3 M 0.850 00850 0.8’0 -
Control 0.850 0.820 0.812 0.790
Experiment (22)

ZABLE XV
Ammonium Holyhdate.

Concentration

Percent, T=0 T = 15 T = 30 T = 60
0.5 0.850 0,818 0.805 0.799
1.0 0.850 0.830 0.820 0,808
2.0 0.850 0.835 0.820 0.808
5,0 G.8%0 0.835 0.820 0,804

(23) /
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Experimont (23)

TABLE __XV1
Sedius Dorate.

Congentration T « 0 T e 15 T e 30 T = 60
0.001 M 04850 0,818 0.808 -
0.002 M 0.850 0.818 0.808 -
0.004 ¥ 0.850 0.818 0.795 0.790
0,008 M 0.850 0,818 0795 0.790
Control 0.850 0.820 0.812 0.790

Sedium borate therefore caused no inhibition, amscenium molybdate
slight inhibition above 1.0%, and mercuric chleoride complete
inhibition above 5 x 10 M,

A serios of digests, each at a different pi, was set up.

Digest: Ensyme solution (1 wml): polysaccharide solution
(1 ml, & mg amylopectin): buffer solution (1 ml
Molar citrate, pil & to 8),

The digests were incubated at 37° and sample (1 wl) withe
drawn at O and 3 hr., and atained with fodine reagent (20 ml).
The optiocal density readings were measured in 2 cm cells at 350 wi.
The pli-values shown in Table XVII were measured at the end of

the incubation period,.

TABLE XVIX /
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Percent.

pHl T=0 T=3 Difference Decrease
ko332 0.772 0.681 0,091 12
5435 0.765 G508 0.157 20
5.80 0.770 04500 O.270 35
6.10 0.772 0. 500 0,270 35
6.41 0.772 04520 C.252 93
6.50 0.775 0.532 U.240 31
6.60 3755 0.551 0. 204 27
7.50 04780 0.655 D125 16

{25) Detersisation of the Dobranching Lnzyme Pilenpt dmum,

.l; serdes of digests was setf up, each digest adjusted o a«
different pil.

Digest: IPmnzyme (poolied enmywe 59, Cu, LO) 2 mi: polye
sacchuride seolution (1 al, % mz glyecegen): bduffer
(2 mi, 0.5 M gitrate).

Samples (1 nul) were withdrawn at T = O and T = 2 hr., and
stained with 5 ml fodine reagont. The pif given in Table XVIiIl
is that of each digest after 2 hr. The optical demsity at 470

n{uuan read in 2 em cells.

ZABLE XVIZL /
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pi Tao T2  Difference rercent,
he23 04220 D220 0.000 00
5.9 0,220 0,294 0.0Lk 6.4
5476 0.220 04235 0,015 6.8
6,08 0.220 0.236 04016 7.2
6.72 0.220 0.236 04046 7.2
6.92 0.220 0.226 0,006 k.5

766 0.220 GeR2h 0.004% 2.0




(%) Activity .,—°\
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The complex was stirred and washed inte two tubes, whieh
vere theon centrifuged, More complex was added and centrifuged,
The precipitate was atirred with butanoi and re-centrifuged.
The stirving and washing process vas repeated eight times with
ethanol and finelly once with ether. The ether-wvashed amylose
was pleced in a desicoctor over phosphorous pentoxide and
paraffin wax shavings. The yleld was 100 mg.

The dry amylosoe was dissolved in 5 wml 0.3 N sodium hydroxide
by gentle heating, and the solution, neutral to phonclephthalein,
mnade up to ca. 235 wl, The digests described on the following
pages utilised this sclution; an aliquot of whieh 5 ml was
setained 4n order to determine the exact concentration of the

polysaccharide by acid hydrolysie.

(28) The following digent was set upi:

Enzyme solution (25 ml): Maize amylose
solution (20 ml): adjusted to 50 wml with
Q.5 M eityrato, p&l 6-0-

The digest was incubated at 37°, and 5 ml aliquots (a) for the
determination of Jeamylolysis limit values, and (b) for the
combined iscvamylase and feamylolysis limit values.,token.

(29) /
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{22) _ P-saylolysis.

Aldquots (5 ml) were tuken at © = 0 and T « 24 hr and
inactivated Ly ilmmersion in a boiliing water bath fer 10 min.
Beamylase (1000 units) was added Ln 0.2 ¥ acetate buffer (5 ml,
p¥ 4,6), and tho maltose content estimated after o 24 hy incube
ation at 37° by the Somogyi method.

30)  Joosmylolyeis.

Aldquets { 5 ml) were taken at T » O and T e 24 hy and
dnactivated by flemersion i a boiling water bath, Iscanyliase
{10 mg) was added in citrate buffer (pif 6,0, 0,25 M) and incube
ation at roometeuperature (18°) carried out rir 24 bhr. The
inasotivated digest was shen further Sreated with feasylase (1000
unite) for 24 hy at 37° and finally the cowbined action of both
engymes oontinued for 48 hr at roometemperature by the further
addition of 10 mg iscemylase and 1000 units of Beanylase at
pi 6,0, The resuits are tabulated below. (Table XIX).

JABLE XIX

¥Vt p/e as ¥t maltose ¥t meltose
maltose reloasod at released at

Aog) T = 0 {me) T = 24 (mg)

feamylolysis Limdt| 5,99 6.20 4,59
101,0% 77.0%

Iscamylolyedis Limit| 3.59 Je 5k
- 1.0, ”toﬁ

(1) /
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The folliowing digest was used in this experiment:

Ensyme solution (25 al): Amylopectin (20 mi):
adjusted to 50 ml with 0.5 M ecitrate, pH 6.0,

The digest was foncubated at 37’. and 5 ol aliquots withdrawn
for the determination of Peamylolysie limit, and 3 ml aliquote
for both t-amylolysis and combined e and iso-amylolysis limit
determinations.

The results are tabulated below, The poly=-

saccharide concontration was determined by seid hydrolysis,

SALE  3XX.
Wt p/s Maltose MNaltose ¥t of
as released releoased Maltose
maltose at Tel at Tel2d released
{mg)  (mg) {mg) onge)
Ceamylolysie Linmit LheB2 he33 4,05
- 905 8h,0%0
feamylolysis Linit 8.0 4,85 holb7
-» ’9!0"}& 5'5-0‘;‘
Combined Iso- and
fleamylolysis Liuits 8,04 684
1.00 35.0%

A solution of Phytoglycogen A was prepared containing approxe
imately 2 mg/ul. A portion of this was reserved for the

determination /
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determination of the polysaecharide concentratien by acid
hydrolysis, 10 ml of the solution was treated first with
Beamylase {1000 unite) and then with isecamylase (10 mg). The
separate setion of these enzymes was followed by their combined
action at reom temperatura. 28 a rosult of this troatment,
phytoglycogen A {eguivalent to 23.9 mg maltose) released maltose
{18.15 mg), ziving a limit value of 76.0°.

The activity of the brauching easyse was exanined at 20, 30,
40 and 50°. Raeh digest (described below) was incubated for
30 min,, snd an aliguot (1 ml) stained with standard iodine
reagent (10 ml). The optical density readings were taken on
the Perkin Flmer Recording spectrophotometer in 2 em cells, at
550 ﬁ#‘

Digest: Ensyne solution (2 aul): polysaccharide (2 aul,
containing 2 ng anylopectin): buffer (1 wl
citrate, pi 6.0, 0.25 H).
The respults of this experiment are incorporated io Tahle XXI,

?"szf‘“*' 0,De,. 8¢ T = 0 OuBoyoo at T = 30 g"““*'
- 0.630 24595 503
30 0,620 0.595 4.0
L) U610 0.49% 18.8
50 0.610 0.580 4.8
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A branching enzyme has been isclated from sweet-corn flour
and some of its properties investigated. This engyme, unlike
other plant branching enzymes ((-enzyses) which are unable to
introduce branch-pointes inte amylopectins, has been shown in this
respect to resemble the yeast branching enzyme deseribed by Cunja
et al (1960). Thus evidence for the presence of a new, atypical
plant branching ensyse has been obtained.

Ammonium sulphote fractionation followed by continuous
electrophorenis, the method used to fracticnate the extract
prepared fyom eweet-gorn fleur in this work, has been found to
be satisfactory. In preliminary experiments, the flour was
extracted in a citrate buffer solution, and the amssonium sulphate
fractionation yielded two highly active protein precipitates, and
alse two rather less asctive fractions (see Table III). The
protein that precipitated between 32 and 5%° asmonium sulphate
constituted the most active fraction, and was further fraction-
ated by continucus electrophoresis, since an acetone fraction~
ation experiuent falled to separate brasuching from amylase
activity.

The assay methods that were used are snumerated below:

{1) Detection of tG-amylase {glycogen subsirats, assayed by
decrease in ifodine stainirg power)
{(2) Detection of branching enzyse (amylopectin substrate,

assayed /
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assayed by decrease in iodine staining pover)
{3)  Detection of debranching enzyme (glycogen substrate,
assayed by increase in icdine staining power).

A measure of the branching activity in each fraction was
obtained from the difference in optiecal delvity change between
(1) and (2) above under stondard conditions (Krisman, 1962).

The metheod finally adopted of adding a dilute standard iodine
"reagent™ solution to each digest aliguot was found to be
reproducible and rapid.

In figure 2 , the results of an assay of each electropheresis
fraction for protein content ias gi-en. The wvariation in readings
- obtained for corresponding tunbes in successive racks is attribute
able to the poelysaccharide component accompanying f-I111 (see
Table IX1). This migrated down the paper curtaim of the electroe
phoresis cell more slowly than the enayme protein, and showed a
tendency to sproad out freom the peint of application of the
sample {(shown by iedine staining) thus effectively “"spresding”
subasguent paths of the separated components as the electro-
pharesis progressed, Examination of these results alse suggests
that the enzyme has a tendeney to remain associated with the
polysaccharide,

By assaying the electrophoresis fractions individually,
tubes containing uniguely one kind of enzymic activity were
distinguished awd combined, and suech combined fractiouns were the
basie of further study. Theee fractions, however, tended to

iose /
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lose their activity on storage at «25°, Some evidence for a
debranching ensyme was obtained both from the preliminary
electrophoresis experiments (see .92 ) and also frem the main
electrophoretic separation exporiment, since some fractions

wvere found that could cause an inecrease in the iodine staining
power of a glycogen substrate. Sufficient =material was obtained
to carry sut a determination of the pleoptimun of this ensyae.

An unsuccessful attenpt was nade to obtain a large yield of the
debranching ensyme in a second uloctrvphértsto experisent.

Some of r-111 was taken, and fractionated by continuous eolectro-
vhovesis as beforvre. The fractions so obtained were assayed and
the presence of a debranching enzywme indicated in a number of
fractions which were then combined. The combinad fractions
were re-run on the electrophoresis machine, after moving the
point of application of the sample in order to obtain a better
distribution of the enzyme, i.8. the debranching fractions were
found to ocenr to the left (anode) side of the point of applice
ation, so by spplying the sample further to the right {cathode)
side of the paper curtain, the debranching activity would be
expected to occur in the central tubes of the fraction collector.

lowever. no debLranching activity could be detected.

Some,
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¥hen the sweste-corn branching enzyme was incubated with
amyleopeectin, a polysaccharide was produced that clesely resembled
a giycogen in several respects. The properties of this glycogen-
type polysaccharide are compared with amsyilopectin and also a
phytoglycogen isclated from sweete-corn in the Table below.

Synthoetic

Property smylopectin Polysaccharide Glycogen
feamylolysis

Limit » (%) 90 S 87
Proportion of 1,6«

Linkl‘tl. Pl 5{‘,’5) 5.& 6.5 6.0

L

Average Chain

Lenzth {(Glaucose

Hesidues) 19 15 16-17
Exterior Chain

Length i4 10=-11 ii
Beamylolysis Limit

after lscamylolysis 80 85 -

The /
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The resulte tabulated above shov the eimilarities that exiet
betwoen the synthetic polysazecharide, asmd phytogiyoosgen with
regard to average chain lemgth and S-saylolysis limit. 7y way
of comparison, the branching susyns of yeast (Cunja et al, 1960)
wae able to synthesise a polysaccharide ({rom potate amylepectin)
that wvery zlosely resenmbled a browers yoast glycogen, comparative
figures Tor which are giver below:-

s 302 g - 4

Properties feylopectin Synthetle !%aét
Pelysaccharide Glytogen

Gwsmyiolveis

Liwdt P, (%) 659 79 79
Proportion 1,6+

Linkages Pl'ﬁiﬁ) he 7.4 7.6
Average Chain Length 22,0 13.5 13.2
Seanyloiysis Limit 53 49 i
Exterior Chain wnength 15 .9 o]
Beamylolysis Liwuit

after Iscumylolysis 6o 75 68

The /
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Proof of the nature of the new branch points synthesised
by the branching ensyme was obtained by the analytical use of
SNIYyWOs . A sample of maise anmyleose was incubated with the
branching ensyme. The feamylolysis iimit of the msf':ﬁﬁ
initially shown to be 101.0%. liowever, after treatment with
branching enzyme, this value feli to 77.0), indicating the
introduction of gluceosidic linkages into the linear substrate
that were not susceptible to P-amylase attack. ‘When the
branched amylose was first treated with iscanylase, an eazyme
that is specific for ae-l,6-~glucosidic linkages (Guaja gt al,
1961) and secondly with Peanylase, the f-anylolysis iimit vas
shown to have risen te 98.0%, confirming the identity of the
new branch poiants.

The branching enzyme was shown to be most active towards

an amylopeetin substrate at approximately pH 6.2 in clitrate
buffer. The temperature-optimus {(at pl €.0) was found teo occur
between 35-&0”. In Table XXV these projperties are compared
with values published for cther branching enzymes.

TABLE XXV /
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Gptimum  Optimum
Source pH Teaperature Reference
| Potate (wenzmyme 70 21 Barker et al (1549)
| Broad-bean (wenzyme 7.3-7.5 20 tiobson et al (1550)
%I Greon Gram O-enzyme 7.0 24 . Bem & Gird {1952)
§ Yeant Branching
; engyne 70 20 Gunja gt al {1960)

A high temperature optimum platoau 25-33° has been reported
for the branching enzyme isolated from lglytemella coega by
Bebbington ot gl (1952), which compares with the optimum of
ea. 35° obtained for the sweet-corn branching ensyme. The pie
optimum of 6.2 is alse not typical of & plant branching enzyme.

The branchiang activity of the sweet-coru enzyme was
completely inhibited in the presence of 5 x 10™°M mercurie
chloride whereas the yeast branehing ensyse {(Gunja gt al, 1960)
required 5 x 10-& M mercuric chleoride before complete inhibition
was obsevved. Similariy the effect of amuonium molybdats,
which partially inhibited the sweet-cora enzyse in 1) solutien,
was less on the yeast onazyme, whieh required at least 27
asmonium /
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asmonium molybdate befoure partial innibition was cobserved.,
The effeet of sodiam borate in concenirations from 0,001 te
0.008 M was negligible on the sweet-corn enzyme.

In conclusion, a new type of plant branching enzyme has
been found in sweete-corn. This engyme (S5CBE) synthesises
from an amylopectin substrate a polysaccharide that cloesely
resenbles the plhiytogiycogen found Lo sweet-carn: the branching
enzyme of yeast (YER) similarly msediates the in vitre syntheeis
of a polysaccharide that 4is very similar to the glycogen that
hae been isclated from yeast. The action of SCHE an amyloe-
pectin is completely atypieal of plant brauching (Q-) enzywes.
in this counection 1t is of inteveat to note that Frydwan and
Cardini (1965) have isolated a "phytoglycogen-synthetass”
which is very simllar te the "starch-ayntuctass" of Leleir
(1961) and uwalike the glycogen synthetuse of Leleir and
Goldemburg (1960) which sedisents with particulate glycegen.
frydean and Cardini propese a synthetic pathway for phytoe
glycogen in which their synthetase and SCDE participate.
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(1) A branching enzyme has been isolated from sweetecorn
flour, and purified by the coabianed techmnigues of anuonium
sulphate fractionation and continuous electrophoresis.

(2) The action of this ensyse towards brasched and linear
substrates has becn studied.

{3) 7The pHe and temperature optimum of the enzyme have been
determined, and the effect of diiferent salts at various con-
centrations on the branching activity ol the enzyme bave been
examined.

(4) The enmyme has been shown te be atypiecal of plant
branching enayues.

{5) ividenco has been obitained for the presence of &
debranching enzyme in oxtracts of swest-coru flour.

A short account of this work has been published in Chemistry
and Industry, (1964) pp. 1834-1835. See Appendix I.
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AEIROPUCTION.

The study of cases of glycogen storege disease presents
a nusber eof different preoblesms to the biochemist. For
exanple, the biopsy specimens available for examination are
very smalli. Since it is desirable to measure more than one
type of enzymic activity on each specimen, the development of
semi-micro assay techaiques is essential. If in addition, a
structural analysis of the glycogean is to be attempted, the
analysis has to be performed on uilligram quantities or less
of the material, again demandiny adaptation of existing
experimental techniques. The biocheamical information thus
ebtained can be used te complement the clinicians' findings.

Much work on glycogen stoerage disease has been reported
(over the past decade) in the literature, and has been extense
ively reviewed (Stetten & Stetten, 1960; Iliingworth, 1961;
Larner, 1962; Whelan, 1964; Hers, 196ka). The combination of
the biochemical approach teogether with ebservations on the
clinical manifestations of the disease has shed neow light on
the understamnding of the discase itself, and has led to a
better understanding of the intersediary metabolisa of glycogen.

The biochemical approach has, however, a nusber of serious
limitations. Apart from the standardisation of experimental
techniques, which is discussed in the Experimental Section,
little /
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littie is known sbout what constitutes "normal” husan metabelism.
¥hile one might expect a severe disruption of normal metabelism
to take place because one "kRey" enzyme is completely absent,
the correlation between partial enzymic defects and associated
pathological wmanifestations is not usually wvery clear.

In this section, glycogen and its metabolism will be
reviewed briefly and then discussed in relation to glycogen
storage disease.

Glycogen consists primarily of D-glucose residues linked
mutually between positions 1 and 4§, and also containing some
6=10% of linkages between positions 1 and 6. This has been
shown by methylation studies (llaworth gt al, 1937}, aeidie
fragmentation analysis (%¥elfrom gt al, 19351), periodate oxidation
{(Halsall gt al, 1947) and degradative ensymic technigues (Cori
& Larner, 1951).

Hydrolysis of the permethylated pelysaccharide ylelds 2,3-
dinethyl glucose in addition to 2,3,06-trimethyl glucese, the
major product. Tetramethyl glucose has also boen isolated.
These rosults suggest a bhranched structure for glycogen, i.e.
the molecule is built up from chains of 1,4-linked glucose
residues, 10-18 units long (depending on the source of the
glycogen) mutually joined by 1,6-linkages or branche-points.

When glycogen is partially hydrolysed Ly dilute mineral
acid /
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acid, the isolation of isomaltose (Wolfrem st al, 1951; Dacon
& Dacon, 1954) and other maltosaccharides (Peat gt al, 1955)
containing an 0-l,6-linkage confirms the nature of the branch
points. The configuration of the linkage occurring within the
chain, as well as at the branche-point, is _m-mm by this
technique. The difficulties of obtaining a fully methylated
glycogen are great (Bell, 1948; Bell & Mammers, 1954) and
demethylation can occur during fragmentation pm- {Bell,
1948; Lindberg gt al, 1960). The action of acid omn poly=
saccharides is, in general, likely to give rise to experimental
artifacts {see Part One, this Thesis). The structural informe
ation obtained by these two methods alone is therefore not
complete, although the basie structure of any pelysaccharide
may be dotermined by these means.

Oxidation by periodic acid has been used to obtain yreliable
values for the average chain lengths of different glycogens
(Hanners & Wright, 1961), and provides an additional method for
the determination of the glycosidic linkages in the melecule
(Bell & Mamners, 1954). The technigue has alse beoen adapted
for the detection of linkages other than 1,4 or 1,6~ between
glucose rosidues (Mirst gt al, 1948).

The early models for glycogen structure, based only on
chenical evidence, were not satisfactory (see Haworth et al,
1937; Staudinger & luseman, 1937}. As a result of methylation
and /
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MODEL OF A SEGMENT OF THE GLYCOGEN MOLRCULE ( See Cori [19531],
Manners [1957] ). -

[ KEY: = ~l,4-linkage, 3 1,6-linkage, o glucose residue, ]

TYPES OF CHATN WITHIN A MULTTPLY-BRANCHED STRUCTURE ( Peat g_j;
al,[1952]) '
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and ensymic studies Meyer and Fuld (1941) introduced the concept
of multiple branchiang, and this leature forms the basis of the
currently accepted model of glycogen structure (see Fig. I).
Heyer and Bernfeld (1940) originally epplied this concept to
auylopectin.

A multiply branched molecule (see Pig. I) contains interior
chains that are situated between two bLranch points, and exterior
chains which are attached to rest of the molecule by one branch
point. The latter have been described as A-chains (Peat et al,
1952), and one or more A-chains may be linked to a Bechain.
¥hen a meolecule contains approximately equal numbers of both
kinds of c¢hain, the B-chain, on the average, comprises oneo
exterior and two interior chains. The C=chain is characterised
by its terminal reducing group, of which there is probably only
one per molecule.

Unanbiguous experimental proof of the multiply branched
structure of glycogen was established when by alternate use of
a debranching ensyme (amylo=l,6-glucosidase) and muscle phose-
phorylase it was shown that successive tiors of side~chain
branches of the glycogen molecule could be removed (Larner gt al,
i952).

Glycogen molecules are typically very highly branched indeed,
and it has been caleculated that steric limitations on its ultimate
structure would fix the molecular weight at 420 x 106. depending

on /



- 121 -

on the degree of hydration. The ealculation, due to Frauch
(1964) assumes a volume for sach giucose unit from Xeray
measurement, and an average chain length of 12 units. The
highest experimental values, determined by osmometry {Carter &
Record, 1939}, lightescattering (Harap & Hanners, 1952) and
ultracentrifugation (Greenwood & Manners, 1957; Polglase ot al,
1952) indicate a maximum molecular weight between 10° ana 107
(Greenwood, 1932 & 1956). @Glycogen, however, as extracted
from animal tissues possesses a wide range of wmolecular weight
values which can be shown in part to depend on the method of
preparation. In general, glycogen of high wolecular weight
can only be extracted by use of very mild techniques {orrell
et al, 1964): for example, cold alkaline glycine buffer.
There is at present no congensus on which method yields a
glycogen most representative of the native material; a high
molecular weight is in itself nc ceriterion.

In summary, therefore, the sstablished model for glycogen
structure that emerges is that of & polydisperse, high molecular
welght polymer of Deglucose. The glucose residues are joined
together primarily by @G-l,l-linkages into chains that on astr.go;
vary from 10 to 18 units in leagth, but also at the points in
the molecule where individual chains interconnect, by Gel,b=-
linkages, to form a multiply-branched, polymclecular structure.
The description by Neyer (1943) of glycogen as a biclogical

conception /
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conception rather tham a chemical entity still seeams apt.

The majority of the chemical reactions that occur in the
living cell azre catalysed by enzymes, Anabolism, where a
sequence of reactions leads to & net synthesis, and catabelism,
where the enzyme action exerted is primarily degradative,
together constitute metabelisn, In glycogen metabelisa, simple
monosaccharides such as glucose or galactose are converted by
engyse action inteo the complex polysaccharide, glycogen.

Overall the process is one that stores the snergy not lmsediately
roquired by the cellular economy (anabelism) and can make availe
able the stored energy whon needed (catabolism), for example,

to exert muscular effort. The metabolism of proteias and lipids
is intimately linked to that of the ecarbohydrates (Baldwin, 1959)
and the interconversion of all three types of cellular constitueant
is possible; thus wvhen a defect in glycogen metabolisw is being
considered the possibility of related side-effects should not

be ignored.

Systems in Vature that are conceruned with energy transfer
are clesely linked with phosphate metaboliom, and the synthesis
and degradation of glycogen is no exception, To take the
simplest case first, before it can participate in the synthesis
of glyecogen, gluceose must Tirst be phosphorylated at position 6.
This reaction is mediated by the enzyme hexokinase and adencsine
triphesphate /
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triphosphate (ATP). The bomds linking the phosphoric acid
residues are not all identical in this compound: two of them
are spoken of as energy rich (George & Rutman, 1960). This is
because =/\ 7’ for the second and third bonds, shown thus
below, is approximately 5 Cal/wcle greater than for the standaxd
ester,. ATPF iteelfl can be regarded as a store of energy, as is
iilustrated in Fig. 2a.

The enerygy derived by the hydrolysis of ATP drives intracel-
iular endergonic reactions, i.e. those reactions where/\ F > 0.
The pheosphorylation of ADP is linked to respiration through
electron transport from substrates along a mitochondrial system
to molecular oxygen {(Ernster & Luft, 1964) and affords a contrel
over energy production that has the net effect of maintaining
ATP levels within the cell.

The glucose-b-phosphate now undergoes iscmerisation to
glucese~l-phosphate, and can be incorporated inte the glycogen
molecule. A summary of the intermediary reactions ianvelving
glycogen wetaboliss is given on the next page. ¥hilest the
metabolie inter-conversions that take place in the hexose mono-
phosphate pool will not be considered in auy detail here (since
the main purpose of this review is to show how some of the
engymes that have been studied in relation to glycogen storage
disease operate in the in vive synthesis and degradation of
glyecogen), it can be seen, however, that glucose«G-phosphatase

oceupies /
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occupies an important position at a point where several
sequences of synthetic and degradative reactions coanverge.
Absence of the enzyme glucose-fephosphatase would curtail,

for example, the couversion of glycogen into blood glucose.
This was, in fact, the observation of Mason and Siy (1943),
who suggested a causal connection between von Glerke's disoase
and an inability of the liver to deplwaphoerylate hexose mono-
phosphate.

Glucose-6~phosphate can leave the hexose monephosphate
peol in twe ways: in the first, the rate-~limiting step is
wadiuted by the enayme glycogen synthetase, and in the second,
the dominant enzyme, leading to giyecolytic breakdown is 6-
phosphefructokinase {(lewsholme, 1965). Glucoese-G-phosphate
is a powerful activater of glycogen synthetase nctivity
(Rornfeld & Drown, 1962) and so when glycolyeis is proceeding
at & reduced rate, a net synthesis of glycogen occurs, i.0.
when an acoumuiation of glucose~b-phosphate is poseible. On
the ether hand, the enzyse G-phosphofructokinase limits the
rate of glycolysis, and hounce the production of ATP: but small
gquantities of ATP in turs inhibit the activity of Ge-phospho-
fructokinase. However, {ructose«l b=diphoephate, adenosine-
monophosphate (ANF) or inerganic phosphate can reverse the
inkibition caused by ATP {(lolssoneau & Lowry, 1962). Thue
the ratee-limiting step of glynoclysis, viz. the conversion of
fructose-6-phosphate to fructose~l,i~diphosphate is controlled
by factors related to energy metabolism.

These /
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These observations are sumsarised in Fig. 2b.

¥illjamson {1965) has shown that kinase mediated processes,
including the phosphofructokinase reaction are far displaced
from equilibrium whereas other glycolytie reactions are not,
and adduces evidenuce for variations in the citrate level, rather
than that of the adenosine nucleotides being responsible for
the control of phosphofructokinase activity. vwWu (1965) bas
iisted a nunber of other rate-limiting factors in glycolysis:
e+ glucose transport, and also the availability of inorganic
phosphate and enzymic co-factors.

It has already been pointed out that the celiular level of
ATP tends to remain constant: the enzyme adenylate kinase, which
catalyeses an equilibriuve between ATP and ANP and also adenosine
diphosphate (ADP) occurs very widely, and Krebs (1964) suggested
that because of the ATP, ADP and AP equilibrium, AMP acts as &
signal of ATPF conceantration changes.

Alternative metabolic pathways are common in Hature. To
take a well known example the breakdown of glucose-bephosphate
itselfl ecan proceed aercbicalily by the Varburg Dickens route,
referred to as the pentose phosphate pathway in Fig{p'®) the
carbon flowesgheet for which can be summed up as (iarrison, 1959):

Gubei' » 12 TPH + 60H_O= 6 CO, + 12 TPHH, + P,.

Alternatively, glucose-Gephosphate can be broken down

anaerobically by the glycolytic and feruwentative pathway due to

Embden /
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Bmbden and Meyerhof, summarised as follows {(Harrison, 1959):
GeOH + 2 DPH + 2 ADP + 2 P1 -
2 Pyruvic acid + 2 bﬁnﬁg + 2 ATP + HEG‘

The conversion of pyruvic acid to lactie acid by the enzyme
lactic dehydrogenase coupletes the picture. The oxidative
decarbozylation of pyruvie acid via the citric acid cycle
{Baldwin, 1959) links carbohydrate metabolisa directly with
1ipid and protein metabolism.

A susber of phosphorylytic ensyues have beoen implicated in
the synthesis and degradation of glycogen, and these working in
conjunction with branching and debranching enzymes can cause
extensive modifications of glycogen siructure. However, none
of thege appear to be abhle tv inerease the munber of glycogen
mclecules already present in the cell. The amyloliytic
digestion of glvecogen (hutter & Brosemer, 1961; Clivarria, 1960)
could give rise to suitable precursors for the synthesis of
®*fresh” gliycogen, and it has also bLeen suggested that transe
glycosylation reactions are involved (Stetten & Stetten, 1960).

The metabolic dysfunciion most likely to cause glycogen
storage disease, which is charactierised by an accumulation
of glycogen, is a block in the catabalic process: the enzynes
inveolved here are accordingly considered next. The main
synthetic and degradative routes are sumsarised in Fig. J.
Lbogphorylase: The action of phespherylase has been considered
briefly in the General Intreduction. It is now generally
accepted /
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GLYCOGEN STOHAGE DISEASE

GLYCOGEN

Uridinediphosphate
- X

UJRIDINEDIPHOSPHOGLUCOS

phosphate
pyrophospnhate \\ !
¢-LIMIT DEXTRINS
(7)
Uridinetriphosphate

\

I¥=GLUCOSE~1-PHOSPEATE]

(6)

[X—GLUCOSE-6-PHOSPEATE

[ KBY: (1) glucose-6-phosphatase, (2) ) —-glucosidases, including
"gcid-maltase", (3) phosphorylase + oligo-1,4->1,4-
glucantransferase + amylo-l,6-glucosidase, (4)
phosphorylase, (5) glycogen synthetase + branching
enzyme, (6) phosphoglucomutase,(7) uridyltransferase.
X marks the sites of genetically determined enzyme

nlesions" causing excessive glycogen deposition.]

Figure 3.




- JIT -

accepted that im wvivo thie onzywme exerts solely a degradative
function; the ratio of inorganically linked te glycesidiecally
iinked phosphate (which determines the eguilibrium positien)
has boen shown to preclude synthesis (Hemes, 1940, see also
Stetten & Stetten, 1960). However, in some cases of glyecgen
storage diseoase {eee latoer) where this enzyme is demonstrably
absent, the synthesis of glycogen perslats. In addition, &
synthetic route iaplicating uridine diphosphoglucose (Leloir

& Cardini, 1937) is thermodynomically very favorable. The
effect of adrenaline, whish activates phosphorylase (Rall et al,
1957) (this pslnt‘ is discussed later), and hence glycegenclysis,
furnishes further evidence for the in vivo action of the enzyme
phesphorylase.

At least twe foras of phosphorylase have been shown to exist
in mavsalian susele and liver. They are charactoerised by their
requirement for adenylie ascid, aud in suscle are interconvert-
ible sccording to the following schene {(Kyebs & Fischer, 1962).
2 phosphorylase b + & ATP » phesghorylaze a + & ALP eesll)
phvephoryiase a « & #,0 » 2 phosphoryluse b + 4 Py p——

Most of the work en phasphorvliase hag concerned the enzyme
extracted from rabbit-muscle, and so the work described usually
applies only to rabbits: for example primarily the b form has
been found in resting smscle (Xrebs & Fischer, 1957).
Iemunological differences exist between musele and liver phose
phorylose (Henion & Sutherland, 1957).

Phesphorylase /
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Phosphorylase ¥ ig less active ithan phesphorylase a, and
the interconversion {1) above, effected by the enzyme phosphoryle
ase b kKinasse, has a reqmirosent for magnesium fons and ATD. In
nddition, the kinace iz inert as extracted from muscle, and
sctivation can be induced by incubatlion with calcium iouns, as
well as with ATP and magnesium fecns., Heauction (2) is catalysed
by the ensyme phosphorylase a phesphatase, an enzyme reversibly
inhibited by low coucentraticus of AMP,

sdrenaline activates phosphorylase (Posener gt al, 1962)
by stepping up the conversion rate of form (a) from form (b)
by inereasing the concentration of eyclice3,5- ANP (a nucleotide
that has been shown by Rall et al (1957) to enbsnce the active
ation effect of ATP and magnesium ions) during which & phospghate
group from ATP is transferred to phespherylase b kinase. The
hormonal control (Sutherland, 1962} of phospherylase activity
is shown schematically in Pig, 4. “The key enzyme, adenyl
cyclase, catalyses the foruation of cyelic-3],5~ AMP from ATV, and
s0 the link between hormene and glycogenclysis is complete.
Pyposphoryiase b has been shown to be inhibited by ATP and glucosee-
Gephosphate, an effect that is reversed by AMP and inorganic phose
phate (Morgan & Parmeggiani, 1964). Pyridoxal«S-phosphate has
been identifled in stolchiometric amounts, attached teo phosphoryle-
ase a (4 moles) and to the b form {2 moles) (Baranowski et al,1957)
and inactivation of the enzyme by removal of this “prosthetie

group”® by /



Hormonal Control of Phosphorylase Activity.
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by aecid hydrolysis can be reversed by re-~incubation in the
presence of pyridoxaleSephosphate for 30 min. (Cerdi & Iilingworth,
1957}, The preperties of muscle phosphorylase have been
revieved by Krebs and FPischer (1962) and the structure of phoe=
phorylase by Fischer, Krebs and Appleman (1964).

Giveogen Synthetase: Like phosphorylase, the enzyse glycogen
synthetase has been found to exist iu twe forms (Rosell-Perez

st al, 1962); these are termed I and D. The Deform is dependent
for its activity on the prescnce of glucose~l-phosphate, wherecas
the I-form, is independently active. The two forms are inter-
convertible according to the following scheme (Larner, 1964)
gluccsyltransferase I + ATV « glucosyltransferase D + ADP
glucesyltransferase D + H,U - glucesylitransferase I + Pye

The presence of insulin increases the couversion of D= to the
I-form. The effects of hormones, and celiular constituents

on the activities of phosphorylase and glycogon_aynthetaso are
summarised in Fig. 5 given in Newshoime (1965).

Both foras of phesphoryliase and both forns of glycogen
synthetuse are interconvertible by way of phospherylation and
dephosphiorylation reactions, and as suggested in Fig. 5 there
is a strong possibility that in viyo these enzymes are subject
to common contrel mechanisms. There is evidence (Belocopitow,
1961) that glycogenoclysie is sctivated at the ezpense of
glycogenesis: adrenaline inbibits synthesis, but sicultancouely

activates /
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activates phosphorolytic action. In addition, cyclic-3,5%- ANP
appears to exert a controliing sction on the kiuases that mediate
the interconversions of both enzywes {(Cralg & Larner, 1964},

The synthetic action of the synthetase enzyvme cean be
summarised as follows (Viliar-ralasi & Larner, 1958)
Uridine triphosphate + GeD-G=(1l}=PF UDPG pyrephosphorylase

Uridine 5-(De-glucesyl pyrophos;;;tn + pyrophesphate
Uridine 5-(D-glucesyl pyrophoesphate) + (G)
glycogen synthetase
Uridine 5-prrnpholphntcr+ (G)

n+l
fumylo=-1,6-glugosidase: The debranching enzyme, amylo-l,é-
glucosidase liberates free glucovse from the phosphorylase limit
dextrins of branched substrates, first showa by Cori and Larner
{1951). The enzyme is accordingly implicated in the in wvive
degradation of glycogen (see Fig. 3 )in conjunction with phosphor-
yiase. The enzyme does not act on glycogen itself (Larner gt al
1952), but can effeet complete degradatien acting with phosphoryli-
ase. However, WValker and WVhelan (1960} have shown that Reenzyme
{a plante-debracching ensywe) acting on a phosphorylase limit
dextrin prepared from amylopectin liberated maltetetraeose and
other oligosaccharides, and suggested that couversion of the
dextrin melecule by transglucosylation could explain the libere
ation of free glucose observed by Cori and Laraner (1951).

Brown and Illingworth (1962) have shown that a smali

amount /
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amount of transglycosylase does contaminate even very pure
preparations of the debranching enzyme. Recoent work by Abdullah
and Vhelan (1963) and DBrown ot al (1963) on the debraanching of
glycogen by preparations of rabLit muscle amyloel,b-glucosidase
is alse explicable in terms of the presence of transferase.

Hers (1964b) has adduced evidence for a l,4el,beglucan transfore
ase accompanying the debranching enzywme by use of a radio-
active technigue. The conclusion is that the Valker~Vhelan
structure of a phosphorylase limit dextrin is correct (see Fig. 6).
Acid Maltese: An acid maltase (Lejeune 1963) may also be
involved in giycugen breakdown, and its sigunificence ls discussed
iz the next section. |

Phesphofructokinase: Tarui (1965) has identified a type of
glycogen storage disease characterised by a lack of this enzyme.

In the Blackadder Lecture (1963), van Creveld used the
name glycogen disease to indicate "a congenital and sometimes
familial error of carbohydrate metaboliss leading to abanormal
accusulation of glycogen in certain organs®.

Although a nusmber of different cases have been deseribed
since van Creveld first repeorted on an infant with a glycogen
disease (1928}, it was not until Cori and Cori (1952) related
a specific enzyme defect (i.e. virtual absence of glucose-b-
phosphatase) teo a particulary type of glycogen disease that a
reliable /



THE STRUCTURE OF GLYCOGEN PHOSPHORYLASE LIMIT DEXTRIN.
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reliable classification of these diseases became poasible.
Classification on clinical grounde alone can be misleading
because the same biochemical defect can lead to & wide range of
syaptoms and alseo, different metabolic disturbances may produce
similar pathelogical conditions (eum. 1957). The
development of biochemical techiniques of disgnoutie wvalue is
therefore very important and so far has distinguished six basic-
ally different types of glycogen storage disease -« a convenient
"umbrella” term used to include all the known types of the
disease.

The =ix basiv types ag enumerated by Cori (1957) and Field
{1960) can be considered under two main headings: the first
wvhere the most obvious clinical abnormality is the massive
enlargement of the liver with glycogen, viz:

1. The Hepatomegalie Types.

Type I, or von Glerke's disease classified by Cori and
Cori (1952) is characterised by a deficiency or virtual absence
of the microsomal enzyme, glucose-G-phosphatase. Although it
now sesmse unlikely that the original casee described by von
‘Glierke and van Creveld were Type I glycogencsis, the name von
Gierke's disease has remained, and has been and is often
erronecusly used to cover all types of glycogenosis. The
glycogen that accumulates in the liver and kidneys, where the
deficient enzyme is normally abundantly present, is of normal

structure.

Type /
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Tvpe 117, or liwmit dextrinosis, classified by lliingweorth
et 21 (19356), is due to a lack of the debranching eagyme, amylo=
1,6~glucosidase, an enzyme normally accempanied by a 1,41,k
glucantransferase, According to whether the metabolic defect
concerns one or othar or beth of these enzymes, three further
sabgroups of Type 111 glycogenosis have beon proposed (Hanners
2t al (1961). 1In addition, the debranching defect cam occur
either in the liver or the muscle tissue. The structure of
the acoumulated glycogoen usually approximates to that of a
phespherylase limit dextrin.

Type VI, due to Hers (1959), a relatively coumon type of
glycogenosis 1o due to & defigiency of liver phosphorylase:
there Is 2o osther enzymic lesion. The structure of the deposited
glyecogen is normal.

Type IV, or Andersen's disease is <haracterised by the
accusulation of a glycogen-type volysaccharide that very closely
resembles amylopsciin, Only two eases have besn repsrted in
the literature, the first by indersen (1256).

Type Ii, or Pompe's discase {(Pompe, 1932) is thought to be
due te a lack of the enzyse acid maliase  (fers, 1963)., The
deposiiion of & glycogen of normal structure is generalised
throughout the body. The heart is eften greatiy ealarged.

ia Type V glycogenoeis, muscle phosphorylase is absent, The
first description is due to Neardle (i951).

The /
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The main featuraes of the different types of glycegen
storage disesse acceording te the Cori classification are
presented in Pig. 7. {(Sehmtidt, 1964%).

in Type I glycogenosis, the liver amay be sufficiently
enlarged to induce a curvature of the spine (lordosis), and
adiposity 1is not uncommon, suggesting a disturbance of the
norwal 1ipid metaboliswm.

Dwarfisa is often characteriatic of Type I glycogenosis.
The disease usually becomes apparent during the first year of
life, although cases of late developmont have been reported
(Bernedetti gt al, 1962). If the patient susrvives the fourth
year, the prognosis is generally good, and the syaptoms becone
wilder: death frequently occurs in infancy due to hypoglycemic
brain damage, or as a result of some other infection. Piagnosis
of Type I glycogencsis is made on the grounds that (1) the liver
is enorsocusly enlarged, and the structure of the deposited
glycogen is normal, and (2) the virtual absence of the enzyme
glucose~b-phosphatese from the liver and kidmey tissus; (3) the
fasting blood sugar level is low, generally arcund 50mg/1l00ml, and
the normal transient hyperglycemias following administration of
galactose (Sechwartz, 1957) or fructose is absent; (4) mo response
is shown after the admimisztration of cither adrencline or
glucagon; there is noe evidence feor an secunulation of glucoseebe
phesphate occurring {(Hers, 1964a); (5) a high level of urate and
lactate is characteristic of hepatomegaliec glycogenosis.

A/



Classitricatzion ot Glycogen storarse Diseases.

Cori Enzyne Glycogen Organs Clinical
Type BEponyms Defect Structure Involved Ilanifestations.
I: von Gierke's Glucose-6 Normal Liver, Hepatomegaly,
disease -phosphatase kidney hypoglycaemia
acidosis and
ketonuria
IT Pompe's Acid Normal General- Cardiomegaly,
disease Maltase ised cardio respiratory
3 failure and death
IIT Corits Amylo=-l,6- Abnormal, Liver, Hepatomegaly,
disease, glucosidase short heart moderate
Limit- (debranching) outer muscle. hypoglycaemia
dextrinosis chains. acidosis
Iv Andersen's Amylo=( Abnormal, Liver, Cirrhosis of the
disease 1,4-1,6)- few branch heart liver, progressive
transgluc=- points muscle hepatic failure and
osidase erythrocytes death.
(branching)
v McArdle's luscle Normal Muscle lMuscle cramps on
disease phosphorylase exercise
VI Hers's Liver Normal Liver hepatomegaly, moderate
disease phosphorylase leucocytes hypoglycaemia and
mild acidosis.

[ see Schmidt, 1964 ]




- 135 =

A slight defect ir zlucese-Se-phosphatase activity has been
shown to accompany Type TIT glycogenosis [(Hers, 1959) but a
coaplete absence of this enzyme is the surest indication of
voin Glerke's disease.

In Type 1I glyecogenoesis, the symptoms are first noticed
within a few menths of birth. The patient is exceedingly weak,
unable to hold up his head, and lies in a completely flaceid
position. Survival beyond infancy is rare, particularly when
the heart is greatly enlarged. The pathological manifest-
ations preceding death appear to be due to pregressive, generale-
ised depesition of glycogen resulting isn a weakness of the
respiratory muscles rather than te a specific enzymic deficlency,
although a causal connection due to a lack of the enzyme acid
maltaese (llers, 1963) has been suggested, Disgnosis can be made,
in additiop to observations on the physical cendition of the
patient, (1) by muscle biopsy, demcnstrating a high concentre
ation (ea. 10%) of a glycogen of normal structure; (2) fasting
blood-sugar levels are pnormal, and a galactose ur'gléeo.o
tolerance test elicitas a normal response; (3] responses teo
administration of adrenaline and glucagon are within sormal
limite; (4) blood lipid aml lactate levels are normal; (35)
acidosis and ketosis are absent; (6) abseunce of the enzyme acid
waltase in biopsy specimens.

In Type 111 glycogenosis, the clinical symptoms are generally
those / |



- 136 -

those of hepatonegaiic glyccgencosie, but less marked 2.pg. the
fasting hypoeglycaenia, acidosis and Retonuria are less severe.
Accordingly, a diaguosiz can be nade on the following grounds =
{i) by experimental verificeaiion of the main ensyme defect, i.e.
absence of auyloel,beglucosidase, and (2) by chemical charactere
isation of the deposited glycogen preving the presence of the
shorter outer chalns; (J) infusicn of galacteose or Iructese
elicits a worwal response;: (%) aduministration of glucagon or
adrenaline is also followed by a falrly nornsal ox normal hypere
glycuemic responss; (5) Sidbury {(1961) has shown that the
orythrocytes of patients with limit dextrinesis coutain elevated
Levels of glycogen of abpormal struciure, and tuie provides an
exceedingly convenient wethed for diagnostic purposes.

Hers (1959} has suggested that cases of limit dextrinocsis
may be furtaer sulbddivided acecording to whether the enzyme deflect
cecurs in both liver awd muscle tissue (iimit dextrinosis A),
and when 1t is oanly apperent ia the liver (limit dextrinesis B).
These types may be distinguished somctimes by the different
asounts of glyecogen deposited in the suscle and the liver.

Amylowl,b=gluccsidase is sost conveniantly assayod Ly
weasurenent of the incerperation of clh-glusu.o into glycegen
{Hers, 1559). This method has also been adapted to leucocytes
by Williams gt al (1963).

Type LIl and Type I glycogenvsis say be assceiated in the

same /
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same family. Illingwerth gt al (1961) veport om o pair of
siblings, one of wlow axhibited a Jdiminished glucoseefephose
phatase activity, and the other symptoms of a Type IIT glycogen=
esis. 4 similar instance (Manners, 1954, and Calderbank et al,
1060) has alse been reported., Two siblings, one of whom had
Type I and the other Type IIT glycegenosis (Eberlein et al, 1962)
were both shown te have an abnermally high erythrecyte glycogen
level.

Type IV glycogenosis, or Andersen's disease bhas appeared
twice in the literature (Andersen, 1956, and Sidbury gt al,
1962). The isclated glycogen resembled amylopectin and stained
blue with lodine. No specific enzyme defect has been demonstr-
ated, though a deficiency of branching enzyme would seem
plausible (Illingworth & Cori, 1952). The liver was enlarged
and eirrhosed. In beth cases, the hyperglycaomic response to
glucagon and adrenaline was reduged, and the glucese tolerance
near normal; the Jdisease was fatali after 17 months {(Andersen's
cage) snd after 42 months (Sidbury's case). Strueturally
abnormal glycogen was isclated Pfrom the heart, muscle and
erythrocytes as well as frow the liver. in sndersen's case
the material was only sparingly socluble in water, whieh led
Recant (1955) to suggest that by "precipitating”, the "glycogen”
became ivaccessible to phesphorolytic attack.

Type V glycogenosis, or MeArdle's disease was first

described /
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described by Meardle (1951) for a male adult who had suffered
from muscular craomping after exercise. in hie original paper,
HeArdle showed the absonce of & rise of venous lactate on
exercise, and o normal response to aduinistration of adrenaline.
Schridt and Mabler (1959) and also Mommserts gt al (199%9)
demonstrated that this type of glycogenosis is due to a lack of
the enzyme phesphorylase in sheletal muscle. A bicpsy carrvied
out on MNedrdle's original patient confirmed the absence of
muscle phosphoryiase activity (Mellick g% al, 1962). The course
ef the disease is progressive (Schmidt & Mahley, 1959) Hommeserts
at al, 1961); ebildren complain of easy fatigability, and later
whilet patients are able to walk on the level, they find stairs
diffienlt. After forty years actual wasting of nmuscle may take
place, although the progaesis for this type of dissase appears
to be good (Sehwmidt & Hammeker, 1961). The concentration of
glycogen is moderately high (47) and is of normal structure.
Diagnosis is therefore made (1) because of a2 lack of muscle
phosphorylase, and (2) no rise in venous lactate during exercise;
(3) aduinistration of fructose or gluccse (Pearsomn & liwmer, 1959;
Hellick gt al, 1962) can increase a patient's tolerance for work;
the utijiisation by muscle of fructose as an energy Source was a
further observation. (4) Similarly glucagon {(Schmidt & Mahler,
1959) or adrenaline (Mcairdle, 19%51) can increase a patient's
vork caprecity.

The eusyme phosphorylase is convenliently assayed by the
method /
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mathod of Fers {1937) « an adaptation of the Cori methed (1943).
The Ancorparation of glucose from glucoese~l-phosphinte inte
glycogen is measuvred by the vreleasse af inorvganie phosphate that
cozurs in the presence of AMP (see preceding section).

Type VI gslycopgencsis, or Hera' disease is not a very cleariy
defined condition. Patienta growth is generally retarded during
the first year of life, and the liver is enlarged. A subnormal
hyperglycenic response to glucagon or adrenaline is cbserved
(Hers, 1959), but the Schwartz test is follewed by a normal rise
in bloed glucase. A low liver phaesphorylase activity has been
shown to be accompanied by & corrssponding defect in the leucocytes
(Mulemann et ail,(1961):viliieme & ¥ield,(1961)). fowever, it
bas been found (Hers, 1961) that hepatomegaliec glycogenosis can
occur among siblings not anll of whom have any obvious enzyme
dafect, and wvhose nuscle glycogen concentration is not abnormal.
Hers {(1964a) vconcludes that this type of glycagenssis is probably
the mest frequently encountered, and points out that the
distinetion potwaon asrnal and low phosphorylase activities is
not very clear cut, especially szince the child may be suffering
fros another Term of glycogen storage disecas2, or something
else altegether.

Tarui (1965) reports on 3 cases of a new type of gliycogen-
o2is, in which all three patients complained of easy fatigability.
The enzyme defect was identilfied as an almost complete lack of

muscle /
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muscle phosphofructokinase. A wmoderate depesition of glycogen
was apparent, and of especial interest, an accumulation of
hexose wmonophosphate. The phesphofructokinase activity of
hemolysates was partially reduced. The offspring (sibliings
of both sexes) resulted from a consanguinous wating - a feature
common te ga. 107 of cases of glycogen storage discase (lers,
1965).

in the experimental section that follows, a nunsber of different
techuniques have been used in an attempt to classify seven

different biopsy samples.
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¥hen a biopsy specimen is taken it must be deep-frozen
at once to preserve the in vivg levels of enzymie activity,
and also to maintain metabolically active non-engysic
constituents in an undegraded fora. One method of doing
this is to place the specimen in a sealed container, which is
then covered with powdered Cardice. This method ensures
that mninimum losses due to evaporation ogcur, an imsportant
point, since enzymic azctivities are often expressed in terms
of fresh tissue weight. This was the mothod generally
adopted for the present work. Vhenever possible the assays
wvere carried out within 48 hours of the operation. When
the operation took place away froum Edinburgh the biopsy
specimen was placed on a train to Edinburgh the same day.

The following method was adopted for the preparation of
the homogenates. The deep-frozen liver sample was placed
on a cold mieroscope slide, and a slice (50-150mg) removed
with a scalpel. The elice was weighed in a tared, ice-~cold
glass homogeniser tube and cold water added (2.0 ml per 100 ug
tissue). The tissue wae briefly homogenised, i.e. for 15 sec.
followed by a 5 eecc. pause, and for a further 15 sec., and the
homogenate filtered through two thicknesses of muslin iunto a
small test-tube. Ue2 ml portions of the filtered homogenate

were /
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were used for each glucose-G-phosphatase assay, and 0.5 ml
of a 3=fold dilution for the phosphorylase assay. The
remainder of the biopsy specimen was kept deep-~-Trozen for

glycogen extraction.

Two main points have to be borme in mind during any

extraction procedure. First, the material being extracted
cust be as little affected by the method used as possible. =
ideally not at all, and second, the extracted material must
be in a state suitable for analysis. Several ways of
extracting glycogen have been used by different authors
ineluding howogenisation in hot water {Greenwood and Hanners,
1957}, cold water {(Lazarow, 1942; Orrell and Pueding, 1958)
maceration in cold trichlorcacetic acid (Stetten gt al, 1956)
and alkali extraction (Pfluger, 19510). Detergents and 8
urea have also been used. All the methods described above,
except the cold water extraction, in themselves facilitate
the removal of contaminating protein. The subject has been
extensively reviewed by Orrell et al, 1964, ¥here water is
the extractant, an organic sclvent is often employed for
deproteinisation, for example chloroform and getyl alcohel
(Sevag, 1934},

in order to obtain the maximum amount of material with
which to weork, extraction with hot concentrated alkali was
preferred /
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preferred for all the biopsy specimens. Although limited
alkaline degradation does undoubtedly ceceur, {Stetten, 1963)
togother with a decrease in molecular size (Orrell, 1964),
these factors do not interfere materially with the determine
ation of J~amylolysis limits, %-anylolysis limits or ilodine
staining power in half-saturated ammonium sulphate solution.
Attempts to use trichlorcacetic acid and dimethylsulphoxide
did not preduce a quantitative yield of glycogen. The
alkaline extraction was carried out by placing 1.3 ml 407
potassius hydroxide in a small tapered centrifuge tube, and
heating it in a boiling water-bath. Frozen tissuc (100-600mg)
was dropped inte the hot alkali, and heating continued for a
further 30 to 45 minutes. The contents of the tube were
occasionally stirred with a glass rod until dissolution. A
loosely fitting glass-stopper (from a reagent bottle) was
used to close the mouth of the tube. After half an hour, a
layer of fat usually unpirat.d out on teop of the glycogen~
alkali sclution and was removed with a pipette.

After cooling the tube in crushed ice, 2«7 volumes of
ethanol were added to precipitate the polysaccharide (Kjolberg
Ph.D. Thesis, 1962). The precipitate was centrifuged and
then taken up in Z-J ml of water. At thie stage, the poly-
saccharide material was estimated by the phenol sulphuric
method. A further five re-precipitations were carried out
in /
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in the same tube using decreasing volumes of water and ethancl.
For the last few precipitations, one small ecryetal of ammonium
acetate was added. The final white sclution was frozen and
freeze~dried if more than 10 mg were present.

Red blood cells from human bloed, (10 ml saline washed
and centrifuged), were treated with an equal volume of 209
trichloroacetic ancid (TCA) at 0=5" and stirred vigorously
to dierupt the cells {(Sidbury, 1961). The TCA-complex was
centrifuged, and the supernatant dialysed against distilled
water for 48 har. A suitable portion of the dialysate was
estimated by the phenol sulphuric methed for polysaccharide
content, and the concentration expressed in terms of g
glycogen per 1 g haemoglobin (the haemoglobin figure was
determined by the clinieian providing the blood).

The method used was a modification of that deseribed by
Allen (1940).

Reagents: Perchloric acid (609)

Avmonium molybdate (0.5 im 0.05 ¥ gamoniunm

bydroxide)

Amidol reagent: amidol (0.5 g.) sodium
bisulphite in water (50 ml) filtered through
a glass-wool plug. The reagent kept for ca.
2 weeks in a dark bottle placed in a refriger-
ator before discolouring.

Nethod /
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Leghed.

A portion of the solution to be tested (1 =l) containing
not more thanm 1 ,,J! of inorganic phosphate was pipeotted inte
a test tube (i im. die.), te which was added perchloric acid
(0u5 ml), amidol reagent (0.5 ml) folleowed by ammonium
molybdate solution (5.0 ml). The wellenized seluticn was
ailowed to stand (15 min) and then the opticel density was
read in I em cells on a Undicam 5P 600 spectrophotoneter.
Standard inerganie phosphate solution was  prepared from A.EK,
potassius dihydregen phosphate.

At room-temperature, mazximus colour developuent was
reached in five mninutes and thereafter was stable. An
optical density reading of 0.575 was equivalent to 1),)4 l‘-"L
under the conditions described sbove.

fssentially the method deseribed by Ceri and Cori {1932)
vas used.

Londisions:-

Substrate: 0,01 ¥ glucese~G-~phosphate dipotanssium
salt (hydrated).

Engyme iiver-tisoue homogenate (see p.'ul }:
concentration 100 mg fresheweight per 2 ml
wvater.

Digest: Sabstrate (0.5 ml)

Citrate buffer (0.3 ml, C.1 M, pil 6.8)
fionogenate (0.2 mi).

Assay: the digest was incubated for 60 min., at 30% in
atoppered centrifuge-~tubes suspended in a stirred, thermostatice

ally centrolled water-bath, The reaction was stopped by the
addition /
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addition of ice-cold 107 TCA (1 ml). The tubes were placed
in crushed~ice for 5 min., and then centrifuged. A portion
{1 ml) of the supernatant was examined fer imorganiec phosphate
by the modified Allen procedure. Assays were carried ocut in
triplicate, and a blank containing no substrate was sisultane
eously incubated with the assay digests. A phosphate
standard was included.

Substrate: O.1 ¥ glucose-lephoaphate
2% rabbit liver glycogen

0.003 M AMP
Ue2 ¥ HaF adjusted to pH 6.1.

Ensymes 5% dilutiom of the glucese-Ge-phosphatase
homogenate.

Digest: Substrate (0.5 ml)

Citrate buffer (0.5 ml,0.1M, pH 6.1).

Assay: The digest was incubated in stoppered centrifuge-
tubes for 30 wmin., at 37°. The reaction was stopped by the
addition of 209 TCA (0.5 ml). The centrifuge tubes were
placed in erushed-ice for 5 min., and then centrifuged.
Portions (1 ml or less) of the supernatant were then analysed
by the modified Allen procedure for inorganic phosphate.

The assays were carried out in tripliicate, with an enzyme blank.
(7} /
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{2) __The Units of Activity.

The unit used by Herse was adopted, 1.0. the phosphate

release was expressed as )V‘” P:l released per minute per gramme
of tissue. Thie ie & unit of convenience rather than one of
any great theoretical justificaticn, for it assumes {(a) that
the weight of frozen tissue in a stoppered tube cannot alter,
and (b) 1t is not always very easy to ensure that the howmogene
ate was prepared from 1007 liver-tissue.

Standard iodine solution (2.0 mli)

lydreochloric acid (0.15 ml, 6%)

Saturated ammonium sulphate seolution (10 ml)
Glycogen solution (5.0 ml containing ca. 1 mg).
Made up to a final volume of 20 ml.

The wavelength of maxisum absorption was read om the P.E.
137 recording spectrophotometer, using 2 eom cells. The
reading thus obtained was used to estimate the average chaine
length of the glycogen (Archibald gt al, 1961), using the
equation CiL = 16 + 0.114 { A max - 500).

The standard phenol sulphuric method (Dubols gt al 1956)
was used directly to estimate glycogen (Montgomery, 1957), and
it was found to give an absorption value 1.1l times greater
than an equal weight of glucese.
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f=amylolysis iLimite: Typlecally, pelysaccharide solution (10 m)
containing ca. 2.0 mg) was taken and incubated with S-amylase

(1.0 mg in acetate buffer, 5.0 ml, piH 4.6, 0.2 M) for 24 hr

at 37°. Portions (1.0 ml) of the digeat were then estimated
by the modified Park and Johnson method.

Z-amylolysis Limitg: The same polysaccharide solution was

used, (10 ml) and d-amylase (calibrated enzyme, mee Kjolberg &
Hanners, 1962) in citrate buffer (5.0 ml, containing 1 ml
sodium chloride 0.57%, enzyme, 1 mg, and citrate 0.1 M, pi 7.0)
was added, and the digest incubated for 24 hr at 37°. Portions
(1.0 ml or less) were thon estimated by the Park and Johnson

method.

deterained by the phenol sulphuric method (see 9 above), on
0.2 ml portions.

The method described by Kjolberg and Hanners (1962) was

used. The formula P e 235 « 0.20 (Pn) wvas used in

1,6
conjunction with the ensyme prepared by Dr. Kjolberg, where

P, ¢ the percentage of 1,6-linkages = iﬁ_ﬂ
L ™ Cl.

(22) /
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Rengents (as reference) vis:

Potassium ferricyanide 0.5 g/} esa (1)
Sodium Carbonate 5.J g and

Fotassiwa Cyanide 0.65 ‘/1 ane (2)
Ferric ammonium sulphate 1.5 # and

Duponol 1.0 g/1 ese (I3)

The Duponol was recrystallised several times, as Kjolberg,
(1962, Ph.D. Thesis) found that the commercial reagent gave
a high reoagent blank.

Method (modified).

Sugar sclution (1 wl)
Mixed reagents 1 and 2 (5 ml)
¥ater (4,0 wi)

The mixed solutions were heated for 15 min. on a boiling water
bath in stoppered tubes.

Portions (1.0 ml) were added to reagent 3 (5.0 ml) and
the optical density read after 15 min. at 690 m 4n 1 em cells.
Tripiicate Ms were taken, and a reagent blank and a

contrel were included.
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Approximately 1.0 g of
frozen husan liver tissue was placed in dimethylsulphoxide

(10 ml), and homogenised with an Ultra-Turax msixer for 15 sec.,
followed by a pause and them agaim for 15 sec. The tube
containing the tissue:dimethyloulphoxide uixture wvas ismersed
in an ice:salt nmixture. The extracted glycogen was precipit-
ated by the addition of methansl, centrifuged and taken up in
water, and re-precipitated a further three times with ethanel,
weing three volumes of aleshel for each precipitation. A
final agueous selution of glycogen weas freeme-dried, and then
taken up in water (20 ml). Suitable aliquots were estimated
by the phenol sulphuric method, sl showed that the glycogen
extracted by dimethylsulphoxide rupresented enly 0.01% of the

freshetissue welght. (Vhistler & BeMiller, 1963).

Appreximately
O g of frozen humen liver tissue was ground with silver sand
and dimethyleunlphoxide (10 ml) in a mortar placed in crushed
ice using a pestle. The resulting mixture was ceatrifuged
and re-extracted a further twe times in the same way. After
centrifugation, the polysaccharide was precipitated from the
supernatant by the addition of methanol (3 vel.), followed by
three further re-precipitations with ethanol, as described for
the /
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the dimethylsulphoxide extraction procedure. The final
precipitate was taken up in water, and estimated for glycogen
by the phenol suiphuric procedure. The yield of glycogen was
0,08%.
t um hyd Lo%) Ext : Approximately

0.5 g of frozen human liver tissue was placed in 407 potassium
hydroxide (2ml) and heated in a boiling water bath for 30 min.
The cold alkaline solution was cooled, diluted twice, and
glycogen precipitated by the addition of ethanol (3 wvel).
The precipitate was centrifuged, taken up in dimethylsulphoxide,
re=precipitated, and then taken up in water. Suitable
poertions of this solution were estimated by the phenol
sulphuric method. The yield of glycogen was 0,3%.

The technique last described was therefeore adopted for
the extraction of biepsy samples, and the estimation of

glycogen content.

Hethod Yield (%)
1 0,01
2 0,08
3 G.30

One sample of human liver tissue was stored at room
temperature (18%) and another in the cold room (0-5°). At
24 hr intervals portions of the tissue were excised and
estimated /
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estimated for glucose~fl~phosphatase activity by the procedure
deseribed on p. \LS., The results expressed as optical density
readings, obtalued for each assay are tabulated below.

o 0.332 0.035 ©0.297 100
248 0.2 0.097 ©0.015 5
4  0.113 0.125 ©.008

96  0.175 0.156  0.021 7 #

$ the sample bad by now begun to putrefy.

Thus at room temperature, over 205 of the activity is
leost within the first 24 hr. It is also of interest to note
the increasing blank values: a large blank reading could
therefeve be tuken as a wmeasure of the lack of care with whieh
a biopsy sample had been handied.

{3) __Effect of Storage-Conditione on the Activity of

s S G 85 S R ‘havd Sidis tiaat -

The release of inorganic phesphate during the estimation
of glucosesbephosphatase wvas measured at 0.5, 1.0, 2.0 and & hr,
using a freshly prepared homogenate. A similar experiment,
using /
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using an homogenate that hud been frozen and stored overanight,
was also carried out. Opticali deneity readings from which

blanks have been subiracted are presented below.

fresh homogenate stered homogenate
Time Delle Delte
(nr) 720 720
0.5 0.032 -
1.0 0,042 0,039
2.0 0.059 0.058
k.0 0.051

The phosphorylase assay wae alee ¢xamined by deteramining
the inorganiec phesphbate release at 0.5 and at 1.0 hr., when
the optical density readings were respectively C.089 and
0084,

These results are shown graphically on the next page.
Ficketts (1963) has reported a non-linear release of
ivorganic phosphate during the glucose-S-pivaphate assay under
the conditione of lers which could be rectified by the addition

ef isotenic sucroso to the mediume Ia the present work the

original conditions yere ﬁhnd for purpoeses of comparison.
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ANALYSIS OF HUMAN _TISSUES.
{6) _ Contrel Liver Autopsy Specimen (Edinburgh).

This intact liver, kindly provided by the Sick Childrens®

Hospital through Dy». D. Bain gave the following results on

analysias,
Glycogen Content 0.3% Liver Autopey
Glucose-6-phoshatase® 1.7
Passphoryiase#® 103

¢ the eumyme units adopted iu this and all subseguent
engyne sasays are pN; P1 reloased per min. per g. tissue
{see p.147).
(2] _Gase X (N.S.)

This patient (male, net. 6) had an ordinary glucose
tolerance curve, aml showed a transient hyperglycaemic responseg
to the administration of adrenalise and glucagon. The faste
ing blood sugar was generally low. There was no relevant
family history.

Bosults (I) Cliaical:
Glucose tolerance, fastingblood sugar level: 59mg/100ml
Haximus rise, after 60 min. to: 132mg/100ml
Glucagon test, fasting blood sugar level: 30 a.v/lm
Haximum rise, after 90 min. to: 13 100ml
Adrenaline test, fastiag blood sugar level: 23mg/100m1
Maximum rise, after 30 min. to: 30mg/100m1

(The results of the clinieal teste, and the liver biopsy
specimen were kindly provided by DIir. J, Lorber of the Children's
Hospital, Sheffield).

Results /



- 155 =

R Bicchemicnl:
Glycegen Content .15 Liver Biopsy
Glucose~G-phoasphatase activity 0.73
Phospherylase activity 115
givecogen Aualyeis:
fleanylolysis limit b
Cenmylolysis limit 82%
Average Chain-Length
(&) via PH l‘o,
{b) wia Iodine-Stain 12.5%
{2) Case IX (M.A.)

This patient (male, aet. %) had a normal glucose
tolerance curve, but showed very little hyperglycaewnic response
to the administration of glucagon. The child was slightly
stunted. The father and mether were first cousins, and
the 3rd and 4th children aro‘nppartntly normal. The second
child died from an unknown cauge at the oge of 7 months.

The initial diagnosis of hepatomegaly was made in Cairo when
H.A., was 1 year old.
Resulgs (3) Climical:

Glucose tolerance, fasting blood sugar level: 35mg/100ml

Maximum rise, after 30 min. tos 130mg/100md
Glucagon test, fasting Llood sugar level: 30mg/100ml
Haximum rise after 60 ain. to: Hone.

{The clinical results, and the liver, muscle and erythrocyte
biopsy specimens were kindly provided by Dr. E. Thompson from
the Royal Free ilospital, Londoan).

Results /
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Resulte (II) Biochemienl:

Glyecogen Content
Glucose=G~phosphatase

17.1% Liver Biopsy
1.04

Phosphorylase 17.0
Glycogen Analysis:
Bwamylolysis 1imit 15%
Geamylolysis limit 76%
Average Chain-Length
(a) via PM 12.2
{») via Iodine-Stain 13.0

Glycogen Content 3.7 usecle Biopsy
feamylolysis limit Lo

Erythroeyte Giycogen
Content 1410 EB.B.C. Glycogen

(9) Case XII (E.A.)

This patient (female, aet. 6) was admitted to hespital
at the age of two with a grossly enlaxged liver. The glucose
tolerance test produced a slow rise and fall in the bloed
sugar level, and aduinistration of adrenaline was not followed
by a positive hyperglycaemic response; in fact a drop in the
blood sugar level was ocbserved. The patient, an only child,

had no relevant family history, and was anaemic.

Results (i) Clinical:
Glucose tolerance test, fasting blood sugar
level b 3mg/100ml
Maximum rise, after 90 min. tot 161nmg/100ml
Glucagon test, fasting blocd sugar level 9hmg/100ml
Maximus rise, after 30 min. to: 1hbmg/100m1

(The elinical results, and the liver biopsy and R.B.C.
specimens were kindly provided by Ir. P.M.G. Broughton of
St. John's Hospital, Chelmsford).
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Besults (11} Picchemical:
Glycogen Content
Glucnge-S-phosphatase activity
Fhospharylese activity
Beamylolysis 1imlt of Glycogen

Urythrecyte Clycogen
Content

7.8%  Liver Diopsy
G.01

20.2

514

(10} Case IV (J.a8,)

This patient {female, aet 2 ) had

an ebmormally low

fanting bleed sagar level, and the glucose, glueagon and

adrenaline funetional tosts all produced abnormal results,

Besuits (I ) Ciinical:

Giucese telerance, fasting blood sugar level 35s:g/100ml

Maximun rise, after 90 min. to: 7912g/100ml
Glucagon test, fasting blood sugar level I5mg/ 100wl
Maximus rise, afver 9% min. tot b Smg/100ml

Adrenaline test, fasting blood sugar level 135mg/100m1

Maximus rise, after 106 min. to:

Jénmg/100ml

{The resulite of the cliniecal tests, and liver biopsy specimen
werzs kindly pravided by Dr. P.M.0G. Broughton of St. olm'as

liospital, Chelmsford).

Results (I1) Bioshe :

Glycogen Content
Glucose-b=plicsphatase activity
Phosphorylase activity
Slyecogen snalysis:
feamviolyeis limit
X-amylolysis liait

Average Chain-Length {(a) via P
in) via xadine-qtgin

10.9%  Liver Blopsy
0.63

19.6

35%
79%

13.2
i2.5
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(11} Case ¥V _(C.u.)

This patient (male, set. 1l) was shewn to have an
atypleal gluccse toleramce curve, and there was no hypere
glycaemic response to adresaline admiunistration. The liver
was greatly enlarged, and the patient's height was maeh below
rormal. There are two siblings, nine znd four years olderx
than the patient, both apperently normal. The patient wos
seen in hespital at the age of 7 months.

7 - 1
Glucose tolerance test: fasting blood sugar 70-80mg/l00ml
Lag curve, followed by a2 slow rise and fall.

Adresaline test: ne responege vhserved.

(The results of the clinical tests and the liver biepsy specimen
were kindly provided by Dr. P.M.G. Broughton of St.Joln's
Hospital, Chelnsford).

Results - Diochemical:
Glycogen Centent 10.3% Liver Piepsy
Glucose-t~phosphatase activity 0.01
Pheaphoerylase activity 11.2
feamylelysis limit 43%

{iz2) Case VI (M.D.)

This patient {female, set. 29) had an abnormel glucose
tolerance curve: very flat and with 2 minimal rise.
Generally she was described by her physicien as evideneing a
fairiy widespread systeaic disorder. Doth the patient and
her mother showed an abnormal E.C.G. There was a slight
possibility /
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possibility that the patient was suffering from some form of
glycogenssis, and 50 a muscle bilopsy was taken.

(The elinical <etalls, and the musecle biopay and R.B.C.
specimen were provided by Dr. J.iA. Friend of the Western
General Hospital, odinbusgh).

Biochemical iesults:
Giyeogen Analysis:
Glyecegen Content ' .67 Juzcle Bicpey
Beamylolysis limit 524
ceamylolysis limit 76%

Average Chainelength {a) via P 12,2
{b) via Iodine Stain 12.5

Erythrecyte Glycegen
Content 214 R.B.C. Glycogen

(23).__Cese VIX (S.5.)

Thie patient (wale, aet. 34) was suffering from soue
undefined disorder: one of the possibilities was coneidered
to be some form of glycogen sterage disease, since no hypere
glycaemic response could bhe detectad after glucose aduinistr-

ation.

{(The clinical results and the neadle biopsy and N.R.C.
specinen were kindly provided by Dre Jo. MeManus, of the
Western Gesmeral licspital, Edinburgh).

s & w o2 b3 -

Glyeogen Comtent k.97 Liver Veedle Biopey

Glucese-6~phoaphataze activity 2.28
Phesphorylase activity 15.6

Lrythroeyte Glycogen
Content 144 p.B.C. Glycogen
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Cell Source uly?om Gulltmt ﬂ-a-y.lol{nl
Hormal 49.234,115,135 54 (pooled)
Myocardial 203,136 27
Infarction
Mtla 123 38
S.5. (EQimburgh) 14k -

MeDe (Bdinburgh) 214 -
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A nusber of liver biopsy specimens tuken from patients
suspected of having giycogen siorage disease have baoa
examined (a) in order to establielk the nature of any possible
enzywe defects, and (b) to extract and determine the glycogen
content of the Lliver. I» addition, when there was sufficlent
material, the molecular structure of the extracted glyecogen
war pasrtially analysed, Two muscle bilepsy specimens were
also examined, together with a needle bicpey taken from the
liver of o patient who was shown, on bicchemical analysis,
not to be suffering from glycogen storage disease. The
erythrocyte glycogen from a nuxber of nen-glycogenosis
patients has been exasdned, sund also that from two of the
glycogen storage disease patients.

Lase I (De5.)

The resuits of the glucoscef-phosphatase and phosphoryle
ase assays showed both enzymes ware present ia reduced amounts.
Whilst the glycogen structure wes normal {(femsylolysis 1limit
497, chain-length iJ=14), the glycogen content of the liver
biopsy specimen was execeodingly high {9.1%). The glucese
tolerance carve was normal, though the maximum sugar level
attained was low; injection of adrenaline or glucagon elieited
marked hypeorglycaemie respounses. Accordingly, Type X
glveogenosis is ruled out bhecause of the normal glucoseelw
phndphatase activity, and also Type IV on account of the mormal

glycogen /
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glyecogen strucfure, Tepon TT and ¥V are eliminated on
clinfical grouvnds. sAgeordingly this 42 a cane of either

Typoe Y11 or Typoe VI glycogenosiz, although in the farmer a
glycogen of lov Beasmylelysis 1limit is usnally feund. The
latter is often characterised by a diminished phosphoryliase
activity, and a high liver glyccgon contont. The low fasting
bleed sugar level is in sccordance with either type of
glycogencsis. Hovever, a low level of anyloel,i-glucosidase
was showr to be present (by r, J.R, Stark) and so D.S. s
classified as a mild case of Type YI glvecogenosis.
Case 11 (i.2.)

The enzyae assays showed near normal activity for
phasphsrylase and plucssa-f-phasphatase in the liver bLiopsy
speciman ebitainaed from this patient. The aversge chaine-length
was not obnovmally low, and the J-amyloelysis 1imit (3197) was
slightly rednced from normal, The erythrocyte glycogen
content of 1810 g/g.Mb woer mueh elevated, and suggests a Type
IXII glycogencsis. Thie diagnosis 1s in accoxrd with tkn_sthnr
data available; for exemple, the feeble hyperglycaenic response
e the injection of glucagon, #nd the low Tasting blood sugar
ilevel, Glycogenosis Typues I,11,IV, and V are therefore ruled
out, and as a high BIC giycogen level has not been reported
Tor Type VI, it seens probahble that Caso II is an example of
Type 111 glycegenosis, A musele biopsy specimen contained
.74 glyecogen, with a Beauylolysis limit of 40%. Thus the

enzyme /
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enzyne dofeet would noocnr mot Lo be rostricted fo the liver,
and aceardtingly a diagnosis of Lisi¢ Lextriuozis 4 1is plausible.
Case 1IY (D.a.)

The wvirtually cosplete absence of gluccse-bé-phosplatase
indicated thut ®his patient suffered from Type I glycogenosis.
The phosphorylase activity and glycogen structure were normal.
The glucose tolerance curve, and the failure of adrenaline te
produce a rise in the level of blood sugar are in accerd with
thia dieagnosisz. The hyperglyecncais induced by the injection
of glucagon 13 of intereat aince the resulés of adrenaline and
glucagon tests have previocusly been found not to agree (Hers,
1964}, The high erythrocyie glycogen content (585 g/ge.iib)
fie unnsunl, sinee Type IIT glycogenvsis is usually asscciated
with suech elevated lovela. Cage 1IXI is identified as a Type
I glycogencsls,

Case IV (J.0,)

The glucose~bHephosphatase actliviiy was low, aud phose
pherylase normal. The glycogen content of the liver uas
high {(10.9%) and the Je~amylolysis 1imdt of the extracted
glycogen iow. The everage chzin-lougth of 13 wes nommal.
The fasting blood eswvgar levela ware lov, and the glucese
tolerance eurve shnormally flat. There was very little
glyceenie response to the injection of either adransiine or
glucagon, Agcordingly the picture presented is that of &

Type /
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Type 11l glycogenseis, although Type VI cannot conclusively
be raied out.
Case ¥ {(Geils)

As in case 1li, there was a compliete absenco of glucose-
G-phospliatase activity, iadicating a cleariy defined Type I
giycogenosis. The giycvogen coaitent was high (10.35) and of
normal structure. A flat giucese tolerasce curve and a lack
of zespenss to adrenaline injection sonlirm the biochemical
diaguosis of Type I glycogeuvais.

Gase VI {ii.5.)

A wascle bLiopsy specinen obitained frows this patient
contained ca. Ul.6f glycogen of morvmal s tructure. The
erythrocyte glycoegen content was uervaie it would thorefore
pean unllilkely that M.l. suffered from any form of glycogen
storage diseasce, although the determination of glycogen content
and structure should net, witiout suppertiag evidence from
enIywe aAssays, bLe coasidered suificient either to classify or
rule out a case of glycogeu steruge discase. The contrary
elinical evideace, viz: a flat glucose tolerance curve, could
well Love soue gther gause since the metaboliam of this patieat
was gonerally disturbed.

Come VIX {5.S.)

As in the previcus cuse, the lack of reaponse 0 the

glvecose tolerence test suggested o distuwwbed carbeaydrate

metabolise /
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metabolism: this was complicated by the presence of jaundice.
An eryihroeyte glycogen content proved to be withis normal
limits, and enzyme assaye of phosphorylase and glucose—b-
phosphatase yielded normal results. The glyeogen content

of the needle biopsy sauple obtained from this patient wae
high, though not asbvormal for liver tissus. Un this evidence
it is apparent that any fora of glycogencsis can be ruled ocut.
Exythrecyte Glycogen Contents.

The glycegen content of four normal specimens of red blood
cells varied betwesn 49 and 243 M g/ geitbe. The Beanylolysis
limit of 54% determined on the pooled glycogen compares with
normal iiver glycogon values. | The significance of the low
values obtained from diabetic or myoceardial infarction patients
is mot obvious. liowever, if all the other glycogen contents
are taken as normal, the average value obtaintd is 150, and
the mean deviation from this value is 43; thus & normal range
of values is 1502 63245/3.!21:.

®
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Case Number I il I v v vi Vii
rn 5 .
Glucoso=6- - '
rhosphatase® Ge73 1.06 0301 0463 0.01 - 2,28
Pmaﬂhﬁrylasiti 11.3 17.1 20.2 19.6 11.2 - 15.6
Glycogen
Content (%) Dol 17.0 7.8 10.9 10.3 - 5.9
f=Amylolysis
Limit (%) 49 35 51 35 43 - -
G-ismylolysis
Limit (%) 82 76 - 79 - - -
Average Chain-
Length (a) 15,3 12.2 =~ 13.2 = - -
(b} 12.% 13.0 =~ 12.5 = - -
Erythrocyte
Glycogen
Content (1) - ibkio 383 - - 214 144
Husele OSicpsies.
Cage Gumber i1 yi_
Clycogen Content () 3.7 0.6
fesmylolysis Limit($) ko 52
G-Amylolysis Limit () - 76
Average ChaineLength (a) - i2.2
(u) - 12,5

# Jlers Units.
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Conversion of Amylopectin into a Glycogen-type Polysaccharide by a Plant Enzyme
By D. J. Manners and J. J. M. Rowe
Department of Chemistry, The University, Edinburgh 9

In a previous Communication,! we described the
conversion of amylopectin into a glycogen-type
polysaccharide by yeast branching enzyme. This
reaction, which increased the proportion of «-1,6-
glucosidic inter-chain linkages in amylopectin from
4-5 to 7-49%, (and hence, decreased the average chain
length from 22-0 to 13-5), differentiated the yeast
enzyme from potato? and other plant branching
enzymes (Q-enzymes) which have no action on
amylopectin.3 In contrast to most higher plants which
contain a two-component starch, sweet corn (Zea
mays) appears to be unique in synthesising both starch
and a glycogen-type polysaccharide (phytoglycogen).4
It was therefore of interest to examine the branching
enzyme of sweet corn.

In preliminary experiments, sweet corn flour was
extracted with citrate buffer (pH 6:0) and the extract
fractionated with ammonium sulphate. The protein
precipitated between 32 and 559, ammonium sulphate
was collected, and shown to be substantially free of
phosphorylase and a-amylase impurities. On incuba-
tion with amylopectin, there was a rapid decrease in
iodine-staining power at the Amax., 550 mp and a
change in hmax. to lower wavelengths; various phyto-
glycogen samples have Amax. in the range 430-480
mp.5 This change was accompanied by a small
decrease (49,) in the p-amylolysis limit of the
amylopectin. With amylopectin p-dextrin, there was
a small increase (4%) in B-amylolysis limit and a small
decrease (5%) in iodine-staining power at 535 my.
These results suggest that the sweet corn preparation,
like yeast branching enzyme,!'¢ can introduce ad-
ditional branch points into both amylopectin and
amylopectin B-dextrin.

A sweet corn preparation was fractionated by con-
tinuous electrophoresis using a Beckman-Spinco
model CP apparatus. Fractions were assayed for

Table
A comparison of the properties of amylopectin-glycogen
type polysaccharides
Synthetic
Amylopectin polysaccharide Phytoglycogen
a-Amylolysis limit, 90 84 87
PMm (%)

Proportion of 1,6- 5-4 66 60
linkages, P1,6
(1574 i

Average chain 197 15 16-17%
length (glucose
residues)

B-Amylolysis 59 54 53
limit (%)

Exterior chain 14 10-11 11
length

B-Amylolysis limit 80 85 —

after isoamyl-

olysis (%)

*Calculated from the equation: Pj,s=23:4-0-20 (Pm), ref. 7.

tAverage chain length 22 by periodate oxidation.

fAverage chain length 15 by periodate oxidation.
a-amylase and branching enzyme by measurement of
the change in iodine-staining power on incubation
with glycogen and amylopectin respectively. Those

fractions containing branching enzyme, but not
e-amylase, were combined and a portion incubated
with amylopectin. Enzyme action caused a decrease
in «- and B-amylolysis limits (see Table) which
indicated that further branching had taken place.
(Analytical data for phytoglycogen isolated from the
same sample of sweet corn are also given.) Proof
that these branch points were o-1,6-glucosidic was
obtained by treating maize amylose (P-amylolysis
limit, 1019%,) with the sweet corn enzyme, and then
with isoamylase (a specific «-1,6-glucosidase which
hydrolyses the 1,6-inter-chain linkages in amylopectin
and glycogen).8 The (-amylolysis limit of the
“branched”-amylose was 779, before, and 989, after
isoamylolysis, showing that the inter-chain linkages
had been hydrolysed. Isoamylase also caused a
marked increase in the P-amylolysis limit of the
synthetic polysaccharide.

The sweet corn branching enzyme activity was
optimum at ca. pH 60, was completely inhibited by
5% 10-35M mercuric chloride, and partly inhibited by
1% ammonium molybdate solution; these inhibitors
have less effect on yeast branching enzyme.!

We conclude that extracts of sweet corn contain a
branching enzyme, which, unlike potato Q-enzyme,
can introduce further «-1,6-inter-chain linkages into
amylopectin. During the completion of this work,
Dr. C. E. Cardini kindly informed wus that his
colleagues Drs. N. Lavintman and C. R. Krisman
have also obtained evidence for the presence of an
atypical branching enzyme in sweet corn.*

Certain of the electrophoresis fractions caused an
increase in the iodine-staining power of glycogen and
in the B-amylolysis limit of phytoglycogen; this
indicates the presence of a “debranching” enzyme
(¢f. isoamylase8) in sweet corn.

We wish to thank Professor Sir Edmund Hirst,
C.B.E., F.R.S,, for his interest in this work, Mr. I. R.
F. Brown for experimental assistance, the Royal
Society for a research grant, and Cerebos Ltd. for the
award of a research scholarship (to J.J.M.R.).
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384. «-1,4-Glucosans. Part XIX. The Action of Acid on
Maltose and Starch-type Polysaccharides

By D. J. ManNERs, G. A. MERCER, and J. J. M. Rowk

When dilute solutions (0-4—1-0%) of maltose are heated with mineral
acid, significant quantities of isomaltose and nigerose are produced; the
vields are greater than that due to acid-reversion from bp-glucose. The
isolation of minute quantities of nigerose from partial acid hydrolysates of
starch-type polysaccharides cannot, in the absence of other supporting
evidence, be regarded as proof of the presence of «-1,3-glucosidic linkages.

ALTHOUGH it is now generally accepted that amylopectin is composed of chains of «-1,4-
linked glucose residues interlinked by 4—59%, of «-1,6-glucosidic interchain linkages,? the
presence of a small proportion of «-1,3-glucosidic linkages has also been suggested. This
was originally based on the isolation of ca. 0-139%, of nigerose from a partial acid hydrolysate
of waxy maize starch, under conditions in which its formation by * reversion " from
glucose was negligible.® Partial acid hydrolysates of beef liver glycogen ¢ and the algal
glucan Floridean starch ® also contain small quantities of nigerose (Table). However,
nigerose has been prepared by the action of acid on a mixture of maltose and glucose,®
whilst commercial starch dextrins are prepared by roasting starches in the presence of
acidic reagents, which causes fragmentation and the formation of 1,3-glucosidic linkages
by transglucosidation.” It therefore seemed possible that despite the difference in these
experimental conditions, and those in the Table, limited acid-catalysed transglucosidation of

The presence of nigerose in partial-acid hydrolysates of starch-type polysaccharides
Yield of nigerose

Wt. of polysaccharide (g.) Conditions of hydrolysis (mg.) (%) Ref.
Waxy maize starch, 130 ...... 0-4%, in 0-15-HCI at 100° for 8 hr. 170 * 0-13 3
Beef liver glycogen, 92......... 0-49%, in 0-1x-HCI at 100° for 5-8 hr. 1#¥ 0-001 4
Floridean starch, 125 ......... 1%, in 0-33x-H,S0, at 100° foi 130 min. 35 0-28 5

* Isolated as twice this weight of octa-acetate.

maltose could account for the observed minute yields of nigerose. We now report
evidence for the correctness of this view, a preliminary account of which has been
published.®

Since a reference specimen of nigerose was required, and the fact that the sample
prepared by Pazur and Budovich ¢ differed markedly in specific rotation (4-87°) from
other literature values (4135 to +137°),° we have repeated the preparation of nigerose
by the action of acid on maltose and glucose. A mixture of glucose (12 g.) and maltose
(24 g.) was heated at 100° in 0-1N-sulphuric acid (90 ml.) for 5 hr., cooled, neutralised, and
the product fractionated by charcoal-Celite column chromatography. The products were
glucose (26:1 g.), isomaltose (0-19 g.), maltose (3-15 g.), and a mixture of nigerose and
other sugars (1-98 g.). Part of this mixture was fractionated on a second column, as the
borate complexes,'? to give glucose, «,«-trehalose, kojibiose, maltose, and nigerose. The
yield of the last, which had [«], 4-134°, in agreement with other literature values, corre-
sponded to the presence of 0-388 g. in the original mixture, an amount similar to that
(0-4 g.) recorded by Pazur and Budovich.®

The action of hot acid on a dilute solution of maltose was then examined, and in view
of our previous interest in Floridean starch,!! the conditions of Peat and his co-workers,?
with a final concentration of 19, carbohydrate, were used. Paper chromatography
showed the presence of five sugars with Rg 1-0, 0-70, 0-55, 0-37, and 0-28, corresponding to
glucose, maltose, isomaltose, panose, and an oligosaccharide. The maltose spot was
elongated and showed the probable presence of an additional sugar of slightly higher Rg.



The mixture of sugars was neutralised, concentrated, and fractionated on a charcoal-Celite
column. The products were glucose (8-48 g.), and mixtures of glucose and 1,6-anhydro-
glucose (0-05 g.), of disaccharides (2-50 g.), and of oligosaccharides (0-23 g.). One portion
of the disaccharide mixture was chromatographed, as borate complexes, on charcoal. This
gave traces of glucose and panose, isomaltose (65 mg.), and a mixture of nigerose and
maltose which on preparative paper chromatography gave 12:5 mg. of a reducing sugar
with the R; of nigerose, the same electrophoretic mobility as laminaribiose, and whose
acetate had m. p. 147° undepressed on admixture with g-nigerose octa-O-acetate kindly
supply by Dr. J. R. Turvey. A second portion of the mixed disaccharides (0-65 g.) was
fractionated by preparative paper chromatography, to give a further 9-7 mg. of nigerose,
[a], --142° (in water). A third portion of the disaccharide mixture (0-56 g.) was analysed
by quantitative paper chromatography, the various disaccharides being eluted with water,
and estimated using a phenol-sulphuric acid reagent.!> The apparent composition of the
original disaccharide mixture was: maltose, 2344 4+ 12 mg.; isomaltose, 72 4 6 mg.;
nigerose, 87 4+ 6 mg. It is clear that substantial losses of nigerose had occurred during
the various attempts to obtain a chromatographically pure specimen.

The oligosaccharides had the Rg values of maltotriose, panose, and isomaltotriose
(0-44, 0-32, and 0-21, respectively). The last has been isolated from partial acid
hydrolysates of glycogen, and assumed to be structurally significant.* This would mean
that, in parts of the molecule, at least two branch points were linked together. This is
not very likely in terms of the mode of action of branching enzyme,' and it is possible that
this trisaccharide is also formed by transglucosidation, either from maltose (as above), or
from isomaltose.

The fact that approximately similar yields of nigerose and isomaltose are formed from
maltose was confirmed in small-scale experiments in which maltose (0-50 g.) was heated
in 19, solution with dilute sulphuric acid, and the products analysed by quantitative
paper chromatography. In one experiment, the relative yields of maltose, isomaltose,
and nigerose were 392, 23, and 26 pg., respectively.

The effect of hot dilute hydrochloric acid on 0-49, solutions of maltose (cf. ref. 3) was
also studied. In all experiments, paper chromatographic evidence for the formation
of both isomaltose and nigerose was obtained; the yields were similar to that formed
from 19, maltose by hot dilute sulphuric acid. During an 8 hr. heating period, isomaltose
could be detected after only 1 hr.

We conclude that significant amounts of nigerose are formed by the action of hot dilute
mineral acid on dilute (0-4—1-09%,) solutions of maltose. Since these conditions are
similar to those used for the linkage analysis of amylopectin-type polysaccharides (Table),
the presence of nigerose cannot be regarded as uniquivocal evidence for the presence of
a-1,3-glucosidic linkages. Other evidence for the presence of these linkages in amylo-
pectin 1 was based on periodate oxidation studies, but was recently ! shown to be
inconclusive. Moreover, the fact that intestinal extracts hydrolyse nigerose does not,
despite a suggestion to the contrary,® offer further support for the presence of 1,3-linkages
in starch.

In the case of Floridean starch, the evidence for «-1,3-linkages is based on (a) the
presence in partial acid hydrolysates of nigerose, and also of trisaccharides containing
a-1,3-linkages, (b) the release of nigerose following enzymic degradation,'® a process which
does not, in this instance, involve transglucosidation reactions. The latter observation
thus provides stronger evidence for the presence of «-1,3-linkages, and will be considered
in detail in a later Communication.

Our conclusions differ from those of Wolfrom and his co-workers,’® who have also
considered the possibility that the nigerose was an artifact formed by the action of acid on
maltose and glucose. A mixture of these sugars (114 and 30 g., respectively) was heated
in 37 1. of 0-08x-hydrochloric acid for 10 hr. After separation of glucose by column



chromatography, paper chromatography of the oligosaccharide fraction showed the
presence of maltose, with smaller amounts of glucose, 1,6-anhydroglucose, * a significant
amount of (1--6)-linked disaccharide, and a trace of nigerose.” However, on acetyl-
ation of this mixed fraction, nigerose octa-acetate could not be isolated, and it was
therefore concluded that the previous isolation of this derivative (e.g., 2 mg. from 92 g.
of glycogen %) was structurally significant. It must be noted that these workers have
disregarded their own paper chromatographic evidence; moreover, neither the acetylation
of sugars nor the chromatographic separation of sugar acetates is a quantitative procedure.

The absence of g-linked disaccharides in our experiments proves that isomaltose and
nigerose are formed not by acid-reversion from glucose (which gives various sugars
including gentiobiose and cellobiose 17) but by a relatively rapid acid-catalysed trans-
glucosidation reaction. This occurs with retention of configuration, and is not confined
to maltose. For example, when methyl «-D-glucoside is heated with dilute acid, isomaltose
is formed (cf. ref. 18), whilst, with methyl g-p-glucoside, gentiobiose is the product. When
isomaltose in 0-49, solution was heated with acid, maltose and a higher oligosaccharide
could be detected.

Additional evidence for the formation of oligosaccharides from maltose was obtained by
hydrolysing amylopectin in the presence of [¥Clglucose, and comparing the radioautogram
with that of (a) maltose and (b) glucose, each of which was heated in dilute acid solution
with [MC]glucose. The formation of radioactive oligosaccharides was much greater from
amylopectin and maltose than from glucose. This confirms the view 17 that, in the
linkage analysis of polysaccharides, the action of acid on the constituent disaccharide(s)
rather than the component monosaccharide(s) should be used for control purposes.

EXPERIMENTAL

Methods.—(a) Paper chromatography. Ascending and descending chromatograms were
developed using 4, ethyl acetate—pyridine—water (10: 4: 3, v/v); B, butan-1-ol-pyridine—water
(6:4:3, v/v); C, butan-l-ol-ethanol-water (40:11:19, v/v); D, butan-l-ol-acetic acid-
methanol-water (517:100: 219: 166 v/v) '* as solvents, together with aniline phthalate, and
silver nitrate spray reagents.

(b) Electrophoresis. Separation of oligosaccharides on Whatman No. 1 paper was effected
using an apparatus similar to that of Foster,20 at 750 v and 10 ma. Borate *° or germanate *!
buffers (pH 10-7) were used.

(¢) Column chromatography. Charcoal-Celite columns were prepared from Ultrasorb 120—
240 charcoal ** and Celite 545, and oligosaccharides eluted with increasing concentrations of
aqueous ethanol. In some experiments, borate complexes of oligosaccharides were eluted °;
column fractions were then acidified to pH 3 and extracted with isopentyl alcohol for 24 hr. to
remove borate ions.

(d) Estimation of reducing sugars. Glucose and disaccharides were determined by the
method of Park and Johnson,? or by the phenol-sulphuric acid reagent of Dubois and his
co-workers.’*  Tor disaccharides, a calibration curve against maltose was used.

Matevials.—Glucose and maltose were commercial samples which had been purified by three
recrystallisations. The glucose was chromatographically pure. The maltose sample contained
a trace of maltotriose (identified by «-amylolysis to maltose and glucose), but no other
disaccharides. Maltose was chromatographed on Whatman 3MM paper, and the leading and
trailing edges of the band of sugar separated and rechromatographed in solvent C for 7 days.
On spraying with both aniline oxalate and silver nitrate reagents, only maltose was present.
For the experiments involving quantitative paper chromatography, maltose which had been
freed from maltotriose by charcoal-Celite chromatography was used.

Authentic samples of isomaltose, isomaltotriose, and panose were available from previous
studies.?!

Action of Acid on a Mixture of Maliose and Glucose.—A mixture of glucose (12 g.) and maltose
(24 g.) was dissolved in 0-1x-sulphuric acid (90 ml.) and heated at 100° for 5 hr. The solution
was cooled, neutralised (barium carbonate), centrifuged, and the precipitate washed three
times with water. The supernatant solution and washings were combined and concentrated;



paper chromatography showed the presence of at least five sugars. The concentrate was applied
to a charcoal-Celite column (100 x 6 cm.) which was eluted with water (5 1.) and then 109
ethanol (25 1.). The aqueous eluate did not contain carbohydrate; the ethanol eluate was
collected in 500 ml. fractions, each of which was concentrated to ca. 1 ml. before chromatography
in solvent B (two ascents on Whatman 3MM paper).

Fraction O (column fractions 11—19). This material crystallised, yield 26:1 g. The sugar
had [«], +52° in water, the R value of glucose in solvents 4 and B, and the derived acetate
had m. p. 130—131°. D-Glucose had [«];, +52-6°, and the penta-acetate had m. p. 131°

Fraction A (column fractions 20—24). Chromatography in solvent B showed the presence
of one major and two trace components, with Ry values of isomaltose, glucose, and maltose,
respectively. The isomaltose was purified by preparative paper chromatography (yield
195-2 mg.). It had [«], +122-8° in water, and the derived acetate had m. p. 142° (cf. authentic
values of [«], +122° and m. p. 143°, respectively).

Fraction B (column fractions 25—32). This material crystallised (yield 3-15 g.) but
contained a mixture of glucose and maltose. A portion was fractionated by preparative paper
chromatography to give glucose (34 mg.) and maltose (303 mg.) which had [«], -+132-9° and
gave an acetate with m. p. 1587 (cf. authentic values of [«], 4136° and m. p. 158—159°).
Fraction B thus contained 315 mg. of glucose and 2:835 g. of maltose.

Fraction C (column fractions 33—50). Concentration to dryness gave 1-98 g. of material
which, by chromatography in solvent B, contained three sugars with Rg values similar to
those reported by Pazur and Budovich® for nigerose, maltose, and isomaltose. Chrom-
atography with solvents 4 and B, using both descending and multiple-ascent techniques, failed
to give an adequate resolution for quantitative separation.

A portion of fraction C (170 mg.) was applied to a charcoal-Celite column (60 > 5 cm.)
previously washed with water and then with borate buffer pH 8:7,1° and the column eluted
with borate buffer (6 1.) and an ethanol gradient of 0—209,. Fractions (50 ml.) were collected,
and their carbohydrate content estimated on a 1-ml. aliquot using the phenol-sulphuric acid
reagent.? Various fractions were combined, concentrated, freed from borate, evaporated to
dryness, and redissolved in known volumes of water for measurement of optical rotation and
disaccharide content.

Fraction C/A (column fractions 8—23) (vield 1:2 mg.). The sugar had the Rg value of
glucose, and [«];, +50° in water.

Fraction C/B (column fractions 24—27) did not contain carbohydrate.

Fraction C/C (column fractions 28—35) (vield 5-4 mg.) had [«], -+186° in water and did not
react with Fehling’s solution, aniline oxalate, 3,5-dinitrosalicylic acid, or triphenyltetrazolium
chloride.®® This suggests a 1,1-linked disaccharide; «,«-trehalose has [«], + 178",

Fraction C/D (column fractions 36—43) (vield 9-4 mg.) had [«], -+136° in water, did not
react with Fehling’s solution, aniline oxalate, and triphenyltetrazolium chloride, but reduced
3,5-dinitrosalicylic acid. These reactions are characteristic of 1,2-linked disaccharides;
kojibiose has [«]; 4133 to +140°,28

Fraction C/E (column fractions 44—59) (vield 33:3 mg.) had [«], +134° in water. The Rg
and Mg value in both borate and germanate buffer were the same as that of nigerose
isolated from a partial acid hydrolysate of isolichenin.?” The derived -acetate (prepared by
the sodium acetate-acetic anhydride method) had m. p. 148° (lit.,* [«], 4134 to +139°, m. p.
147—153°).

Fraction C/F (column fractions 60—90) (yield 97-5 mg.) had [«], --135° in water, and had
the Rg and Mg values of maltose. The derived B-acetate had m. p. 159° (lit., [«], 1367,
m. p. 159°).

From the above results, the composition of fraction C was calculated to be: glucose, 14 mg.;
,a-trehalose, 63 mg.; kojibiose, 110 mg.; nigerose, 388 mg.; maltose 1136 mg.

The ratio of isomaltose : maltose : nigerose in the reaction products was measured in a
separate experiment in which glucose (2 g.) and maltose (4 g.) were heated in 0-1x-sulphuric
acid (15 ml.). After neutralisation, the combined solutions were diluted to 50 ml. with distilled
water, and aliquots (10 wl.) chromatographed on Whatman No. 1 paper using solvent C (which
was not known to us during the previous experiment) for 8 days. Appropriate areas of the
chromatograms were eluted, and the disaccharide content measured by Park and Johnson's
method.?® The relative yields were: isomaltose, 14 pg; maltose, 129 pg; nigerose 13 pg; the
last is equivalent to the formation of 390 mg. nigerose in the large scale experiment.



Action of Acid on Maltose.—(a) 1%, Maltose and sulphuric acid. Maltose (12-5 g.) was
dissolved in 0-33~-sulphuric acid (1250 ml.), preheated to 100°, and heated for 125 min. at
100°.  The cooled solution was neutralised (barium carbonate), centrifuged, and the precipitate
washings and supernatant solution were combined. Paper chromatography (solvent B, two
ascents) showed the presence of five sugars with the Rg values of glucose, maltose, isomaltose,
panose, and an oligosaccharide. The maltose spot was elongated, suggesting the probable
presence of an additional sugar of slightly higher R value. The solution was concentrated to
50 ml. and applied to a charcoal-Celite column (45 x 7 cm.) which was eluted with 12 1. of
aqueous ethanol (1—209%,, as a linear gradient). Fractions (50 ml.) were collected, the carbo-
hydrate content determined on 1-ml. aliquots, and after concentration, appropriate fractions
combined after paper-chromatographic analysis (solvent B, two ascents).

Fraction Column fraction Wt (g.) Probable identity
A 4—12 0001 —-
B 13—69 8-390 Glucose
C 70—82 0-085 Glucose
D 83-—103 (0-048 Glucose, 1,6-anhydroglucose
E 104—163 2-454 Maltose, isomaltose, nigerose *
F 164—173 0-049 Maltose, isomaltose, nigerose, panose *
G 174—193 0-113 Maltose, maltotriose, panose *
H 194—230 0117 Maltose, maltotriose, isomaltotriose *

* Traces of glucose were also present.

Fraction B had [«], +53° in water, and the Rg value of glucose in solvents 4 and C, and
the acetate had m. p. 1287 (cf. [a],, +52:6° and m. p. 131° for glucose).

Fraction C also had the Rg value of glucose.

Fraction D was a mixture of glucose and 1,6-anhydroglucose. The relative yields of these
sugars, by quantitative paper chromatography, were 18-7 and 26-2 mg., respectively.

Fractions E and I were combined, and one half was applied to a charcoal-Celite column
(30 x 5 cm.) previously washed with borate buffer, and eluted with 10 1. of buffer with a linear
gradient of 0—209, of ethanol. Fractions (ca. 40 ml.) were collected, analysed, and combined
as appropriate, as follows.

Fraction EF/A (column fractions 15—22) was non-carbohydrate.

Fraction EF/B (column fractions 36—46) was a trace of glucose.

Fraction EF/C (column fractions 47—65) (yield 64-7 mg.) had the R value of isomaltose
in solvents 4 and C, and [a], +117° in water (cf. 4-122° for isomaltose).

Fraction EF/D (column fractions 66—220) was a mixture of maltose and nigerose (chrom-
atography in solvents 4 and C). These chromatograms were slightly streaked, and attempts
to remove inorganic ions by treatment with ethanol caused the loss of some disaccharides.
The mixture was fractionated by preparative paper chromatography (Whatman 3MM paper,
solvent C, 4 days), to give 12:5 mg. of a disaccharide which had the Rg value of nigerose, an
Mg value similar to that of laminaribiose, and formed a crystalline acetate with m. p. 147°
undepressed on admixture with authentic nigerose f-octa-O-acetate.

Fraction EF/E (column fractions 221-—269) contained a trace of panose (paper
chromatography).

A second portion of fraction EF (650 mg.) was fractionated by preparative paper chrom-
atography to give 9:7 mg. of a disaccharide with the Rg and M values of nigerose, and [«],
+-142° in water (lit., +134 to +139°). TFrom a third portion of fraction EF (150 mg.), maltose
was isolated by preparative paper chromatography, and identified by R and Mg values, and
[a]p, -+ 140° (lit., 4-136°).

Fractions G and H were combined, and examined by paper chromatography in solvent B.
Three sugars with the Rg values of maltotriose, panose, and isomaltotriose were present.

(b) Ratio of disaccharides formed from maltose. The remainder of fraction EF (560 mg.) was
dissolved in water (25 ml.), and 5 pl. portions chromatographed on sheets using solvent C for
9 days. Appropriate areas of the sheets were eluted and analysed by the phenol-sulphuric
acid method. The calculated vields in EF were: isomaltose, 72 - 6 mg.; maltose,
2344 4 12 mg.; and nigerose, 87 -+ 6 mg.

The similarity in the yields of isomaltose and nigerose was confirmed in a second experiment
in which maltose (0-50 g.) was heated in 0-33x-sulphuric acid (50 ml.) for 130 min., cooled,
neutralised (barium carbonate), and the solution and washings were adjusted to 10 ml.



Portions were chromatographed as above for 7 davs, and appropriate areas estimated by Park
and Johnson's method.?® The relative yields were: isomaltose, 23 ug.; maltose, 392 pg.;
nigerose, 26 pg.

(c) 0-4%, Maltose and hvdrochlovic acid. Maltose (500 mg.) was heated in (-49, solution in
0-1x-hydrochloric acid for 8 hr., cooled, and neutralised by passage through a column of Duolite
A-4 resin® The solution was adjusted to 50 ml., and portions (0-2 ml.) chromatographed
against authentic nigerose using solvent D for 4 days. Nigerose was detected, and amounted
to ca. 2%, of the total carbohydrate. Nigerose was also formed in similar experiments in which
{a) the hydrochloric acid was neutralised with silver carbonate, and (b) 19, maltose was heated
in 0-33x-sulphuric acid.

Considerable difficulty arose in these and the previous experiments in effecting complete
separation of maltose and nigerose. In some experiments the following bands were eluted:
isomaltose, maltose plus nigerose, and glucose; the mixed fraction was then rechromatographed
in solvent D for 4 days. Even this technique did not always give chromatographically pure
nigerose; hence, the quoted figures for paper-chromatographic analyses are not considered to
be strictly quantitative.

When 049, solutions of maltose were heated in 0-1x-hydrochloric acid, isomaltose was not
present after 30 min. but could readily be detected after 1 hr.

Action of Acid on other Glucosides.—(a) Isomaltose (70 mg.) was heated in 0-49, solution in
0-1x-hydrochloric acid for 4 hr., cooled, neutralised (Duolite A-4), concentrated, and chromato-
graphed. In addition to glucose and isomaltose, small quantities of sugars with Rg values of
a di- and tri-saccharide were present. The latter were eluated from a sheet of paper, and
tentatively identified as maltose and isomaltotriose, by borate electrophoresis and Rg value,
respectively.

(b) Methyl e-p-glucoside (500 mg.) was heated in 2x-hydrochloric acid (25 ml.) at 70° for
2 hr., cooled, neutralised (De-Acidite I'F resin column), and concentrated to ca. 3 ml. Part of
the solution was chromatographed on Whatman 3MM paper, and guide strips showed
the presence of isomaltose or gentiobiose. This sugar was eluted (yield 4 mg.); it had the
same M; value as isomaltose, and was not hydrolysed by an almond B-glucosidase preparation.
When methyl B-p-glucoside was heated similarly, the product was hydrolysed by the enzyme
preparation (whose specificity had been tested against known substrates), and is therefore
identified as gentiobiose.

Acid-transglucosidation Experiments using [WC]Glucose.—Generally labelled ["“Clglucose
(0-1 me, 0-37 mg. in 0-5 ml. of water, supplied by the Radiochemical Centre, Amersham) was
used. Solutions were chromatographed on Whatman No. 1 paper, air-dried, and placed on
sheets of Ilford Fast Industrial-G X-ray film, which were developed after a suitable period.
Exposure for up to 8 days failed to reveal any radioactive oligosaccharides in the sample of
glucose.

Maltose (10 mg.), [MClglucose solution (0-1 ml), in 0-33n-sulphuric acid (0-9 ml.) were
heated for 130 min., cooled, neutralised (bariumn carbonate), and the solution and washings
were concentrated to 0-1 ml. Radioautography showed the presence of radioactive sugars
with the Rg values of 1,6-anhydroglucose, isomaltose, and an elongated maltose spot. The
intensities of the radioactive disaccharides were much greater than that of a similar solution
prepared from 10 mg. of glucose. When potato amylopectin (9 mg.) was hydrolysed under
these conditions, radioactive disaccharides with the Rg values of maltose, isomaltose, and
nigerose were formed in amounts similar to that from maltose. (In all the radioautograms,
5 pl. portions of solutions were used.)
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