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Ph. D. Thesis Peter Insram

In the General Introduction there is included a brief
description of the biology and the chemical structure of starch
followed by an account of contemporary opinions regarding the
metabolism of starch. Carbohydréte is translocated in higher
plants as sucrose which must be regarded as both the initial and
the end product of starch metabolism. The process whereby it is
converted to amylose and amylopectin and then in due seaéon the
carbohydrate remobilized as.sucrose are examined in detail. It
is shown that al} of the ehzymic actjvities invcked are not only
possible but have actually been demonstrated either in the higher
plants or else closely associated with starch metabolism in other
organisms.

In the remainder of the Thesis an examination of the
free sugars and the sugar phOSphates;which can be extracted from
potato tubers in association with starch gramiles is described in
detail, Potato starch granules were leached with aqueous methanol
and the extract coﬁcentrated by vacuum distillation, The neutral
sugzars and the sugar phosphates present in this extract were then
separated from each other using an anion exchange resin. The free
sugars were identified by a variety of technigques but principally

paper chromatography, and a further separation of the mono- and



disaccharides was effected by charcoal co}umn chromatography. The
concentrations of the various sugars were determined colorimetri-
cally, especial care being taken to adopt methods which gave a
specific result for the sugar being exsmined and avoided interference
from the other>sugars present, Of the sugars identified, sucrose,
glucose, fructose, maltose and ribose, sucrose was by far the most
abundant (208 mpmoles per g. of starch extracted). Glucose and
fructose were.present in almost equal amounts (66 mumoles per g. of
starch) whilst there was less ribose (26 mpmnoles/g.) and maltose
(lZ.i-npmoles/g.). In a separate analysis myo-inositol was also
identified (2.6 mumoles/g.) «

The sugar phosphates proved to be more difficult to
isolate and analyse. .After considerable preiiminary exploration
it was decided merely‘to separate by anionlgxchange chromatography
those esters which form a complex with b053£e from those which do
not do so. The phosphate groups were tﬁén removed by enzymatic
hydrolysis following which the carbohydrate moieties were identified
and quantified. Extensive usefwas made of gas liquid chromatography
at this stage.

In a typical experiment only 5.4% of the phosphate
associated with starch gramiles was extracted. Of this extractable

phosphate 78% was inorganic whilst of the organic phosphate (120



mpmoles/g. of starch) only 9.8% was ascribable to identified
carbohydrate phosphates. Of these glycerophosphate was the most
abundant (3.25 mpmoles/g.) followed by glucose-6-phosphate (2.77
mymoles/g.), myo-inositol ﬁonophqsphate (2.51 mumoles/g.) and
sucrose phosphate (2.1% mpmoles/g;). Gluoos;—l—phosphate and
fructose-é«phosphate were also present (0.54 and 0.52 mumoles/g. of
starch respectively).

In a final section is described the application of a
selection of these techniques to starch gramiles freshly extracted
from potatoes of known histoty. Qualitatively there appeared to
be little difference between this starch and starch prepared and
purchased commercially excepﬁ that the presence of free ribose could
not be confirmed. However with the exception of inorganic phosphate
all of the identified metabolites.ﬁere extracted in higher

concentrations from fresh starch that from commercial starch.
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Abbreviations nsed.

A1l of the sugars referred to are the dextrorotatory isomers.

n.eq.
pe.
m.,mole
pmole

mpmole

0-D- (560 )

¢.D.U.
I.L.C.
G.L.C.
GAIH

TEAB

TMS-ether
Pi

Porg.

P 4 labile

PPi

mille equivelent
microgram
millemole
micromole
millemicromole

optical density at a wavelength of
260 millemicrons.

ovtical density units.

thin layer chromatography

gas liquid chromatography
glucose aerodehydrogenase
di-triethyl ammonium tetraborate

paper chromatozrsphic mobility relative to
glucose.,

trimethyl silyl ether
inorganic phosvhate
organic phosohate
acid labile nhosphate

inorganic pyrovhosmnate




G«-l;—P
G-6-p
F-6-P
R-5-P
P-1s 6-diP
AP

ATP

ATP

ATPG
A(U)IPG

NADP

(vii)

d,~D-zlucose-1-phresphate

D-glucose-6-phosphate

D-fructose-6-phosphate

D-ribose-5-phosphate

D-fructose-1: 6-diphosphate

adenosine
adenosine
adenosine
adenosine

adenosine

monophosphate
diphosphate
triphosohate
diphosphate glucose

or uridine diphosphate glucose

nicotine adenine dinucleotide phosphate

Abbreviations for the uridine nucleotides follow the same pattern as

those for the adenosine nucleotides.




GENERAL INTRODUCTION: being primarily concerned with the

metabolism of d.-1s 4-glucans in plants, but not excluding

reference to animal and bacterisl organisms.

By permitting greater local concentrations of population,
the production of starch by primitive agriculturalists probably
initiatedbthe development of civilization. It is natural therefore
that the use of starch and starch products developed at a very early
stage in the history of mankind. It wes systematically used by the
Egyptians for the production of papyrus in 4,000 B.C. (1). Somewhat
later (170 B.C.), Cato ﬁescribed a method for the preparation of
starch which, it is interesting to note, was not substantially
different from the methods presently in use. The Arabians, about
975 A.D., knew that starch could be converted to an artificial honey
by the action of saliva (l-amylase). Kirchoff discovered in 1811
that acid hydrolysis of starch produced sugar, and it is probably from
this that oﬁr present understanding of the nature of starch developed.
However, it was not until comparatively recently, in 1940, that definite
evidence for its chemical heterogeneity wss presented (2, 3). Progress
since then has been more rapid and the chemical structure of starch as

and.-1s 4-glucan with occasinnal £-1: 6~ linkazes has now been described



in great detail.

Many of the higher plants synthesize starch at some stage
- of their life cycle. In some plants it can be formed by all parts
of the plant and not me;ely in specialized storage tissues. In the
potato plant, for example, there is starch in the tubers, in the
leaves (4), and in the berry of the mature plant. Structurally the
staroh of the berry does not appear to differ profoundly from that of
the tuber (5).

o The starch of leaves, particularly young leaves, is
interesting because of its transient nature. It is most abundant on
warm sunny afternoons and disappears very rapidly as the leaves wilt (6).
The generally accepted although apparently unproven explanation for
this is that the rate of production of carbohydrate by photosynthesis
exceeds the capacity of the translocation system to remove it from the
leaf, To prevent osmgtic damage to the chloroplasts either photo-
synthesis must slow down or the carbohydrate be polymerised to a
higher molecular weight compourd.

Although principally associated with the higher plants,
staréh has been detected in a wide variety of other organisms. It is
present in both red and green algae, bacteria, fungi, and lichens (7).
There is even a single rervort of the production of starch by human

wound. tissue (8).




The chemical structure of starch.

The’chemical heterogeneity of starch mentioned previously
referred to amylose and amylopectin, Amylose is basically a single
chain of up to about 6,000 -1z 4~ lirked glucose units, having one
reducing end and one non-reducing end. Amylopectin is a multi-
branched structure of d-1;4- linked chains about 25 glucose units long.
The chains are joined together by £-1:6- lirkages to form a polymer
of tén‘thqusand or more glucose units, Thus amylopectin has one
reducingbend end ebout 47 of the glucose units are at non-reducing
erds, These, however, are only the basic structures and there are a
few anomalous lirkages, which will be discussed later.

There is a third zlucan component of plants which, since
it is very similar to animel glycogen, is known as phytoglycogen.

The only difference between this and amylopectin is that phytoglycogen .
has & higher degree of branching (9, 10). A few of the properties
of these polymers are compared in Table 1.

Starches are fairly uniform in relation to their
proportionate content of amylose and am&lopectin, this being about
20-25% and 75—80% respectively, whilst phytoglycogen, if it is
present, may constitute as much as 5% of the total starch. There are
of course well known exceptions to this, such as waxy maize, which is

elmost 1C0% amylopectin, or in some varieties of sweet corn there may




TABLE 1.

Comparing the chemicel and physical parsmeters of the glucose

polymers known as starch,

This table is compounded from various

references mentioned in the text.

AMYLOSE AMYLOPECTIN | PHYTOGLYCOGEN | GLYCOGEN
Molecular Weight < lO6 ~ 107 ~ 107 N107
Average chein | 4 546 ¢ 009 20-25 15 10-14
length = ! - - -
% 1:6 linkages a few 45 8-10
p-limit 70-80% 50-6C% ho-50% 40~50%
External chsin
length large 12-17 8-9 6-9
Internal chain
length large 7-8 5-6 3-4
Colour of iodine deep blue- purple brown brown
complex black red
A max, I, complex 650 mp 540 mp 460 mp 460 mp




be more phytoglycogen than other types of starch (11). Other
mutations of sweet corn have larger amounts of amylose than usuel

and through continued genetic development this has been gradually

- raised until the present amylose content is in the range of 80-85% (1).

Total acid hydrolysis of starch yields D-glucose, whilst
partial acid or enzymic hydrolysis yields maltose and higher
hoMologues of the maltose series. Since maltose isd{-1: 4-glucosyl
glucoside, this shows that the principal linkage of starch is&L-1:4.
Further confirmation of this is provided by metﬁylation studies.
Exhaustive methylation of starch followed by acid hydrolysis yields
2,3,6-trimethyl glucose as the vrincipal product, again indicating an
d-1s 4~ linkage.

If the starfing material is amylose, then after methylation
and hydrolysis there is also present about 0.5% 2,3, 4, 6-tetramethyl
glucose arising from the non-reducing end of the chains., Methylation
studies by Meyer, Brentano and Bernfeld suggested a chain length of
about 300 units for amylose (2). Potter and Hassid determined the
chain length of various preparations of amylose by periodate oxidation,
which suggested lengths of around 1,000 units (12). By the careful
application of a variety of very mild technigues and the rigorous
exclusion of oxygen, Greenwood was able to isolate from several plants

amylose having apparent chain lengths of 1,30C to 4, 400 glucose units

(13).



Exhaustive methylation of amylopectin followed by hydrdysis
yields 91% 2,3,6-trimethyl glucose, about &% 2,3, 4, 6-tetramethyl
glucose from the non-reducing ends, and also~about 5% 2,3%-dimethyl
glucose. This arises from the branching points and indicates that
positions 1, 4, and 6 are blocked, so that the linkage between the
chains must be through positions 1 and 6 (14). The isolation of
isomaltose, £ -1z 6-glucosyl glucose from acid and enzymic hydrolysates
of amylopéctin confims this contention (15, 16, 17).

There are also, however, a few anomalous lirkages in both
amylose ahd amylopectin, Attention was drawn to these by unexpected
hindrances to the hydrolytic action of /- and ﬂ-—eznylase, and 2lso by
some e‘qua‘lly unexpscted hydrolysis products.

p -Amylase (B.C. 3-2-1-2; o -1:4-glucan maltohydrolase)
is an exo acting hydrolase which attacks the non-reducing end of an
L-1z A—gluéan to liberate f-maltose (18). Under normal conditions
the smallest homologue which it will hydroljlfse is maltotetraose.

With emylopectin ff-amylase can hydrolyse only the outer chains of the
molecule as far as a branch point, wnereupon asction ceaseé. Nomally
only 50-60% of the molecule is hydrolysed in this manner, the

remaining fragment being the f-limit dextrin,



o ~Amylase (E.C. 3-2-1-1; &L<124-glucan-b-glucan
hydrolase) attacks the interior glycosidic linkages in a random fashion
so that maltose appéars only slowly in the hydrolysate. As before
the end products are maltose and maltotriose, although in this case
the proportion of maltotriose will be higher than with f-emylolysis.
At highAenzyme concentrations maltotriose can be slowly cleaved to
glucose and meltose (19).

ﬂ—Amylase should hydrolyse amylose completely and the'
crude preparations such as were used to define the enzyme's activity
do indeed do this. However, with rigorously purified preparations
of f-amylase the conversion of amylose to maltose falls to 68-84%
depending upon the source of the starch (13). Various suggestions
have been mede about the nature of blockages to f-amylolysis and
about the role of Z-enzyme in contributing to the action of f-amylase
to result in 100Z hydrolysis of amylose.

Peat et al. found that the f-limit dextrin from several
samoles of amylose was attacked by Z-enzyme (20) and that the 2ctivity
of the enzyme could be stimulated by addiﬁion of’ﬁ-glucosidase from
almonds. Z-enzyme itself proved to be inactive upon the £-126-
linkages of amylopectin. Thus they concluded that it was a
B—glucosidase and that'ﬂuaﬂ—limiting ancmalies of amylose consisted

of occasional f-1:4-glucosidic linkeges (21).



However further study showed that Z~-enzyme has no action
upon d-1:3-, L-1z4-, £-1:6- or f-lirked disaccharides (22). Barks
et al. were able to show that its action was that of random hydro-
lysis of both amylose and the f-limit dextrin of amylose, and was
thus indistinguishable from that of L-amylase (23). Later workers
confirmed this and demonstrated that almond emulsin preparations also
contain traces of L-amylase activity (24). Understanding the nature
of Z-enzyme unfortunately yields no information about the nature of
the anomalies in amylose, since its action merely serves to bypass
them,

Hamilton and Smith oxidised amylose and amylopectin
exhaustively with periodate, using incubation periods as long as five
months to ensure complete oxidation (25). From the products they
recovered unchanged 0.2-0.5% of the original glucose. Periodate
will cleave two carbon atoms bearing vicinal hydroxyl groups such as
positions 2 and 3 of and-1:4-glucan. Thus these results suggested
that a small proportion of the glucose units are either linked o{-133%-
or have side chains attached through and-1:3- or and-132- linkage
(26). Nigerose (d-1:3-glucosyl glucoside) has besn identified
several times amongst the disaccharides produced by hydrolysis of
starch and glycogen, particularly from emylopectin (27, 28). The

d-1:3- lirk is not rare since it comprises half the linvages of



nigeran (29) and it has been formed in vitro by a disprop0rti§nation
of glucose and maltose using an enzyme preparation from Aspergillus
oryzze (30). Thus it would appear that a few of the glucose units
of amylopectin and possibly amylose may be joined by an£-1:3-
linkage.

However the d-1:%- linkage probably does not constitute
a barrier to[@—amylolysis. The presence of small guantities of
nigerose in f-amylolytic digests. of Floridean starch suggests that
the enzyme may be able to cope with this type of linkage (31). Also
Hamilton and Smith found that there is no difference in the provort-
ion of non-periodate-oxidisable glucose in amylopectin and its ff-limit
dextrin (26). Cléarly this is not the reason for the formation of
a f-limit dextrin from amylose.

The amylose f-limits observed by early workers may be
spurious for even the least rigorous of the conditions experienced by
the amylose during its extraction, such as the presence of oxygen,
can introduce anomslous structures and so have the effect of
decreasing the p-limit. (32) Barks end Greenwood have reviewed this
phenomenon recently and they have also shown that the starch fraction
known as "amylose" is by no means homogeneous (33). The/?—limit of
the amylose they isoleted decreased az the temperature of the water

used to leach it from the granule was increased (34). FPurthermore,
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they were able to separate samples of anylose having 1cmrﬂ-limits
into two sedimenting peaks by ultracentrifugation (35).

In 1962 X jblberg and Manners characterised an "isoamylase"
from yeast which specifically cleaved £-1:6- linkeges (36). With
this enzyme they Were‘able to raise the[?—limité of two samples of
amylose from 97% to 100% and from 76% to 97%. Accordiﬁgly they
concluded that the barriers in amylose ared -l:6- linkages and nothing
else. Using a similar of-1:6-hydrolase activity, Banks and Greemwood
confirmed these results after taking precautions to ensure that their
preparations contained no;L-amylase'activity 37 . On the basis of
a great deal of careful study these authors have concluded that the
total emylose obtained from any one botanical source will contain
both linear chains and Eranched chains, wherein the branches are of
considerable length,

The early conception of starch as two frzctions, a linear
amylose ard a multibranched amylopectin has become more complicated.
Amylose contains both the linear and branched structures.just described
whilst the amylopectin fraction has been reported to contain glucans
intermediate between amylose and amylopectin (1) and between amylo-
pectin and glycogen (10).  Finally, there is the highly branched,

short.chain structure, phytoglycogen.
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The starch gramle.

Starch occurs as discrete grarules of varying size and
shape from 3-100p. These granules are normally found in the
. plastids of higher plants, in the chloroplasts of green tissues and
in the leucoplasts in storage tissues, which may become greatly en-
larged to accommodate the reserve starch.

Little is known of the fine structure of the starch
grarmle and the various methods used to study it have often yielded
conflicting results. Perhaps the first systematic investigation wes
that of Leeuwenhoek, who published some quite accurate observations
in 1719 (1).

Microscopically the granules appear as a series of
concentric layers arranged around the hilum, Fig. 1 (39). Meyer
suggested in 1895 that the layers were a result of diurnal growth of
the starch granule by apposition (40). This theory has been
criticised for two reasons: the assumption that the layers are indeed
a diurnal feature, ard also that the gramnule does not necessarily
grow by apposition. It ha; been suggested that starch granules may
be formed by intussusception or by rapid crystallization of starch
from a coacervate. However, both these possibi}ities were
eliminated by the elegant experiments of Badenhuizen and Dutton, who

isolated radioactive starch granules from potato tubers following
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exposure of the plant to labelled carbon dioxide (41).  Radio-
sutography of these granules revealed that growth was a gradual
process over a period of days and also that the activity was confined
to the peripheral layers from which it could be completely removed
tgrﬁ-amylase, leaving the granule almost intact.

The aetiology of the concentric layers is less certain.,
Various workers have advanced evidence in support of Meyer's hypothesis
(42, 43, 44, 45). By correlating the number of observable layers
with age of granule it is found that approximately one layer is
formed per day. Cereals grown under constant illumination developed
starch grains with no discernible layers, vut rings could be imposed
at will by the introduction of a dark period (45). On the other
hand, when potatoes are grown in a constant environment they have
normally developed rings (45, 46). It could be argued that potato
tubers always develop in a constant environment some distence removed
from the site of carbohydrate synthesis. It would be interesting to
know the effect of constant illumination upon the starch granules of
the potato bgrry.

Thus the layers of the gramile may indeed be a diurnal
feature, elthough not entirely dependent upon the availability of
carbohydrate.

It has been suggested several times that there is an
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outer membrane surrounding the grarules, particularly potato gramiles,
although its existence‘has not been convincingly demonstratéd and its
supposed. nature is still more uncertain (47). Suggestions have been
a layer of protein or a different physical phase of starch than that
pervading the granule, such as a layer of pure amylopectin. Many
workers have shown in the past few years thét intact starch granules
are in themselves complex enzyme systems having many of the enzymes
of starch metabolism mofe‘or less firmly bound to the granule (e.g.
48, 49). Clearly the presence of enzymes associated with the surface
of the granule does not constitute a protein membrane, although they
could be detected as such. Similarly, there are reports that the
proportion of amylose in the granule decreases with maturity (e.g.

50, 51). It is perhaps concei&able that in some circumstances this
could be interpréted to mean a specisl surface lasyer of amylopectin.
However, the possibiiity that the surface of the granule is exclusiveQ
ly amylopeétin was ruled out by an elegant experiment of Nordin's,

who isolated both radiocactive amylose and amylopectin after
irradiating the surface of "some starch gramules with low energy

tritium atoms. (52).

Phosphoric acid and starch.

Isolated and purified potato starch contains a small

percentage of phosphoric acid. The majority of this is firmly bound
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to the polymer and cannot even be removed by electrodizlysis of an
autoclaved starch paste (53). Soxhlet extraction of potato starch
with 80% dioxan reduced the phosphorus content by only 9% after 48
hours and 11% after 120 hours. Similar results were obtained by the
author, although a higher phosphorus content was observed and a
smaller percentage of it removed by the considerably milder method

that was used. Incidentally, a major part of the work to be described
in this Thesis is an analysis of the sugar phosphates that can be
extracted from s%arch by mild agueous leaching.

Most of the phosphoric acid associated with potato starch
is to be fourd in the f-limit dextrin of amylopectin (54, 55, 56), to
which it is covalently bound as a glucose-6-phosphate ester (54, 957,
58). This esterified phosphate probably constitutes part of the
barrier to complete f-amylolysis (59).

Amylose, on the other hand, contains very little
phosphate, most of which can be removed (60, 61, 62). Peat et el.
have calculated that there can be nc more than one bound phosphate
group for every 2,400 glucdse units (21). Since the f-limit of
amylose is not increased by previous incubation with phosvhatase, this
esterified phospﬁate cannot be the previously discussed barrier'to
complete ﬂ—emylolysis, which suggests that it may be attached at or

near .the potential aldehyde group (33).
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There is apparently ﬁo defirite information about the
origin or the function of the phosphoric acid &hich is bound to
starch, except to note that it has a profound effect upon some of the
physiéal properties such as swelling of the gramle upon hydration.
However it should definitely be considered as an integral feature of

the biology of starch (63).
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THE METABOLISM OF STARCH - GENERAL ASPECTS.

The chemistry and biology of starch have been discussed
in détail for it is only by an insight into the true nature of starch
that its metabolism may be understood. Any comprehensive descript-
ion of the metabolism of starch should encompass the following
processess -

(a) The arrival of sucrose at the region of synthesis
and its conversion to starch precursor,

(b) The polymerisation of this precursor to a linear
4~12 4-glucan,

(¢) The conversion of the linear glucan to a branched
chain glucan,

(d) The eventual mobilization of starch.

(e) The conversion of the mobilization products to
sucrose.

As a convenient basis for discussion, it will be held
that the immediate precursor of starch is ADPG, which incorporates
glucose, the reaction being catalysed by the enzyme starch synthetase
(B.C. 2-4-1-21, A(U)TPG; 4&-124-glucan d-4 -glucosyl transferase).

The conversion of amylose to amylopectin is catalysed by
Q-enzyms (E.C. 2-4-1-18, {-1: b-glucan; -1 4-21ucan é-glycosyl

transferase).
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Phosphorylase (E.C. 2-4-~1-1, &-1: 4-glucan orthophosphate
glucosyl transferase) initiates the degradation of starch by removing
a terminal non-reducing glucose unit and by cbnverting it to ~-D-
‘glucose~1-phosphate.'

The current theories of starch metabolism are not well
esteblished for there have been two major upheavals in the last
decade, both originating from Leloir and his colleagues. First of
all he reported that glycogen and amylose could be synthesized in
vitro from UDPG (64, 65). Then a few years later he suggested that

-the natural precursor of starch is AIP3, but that the natural pre-
cursor of glycogen is UDPG (66, 67). This firmly and finally divorced
glycogen from starch; although structurally it is very similar to
phytoglycogen (precursor exclusively ATPG (68)), the enzymatic
resemblances are merely superficial.

A third and equally important upheaval may be impending,
for there have been several indications in the literature lately that
amylose is not necessarily the precursor of amylopectin and that
their biosynthetic pathways may differ (69). It has even been
suggested that phytoglyéogen is the precursor of both amylopectin
and amylose (70).

One of the modern concepts of biochewistry is that

anabolism and catabolism usually follow different pathways. This
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means that both processes can be thermodynamically favourable and

that they can be controlled by mechanisms other than mass action.

The theory demands that decisions be taken as to tﬁe likely metabolic
role of various enzymes and because of this it is a concept peculiarly
applicable to the metabolism of starch. Thus many of the amylose
synthesizing enzymes, such as amylosucrase, are no longer thought to
have a significant function in starch metabolism.

The readily reversible synthesis and degradation of
glucans calilysed by phosphorylase were described by Cori and by
Hanes between 1937 and 1940 (71, 72). At equilibrium the ratio of
Pi to G-1-P is low enough to suggest a fully reversible function for
the enzyme (73). This provided for the first time a coherent
theory for both the synthesis and the degrsdation of glucans, which
received ready and wide acceptance.

Howe%er in 1954 there were reported two separate studies
on the ratios Pi ¢ G-1-P in yeast and in the bark of the locust tree,
both of whiqh showed that because of a large excess pf inorganic
phosphate equilibrium conditions did not obtain (74, 75). From
this the latter authors concluded, somewhat courageously, that
phosphorylase was not involved in starch synthesis. This view did
not gain general acceptance until the work of Leloir suggested a

credible alternative to phosphorylase. Even now, ten years after
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the'discovery of glycogen synthetase, the role of phosphorylase as an
exclusively degradaetive enzyme is not wholly accepted. There is some
Justification for this. The reports that waxy maize contsins no
A(U)DPG-starch synthetase héve not been satisfactorily explained (69,
79). PFrydman and Cardini have described a soluble polysaccharide
from potatoes which they think is concerned With initiating starch
granule formation, but which only accepts glucose in reactions
catalysed by phosphorylase and not starch synthetase (76).
Similarly there is reported a glycogen storage disease in humans
wherein UDPG-glycogen synthetase is completely absent and yet liver
biopsy shows the presence of a low but by no means negligible level
of glycogen (77). Badenhuizen and Chahdorkar have published a series
of papers apparently aimed at discrediting the synthetic role of
nucleoside diphosphate glucose transferase activities‘(78).

One of the objects of the work to be described in this
Thesis was to measure the concentrations of Pi and G-1-P in the
starch granule in response to the suggestion that there msy be
localised regions within the cell where the relative concentrations

are reversed (74).

(a) The conversion of sucrose to ATPG.

Analyses of sieve tube exudates covering some 45 species

show that the major material transported in higher plants is sucrose.
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These reports stress the complete absence of hexose and of hexose
phosphates in the sieve tube sap (80).

It is now generally held that sucrose is the form in
which carbohydrate nutrition is sustained in the intact plant and
that hexoses only arise by hydrolysis. Since sucrose is the only
sugar-translooated and starch synthesis does not necessarily occur
in the photosynthetic zones, it fﬁllows that sucrose must be regarded
as the initial precursor of starch, however many intermediates may
be involved. That they are closely connected has been shown, for
starch can be synthesized from sucrose (81, 82, 92), sucrose and
starch are freely interconvertible (75), and if starch synthesis is
inhibited then sucrose tends to accumulate (83).

The free ehergy of hydrolysis of the glycosidic bond in
sucrose is relatively high, higher in fact than the &-1:4- lirkage

of starch.

Table 2; Free energy of hydrolysis of various glycosides (84)

GLYCOSIDE VAN
Sucrose : - 6.6 K.cals.
UDPG - 7.6 .
Maltose - 4,0 M
Glycogen L =13 4— - 4,3 m
Dextran ol-1s6-~ 2.0 "

{~-G-1-P -4.8 "
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Because of this it is tempting to suggest that sucrose is converted
directly %o starch without any intermediate steps. Reactions of this
nature are known to occur in bacteria but they require highly
artificial conditions and enzymes which are essentially hydrolytic
in function (8%).
Several routes have been suggested to explain the convers-
ion of sucrose to ATPG: -
(g) By hydrolysis followed by phosphorylation.
Sucrose —3 Fructose + Glucose — G-6-P—>G~-1-P—> ATPG
F-6-P
However since the free hexose pools of the plant cell do
not become equilibrated with radioactive sucrose, this
cannot be the pathway involved (86).
(b) By the intervention of sucrose phosphorylase.

Sucrose + Pi—>Fructose + G-1-P

» ADPG
P b-p—-—-y G-6-P
This pathway can be eliminated because the essential
enzyme, sucrose phosphorylase, has never been detected
in higher plants, only in bacteria,
The remaining possibilities are closely related and upon
the basis of the eviderce presently availsble it would be quite

reasonable to decide that 11 three are significantly involved.
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Briefly they are:-
(¢) Sucrose + UIPe=—= UDPG + P ———3starch.

(@) Sucrose + ATPz==—=2 ATPG + P ———>starch.

(e) Sucrose + UIPe=——UDPGT——=3ATPC »starch,

| Reference to Table 2 will show that AG for the reaction
UIPG + Fructose—=UIP + Sucrose is only about - 1 K.calorie, which
means that it should be freely reversible. Various eqguilibrial values
have been suggested which, although favouring the synthesis of
sucrose,‘are not so large as to preclude the reverse reaction,
especially if the product is removed by the advancing ;ynthesis of
starch (87, 83, 89). If starch is synthesized from UIPG, &s is
possible in the absenée of ATPG, then it is probably route (c¢) which
is involved (83).

When Recondo and Leloir reported that ADP3 is a much
better substrate for starch synthetase than UIPG, they alsosaid that
it could not be substituted for UDPG in synthesising sucrose (66).
However the following year Cardini and Recondo corrected this state-
ment when they demonstrated that ATPG could be as much as 0% as
efficient es UIPG in sucrose synthesis (90). The objection to
route (d) above is that the synthesis of sucrose from ATPG is very
strongly inhibited by the uridine micleotides (89, 90) which are

abundant in plant tissues (91).
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What then about the last possibility, the formation of
UIPG from sucrose and the transfer of glucose from it to ADPG? It
was de Fekete and Cardini who first postulated that UDPG has a primary
role in sucrose-starch interconversions, whilst starch synthesis is
exclusively catalysed by ATPG-starch synthetase (81). This
‘hypothesis avoids the necessity of synthesizing starch from UDPG and
of synthesizing ATPG directly from sucrose, both of which reactions
are enzymically unfavourable. It is well supported by a considerable
body of experimental evidence. Thus, for example, ADP mediates the
transformatipn of sucrose to starch far more effectivgly than does
UDP, but the addition of UDP to an AlP-mediated system has an
inhibitory effect (89). ATPG and UIPG both become labelled when the
starting materisl is radioactive sucrose. A direct transfer react-
ion is probably not involved, viz:-

194

——>starch

sucrose Y SUIPG » ADPG

ATP
There is as yet little information available concerning
the middle steps of the interreaction. Several routes can be
envisaged, all of which have been described, although not necessarily
in the higher plants and not necessarily involving uridine as the

micleoside.



25

Sucrose + UIPx >UDPG + Fructose  (87)
(1) G—TU + Pi + G-1-P (9%
(2) UIPG——WP + G-1-P (94)

i (3) UDPG + Pi——UDP + G-1-P (95, 96)
(4 UDPG + PPi——UTP + G-1-P (81)

G-1-P + ATP 5> ADPG + PPi - (97)

An advantage of these routes is that the fructose moiety can be
incorporated in ATPG by the same mechanism, following its conversion
to G-1-P by fructokinase, phosphohexose isomerase and phosphogluco-
mutase,

F+ AP 3 FbP—3G-b-PoigG-1-P
It has been reported fhat the necessary enzymes for this sequence are
all closely associated Qith tépioca starch granules (98).

Obviously the third of the above alternatives is the most
feasible, bﬁt a decision cannot be made upon the basis of the
information presently aveilable.

There are indications that ADPG-pyrophosphorylase
occupies a key position in-the production of starch and that significant
metabolic controls regulate the synthesis of AIPG.

Tsai and Nelson have described two separate mutants of
meize in which the capacity to synthesize starch is greatly reduced
and sucrose eccumulates (83). A1l the enzymes usually associated

with starch metabolism were present excedt for ADPG-ryrophosthorylase
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which was completely lacking. They suggested that what starch there
was present, about 25-30% of the normal levels, arose from AIPS or
UneG pfoduced by sucrose synthetase, It would be interesting to
know the relative levels of G-1-P and Pi to see if phosphorylase
could have been involved.

A series of experiments by Preiss et al. have shown that
in spinach chloroplasts ATPG-pyrophosphorylase activity is
stimulated by some of the intermediates of the photosynthetic carbon
reduction cycle, particularly 3-phosphoglyceric acid (99, 100).
Similar controls occur in the synthesis of bacterial glycogen, the
sole precuréor of which is ADPG. In this case the activators were
F-6-P, pyruvate, R-5-P or F-1;6-diP, whilst AMP, ADP, Pi, SO 4’" and
phosphoenol pyruvate exerted an inhibitory effect (101, 102, 103).
Recent work has indicated that a complex series of complementary
inhibitions and counteractivations may operate in Chlorella (104).

To sumnmarise the foregoing paragraphs briefly, the
evidence presently available suggests that the production of ATPG
from sucrose involves a reversglxof sucrose synthetase action and a

byrophosphorolysis of G-1-P. Significant metabolic controls may

occur at the latter stage.

(b) The polymerisation of glucose to & linear «£-1: b-glucan.

The position of UDPG as a biosynthetic agent was well



27

established when in 1957 Leloir and Cardini announced that they had
succeeded in synthesizing glycogen from UDPG (64). Somewhat
surprisingly, it waSﬂthfee years before the parallel synthesis of
stérch was reported (65). To some extent this delay may heve been
due to the nature of the enzyme system, whole starch granules, which
at that time would have been regarded as a little unconventional.
More recently, it has been shown that intact starch granules are
compact multienzyme units (98). However, since then the possibility
of starch syntheéis from UDPG has become well established (91).

Then came the report in 1961 that the rate of transfer
of glucose to séaroh was ten times faster from ADPG than from UDP3.
This in itself does not necessarily mzan that ATPG is the natural
substrate for starch sjnthetase, for, as Ginsburg pointed out, ortho-
nitrophenyl galactoside is a better substrate for ﬁ—galactosidase
than is lactose (105). There are however several factors which
support the dominance of ATPG. The incorporation of glucose from

G into starch is inhibited by several of the adenosine nucleotides
vwhereas t+he uridine nucleotides do not affect incorporation from
ATPG (106). Also ADPG has a much greater affinity for starch
synthetase than has UDPG (s81). Perhaps the most conclusive evidernce
of all is the discovery of ssveral systems which cannot utilize ULPS.

Examples of these are the transient leaf starch of Phaseolus aureus (107,
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soluble glucan transferases of spinach chloroplasts (108), tobacco
leaves (117),'and sweet corn (109), the enzymes synthesizing phyto-
glycogen in sweethrn (68), and whole starch grain preparations from
soya beanad geranium (110). Another corroborative factor is that
following mechanical disruption‘of starch gramiles, glucose can no
longer be transferred from UDPG whereas transference from ADPG is
enhanced.,

The -relative activities of AUPG and UIPG in other-bio-
syﬁthetic pathways have naturally enough been investigated, but in
none of them was ADPG favoured as.it is in starch synthesis. Thus
in starch ADPG was 1,000% more active than UDPG, wheréas in sucrose
synthesis it was only 90% as effective (90), in glycdgen synthesis
50%;, and arbutin synghesis in wheat germ 15074, but it shdwed no
activity at all.in locusts (111).

This does not altogether preclude the synthesis of
stérch from UDPG. As Leloir has pointed out, there can be as much
as ten times more UDPG than ADPG in plant tissues (91). Other
workers, however, have found relatively higher levels of ATPG (112).
Within potato starch granules or adsorbed onto their surface, there
is no detectable UIPG, only ATPG (113), whilst of the other nucleo-
tides, AMP and ATP predominate (114). This is particularly

significant because starch synthesis is not simply a matter of
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competition between substrates. As mentioned before, the
incorporation of glucose from UDPG is inhibited by the sdenosine
nucleotides. In view of these findings it seems likely that
synthesis from UDPG will prove to be a very minor feature.

What then is the nature of this reaction catalysed by
starch synthetasef Glucose is transferred from ATUPG to the non-
reducing‘end of aﬁcL-lzh—glucan. The free energy of the reaction
UEG + an;t=:=ﬁGn+1 + UDP has been calculated to be about
ac’ 3.3 K.cals. (115 and Table 2). There is no reason why the same
reaction with ADPé should give a different result. (Apparent
differences iﬂ-the equilibrial values of ATPG and UIPG for sucrose
synthesis have been repofted, but it must be assumed that full
equilibrium was not attained (89)). As might be expected, reversal
of this réaction is difficult to demonstrate and the equilibrium is
very much in favour of glucan synthesis. A primer molecule is
necessary to start the reaction, maltose being the smallest so far
demonstrated (116), whilst there is no apparent upper limit to the
size of the acceptor, although the suggestion has been made that a
mul tibranched glycogen molecule may be self-limiting by steric
hindrance of the end gfoups (115).

It has become apparent that more than one enzymic

activity is described under the general name of starch synthetase.
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Apart from thg coexistence of particulate and soluble enzymes in the
same tissue (117), there is a wide diversity of acceptor specificities.
Some enzymes will transfer glucose only to whole starch granules
(117) or to whole gramules and maltooligosaccharides (118), whilst
other activities find that intact granules are poor primers and must
necessarily use diSrupted ones (89). One particularly interesting
system would only transfer glucose to phytoglycoéen and amylopectin,
whilst the addition of amylose to the digest resulted in a 257
inhibition of incorporation onto other acceptors (109). On the
other hand, in intact granules the glucose incorporated appears to be
divided equallj between amylose and amylopectin, Since only about
2% of the accepting end groups are amylose as opposed to amylopectin,
some systems must transfer selectively to amylose (119).

Thus there are starch synthetase activities which use
both UIPZ and ADPG and others which use only ATPG; there are

particulate and soluble enzymes; and there is a wide variety of

acceptor specificities. Some of these may be different forms of the
same enzyme, but clearly several different enzymes are involved (110).

De novo synthesis of starch and glycogen is an arsza which
is still largely unexplored. Does it in fact occur? The.

possibility that cell division transfers some of the cell's glucans

which serve as a basis for further synthesis has been discussed.(}X)
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Certainly seeds are a rich source of starch, but what sbout the newly
fertilized ovum in animals? Is it possible that from unicellular
origins the polysaccharide could spread throughout the whole
organism? This is what happens with DNA, so there is no certain
reason to supvose that it could not hapren with polysaccharides.
Some glucans are freely soluble in cold water and synthesis onto
these could initiate formation of new starch gramules. Frydman and
Cardini have described just éuch a mechanism based upon phiphorylase
(76). Illingworth et al., achieved the de novo synthesis of
glycogen by rabbit mﬁscle phosphorylase using highly artificial
conditions (120), With radioactive G-1-P and a very large amount of
highly purified enzyme, they found that after a fairly long lag period
an iodine staining polysaccharide éppeared in the digest. They
isolated labelled maltose and maltotriose from the digest, which
proved that de novo synthesis had indeed occurred. There was no
L-amylase activity present. Perhaps if starch synthetase could be
studied under similar corditions the same result would be obtained.
Pottinger and bliver have claimed that-starch synthetase
of potatoes ié ectivated by G-6-P (121). Other workers were not
able to repeat this observation (112), aﬁd it remains the only
report of the activation of starch synthetase in bigher plants by a

normal cell metabolite. Similarly, apart from two isolated and



32

rather specialised cases, there do not appear to be any naturally
occurring inhibitors of starch synthetase (109, 118).

This is in marked contrast to UDP@-glycogen synthetase,
which, it is currently believed, occurs in two forms, dependent upon
and independent of activation by G-6-P, and which is activated by
insulin, inhibited Ey cyclic 5'5'AMP and epinephrine and so also by
compounds such as benzedrine which inhibit the breakdown of epi-~
nephrine (122 to 126). It is by this means that glycogen
metabolism is controlled, which serves to illustrate once again the
fundamental difference between glycogen and starch, for it will be
recalled that control of starch synthesis appears to operete at the
stage of ATPG formation.

The study of glycogen storage diseases has mede an
important contribution to our understanding of glycogen metabolism.
Similar investigations of plant systems have tended to lag a little;
there is no automatic screening of plants similar to that occurring
in human populations. (A good exsmple of this is described in
522.77). However, this deficiency is being remedied to some extent
by the work of Nelson and his colleagues who are systematically
examining various mubtant strains of maize,

One of these mutants, waxy maize, contains as much

starch as nommal maize but it is composed entirely of amylopectin
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with no amylose present, This strain also lacks the ability to
transfer glucose from UDPG, the enzyme starch synthetase being
absent, although the relative proportions of phosphorylase and Q-
enzyme are the same as in normal maize (127). Whelan, amongstothers?
interpreted this result to mean that amylose was synthesized by
UDPG~-starch synthetase whilst amylopectin was not, ergo it was
synthesized by phosphorylase (119).

These workers also réported that they could observe no
transfer of glucose from starch to either UIP or AT? with the
enzyme systems of waxy maize. However, because of the free ensrgy
barrier, thig was an unreliable method for demonstrating an
inactivity. In the following year Frydman contradicted this when
she found that waxy maize contains a specific ATPG-starch synthetace,
albeit with only 20% of the activity of normal strains of maize (118).'

A year later, Nelson promulgated the claim that
ATPG-starch synthetase activity is confined to a limited number of
highly active granules situated exclusively in the embryonic and
maternal tissues, whilst the endosperm which is the site of most
starch synthesis contains no starch synthetase at all (69). Later
he confirmed this and showed that iﬁ normal strains two different
enzymes are involved, one of which is lost in the waxy mutation (128).

On this basis it would seem clear that amylose is normally
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synthesized by A(U)IPG-starch synthetase. #hether this work also
Justifies the conclusion that starch synthetase is not involved in
amylopectin synthesis is doubtful. The crucial role of A(U)DPG has
been demonstrated conclusively several times, not least by some
concurrent work of Nelson's upon another mutant strain of maize.
This strain is unable to synthesize ATPE, as a resulf of which it
only forms 25-30% as much starch as ordinary maize (83). It would
be interesting to know the relative levels of various metabolites in
waxy maize, particularly the ratio of G-1-P to Pi andi whether or not
ATPG Accumulates.

Briefly to summarise the foregoing paragrgphs: starch is
synthesized in plants frombADPG and to a lesser extent UIPG by seversal
different enzyme activities. There is no natural activation or
inhibition of this reaction, but it does require a preformed
d-1: b-glucan as an acceptor. No conclusions can be drawn as yet

about the de novo synthesis of starch.

(¢) The formation of branched chain glucans.

The name Q-enzyme is used to describe an enzyme activity
which causes the rupture of a non-terminal L-1:4- lirkage end its
transglycosylic attachment to an adjacent chain by an o -1z 6-

lirkage. In other words Q-enzyme converts emylose to amylopesctin,
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Potato Q-enzyme requires an amylose chain at least 40
glucose units long before the transferase activity can operate (129).
The reaction is a random one and it is possible to isolate inter-
mediates between amylose and amylopectin (130). With amylopectin
the specificity is different, for the outer chain length need exceed
only 14 D-glucose units (131), which has been interpreted to mean
that Q-enzyme contains more than one active site (132). An
alternative explanation would be that more than one protein is
involved. Some tenuous support for this hypothesis was provided by
Lavintman when she found that the various branching enzymes
responsible for phytoglycogen formation in sweet corn show markedly
different behaviour with amylose and with amylovectin (133).

The action-of Q-enzyme is independent of and unaffected
by either inorganic phosphate or G-1-P. It can stimulate the
synthesis of starch by phosphorylase, but this is simply because its
action increases the number of available end groups (134).

It is generally believed that the ﬁransfer of dextrins
occurs between adjacent chains. Thus the smaller homologues of the
malto-oligosaccharide series will act as acceptors (135). This
suggests that the Schardinger dextrins should also be acceptors, but
in fact they inhibit Q-enzyme, which could mean that the enzyme needs

a proximel rnon-reducing end group in the acceotor dextrin (135). In
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corroboration of this it appears fhat the transferred chain is
attached quite close to the non-reducing end of the accepting glucan
(136).
This more or less summarises what is known about
Q-enzyme for it has received less attention than the synthetic and
degradative enzymes. Vhat else is known merely serves to elaborate
pfoblems;which suggests that its characteristics are different from
those of any othervenzyme. Consider for example three aspects of
this: -
Firstly, its action is appsrently irreversible. Other
"irreversible" reactions are known, but these either entail large free
energy changes or immediate removal of one of the products of the
reaction, for example by hydrolysis of pyrophosphate. The free
energy of glucan transference from L-1: 4~ to d-1: 6~ in glycogen is
probably in the range - 0.7 to - 1.3 K.cals. (115); (cf. Table 2,
the discrepancy could be due to steric hindrance). Similerly, the
product of the reection is not immediately removed: this means that
the reaction should be freely reversible, A possible explanation
of this can be adduced.i The normal action of Q-enzyme is confined
to the interior of a molecule; a central &-1: 4~ linkage is cleaved
and the dextrin transferred to another central glucose unit.
However, to reverse the process an entirely different mode of action

is required, for after cleaving and-1l:6- linkage, the enzyme would
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have to locate the non-reducing end of a chain on which to affix the
detached portion of the polymer.

Secondly, it is a reaction which apparently does not
attain equilibrium, With a free energy change of this magnitude
an equilibrium i xture shouldkcontain.70-90% d-1:6- lirkages (115).
The formation of polysaccharides of this nature has been demonstrated
(157, 1%3), but ih.amylopectin and glycogen only 5% and 8% of the
linkages are o-1:6. Since the limitation to further branchingz cannot
be a thermodynamic one, it must arise from the steric specificity
of the enzyme.

This specificity appears to be quite well defined.
Q-enzyme of potatoes will act upon amylose to produce amylopectin
having 5% -1 6~ linkages, and so it has no action upon natural
amylopectin with a chain length of 20 units (139). However, Q-
enzymeé of bacterial end animal sources will act upon amylopectin to
introduce a further 3% of d-1:6- linkages, giving rise to glycogen.
Similar results have been reported with Q-enzymes from plants
containing phytoglycogen (13%3). Manners has very precisely definsd
the specificity of a Q-enzyme pre?aration from yeast (140). It was
inactive with horse muscle glycozen of mean chain length 17 glucose
units, but it acted very slowly upon malted barley amylopectin, mean

chain length 18 glucose units. Clearly the specificity of
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Q-enzyme is of an unusual nature amongst enzvmes.

The third aspect, and perhaos the most puzzling one of all,
is the coexistence of amylose and amylopectin in starch graniles,
They may possibly be synthesiied by different mechanisms and there
may be Q-enzymes which are inactive upon amylose, but it is an
indisputable fact that amylosevexists in the presence of enzymes
capable of converting it to amylopectin. It has been suggested that
amylose is synthesized within'a protective membrane which is
permeable to all enzymes and metabolites except Q-enzyme, However,
such membranes have not been detected within the amyloplast (141).

‘ A more plausible explanation was suggested by the Japanese schoél
when they described the firm and specific association between starch
synthetase and amylose,vin vitro (142) and in starch granules (143).
There is a possibility, they say, that complex formation between the
amylose synthetase and amylose type molecules sterically inhibits the
functioning of Q-enzyme, thus allowing the preferential synthesis of
long chain amylose molecules. On the other hand, glucan molecules
of intermediate size which -are unable to form complexes with the
enzyme might be more available for amylopectin formation. They say
that experiments to test this hypothesis are currently being carried
out. Nelson's work on waxy maize could be taken to support this

suggestion, 'since the mutant contains no amylose and also no starch
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synthetase (78).

Perhaps it would be easier to understand why Q-enzyme is
occasionally inactive if it were known why plants find it
advantageous to synthesize bo£h amylose and amylopectin. This,
however, is yet another of those areas of starch metabolism which
remain largely uninvestigated. A possibility that does not appear
to have been fully considered is that amyloss forms a more stable
carbohydrate reserve than does amylopectin. Amylopectin contains
about fifty times more non-reducing ends than amylose. Since there
does ﬁot appear to be a report extant that phosphorylase has a greater
affinity for amylose than for amylovectin, their relative rates of
degradation should be roughly proportional to the number of end
groups. There does not appear to be any definite evidence to
substantiate the hypothesis. Glycogen metabolism seems to be
arranged so that a very rapid production of glucose is possible and
of course animal tissuss do not produce amylose. It would also
require the transient‘assimilatioh starch of leaves to contain little
or no amylose and young shoots to contain a higher proportion of

amylose, Meyer compared various tissues of the potato plant (4).

Tissue % Amylose 7 Amylopectin
Leaf starch 21.5 78.5
Tubers v 27 75

Shoots : 73 2]
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The proportions of amylose in the leaves and tubers cannot be
regarded as being sufficiently diverzent to substantiate this theory.
To summarise briefly the foregoing paragraphs, Q-enzyme
converts some of thed -1z 4- lirkages of amylose toL-1:6- lirkages
without the intervention of phosphate in an apparently irreversible
manner and without ever attaining a thermodynamic equilibrium. The
steric specificity of the enzyme may be closely definsd but neither

this nor its occesional inactivation are understood.

(d) The degfadation of starch in plants.

The metabolic role of L~ and f-amylase in.plants is
uncertain, Until the discovery of phosphorylase they were believed
to be responsible for the degradation of polyseccharides, but now they
are no longer credited with this function. Only traces of L -amylase
. are présent in the resting seed until germinztion, whereupon it
becomes preponderant (144).  The distribution of f-amylase is
haphazard and not apparently closely related to the distribution of
its substrate, Thus it i§ absent in most starch-bearing leguminous
seeds, but present in the soya bean, which does not accumulate starch.
Similarly, ungerminated barley and wheat are good sources, but oats,
maize, sorzhum and rice contain nons. Functionally the results of

p-amylolysis and phosphorolysis are similar except that ﬂ-amylolysis
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is &an energetically wasteful ;eaction. On the other hand, the
action of d-amylase and also that of R-enzyme are supplementary to
that of phosphorylase; they enable it to bypass the branching points
and so serve to remove all the limitations to complete phosphorolysis.

In 1937 Cori and his colleagues showed that the scission‘
of glycosidic bonds is dependent upon inorganic phosphate and that
G-1-P is the product (71). This reversible reaction can be

represented:

GL~1:4—g1ucan)n + Pi Gﬁl:&—glucan)n_l + L=D-G-1-P

Inorgénic ortho-arsenate, HAsOA=, can replace HPO4 so that the
reaction is followed by spontanecus hydrolysis of glucose-l-arsenste
to form glucose and ortho-arsenic acid. As with starch synthetase
a primer is necessary for nornnal synthetic action., Potato
phosphorylase can be primed with maltotriose or maltotetraose,

| although amylopectin is a more efficient primer and amylose slightly
less so. How§ver, the efficiency of a polysaccharide as a primer is
Adirectly proportional to the number of non-reducing end groups -
with one limitation, i.e. very long chainé will only act as donors
and f-limit dextrins can only act as acceptors (145). In the
absence of an acceptor, phosphorylase will mot bring about any
exchange of label between G-1-FP and Piiz, neither will it catalyse

the arsenclysis of G-1-P (148).
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Because of the Ka values of G-1-P ard Pi, X2 = 6.51
and 7.19 respectively at 500, the equilibrium of the phosphorylase
reaction is very dependent upon ©H (149, 154). However, if the
relative concentrations of only the divalent ions are considered,

a constant equilibrium of 2.2 is obtained between pH 5 and 7. It
must be remembered that the concentration of non-reducing end groups
is unchanged during the course of the reaction, so that the
equilibrium is dependent only upoh Pi and G-1-P concentrations.

Thus in the presenée of an excess of Pi, phosphorylase will degrade
an unbranched -1z 4-glucan completely.

Phosphorylase requires as prosthetic groups two molecules
of pyridoxal phosphate per molecule of enzyme, without which it is
inactive (150, 151). These are not firmly bound and can be removed
simply by precipitation of the enzyme with ammonium sulphate. The
function of these groups is partly concerned with the conformation of
the protein; however pyridoxal and 5-deoxypyridoxal will re-
aggregate the protein without restoring its.catalytic activity. At
acid pH's the pyridoxal phosphate is bound to the protein as a Schiff's
base, which can be reduced with borchydride without destroying the
activity of the enzyme. At present, with this single exception, the
role of pyridoxal phospnate is confined to amino acid metabolism,

where its requirements for activity are the reverse of those just
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described. Thus pyridoxal can replace pyridoxal phosphate whilst
reduction of the Schiff's base'will permanently remove the enzyme's
activity.

The essential difference between plant and animal glucan'
metabolism is very well illustrated by a comparison of the factérs
which were used when deciding that phosvhorylase is a degradative
enzyme. In animal systems an overwhelming case for this can be
presented, but there is far léss evidence supporting the same
conclusion in plant systems.-

The first factor, which has already been discussed, is
that the relative concentrations of Pi and G-1~P in plant and
bacterial systems would prohibit the synthesis of polysaccharides by
phosphorylase. Secondly, the discovery of nucleoside diphosphete
sugar-mediated synthesis has provided an eminently feasible alter-
native. Little else can be said for the degradative role of
phosphorylase in plant systems, against which has to be set the work
of Nelson et al. sﬁowing that the endosperm §f waxy maize contains no
starch synthetase.

In the case of glycogen metabolism, on the other hard,
there is further evidence to support this conclusion, For example,
rabbit muscle phosphorylase is inhibited by UDPG, so that when the

substrate for glycogen synthesis is available the degradative enzyme
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becomes deactivated (152). HMuscle phosphorylase exists in two forms,
one with an absolute dependence upon AMP and ancther which will show
60-70% of its maximel activity without AMP, The conversion of the
iractive form to the active form is controlled by various hcormones,
such as epinephrine, and it has been shown that those agents which
increase phosphorylase activity alweys lead to increased glycogen-
olysis. Even more convincing has been ths observation that in
addition to increasing phosphorylase activity epinephrine also de-
creases the activity of glycogen synthetase (126). Turther support
has been.provided by the study of two glyéogen storagg diseases.
Patients suffering from McArdlds Disease have all the necessary
enzymes for glycozen metabolism except phosphorylase, the result
being that glycogen tends to accumilate in their muscle tissue to a
level some 30% higher than ususl (153). On the other hand,
sufferers of a disease described by Spencer-Peet have no UDEG-
glycogen synthetase and the liver of these people may only contain
sbout 20% of the normal levels of glycogen (77).

To summarise; - so far no regulation of the phosphorylase
reaction has been described in plénts comparable to the elaborate
system operating in animals. There is available conclusive proof
that animal phosphorylase is a degradative and not a synthetic

-~
enzyme. By comparison, it seems probable that it hes a similar role
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in plants, although it would bé dangerous to take this analogy too

far.

(e) The utilization of glucose-l-phosphate by plants.

When glycogen is mobilised in animals, the G-1-P which ié
produced is either immediately oxidised, or it is hydrolysed to form
glucose, which is the principal sugar trapsported in blood. In
Plants, on the other hand, the regions wherein carbohydrate isvstored
frequently do not have high energy requirements, so that most of it
will have to be transported to other pgrts. Thus it is necessary
to consider the possible mechanisms whgreby G-1-P couid be converted
into sucrose, which is the only sugar involved in translocation,

The conversion of starch to sucrose has been reported
several times (75, 155), and it has been established that potato
tubers are a rich source of sucrose-synthesizing enzymes (156).

In an earlier section the conversion of sucrose to ATPG
via UTPG and G-1-P was examined in detail, and it was shown that the
metabolic rgle of UDP: 2 foructose-Q-glycosyl transferase (sucrose
synthetase) is probably the formation of UDPG from sucrose prior to
starch synthesis (in starch-bearing tissues only; elsewhere the
enzyme may well be primarily concerned with sucrose synthesis). It

this is the case, then the same enzyme and mechanism cannot be
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involved in the synthesis of sucrose. An alternative route has
been established, once again by Leloir and his colleagues. At the
same time as their original description of sucrose synthesis, they
reported a synthesis of sucrose phosphate by the reaction UDPG + P-6-P
T====1sucrose phosphate + UDP (157). This reaction was studied
iﬁ detail by Mendicino, who established that the structure of
sucrose phosphsate wés the one to be expected and that the enzyme
involved was distinct from sucrose synthetase (158). He also'
measured the equilibrium constant for the reaction at various vH
values with somewhat surprising results., He found the constant to
be 3250 at pH 7.5 - in other words; formation of sucrose phosphate
was almost 100%. At this same pH the equilibrium constant for
sucrose synthesis is only about 5. On this basis it seems quite
reasonable to sssume that the princival role of sucrose synthetase is
UDP: formation and that of sucrose phosphate synthetase is sucrose

formation.

However, various authors have doubted Mendicino's results
(159). The free energy change of sucrose synthesis is about 1 K.cal.
so that the free energy of hydrolysis of the glycosidic bond in
sucrose would be about -6.6 K.cals. (Table 2, page 21). On the
other hand sucrose phosphate synthesis appears to have a free energy

of about ~4.9 K.cals., which means that the free energy of hydrolysis
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of the glycosidic bond would be only - 2.7 K.cals. In other words,
phosphorylating carbon 6 of the fructose moiety of sucrose apparently
lowers the free energy of hydrolysis of the glycosidic bond by

5.9 Kocals., Only 0.8 K.cals. of this can be ascribed to the non-
formation of fructopyranose. Leloir has pointed out that glycosidiec
linkages are generally stabilised by bulky substituents upon carbon 6.
These retard the formation of an intermediate oxonium ion'which is
the rate-determining step of é hydrolysis. Thus o ~D-xylopy ranose-
1-vhosphate hydrol&ses 1.45 times faster thand-D-glucopyranose-1-
phosphate (160). Whether this effect can account for a discrepancy
of about 2 K.cals. is, however, uncertain.

Despite the dubiety of the actual results, it remains
clear that sucrose phosphate is synthesized by a very favourable
pathway. The extent of this reaction will be directed even further
towards synthesis by the concomitant removal of the phosphate group.
So, in the absence of any evidence to the contrary, it is convenient
to assume that, following the phosphorolysis of starch, sucrose is
synthesized via sucrose phosphate.

Incidentally, if Mendicino's results are correct, the
synthesis of sucrose phosphete by a vhosphorolysis reaction should be

quite feasible, far more so than is the synthesis of sucrose.

o}

G-1-P + F-6-P z———= sucrose phosphate + Pi AGT =2.1
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This reaction does not occur in sugar beet (161), but perhaps it
would be worthwhile repeating some of the earlier work upon sucrose
phosphorylase with this possibility in mind.

It is relatively easy to envisage a sequence of reactions

leading up to sucrose phosphate synthesis:-

phosohorylase

W-1:4-G) + Piz > (4-1:4-6) . + G-1-P

phosphoglucomutase phosphohexose isomerase
G-1-P= == G-6-P< > 6P

. U(A) TP pyrophosphorylase
G-1-P + U(A)TPS > U(A)DPG + PPi

' sucrose phosphate synthetase
U(A) PG + P-6-Pg =sucrose phosphate

+ U(a) TP

This sequence has been suggested several times and there is some
quite good evidence available to support it. The individual react-
jons and the enzymes catalysing them are, of course, all well
established. Viswanathan and Krishnan state that all the necessary
enzymes, except for phosphorylase, can be extracted frbm tapioca
tubers bound to the starch granule (938). Phosphorylase was present
in the tuber homogenate and it is possible that the medium they used
to isolate the granules may have actively promoted the desorption
of this enzyme (162).

The work of Rees and Duncan (113%) and that to be

describsed in this Thesis has shown that many of the necessary
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intermediastes are present in isolated starch grarules, a notable
exception to this being UDPG, It is, of course, unjustifiable to
assume that these metabolites are present in starch granules because
of their association with this particular pathway rather than any
oﬁher mechanism by which they might arise. On the other hand, it
is difficult to envisage any other process which could explain the
pPresence of sucrose phosphate in starch granmiles.

The objections to.sucrose phosvhate synthesis from ATPG
are the samé as those for sucrose. UDPG is a better precursor in
both éases, whilst‘the uridine nucleqtides are potent inhibitors of
the transfer reaction (90). Although there is no UDPG in starch
granules and the adenosine nucleotides predominate, the converse
t0o this obtains in the cell fluid. It is perhaps premature at this
stage to mske a decision about the nucleotide precursor of sucrose
phosphate.

Studies on sucrose phosphate synthesis in sugar beet have
shown that the label from radioactive G~1-P is incorporated into both
the glucose and fructose moieties (163). Unfortunately, the
experiments necessary to detemmine the distribution of radioactivity
following thé degradation of labelled starch do not appear to have

been done,

Briefly to summarise the preceding paragrapvhs, carbohydrate
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is translocated from the reserve areas as sucrose, which is probably
synthesized via U(AIPG : 2, fructose-6-phosphate glucosyl transferase,
Most of the necessary enzymes and the metabolites leading up to this
reaction are present in the starch granule, but there is no definite

evidence available to support the pathway.

Conclusions,

Carbohydrate is translocated in the higher plants és
sucrose, which must be regarded as both the initial and the end
product of starch metabolism. The processes whereby it is converted
to amylose and amylopectin, and theﬁ in due ssason thé carbohydrate
remobilized as sucrose, have been examined in detail, It has been
shown that all of the enzymic activities invoked are not only possible
but have actually been demonstratea either in the higher plants or
else closely associated with starch metabolism in other organisms.

The overall process can probably be best represented
schematically in a cyclic fashion, Fig. 2.  The broken line has
been used to indicate a regction where several alternatives are
possible and there is no reason for choosing the one shown except
that it appeers to be the most feasible. From Fig. 2 it can be
seen that to convert sucrose to starch requires 1.5 molecules of ATP

per molecule of glucose, whilst the reverse process uses only 0.5
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SUCROSE PHOSPHATE

FRUCTOSE
ATP
U(A)DP
ADP
' U(A)DEG ' \ P-6-P
. /T' . ‘ , ULpP
) .
k ‘ . ‘ . &\\ ¢',
G~6-P : /PPl ————>2Pi T G-6-P
2G-1-P
- 2ATP
U(A) TP

2G-1-P :
2FPPi

=1z 4-GLUCAN ](/

Fig, 2, The interconversion of starch and sucrose,
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molecules of ATP.

A very important aspect of starch metabolism which has
been entireiy omitted from this description is the overall control
of the process, It is possible to imagine that the arrival of
sucrose in the potatb tuber is sufficiént to stimulate the deposition
of starch. But what is the signal that prompts phosphorylese into
activity when the time arrives for growth to resume? That it 'is
under horﬁonal coatrol seems certain which makes the report that
giberellic acid can stimulate phosphorylase activity particularly
interesting (164). Equally interesting is the possibility that it is
closely connected with the metabolism of phytic acid (165).  The
problems of dormancy in plants have received a great deal of attention
which is outside the scope of this Thesis.

Facets of the work to be described in the remainder of
this Thesis have already been mentionsd, An investigation of
potato starch granules was undertaken to identify and estimate the
concentrations of various associated mono- and disaccharides and sugar
phosphates, It was thougﬁt that metabolites thaf could be isolated
from the potato tuber still associated with the starch granules would

be particularly significant in the metabolism of starch,
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Discussion: Studies upon the free sugars and the suzar phosphates

which can be extracted from potato tubers in association with

starch granules.

In the following sections an examination of potato
starch grains is described in detail. .The account fails naturally
iﬁto twé main sections, viz. that relating to (a2) the free sugars,
and (b) the sugar phosphates. The enalysis of the sugars and the
sugar phosphates progressed concurrently, but for convenience éf
presentatioh each description is carried forward to its conclusion
with little reference to the other_section‘ The first three sections
describe work dons upon commercially produced starch ; these are
mainly concerned with the develovment and refinement of various
techniques. Then in a final section is described the application
of these techniques to potato starch freshly isolated in the
laboratory, together with some discussion of the results obtained.

At the risk of repetition a brief summary is presented here to give
a contimity which could not be maintained throughout a more detailed
description.

Potato starch grains were leached with agueous methanol
and the extract concentrated by vacuum distillation, The neutral
sugars and the sugar vhosphates present in this extract were then
separated from each other using an anion exchange resin. The free

suzars were identified by a variety of techniques, but princivelly
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paper chroﬁatography, and a further separation of the mono- and
disaccharides was effected by charcoal column chromstography. The
concentrations of the various sugars were determined colorimetrically,
especial care being taken to adopt or adapt methods which gave a
specific result for the sugar being examined and avoided interference
from the other sugars present.

The sugar phosphates proved to be more difficult to
isolate and analyse. After considerable preliminary exploration,
it‘was decided merely to separate those esters which form a complex
with borate froum those which do not do so. The phosphate groups
were then removed by enzymatic hydrolysis, followinz which the free
sugars were'identified and quantified. Extensive use was maie of
gas liquid chromatography at this stage. Finally, a selection of

these techniques was applied to fresh potato starch.
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Section Iz The extraction of sugars and sugar phosphates from

starch grains.

'Because of the obvious desirability of maintaining a
continuity with tﬁe work of Rees and Duncan upon the nucleotides
from starch grains, there was little freedom in the choice of an
extracting solvenf (166). Starch grains tend to swell when
suspended in water, which leads to a very slow rate of percolation
when a column technique is used for extracting them, as for exemple
is preferable in large scale‘experiments. An additional hazard in
the use of water as an extractant is that the slow rate of desorption
of the metabolites from starch grains, continuing as it does for
several days, makes bacterial contemination almost a certainty.

After testing a variety of aqueousAmixtures of organic solvents, they
éventually decided that 50% aqueous methanol was the most suitable.

| An.alternative method of recovering the free carbo-
hydrates from starch grains was briefly considered. This was to
cause a rapid disruption of the granules with boiling water, folloﬁed
by precipitation of the diésolved_starch with methanol, leaving the
metabolites in solution (Expt. 1). However, because of the
viscosity of starch solutions, very large volumes of methanol and

water were involved. The recovery of nucleotides by this method
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was less than 307 of what had been recovered from the same sample of
starch by cold extraction techniques (Table 3). Because of this
there was no hesitation in cdnfirming that leaching the grains with
aqueous hethanol at room temperature was the most suitable method of
extfacting the free carbohydrates. |
Thé choice of a batchwise or a continucus flow column
technique was largely dictated by the amount of starch beiﬁg
extracted; the greater the quantity the more tendency there was to

use a column (®xpts. 2 and 3). Since it could be assumed that the

elutioh af the sﬁgars and the sugar phosphates would glosely follow
the nucleotides, the elution of metabolites from the starch was
monitored by following the gradual decliné of the u/v (2601q£
absorption of the eluate.from an initial level between 1 and 2
down to 0.03%-0.05.

0.D.

2.0 ] 260 m o Fig. 3

The elution of

nucleotides from starch.

1.5 . 14 Xg. of starch

1.0.

OoO?. \\\v—& Y
? 10 ¢ 20 ¢ EVR Lo 50 €0

litres cf effluent
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| Greater weights of starch are extracted more efficiently
than smaller ones. Thus & column containing % Kg. of starch required
8.1 litres of aqueous methanol to reduce.the optical density of the
eluate (260 @p) to 0.07, whereas a similar column containing 14 Kga.

of starch required only 4.2 litres of aqueous methanol per Kg. to

produce the seme diminution of the optical density (Txpt. 4). The
results of several extractions are summarised in Table 3.
Table 3: The extraction of starch with aqueous methanol.
Expt WeighzhOf egégég%ed A % Pi of Total %
*PL. p ostar Technique Pi |Pore.| P total | P in °
Numberjextracted per gram extracted
extracted|starch
Kg. of starch
Boiling
14 = .94 . .2 A
1 0.1 water 0.9 0.40 {0.23 37
4 48.5 C 3.4 0.42510.12 22% 15.8 3.4
5 1 c 2.6 0.62510.175 20% 16.1 5.0
8 13.5 o 3,3 0.63 10.17 21% 20.6 3.9
21 5.2 B 3.9 1.04 {044 1 30.5%
25 10 B 3.6 0.471{0.12€! 27%
27 é B 4,15

Concentrations expressed aslpmoles ver g. of extracted starch.

B = batchwise extraction.,

C =

column extraction,
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For quantitative studies of the metabolites from starch
grains to be meaningful it is necegsary to be reasonably certain that
they are completely extracted from the grain. Unfortunately this is
to some éxtent an impossible ideal, for very low levels of u/v
absorbing material can be leached from the grain contimiously as long
as elution proceeds. Thus after 1 Kg. of starch had been extracted
with 15 litres of 50% aqueous methanol, the O'D’(Zéo ) of the
eluate was 0.0%5; 10 litres later it had only fallen to 0.02,

Since phosphate esters are highly polar compounds it was cénjectured
that increééing the polarity of the extracting solvent wonld promote
the more rapid desorption of these metabolites. This indeed proved
to be the case; When the 1 Kg. of starch which had already been
exhauétively extracted by 25 litres of 50% aqueous methanol was
extracted with a further 10 litres of 107 aqueous methanol, the low
rate of elution of the nucleotide was doubled and further significant
amounts of organic phosvhate were also recovered (%xvt. 5) . This
experiment is summarised in Table 4. Reducing the methanol content
of the extracting solvent did not noticeably decrease its rate of
percolation through the column of starch, Rqually there would still
-have been enough methanol present to inhibit bacterial growth.

A quéstion which may profitably be asked at this stagze

is; how intimately are these metabolites associated with starch
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Total extracted by
aqueous methanol
Class of % of 50%
metabolite 25 litres 10 litres extract
of 50% of 10%
u/v(260 ) 2,_600 0.D.U. 400 0.D.U. 13.3%
Pi 625 pmoles 34 pmoles 5.1%
- Porg. 175_pmbles 22.5 pmoles 11.4%
Sucrose 54 mgs. 0.004 mgs.
Glucose 10.4 mgs. 0.01 mg.

Table 4 The extraction of starch with 507 and 107

aqueous methanol.

grains? The fact that they were incompletely removed by very large
volumes of extractaat would seem to suggest that at least a
proportion of them are eluted from well below the surface of the
grain, An experiment was performed to show that there is no

difference between the metabolites leached during the earlier and

middle stages of an extraction (E;pt. 27). Vhen 6 Xg. of starch

were shaken with 15 litres of 507 agueous methanol for 6 hours, the

supernatant solution contained 11,152 O0.D.U. of nucleotide. Following
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this, the same batch of starch was shaken with three successive
batches of 50% aqueous methanol, which eltogether extracted 13,784
0.D.U. Further individual anslyses of these two solutions showed

that the same sugar phosphates were present in each, Thus it would
appear that at least some of the substances extracted from starch

come from deep within the granule. Any metabolite so tenaciously
associated with the starch that it persists throughout the isolation of
the granules and then requires many litres of solvent for its removal

must surely have some significance in the metabolism of the grain.
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Section II:; The analysis of the free sugars which were extracted

from potato starch,

1. Chromatograchic identification of the frees sugars,

Rarid adyances have been made in carbohydrate chemistry
since the introdugtion of partition chromatography. Before this,
identification of a sugar was largely dependent upon fractional
crystallization coupled with measursment of the specific rotation
or the melting point of the crystals. Besides being many times
more sensitive, chromatogrephy yields a much more definite identifi-
cation since by comparisoh with the appropriate standard compounds
interference by contaminating carbohydrates is eliminated,

Separation by paper chromatography depends esseantially
upon differences in the partition coefficients. Four generalizations
can be formulated té predict the mobilities and separations which may
be obtained. Firstly, that mobility is inversely proportional to
the molecular weight of the carbohydrate. Secondly, that ketoses
tend to migrate slightly faster than aldoses. Thirdly, within a
polymeric series there is é logarithmic relationship between the
mobility of the sugar and the chain length. Figure 4 shows this
relationship for the series from glucose to maltohexazose; it is
probably only coincidence that zlycerol with only half a unit also falls

on the same iine. Prench hag comasnbted on this relationshio for
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No. of
glucose
units

t ¥ [] '

1.4 116 1.8 2.0 2.2 2.4

Fig. 4; The relationship between chain length and vaver chromatogranhic

mobility of the malto-olizosaccharides.

several series of carbohydrates(lé?). Fourthly it appéars that equa-
torial hydroxyl‘groups'cause a stronger adsorption of carbohydrates
by the stationary phase than do axisl groups. Posternzk provides a
good expositioﬁ of this theory in 'Les Cyclitols' wherein he peints
out that the inositols follow the same generalization (168).

For the rigorous identification of a carbohydrate
chromatogravhy in more than one solvent is essential and so a great
many have been promulgated.  Generally these fall into four classes,
acid, neutral, basic and miscellaneous or solvents with a special

feature such as aqueous phenol. In the present work solvents from
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at least three of these classes were used to give a definite
identification,

One of the advantages of paper chromatography is that
many of the specific colour reactions used to identify sugars or
classes of carbohydrates can be utilized on a very much smaller
scale. Perhaps the most useful reagent of all is alkaline silver
nitrate which appears to react with almost any compound containing
vicinal hydroxyl groups (171). It will give a visible reaction
with as little as 0.05 pg. of glucose although its useful application
requires probably not less than 0.2 pg. It is largely because this
reagent is not easily applicable to thin layer chromztography that
that technique was not used for the present work.

THe sugars extracted from starch were identified by
éhromatography in six different solvents. Table 5 shows the mobilitiés
of various sugars relative to D-glucose and, for comparison, those of
the sugars from starch alongside the appropriate standard sugar.

The results were entirely consistent with the presence of sucrose,
glucose, fructose, maltose and ribose (Expt.f). The presence of
sucrose and fructose was further confirmed by spraying a chromatogram
with o -naphthol dissolved in a mixture of ethanol and phosphoric

acid which reacts visibly only with ketohexoses (172).

- In the course of subsequent fractionations of the free
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SOLVENT ’ 5 ¢ D R F

C [S.E.C PB.E.|[C |[S.BE.|C [S.E.|{C |S.2.|C |S.®
Raffinose | 31 34 40 0
Maltose 60 | 62 | 57 |55 | 38 | 34 |65 84 | 84 0

Sucrose | 77 | 76 | 77 |74 | 64| 61 |76 | 78 95 95 0

Galactose | 84 91 86 89 115 94

Glucose |100 [100. {100 99. 100 |100 100 {100 {100 | 100 | 100 | 100

Fructose | 118 {120 [119 [119 [130 [1%30 [100 | - [143 |142 | 245 | 245

Arabinose | 114 122 143 | 113 149 470
Mannose | 118 112 122 119 100 162
Xylose 147 129 152 117 131 555

Ribose | 183 |181 |159 {152 [187 |190 |121 |121 {176 178 |1310] 1400

Glycerol | 195 214 284 152 223 o

Table 5: Mobilities expressed relative to glucose.of standard sugzers.

c

i}

control sugars.

S.E. starch extract.

n

The solvents are descrived in G.M.1l.
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sugars a solution was separated which spparently contained equal

proportions of the carbohydrates identified as maltose and sucrose.
These identifications were further confirmed by enzymic hydrolysis
using maltase and invertase which completely hydrolysed the maltose

to glucose and the sucrose to glucose and fructose; (Bxpt. 12)

2. The separation of the neutral sugars from the sugar ophosphates

and the nucleotides,

This separation was desirable because the presence of
sugar phosphates would have interfered with the determination of the
free sugars and also because it permitted the analysis of both
classes of compound from the same sample of starch,

Anion exch#nge resins such as Dowex~l will under certain
circumstances quantitatively absorb phosphate esters whilst allowing
the free sugars an unhindered passage. This offered a simole method
of separating them and a pilot experiment was performed to demonstrate
the utility of such a method (EEIE;_Z)' The complete sevaration of
glucose and G~1-P which this achieved is illustrated in Figure 5.

In Figure 6 is shown the separation of the free sugars and
the phosphate esters in a solution from 5.4 kg. of extracted starch.
It is worth noting that peak A which should have beern exclusively
the free sugars and other non-anionic compounds contained no vhosphate

at all. Similarly all the carbohydrate of pesks B and C was retainezd
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sample water 0.1M LicCl
0.D. P""”"""‘”"""‘? carbohydrate
=-=-+----phosphate

100~ glucose G-1-P

72 7

50 7

25 -

[ ] L T 1 T T
20 40 éo 100
Fraction number
Fig. 5. A model separation of glucose and G-1-P,
sample and 0.1 LiCl
water
0.D.
4901-0
. s 100 -
A c
75 - 5
50 -
B
D
25 -1
Y T T ¥ ¥ =¥ ) i T
50 100 150 200

Fraction rumber
Fig. 6. The separation of the free sugars from the vhosphate esters

extractable from starch,
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by a mixed bed resin suggesting that it was all bound to a phosphate
ester and there was no free sugar present (Ezgt.B}. There will be a

further discussion of this experiment in Section III.

3. The separation of the mono- and disaccharides.

It was realised that because of their chemical similarity
estimation of the mono- and disaccharides would be much simpler if
they could be separated from each other, 0f the various methods
available for achieving this separation charcoal chromatogravhy such
as was described by Bacon appeared to bé the most suitable (173).

In order to assess the potential of this method a mixture
of standard éugars; fructose, sucrose, maltose and raffinose, was
applied to a small charcoal-celite column (equal parts Ultrasorb s.C.

120/240 and Celite No.535) Expt.9. The column was then washed with

Optical o - water 47 7.5% ethanol 15% ethanol
Density etfa
-0
490 mp 50
Ao-u
30
20 7
10 -~
0
: : 7 T ] T T
T2 L T 8 10

litres of effluent
Fig.7 A model separation of the mono- ard disaccharides,
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water which after some delay caused the elution of fructose (Fig, 7).
This was somewhat unexpected because Bacon had found that the grade
of charcoal which was being used showed considerable retention of
monosaccharides so that he had to use 4% ethanol to elute them.

The remaining sugars were eluted as he described, sucrose and maltose
with 7.5% ethanol and raffinose with 157 ethanol. The small pesk
following maltose may have been mellibiose arising from raffinose
‘8lthough this was not checked chromatographically.

With slicht modifications this method was used to separate
the mono- and disaccharides from 960 g. of extracted starch (32932_2£D°
A histogram of the elution pattern can be seen in Pigure 8 together with
a summary of the mode in which the eluate was divided up for further
examination, From this figure it can readily be seen ﬁhat the mono-
saccharides were retaiged by the charcoal only to a small extent and
that the main bulk of these was eluted within a volume of 450 ml.

The trailing edge of this peak (¥raction IIT) contained traces of
glucose, fructose and ribose as was to be expected but, judging from
the spot produced upon vapér chromatograms, the major commonent was

a slow-running carbohydrate (solvent (2) Rg = 26, cf. maltotriose 29).
Various tests were performed attempting to ascertain the nature of
this carbohydrate tut because of the limited amount remaining after

the concentrations of glucose, fruchose end ribose had been measured



180 - 2% ethanol - 7.5% ethanol 9% ethanol
0.D,
490 mp. 7
120 -
o0 4
l\/\ 1 L H ) [) ] s ’ ¥ ] 1]
1 2 3 4 5 6
litres of effluent
Fraction|Position of . . Volume of Welght of
. Sugars present in fraction . starch/ml.,
number [elution(ml) fraction .
of fraction
I 0-250 |no detectable carbohydrate - -
II 250-700 |glucose, fructose and ribose| 500 ml. 1.88 g.
ITT 700-1500 |traces of glucose, fructose{ 25 ml. 58.% g.
and ribose,also unxnovn :
carbohydrate,
Iv 1500-2450 |no detectable carbohydrate - -
\ 2450-2750 : sucrose 500 ml. 1.88 g.
VI 2750~ 4000 sucrose and maltose 100 mi. 9.6 g.
VII 4000-6000 |barely discernible traces - -
of sucrose.

Fig. 8: The separation of the mono- and disaccharides of potato starch.

*
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a complete identification was not possible (Expt.ll). However the

following information was garnered which suggests that it was unlikely

t0 have interfered with the concentration studies.

1.

2.

It was not retained by anion exchange resin and so it is
unlikely to have been a uronic acid, a phosphorylated or a
sulphéted sugar.

It was retained by Ultrasorb charcoal to a grggter extent
than the monosaccharides but considerably less than sucrose,
generally the most mobile of the disaccharides,

From its paper chromatogfaphic mobility it was probably not
a simple monosaccharide.

It gave a visible reaction with both silver nitrate and
periodate-benzidine reagents which suggests that it contained
at least two vicinal hydroxyl groups.

it gave no visible reaction with either aniline-phthalate
or benzidine-TCA reagents suggesting that it contained
neither a reducing group nor an acid labile linkage which
could give rise to a reducing group.

It gave no visible reaction with&-naphthol in ethanol-

phosphoric acid solution, thus eliminating ketoses.

These qualifications tend to suggest a volyhydroxylated low molecular

weight compound such as a cyclitol (myo-inositol, Rg=41).  However
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since it remained unidentified there could be.some uncertainty about

the measured concentrations of Fraction III. It will be seen later

that because of the low concentrations in this Fraction commarsd with
Fraction II any such uncertainty has very little effect upon the

final results.

4, The measurement of the concentrsetions of the partially isolsated
sugars.

This phase of the work was concerned with determining
the concentrationé of glucosé, fructose and ribose in the presence
of each othéreni similarly maltose and sucrose. Individgally
these sugars would have presented no problems since each one could
have been determined by a general carbohydrate reagent such as phenol
sulphuric acid (169). This was clearly not possible with a mixturs
of sugars. Thus it was necessary to select from amongst the many
that have been promulgated, technigues which were capable of the
required specificity,

The practices of colorimetry need no description.
Generally the arbitrary vaiues from the galvanometgr of* the colori-
meter are related o concentration bty means of a previously
determined standard curve. However this introduces several
unnecessary variabiss. Mrstly, ths absorotion of light by many

chromovhores changes with time, offen risiny to a maximum and then
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decaying away. Using rigorously defined conditions and accurate
measurement of time this difficulty may verhaps be circumvented but
it is frequently impossible to achieve this ideal, particularly since
a finite time is required to measure the intensities. Secondly,
there is detérioration of the reagents used, although this might be
avoided by vreparing fresh reagents each time.  Thirdly, there is the
possibility of changes in the response of the instrunent used, which
in a busy teaching laboratory is more likely than might be imagined.
These difficulties wers all eliminated in the vpresent work by preparing
a fresh standard curve each time an accurate estimation was required.
At least two estimations of eacﬁ sugar were made with several samples
of solution being subjected to each estimation.

Fructose and the fructose moiety of sucrose were determined
- using the resorcinol technique (170). So far as is known this
reaction is specific fof ketohexoses. Glucose and ribose, the two
monosaccharides present with fructose in the solutions being examined
gave 1o visible reaction with as much as hOO_pg. of sugar and, equally,
varying amounts of gluoose‘or ribpse did not cause any variation in
the response to fructose (oxot. lé). The estimations of Tractions 171,
III, V and VI are described in Zxpt. 14.

There is.apparently only one reagent extant which is

satisfactorily specific for the determination of zlucose, that of
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Salomon aﬁd Johnson (174). This is a complex reagent which links
the oxidation of glucose with the reduction of ortho-tolidine hydro-
chloride, producing a blue chromophore; as the comnercial préparation
"Clinistix" it is widely used in hospitals for testing urine.
Unfortunately the author was not aware of its existence when this work’
was carried out although it was emploved several times in the later
stages.

Attempts were made to measure glucose concentration by
the cysteine-sulphuric acid reaction wherein a solution of carboyhydrate
is heated with sul?huric acid end then L-cysteine hydrochloride
added to produce a yellow colour (1755. Pentoses form a chromovhore
with maximal absorption at 390 ma, which contributes to the
absorption of glucose at 414 mp, Assuming that the absorbance peak
is symmetrical as was suggested by Dische, the absorption of pentoses
should be equal at 366 mp end 414 mp.  Thus any extra absorbance of
a solution at 414 mp should be attributable solely to the glucose
present. This was not in fact found to be the case. Isochromatic
wavelengths for pentose at 414 mj) were observed initially at 358 mp,
only rising to the expected 366 mu after one hour, whilst after several
hours the isochromatic wavelength appnroached 380 mpL. (vxot, 19).

However, despite this expedient, the effect of the pentose
is not entirely eliminated for it also inhibits the develovment of the

hexose chromovhore. Two standard curves were drawn for concentrations
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of fructose between 10 pg. and 100 pg., one with no ribose and the
other containing decreasing amounts of ribose as the fructose
concentration increased. Convergent lines were produced; in other
words the less pentose there was present the more closely did the
absorbance due to fructose approach the theoretical value.

Another artifice which was briefly considered was the
addition of a large excess of ribose With.the reagent so that the
small amount oresent in the solution being examined would make little
difference, However this was impossible because the intensity of
the colour so produced would have been too great to ?e accurately
measured.

The best technique seemed to be to measure the ribose
present in each solution being examined and then to adjust it so
that they all contained the same concentration of riboss. Having
done‘this, standard curves of hexose concentration can be prepared
under the same conditions by the addition of a fixed amount of ribose
to each sample.

Pructose is réported to give 1127 of the response of
glucose and this was borne out by experimental observation.

In order to estimate glucose therefore the following

protocol was drawn up.
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1. Estimate the pentose concentration of each solution and
adjust it to the same value for each one.

2, Estimate the fructose concentration of each solution.

3. Using the cysteine-sulphuric acid reaction draw up standard
curves for glucose plus ribose and for fructose; estimating
the unknown solutions at the same time.

k, Calculate the interference of the fructose and subtract it
from the total optical density. Then compare the residual
value with the étandard curve of glucose plus ribose.

When this protocol was followed with a sucrose solution
it proved impossible to correlate the concentrations of glucose and
fructose. It was realised that this technique could not yield
reliable results and that an alternative would have to be devised.

The enzyme D-glucose aerodehydrogenase (GADH, E:C.l-l—§~h)‘
specifically oxidises ff-D-glucopyranose to form D-glucono-1: 5-lactons
(1?6). Used in conjunction with the Somogyi-Nelson technique for
measuring reducing power it offered a specific and relatively
sensitive method for estiméting glucose.

In order to establish the conditions necessary for complete
oxidation a progress curve was plotted for a typical reaction (Fig.9).
As can be seen there was a very rapid initial fall in the reducing

power which then continued to diminish slowly for several hours.
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% reducing 100 deactivated enzyme
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Fig., 9: Progress curve of GADH action,

As an incubation period of 15 hours was contemplated these conditions
were satisfactory and no attempt was made to improye them (Expt. 16).
It was crucial for this estimetion tﬁat GATH should show no
activity with fructose or ribose, This was shown conclusively by
digests set up containing various sugars, the reducing bower of which
was compared with similar solutions wherein the enzyme was replaced by'
water (Table 6). The GADH preparation also contained maltase and
invertase activities which accounts for the decreasing reducing power
af the maltose solution and the increasing reducing power of the
sucrose solution.
The- Somogyi-Nelson mefhod for estimating reducing power
is one of the mcst unsatisfactory techniques of those available to
the biochemist and yet potentially one of the most useful (177, 178).

Rigorous care is needed to exclude errors and even then it is
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'Optical density(ého 1)
Sugar
No enzyme|7¥/ith enzyme

Glucose 71 0.5
Fructose 68 73
Ribose |- 57 56
Maltose 31 1
Sucrose 0 0

Blark 0 1.5

Table 6é: The effect of GATH. on the reducing
power of various sugars.

advisable to meke three or more estimations of each sample.
Various means of improving the method have been described, but
fréquently accuracy is only gained at the expense of convenience
(179). fhe principle upon which it is based is the reduction of an
alkaline copper complex fo}ming cuprous oxide, which in turn reduces
arsenomblybdic acid, giving rise to molybdenum blue. The main
sources of error are variable reduction of alkaline cupric tartrate
and its re-oxidation by air. The principal precautions adopted

for the present work were the consistent use of thoroughly



78

deaerated solutions, keeping the reaction under an atmosphere of
nitrogen until the arsenomolybdate had been added, and kesping the
solutions in iced water except during the heating pericd.

Eventualiy the glucose concentrations of Fractions II and
ITT (Fig. /) were estimated by the cysteine sulphuric acid and the
GADH.~-Somogyi-Nelson techniques (Expt. 17).

Ribose qoncentration was determined by a modification of
the technique using phloroglucinol proposed by Dische and Borenfreund
(180). Pentoses form a chromophore with a maximal absorbance at
552.@F' Hexoses contribute to the absorption at this wavelength,
but their interference can be compensated for by dichromatic readings
at 552 mp and 510 my, and also by adding 0.3%5 mgs. of glucose per
sample in the reagent. This, it is argued, is a sufficient excess
to minimiseAthe errors produced by any hexose in the solution being
examined. However, in Fractions II and III there was ab§ut 160 »e.
of hexose per ml., compared with only about 10 pg. of ribose. These
relative concentrations would have pro@uced a large error in the
result sought (@xpt. 18). . Accordingly a small variation was made in
the method. The compensating glucose was omitted from the reagent
and instead a calculated quantity of glucose, equal to the hexose in

the solution being estimated, was added to each sample of ribose

solution used when drawing up the standard curve (Exvi. 19).
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Maltose concentration in the presence of sucrose was
estimated by three different, albeit similar methods. Mrstly
advantage was takeﬁ of the reducing group of maltose to measure its
concentration by the Somogyl technique. Secondly, an aliquot of

the disaccharide solution (Fraction VI, Fig. 8) was incubated with

equine maltase (55), and then the reducing power of the solution
correlated with that of a standard glucose solution, agein using the
Somogyi technique. Both these methods depended upon there being no
‘hydrolysis of the labile sucrose linkage. To check that this was
indeed the case, the maltose and sucrose were hydrolysed and then the
total glucose concentration estimated as before. Knowing how much
of the glucose would have arisen by hydrolysis of the sucrose, this
could be deducted from.the total so that the remainder must have
arisen by hydrolysis of the maltose, the concentration of which
could then be deduced. There was only a 2% difference in the
results obtained by the last two‘methods (Expt. 20).

The results of these estimations are summarised in
Table 7. It is interesting to note that the concentrations of
fructose and glucose were almost identical. This could suggest
that these monosaccharides only arose by hydrolysis of sucrose,
there being no alternative individual source. The significance of

this will be commented upon more fully leater on.
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SUGAR g. extracted/g. of starch
fructose 12.0
glucose 11.9
ribose 3.9
sucrose | 71.2
maltose 4,2

Table 7: Concentrations of the free sugars

extracted from starch,
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Section III: The analysis of the sugar phos—hates which were extracted

from potato starch,

l. Preliminary studies,

Before eabarking upon an involved vrogramme of ion
exchange separations and ohromatographié anslyses it was decided to
seek definite evidence for the presence of sugar phosphates in starch
granﬁles. The enzyme, D—glucose—é—phosphaté dehydrogenase will
catalyse the oxidation of G-6-P concurrently with the reduction(of
NADP+. The course of this latter reaction can be followed by
observing the increasing absorbance of the nucleotide at 340 mp (181).
Since.this enzyme is relatively specific for G-6-P it offered a
facile metﬁod of demonstrating the presence of at least one sugar
phosphate in starch gramles.

The solution obtained by concentrating the aqueous
mefhanol extract of potato starch would not itself give rise to any
reduction of NADP+, under conditions in which standard G-6-P was
rapidly oxidised (Fig. 10). However after precipitating the
inorganic phosnhate with magnesia solution a slow but distinct
reduction was obsesrved. The phosphate esters were then separated
from the magnesia solution by anhydrous methanol-acetone vrecipita-

tion. During the course of this separation it was noticed that a

portion of the esters were insoluble in anhydrous methanol and it
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Curve number 1) Standard G-6-P (4 pmoles)
2) Concentrated 507 agueous methanol extract of
starch.
3) Same solution after precipitating the Pi.
4) Methanol soluble phosphate esters from starch.
5) Methanol insoluble phosohate esters from starch.

Fig 10. The reduction of NADP with G-6-P extracted from potato

starch granules.

was found that when it had been segregated this insoluble portion
could give rise to & repid reduction of NAIP'. This demonstrated
that G-6-P was present in isolated starch granules and so by
inference were other sﬁgar phosphates.

2. Anion exchanee chromatocraphy of sugar vhoschates: initial work,

%hilst studying the characteristics of phosphoramidate:
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hexose phosphotransferase and D-glucose-1-vhosphates; D-glucose-6-
phosphotransferase the author had developsd techniques for
separating sugar phosphates by anion exchange chromatography (182).
A sequential elution of sugar phosphates from an aznion exchange
column of DOWGX%lXQ-WaS achieved‘with‘a convex gradient elutionwhich
gave - an increasing chloride ion and a decreasing borate ion concen-
tration. This system of course did not differ redically from the
one originally suggested by Khym and Cohn (183) and even less from
later improvements of their method such as that of Tarr and Leroux
(184). However it gave a good seﬁaration of various sugar phosvhates
particularly G-1-P, G-6-P and F-6-P, from each other and from inorganic
phosphate. It was anticipated that these sugar phosphates were
very likely to be found in starch granules and so this system appeared‘
to be especially applicable to the present work.

Two minor changes were necessary before it could be
utilized. Firstly the resin which was available had a higher
degree of cross linking than that previously used, 4% divinyl benzene
instead of only 2%. For &his reason alone a recalibration of the
system was necessary and this seemed a good point at which to introduce

a further modification. It is possible to separate sugar phosphates

from lithiun chloride in the same manner as that habitually used for

nucleotides, namely precipitation of their lithium salts by

anhydrous acetone from a methanolic solution. This isolation step
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would be simplified if organic phosphates could be eluted from the
resin by lithium rather than ammonium salts, and this it was resolved
to do in future.

In a model experiment an attempt was therefore made to
separate a mixture of G-1-;P and G-6-P upon a column of Dowex-1x4, Cl°,
using a convex gradient elution with lithium chloride and lithium
borate in the mixing chamber and 1lithium chloride in the reservoir
(Expt. 22) The strength of the eluting solution at any one point
was calculated from the formla
C=Cr-(Cr-Cm) (l-n/N)Ar/Am

where C is the concentration of fraction mumber n,where there are N

total fractions, Cr is the concentration of the solution in the

Fig., 11. The elution of standard sugar phosvhates from Dowex-1 cl,

0.D. 600 mp.
25 S
Molarity

20 ~ +0.04
15(_",.-"”1 L0.0}

”~

”

' d

10 7 0,02
5 K~~~ - - 0,01

[]

-
20
Fraction number

Curve 1, total anion concentration. Curve 2, chloride ion

concentration. Curve 3, borate ion concentration,
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reservoir having a surface area of Ar, and similarly, with the

mixing chamber, Cm and Am. This is merely a simplification of the
formula proposed by Pontis and Blumson (185). It had been intended
to extend the gradient with a little more of the reservoir solution ,
but a breakdown of the fraction collector made this pointless (®ig.11).
The separation of the G-1-P and the G-6-P was not as wide as in the
previous system and they were eluted noticeably later, which was most
unsatisfactonfl Accordingly it was decided to investigate an
aiternative method.

A method of separating suzar phosphates has been described
which uses Dowexel‘in the borate form and di-triethyl ammoniun tetra-~
borate (TE$50 as the eluting salt (186). This promised to give
good separations and easy recovery of the sugar phosphates. To
assess its potential, a column was run which duplicated the
conditions described in reference 186 (Zxpt. 23). G-1-P and G-6-P
were well separated as sharp peaks with practically no teiling (gggh_ggg.
The fractions which constituted each pesk were bulked and evaporated
to dryness. Three co-evaporations with methanol sufficed to remove
all of the eluting salt.

A second triethyl ammonium borate column was run which,
in addition to G-1-P and G-6-P, also separated F-6-P (Fig. 12b).

Once again sharp discrete pesks well separated from each other were
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Ref. 186 Expt. 23 Expt. 24
G-1-P 0.18-0.19 0.175 0.16
F-6-P | 0.21-0.22 0.20
vcwéep 0.29-0.30 0.250 0.245

Fig. 12: The

elution of sugar phosphates from Dowex-1 borate by T=AS,
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obtained, G-1-P and F-6-P were eluted in almost the same positions
as those shown in the paper cited but G-6-P broke throuzh earlier
(Ezgz;_gﬁ}. On the basis of these two experiments it was decided to
adopt the triethyl ammonium borate system for the separation of the

sugar phosphates from starch.

3. Purification and isolation of vhosphate esters.,

A complication arising from the decision to use the
triethyl ammonium borate sys?em was the need to remove the free
sugars which occur in extracts of potato starch. The success of this
system as in any other ion exchange ééparation depends upon limiting
the mumber of ion exchange sites involved at any one time. The
ability of sugars to complex with borate is well known and it is
recorded that this system will retain fructose almost to the same
extent as it does inorganic phosphate. Thus hexoses occupying anion
exchange sites upon fhe column will reduce the total capacity
available for phosphate exchange.

The folly of attempting a separation without removing the
free sugars from a starch extract was quickly demonstrated (Exot. 25).
Assaying the eluate for carbohydrates revealed a single larze peak
and nothing which could reliably be ascribed to a sugar phosvhate
(Fig. 13). The cnly effect of using more starch extract would have

been to broaden this peak to an intolerasle extent.
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-Pig. 13. Attempting to separate the sugar vhosphates from starch

without prior removal of the free sugars.

The method which was developed for separating the free sugars from
the sugar phosphates has already been.described in Section IT
(Expt. 7). It depended upon the absorption of the phosphate esters
by an anion exchange resin which had no tendency to absorb the free
sugars. The advantages of this method were that the capacity of the
column was dictated solely by the amount of phosphate present and
that the eluting solutions were so radically different that there
should have been no possibility of the two classes of metabolites
not separating. It was regretfully noticed that in several
experiments a very small proportion of the organic phosthate was
eluted with the free sugars; the reason for this is not understood.

Beczuse inorganic phosthate is eluted from the stardard



89

triethyl ammonium borate columns very close to G-1-P it was felt
desirable to reduce its relatively high concentration in starch
extracts. Various methods for doing this were considered such as
precipitating the triethyl ammonium complex of phosphomolybdic acid
(187) or forming an insoluble complex‘witqﬁ -stannic accid, It was
eventuaily decided to precipitate magnesium ammonium phosphate with
magnesia solution. However, this reagent leaves in solution such a
high chloride ion concentration that it could prevént the retention
of phosphate esters by ion exchange resin. A possible way of
overcoming this anionic problem was to precipitate the inorganic phos-
phate and then to exchange the magnesium and ammonium ions for
lithium ions using a cation exchange resin. The phosphate esters
éould then be recovered from the lithium chloride solution by
anhydrous methanol-acetone precipitation, This method was tried
upon a test solution of Pi and G-l—P and also Pi and G-6-P mixed in the
proportions 8 ¢ 1, a higher concentration of inorganic phosphate than
was extracied from starch granules (E=xpt. 26). In both cases the
recovery of the organic phdsphate was iOO% and the removal of the
inorganic phosphate 93.6%. This was quite satisfactory and so
without further modification the method was adopted for the work

to be described below.
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4, The analysis of the sugar phosphates extracted from potato starch,

based upon separations using standardised triethyl ammonium borate

columns,

A possibility which was considered at this stage was that
these metabolites may be confined exclusively to:.the surface of the
starch granule. If this were the case then they ought to be almost
ehtirely extracted by shaeking once with aqueous methanol. If, on the
other hand, they permeate deeply into the grain then repeated extractions
should each recover fresh material, This is known to be the case
with nucleotides and so it is likely that it is slso the case with
the sugars and the sugar phosphates. However the possinility remains
that there may be some metaﬁolites which are confined to the surface
of the granule. The experiment which was performed to investigate
this possibility has already been mentioned in Section I (Expt. 2Z).

Potato starch was extracted with 507 aqueous methénol by
end-over-end tumbling, the first solution being segregated and analysed
separately from the solution produced by combining the three
subsequent extractions, fhe two solu£ions were concentrated and
found to contain resvectively 1.86 and 2.29 0.D.U. '(260 mp) per gram
of starch extracted. The sugar phosphates were isolated from each
solution by absorption onto an anion exchange resin, followed by

elution with dilute lithium chloride solution. The inorganic
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Fig. 14b:; Elution of sugar phospvhetes from Dowex-1 borate by T@AB.
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phosvhate was precipitated and the organic phosphates recovered in
the mannmer described (EERELjﬁy. The two fractions were found to
contain 0,039 Pmoles and 0,029 jmoles of organic phosphate per gram
of extracted starch, altogether 0,068 pmoles/g. It is interesting to
note that there was more sugar phospvhate in the first extraction_than
in the subsequent ones whilst the distribution of the u/v absorbing
material was Jjust the opposite. The sugar phosphates were then
chromatographed upon standardised triethyl ammonium borate columas.
Histograms of each elution pattern can be seen in Figures l4a ard 14b,
together with a sﬁmmary of the sugar phosvhates identified.

The drastic reduction iﬁ the size of pesk ii (Fig. 1ia)
would appsar to support the hypothesis upon which this experiment is
based, that there can be differences in the distribution of
metabolites about the starch granule, However this peak did not form
a part of the sugar phqsphate fraction and so it was not examined
further. The peaks eluted from the triethyl ammonium borate columns
(Fig. 14b) were examined by thin layer chromatography (TLC.) and
auxiliary techniques(ZTxpt. 29) and some of the sugar phosphates
identified. The size of peak 3 was noticeably reduced in the
subsequent extractions. This peak could be resolved into three sepa-
rate spots by TLC., one of which was identified as G-1-P and the

other as traces of inorganic phosphate. A1l three spots however



9%

appeared in both preparations.so the diminution in size cannot be
ascribed to the disappearance of one of the components.

This experiment provided clear indications of the presence
in starch granules of G-1-P, G-6-P and ®-6-P amorgst other sugar
phosphates. ‘It also suggested that they are distributed throughout
the grain and not merely confined to the surface. At this stage the
limited amount of material originally separated had been exhausted so
that a fresh preparation was necessary.

Once again the sugsar phosphates were separated from the
free sugars (®xpt. 8). However, this time elution of the resin with
0.1M 1lithium chloride was prolonzed until the nucleotide monophosvhates
were eluted (peak T, paze 66). This served to demonstrate that the
organic phosphate isolated as sugar phosphate.was not substantially
contaminated with nucleotides. The sugar phosphates were partially
separated into two peaks (pesks B and C) but these were subsequently
recombined and treated together. All of the carbohydrafe in these
peaks was retained by a mixed bed resin, which suggested that none of
it was uncharged free sugars and so by inference must have been
sugar phosvhates. The behaviour of uronic acids in these circum-
stances is no* known arnd of course they too may have been present
in peaks B and C.

The starch which was extracted contained originally 2C.%

pmoles of phosvhate/z. of starch. Of this phosphate 0.8 pmoles
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(5.7%) ﬁas extrscted with 50%  aqueous methanol.‘ Of this extractable
phosphate O.6§‘Pmoles were inorganic and O.l7lymoles organic phosphate,
The sugar phosphate fraction comprised 47% of the organic phosphate
(Expt. 30). .

A rapid indication of the sugar phosphates which were
present was sought by an acid hydrolysis of a portion of the fraction
followed by paper chromatography of the free sugars (BExpt. 31) .

- Comparatively mild hydrolysis resulted in fhe formation of glucoss,
glycerol and myo-inositol, together with traces of fructose.
Increasing the severity of these corditions merely incresased the
intensity of the spots without giving rise to any further sugars.

S0, in addition to the demonstrd ted presence of glucose and fructose
phosphates, there was also glycerol and myo-inositol monovhosphate.

The inorganic phosvhate was then removed by precipitation
with magnesia solution and the sugar phosvhates isolated from the
magnesia by avhydrous methanol-acetone precipitation. Then 96 jmoles
of organic phosphate were separated upon a standardised triethyl
armonium borate column, gi;ing the elution pattern seen in Figure 19
(Expt. 32). After removing the triethyl ammonium borate from the
fractions constituting each pesk by coevaporation with methanol the
sugar phosphates were examined by paper and thin layer chromatography.

(Expt. 33) With these it was possible to confirm what was suspected
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Fig. 15. The elution of sugar thosphates from Dowex-1 borate by TEAB,

upon the basis of previous experience and the elution pattern. Peaks
2 and 3 contained amongst other things Pi and G-1-P; peak 5 contaired
F-6-P (this was confirmed by positive reactions with two ketose
specific reagents); peaks 6 and 7 both consisted of G-6-P,

However there were three peaks cdmpletely unidentified
ard all seven peaks usually showed more.than ore spot with both thin
layer and paper chromatography, not all of which could be identified,
In an attempt to identify %these other sugar phosthates resort was made
to acid hydrolyvsis coupled with vaper chromatogranhy of the sugars.
The hydrolysates of peaks 2,4,5,6, and 7 211 contained gluccse and

similarly myo-inositol appeared in peeks 1,2,4 ard 5. There were
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also traces of xylose, ribose, galactose, glycerol, fructose and two
unidentified carbohydrates, To some extent this complexity may have
been due to the severity of the hydrolysis conditions, 1M hydrochloric
acia at 100° for three hours, causing reversion of the sugars.
However it suégested that there had béen little or no real separation
of the sugar phosphates and that the various peaks in the elution
pattern were largely fortuitous.

It had been intended to measure the concentrations of
each sugar phosphate by estimating the amount of organic phosphate
present in each‘peak. However it was clear that the techniques
wﬁich were being used were incapable of adequately resolving complex
mixtures of suzar phosphates such as occur in starch granules.
Furthermore the small amount of material which could be handled at
one time imposed serious limitations upon the subsequent examinations.
Because of these difficulties it was reluctantly decided that perhaps
the triethyl eammonium borate system was not suitable for the present
analysis and that an alternative would have to be fournd. bespite
these drawbacks the method "had yielded some information. The presence
in starch gramiles of G-1-P, G-6-P and F-6-P had been demonstrated
several times, together with strong indications of the additional

presence of myo-inositol monorhosphate and glyceropnosphate,
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Digression: A note concerning the difficulties of partition

chromatography of sugar phosrhates,

For any system of partition chromatography to be effective
it must fulfil several criteria.

a) It;;hould be convenient and relatively fast, able to
resolve complex mixtures reproducibly.

b) There should bé gt least one reliably reproducible method
of developing the chromatograms,

¢) There should be available a wide range of standard compounds
which are absolutely pufe.

It can fairly be said that none cf these conditions are
satisfactorily fulfilled for sugar phosphates., Paper chromatography
is severely limited by the fact that the standard reagent for
developing chromatograms, acid mdybdate spray, causes the paper to
disintegrate (188). Other reagents are either less sensitive or do
not reveal all of the phosphate esters, Thin layer chromatography of
course is not limited in this way; on the other hand aqueous solvents
such as those of Leloir and Paladini (189) or of Bandurski and
Axelrod (190) cause the thin layer to separate from the glass
éhromatoplates. Because of this it is necessary to use different
solvents for the two methods, relatively non-aqueous cnes for TLQ ard

aqueous solvents for paper chromatography. Those described by
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Waring and Ziporin for TLC (G.M.2, solvents m and n) wers fourd
generally to give useful sepafations and dizcrete spots (191). As
these solvents are relatively non-polar the mobility of phosphate
esters was found to be low and it was advantageous to run each
chromatogram more than once,

However it was the non-fulfilment of the third criterion
which eventually led the author to abandon chromatography of sugsr
phosphates. The standard phosphates commercially available are
generally limitéd to the more commonly occurring ones. Those which
are available tend to be heavily contaminated with other phosvhate
esters. It proved possible to resolve commercial F-6-P into no
fewer than six discrete spots,any one of which could have been
authentic., Similarly &-D-G-1-P prepared in the laboratory would
occasionally, but by no means always, give three spots. Because of
this it was anticipated that little, if any, confidence would be
felt in identifications achieved by partition chromatography of
phosphate esters.

There is availgble a wide range of free carbohydrates in
a pure cordition and many systems for chromatographing them which are
facile,reliable-and reproducible. Therefore, hydrolysis of the
sugar ovhosphates and identification of the released sugars seemed to
be preferable to studying them intact. In addition to acid hydrolysis

already mentioned enzymatic hydrolysis with acid and alkaline
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phosphatases was used extensively. Both enzymes were purchased
comnercially, the acid phosphatase being a wheat germ preparation

and the alkaline phosphatase obtained from intestinal mucosa. The
latter enzyme contained about 10% inorganic phosvhate which was removed
by dialysis against 0.015M magnesiun acetate at oH 6.8 (192).

Solutions of these enzymes remained active for about two weeks when
stored at 20, their activity usually being checked by observing the
hydrolysis of phenyl disodium orthophosphate. No evidence was found

to suggest that there was any isomerisation of the various sugars

during hydrolysis.

5. The anion exchange separation of sugar phosnhates using a stepwise

chloride elution system.

In one of the earliest separations of mixtures of sugar
phosphates Khym and Cohn used a chloride system with just sufficient
borate present for complexing them (183). The sugar phosphates
were eluted sequentially by decreasing the borate concentration and
lowering the pH stepwise qulst maintaining the anion concentration at
more or less the same level. The disadvantazes of this procedure are
that it is cumbersome and that some of the peaks tend to become very
broad. On the other hand it is possible to prolong the‘use of any
single solvent indefinitely so that there is & far greater separation

between each peak and the overlapping of sevarable pesks should be
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virtually eliminated. This is obviously a desirable asset for
quantitative work,

An advantage particularly appliceble to the present work
is that chloride forms of anion exchange resins do not-react with free
sugars (Fxot. 7). These therefore should not interfere with the
separation of sugar phosvhates so that their preliminary rempval was
no longer neceésary.

Khym and Cohn used eluting solutions of ammonium salts
but for ease of recovery of the sugar phosvhates lithium salts were

. : '
preferable. Thus a pilot experiment was undertsken attemoting to
separate a series of standard sugar phosphates upon a eolumn of
Dowex;lxh,Cl—, using lithium chloride ;ndylithium borate solutions,
A direct replication of their conditions proved impossible, for one
thing lithium hydroxide is a stronger base than is ammonium hydroxide.
‘Also it was found that when solutions were prepared which, as closely
as possible, duplicated those used by Khym and Cohn they were not
capable of eluting the appropriate sugar phosvhates as the sharp,
discrete peaks so characteristic of Khym and Cohn's separations
(Fig. 16). The elution of G-6-P as a broad shallow pesk suggested
that slightly higher chloride concentrations were necessary, e.g.
0.03M lithium chloride instead of 0,025 ammonium chloride. A

fuller description of the small modifications which were introduced
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6. 0.034 LiCl, 0.0C004t1 H5805, PH 7.9
7. 0.03M LiCl, pH 6.5 (unbuffgrea) |
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Fig. 16,The stepwise elution of standard sugar ohosphates from

Dowex-) chloride.
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during the course of the experiment to give the satisfactory separation
which was achieved is recountéd elsewhere (TExpt. 3%5).

The phosphate esters of each peak were identified by a
series of simple colorimetric tests and their percentage recoveries
roughly determinsd by comparing the amount of phosphate in each peak
with ﬁhe weight of the ester which had originally been applied to the
column, This was not in fa;t a very accurate method for estimating
the recéveries because it was known that several of the compounds
were contaminated with other phosphates, particularly inorganic
 phosvhate. This was reflected in the recoveries which were obtained
which, with the exception of inorganic phosphate (1487) were all
slightly less than 100%, F-6-P being the worst with only 897 recovered.
(Partition chromatography had sugeested that the F-6-P which was
used was also the most impure preparation.)

This.therefore represented a good method for separating
various sugar phosphates. Although G-6-P and F-6-P required large
volumes of solvent to elute them the separafion of these and of the
other esters had been absolute. It was realised that the elution
pattern could easily be improved by a judicious adjustment of the
eluting solutions. Accordingly it was decided to adoot this method
for future anﬁlyses of the sugar phosvhates that were extracted from

potato starch granules.,
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6. The analysis of the sugar phosvhates extracted from potato starch

involving sevarations using a chloride based ion exchange system,

An aqueous solution of the 507 aqueous methanol extract
of 10 Kg. of potato starch was prepared and the inorganic phosphate
precipitated with magnesia solution, The organic phosnhates were
recovered by anhydrous methanol-acetone precipitation; recovery of
the organic phosphate was 100%, of the inorganic phosvhate, 7% and
of the u/v absorbing material (260 mp) 367 (Rxpt. 36).

The preparation was percolated through a column of Dowex-
1x4, Cl, which retained all the phosvhate. The'free sugars and
nucleosides were readily washed from this column with water (lO-h M
LiOH). Continuéd washing caused the removal of two more u/v
absorbing peaks, the second of which also showed some carbohydrate.
The sugar phosphates were eluted from the resin by chloride and
borate solutions similar to those already described. These are

listed in Pigure 17 (Expt. 37). The fractions collected from the

column were bulked together so that each peak was segregated. The
apparently void fractions tetween the peaks were also collected on
the grounds thét they may have contained phosphate at levels below

" the limits of detection but which would become apvarent when the
solutions weré concentrated. The phosphate concentration in each of
these large fréctions was estimated and it was noted with satisfaction

that almost all of the inorganic vhosphate was in peak 3. The
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Fig, 17. Ion exchange sevaration of the sugar phosthates extracted

from potato starch,
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preliminary exveriments had shown that Pi should be eluted in this
position so this offered an eérly indication that the ssparation
being attempted was successful. The results from these estimations
are summarised in Table 8, where it can be seen that pesk 3 also
contained most of the organic phosphate. The sugar phosphates of
this and of the subsequent fractions were hydrolysed with both acid

and elkaline phosphatase and the carbohydrates identified by paver

Peak Porg Pi Carbohydrates in hydrolvsate
Number | pmole | pymole Major , Minor
1, 2 0 0 - -
) 200 150 myo-inositol glycerol, sucrose
glucose, fructose
xylose
4 28 2 glycerol sucrose, glucose
fructose, myo-inositol
xylose
5 8 2 myo-inositol sucrose, glucose
glycerol ~ fructose, xylose
23 b) myo-inositol glucose N
7 13 10 glucose myo-inositol, fructose
sucrose, glycerol
xylose
8 3 H - inositol, glucose
fructose, sucrose
Xylose
9 4 8 - inositol, zlucose
fructose, glycerol
sucrose, xylose
10 9 5 AP -
: (solvent n)

Table 8 Summarising the anslyses of the various peaks shown

in Tie. 17.

e
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chromatography in four separate solvents., Myo-inositol and

glycerol were the predominant carboﬁydrates, but glucose, fructose
and sucrose were alsoc present together with traces of xylose. When
similar quantities of each peak were chromatogravhed without prior
hydrolysis thére were very faint traces of sucrose, glucose and
fructose shown to be present, although not in aﬁy way comparable with
the levels present after enzymic hydrolysis. There was no difference
apparent in the hydrolysates of the different enzymes. However it
was somewhat disturbing that peaks 3 to § all contained myo-inositol
énd sucrose for this indicated that this separation technique was no
more successful than the previous one. There seemed to be little
difference between the successive fractions except that as the
concentration éf organic phosphate became less so the chromatographic
spots became proportionately fainter. It is tempting to suprose
that peak 6 was G-6-P and that G—l;P had bteen eluted entirely with
peaks 3 or 4, However there was no justification for assuming that
G-1-P behaved any differently froh sucrose phosvhate,

This lack of definition of the sugar phosphates
complicated the estimation of their concentrations. It had been
hoped to do this by a combinétion of phosvhate determinations and
the techniques used for the free sugars.v However, these methods

would not have distinguished between G-1-P 2nd G-6-P or between F-£-P
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and sucrose phosphate, .Notwithstanding these objections it was
decided to follow this method and at least gain an indication of

the sum of the glucose phosphate and ketose phosvhate concentrations.
For this there was little point in estimating the concentrations of
each fraction‘individually so an aliquot of each was mixed together
to give a solution theoretically containing 211 of the sugar
Phosphates from 2 kg, of extracted starch. This was hydrolysed
with acid phoschatase until no more organic phosvhate remained and
then the concentrations of glucose, fructose and xylose determinsd.
This was the first time that the GADH-peroxidase-ortho-tolidine
reagent was used for estimating glucose; fructose was of course
estimated by the resorcinol reagent and xylose by the same phloro-
glucinol reagent that Had been used for ribose in Section IT (Expt. 33).
‘The results of these estimafions are summarised in Table 9.

Unlike the sugars, glycerol and myo-inositol do not
possess carbonyl groups which could facilitate colorimetric determina-
tion and no direct méthods which were sufficiently sensitive and
accurate could oe found. -For inositol the choice appeared to be
bet&een a graded bacteriolozical response (193) and iodometric
titration (194), both applicable only upon a millegram scale.
Glycerol could be estimated by oxidising it with periodic acid and

measuring the formeldehyde produced colorimetrically (195). Myo-
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Carbohydrate phosvhate Concentration
m.pmoles/g. of starch
glucose phosphates 0.61
pentose phosphates 2.0
fructose + sucrose phosvhate 2.8
myo-inositol monovhosphate 2.5
glycerophosphate 2.8
Table 9: The concentrations of the various sugar

phosphates extracted from starch.

inositol, it was felt could possibly be estimated by following the
consumption of periodate spectrophotometricelly since it has a
chromophore with maximai‘absorption at 225.5 mp. This proved to be
fhe case for there was a linear relationship between the optical
density of a periodate solution and the quantity of inositol which
had been oxidised in that solution (Exot. 40) .

However, because periodic acid reacts with most
carbohydrates, it was essential that the glycerol and myo-inositol
shoﬁld be separated from each other and from the sugars arising by
hydrolysis of the sugar ohosphates. This was done by prevarative
paper chromatography in two stages, igolating first the glycerol and

then the myo-inositol (Expt. 41). After subjecting a known amount
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of myo-inositol to this treatment, 967 of it was recovered from the
filter paper.

The methed used for estimatinzg glycerol is a slight
modification of the one originally proposed by Ryley (195). This had
the effect of doubling its sensitivity. During these preliminary
studies it was notea that carbohydrates such as glucose or ribose
interfered with the estimation of glycerol which showed that its
isolation was necessary (®Expt. 42). The estimated concentrationé of
glycerol and myo—inositoi are.preéented in Table 9. |

The results summarised in Table 9 are a little unsatis-
factory. Visual comparison of paper chromatngrams, admittedly a
most unreliable method, had suggested that glycerol and myo-inositol
together were the most abundant of the carbonydrate phosvhates.
Similarly sucrose, glucose and fruétose formed the majority of the
other carbohydrates, whilst pentose was only present in negligible
amounts, From “he values shown in Table 8 it can be caiculated
that peaks 3 to 9 contained organic phosphate equivalent to 28 @pmoles
per gram of extracted starch., However only 10.5 @Pmoles of this is
accounted for in Table 9, merely 37%. Although there may be a small
amount of doubt about the prscise levels of glucose and pentose
phosphates the fact remains that around 63% of the orsanic phosnhate
was unaccounted for, This would seem to sugzest that there are othsr,

hitherto unsuspected, components vresent in thsse fractions.
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However beyond the obvious fact that they are organic mono-
phosphates and that they are unlikely to be other carbohydrate
phosphates it is difficult to conjecture what their nature might be.
As will be seen however a similar result was obtained from a later
analysis of the sugar phosphatés from starch,when only 344 of the

organic phosphate in these same fractions was accounted for.

7.+ Discourse.

Why were the carbqhydrate phosphates not entirely eluted
as sharply defined peaks as was desirable? Why do esters like
sucrose phosphate‘appear in almost every fraction?  Several
hypotheses will be advanced to explain this behaviour but, with the
exception of the last one,they all lack experimeatal oroof and must
remain tentative.

Firstly, the eluting anion concentration may have been
too low. To replace phosphate by chloride upon an anion exchange
resin requires a certain minimal concentration of chloride., 3elow
this level there can be little or no ion exchange,whilst the more the
concentratioh of chloride exceeds this minimum the more efficient the
exchange process becomes. However chloride concentrations around
the threshold level revlace phosphate inefficiently so that many
litres of sclution may be required for a complete elution, viz.peak 7,

ficure 6. For lack of the aporopriate standard compoundis it was not
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possible to calibrate this sygtem with myc-inositol monophosphate,
glycerophosphate or sucrose phosphate so it may have been that the
anion concentration which was used, 0.03¥ LiCl, was close to their
threshold concentrations for ion exchange, For carbohydrates which
do not comple; with borate such as those mentioned, this effect
would be aggravated by the decreasing concentration of the borate
anion which has some exchange effect.

A complicating factor is that isomeric suzar thosphates
differ in their ability to form complexes with boric acid. In
glucose only the hydroxyls of carbon one and carbon two are involved
in borate complexing, thus G~6-P forms a complex with boric acid
whilst G-1-P does not do sov(196, 197). To remove the G-6-P-borate
com@lex from a resin requires a higher anion concentratinn or a
lower borate concentration than does uncomplexed G-1-P. Thus
gluoése phosphétes are eluted by a wide range of solutions,

A third possibility is thet changes may occur in the
conformation of carbohydrate phosphates which normally do not comvlex
with borate, so that they form conformers which do so. An
equilibrium mixture of myo-inositol and borate contains no more than
0.02% of complex (198). TEpi-inositol forms a strong tridentate
borate complex by an inversion of its conformation to give an

unstable chair form havinz four axial hydroxyl groups (Piz.1%8, I, II, IIT)
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Myo-inositol does not exhibit this inversion, but the case of myo~
inositol monophosvhate does not appear to have been considered.
Where this compouni has been isolated and studied it is often the
only axial hydroxyl group, fhat of carbon two, which is phosphorylated
(199). It seems possible that the bulky phosphate group could
promote an inversion of the conformation so that it moves down to
an equatorial position (IV and V). If this does occur, there is no
reason why the resulting conformer should not form a borate complex.
If carbon two was the hydroxyl phosphorylated in the present case,
this hypothesis would explain why myo-inositol monophosvhate was re-
tained by the anion exchange column to the extent observed. There is
an added inducement promoting the inversion of the conformation., This
is the increassed possibility of hydrogen bonding between an ionised
oxygen of the phosphate group and the axial hydroxyls of carbon one
and carbon three (VI). The oxygen atoms of the unstable conformer
(V) are about 2.6 X apart whilst in the stable conformer (IV) about
2.8 X, very little further. The increased possibility of hydrozen
bonding with its concurrent-stabilisation of the conformer should
overcome the slight degree of steric crowdinz in the inverted form.
This effect is observed with 1,3-diaxial cyclohexanediol.

A final explanation for the delayed elution or some

carbohydrate phosvhates is that borate revlaces some of the
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exchangeable chloride upon the resin. The fractionations aimed at
depend upon gradually decreasing the borate ion concentration of the
eluting solution, but this effect will be largely nullified if there
are borate ions held on the resin to give locally high concentrations.
An experiment to verify this hypothesis was readily performed (Exot.44).
Through a column of Dowex-1x4 in the chloride form, identical to that
used in the prévious experiment, was percolated two litres of the
initial elut%ng solution, 0.0251 LiCl and O.élM Na28407. The column
was washed well with water and then eluted with 1.0M LiCl. This
solution contained 4.4 m.moles ofrboric acid which had replaced
chloride on the ion exchange resin,

It was now apparent that to achieve good separations of
sugér phosphates by the Khym and Cohn method the use of borate and the
volume of each eluting solution had to be severely curtailed. This,
however, is incompatible with a quantitatife recovery of the sugar
phosphates, for it is seldom that peasks are as sharp as those shown
by Khym and Cohn. However, by foregoing some of the possible
separations, this difficulty could be largely errcome. A less
sophisticated, but more quantitative separation would be merely to
resolve those carbohydrate phosphates which complex with borate from
those which do not do so. It was felt tha’ the supplementary

techniques which had been assembled for analysing sugars and sugar
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phosphates should be adequate for the slightly more complicated
mixtures which would arise. Turthermore this would fortuitously
separate some of the isomeric esters the presence of which had been
demonstrated ?nd which could be considered particularly significant
to starch metabolism., Thus G-1-P and G-6-P would be separated from
each other, as would sucrose phosphate from ®-§-P,

Before proceeding to discuss the exveriment which was
based on these conclusions, something should be said about the

analysis of carbohydrates by Gas Liguid Chromatography, which was

used extensively in the remaining experiments.

8. Gas Liquid Chromatography of Carbohydrates.*

The technique of gas liquid chromatography (G.L.C.) has
received wide acceptance because,of its facility, reproducibility and
sensitivity. However, the application of G.L.C. to the separation
of carbéhydrates has tended to lag behind that of other classes of
compounds. The major difficulty was the prevaration of volatile
derivatives of polyhydroxy .compounds. It was not until Sweeley
et al. pioneered the use of trimethyl silyl derivatives (TMS-ethers)
that the G.L.C. of carbohydrates became feasible (200). Their

formztion simply involves solution of the carbohydrate in anhydrous

* The author would like to express his gratitude to
Dr. J. A. Zabkiewicz for much patient helop and guidance
in the early stages of this work.
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pyridine followed by addition of trimethyl chlorosilane and
hexamethyl disilazans. Silanization takes Dlace at room temperature
and is virtually completed within a few minutes. This reaction
mixture may b? used directly or the reagents removed with a stream
of dry nitfogen and the TiS-ethers dissolved in hexane. These
derivatives are comparatively non-polar so that the stationary phase
which is generally chosen is also a non-polar one, the most usual
being a methyl silicone gum which is suspended as a 3% solution upon
an inert matrix (201).

In 525;m12£29 may be seen a typical gas chromatogram.
This was a temperature programmned sevaration and it has resolved a
wide range of carbohydrates from triol to a disaccharigde. By
varying the temperature and the rate of change of the temperature,
any region of the chromatogram could have been emphasized, e.g. the
time between pesks 2 and 8 could be increased to 60 minutes, whilst
the time between pesks 1 and 2 was decreased to 5 minutes, This is
analogous to changing the temﬁerature in paper chromatozraphy and
does not affect the overall separation.  Various temperature
programning separations are described in Table 10.

Fig. 19(b) shows the carbohydrates produced by
enzymatically hydrolysing the sugar phosvhates extracted from starch

granules. This experiment is typical of several, all of which gave
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% response.

60 Fipg.19a, Gas Chromatogram:

Standard Sugzars

Peak numbers 4o 4 8
1) glycerol 30
2) ribose . 9
3) d-xylose
4) F-xylose
A L L} ] 1 L] 1] L ]
/o 2',9 20 &o &0 &0 70 39 go
5) fructose time-minutes
6) &-glucose
. . 6o A
7 p-glucose - ¢
S0 4 ,
8) myo-inositol
40 4
9) sucrose
10) unidentified Fo "
11) unidentified 2o+
?
/0 4 s ¢ 7 /o
‘o 4o 3o a0 S0 6o 7 o 90

time-minutes

Fig.19b Gas Chromatograms Sugars produced by hydrolysing the sugar

phosphates extracted from starch,

Sample (2u1) injected at 850, temperature held for 10 mins., then
o . .
temperature programmed to 250o at 2° per min, Column, 3% SE30,

. o
1.5 metres x 4 mm., gas flow 75 ml. per min. at 150,
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Retention time (mins) Retention time relative
to myo~inositol

1 2 5 Conditions 1 2 3
- 1.6 9.4 glycerol - 0.05 0.17
6.7 11.0° 34,6 ribose 0.30 0.31 0.62
8.1 13,2 37.2 A=xvlose 0.37 0.38 0.67
9.8 15.7 40,2 p-xylose 0. 44 0.45 0.72
12.0 19.7 43,3 fructose 0.54 0.56 0.78
14,9 2%.8 47.0 A-glucose 0.65 0.63 0.85 |
18.9 30.9 51.8 -zlucose 0.85 0.86 0.93
17.7 27.4 49.6 ;orbitol 0.76 0.78 | 0.89
22.2 35,0 55.5 myo-inositol 1.00 1.00 1.00
44,6 6 b 78.1 sucrose 2.08 1.85 1.40
39.8 - 72.6 adenosine 1.72 - 1.31
34,2 - 62.7 uridine 1.50 - 1.22
Peak number (Fig.19b)

- - 9.4 1 - - 0.16
12.0 20.5 45,8 5 0.53 0.58 0.79
14,6 24,0 49,2 6 0.65 0.68 0.3%5
18.9 | 30.7 54.5 7 0.84 0.87 0.94

22,4 35.3 58.1 8 1.00 1.00 1.00
50.8 63.% 81l.1 9 2.20 | 1.85 1.40
26.2 40.3 62,2 ] 10 1.17 1.14 1.07
35,6 53,1 71.8 11 1.59 1.51 1.23

Table 10: The gas chromatographic behaviour of various carbohydrates.

o] O
1. Temp. Proz. at 2%/min. from 130 Jt° 250. o
2. Hold % mins, @ 1259 T.P. @ 1.5 /min. to 250.
3. Hold 10 mins. @ 85° T.P. @ 2%/min. to 2509



119

peaks arising from glycerophosvhate, fructose phosphate, glucose
phosphate, myoiansitol phosphate, and sucrose phosvhate (TExot. 45).
No trace of pentose was found, which was surprising since the>
analyses described in Part 6 had clearly indicated the presence of
traces of xylose phosphate.

It is possible to use gas chromatography quantitatively
because the area of each peak is roughly proportional to the total
amount'present; This means that the response of one sugar can be
related to that of another, 1 pg. of A giving rise to a peak having
§5% of the area of 1 ng. of B. By adding a known amount of A to B
and observing the relative aréas of their gas chromatographic peaks,
the concentration of B can be determined. The alternative to this
internal standard method is to plot a standard curve of peak area
against concentration, but this method is »particularly vulnerable to
small variations between separate chromatograms.

The response factors of several sugars were determined

by running a series of chromatograms with various concentrations and

. ) . ) ,
measuring the area of each peak by triangulation (Exot. 46).

9. Sepsration and analysis of the sugar phosphates from starch,

wherein the use of borate ions is severely curtailed.

Once again the phosphate esters were isolated from an

aqueous methanolic exirect of 10 Kg. of potato starch. The recovery
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of the organic vhosphate this time was 10%%, of the inorganic
phosphate 0.3% and of the /v absorbing material 38.5% (®xot. 47).
A solution of these phosphates was percolated slowly through 2 column
of anion exchange resin which was then eluted with the solutions
described in Fig. 20. Only 2 litres of borate-containing solution
were used and this was replaced by 0.03M LiCl, followed by dilute
HCl to replace the nucleotide monophosphates. As usuel, the sugar
phosphates were recovered from the eluting solution by anhydrous
methanol-acetone precipitation and their recovery ascertained to be
quantitative by demonstrating the absence of any phosphate in the
supernatant acetone solution,

The phosphate concentration of each peak was estimated
and it was noted that the greater part of the sugar phosphate
fraction did not form complexes with borate (Peak 3).

Aliqudts of each fraction equivalent to 1 Kg. of starch
were hydrolysed with acid and alkaline phosphatase and the
" carbohydrates idenfified by both G.I..C. and paper chromatography.
Peak 3 contained predominantly myo-inositol, glycerol and sucrose,
together with glucose and traces éf fructose, which almost certainly
arose from the cleavage of sucrose, since both F-1-P and P-6-P fora
strong borate complexes. This meant that some of the glucose wwould

also have arisen from the sucrose, but most of it would have been from
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Optical density
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litres of effluent
Optical density, 680 o, phosphate
""""" Optical density, 490 mp, carbohydrate
Composition of eluting solutions.
O to 2 litres of effluent 10" % LiOH, pH 10.0
2 to 4 LA " 0.025M LiCl, 0,044 HsBO » PH 9.0
4 to 8 nooow n - 0.03M LiCl, pH 9.0 falling to
PH 6.5.
‘8tol12 w0 " 0.005M HC1, pH 6.5 falling to
pH 3
Fig. 20, part 1. Ion exchanze sevaration of sugar phosnhates wherein

the use of borate was curtailed,




121

Peak Posi;ion.T;;Z;§:§;? zgeziZich Carbohydrates observed after hydrolysis*
No. Elution
Pi | Porg| P 41 |by paper chromatography by G.T..C.

1 0-2 - 0.05

2 | 2-2.3 0.4110.07 | 0.02 m-I, (3, ) m-I, G, (7

3 2.3-4 3,5 | 21.3| 1.4 m-I, glyc., S, G, (¥) |m-I, <lyc,S,G, 7.
4 4-5 0.02{ 5.28| 1.17 m-I, (3, S, glyc., ¥ {m-I,?G (S,glyc)
5 5-7.5 0.15{ 0.85] 0.20 m-I, G, (S, glyc.) m-I, G.

6 8-9 0.30} 2.50} 0.50 m-I, S, G, P. n-I, G.

7 9-11 0.85{ 1.40{ 0.00 (m-I, G, glyc., S) (m-1)

Figure 20 (Part 2)

brackets indicate a very faint spot or a dubious peak.

m-I : myo-inositol glyc. : glycerol
S : sucrose G ¢ glucose

P ¢ fructose




Table 11

Concentrations
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Concentretion

expressed as
mpmoles/g. of
starch.

Peak Carbohydrate Concentrétion
Number by &.L.C. by colorimetry
> glucose 0.02
myo-inositol 0.05
glycerol 2.91 2.17
glucose 0.52 0.55
3 fructose 0.11 } O.?O
sucrose 0.8% ]
myo-inositol 1.97 (17.7)
glucose 2.12 2.58
fructose 0.99 1.4
4 sucrose trace
| myo-inoéitol 0.5%8 -
glycerol 0.75 -
glucose 0.25 0.26
5- fructose 0.09 0.19
sucrose 0.10
myo-inositol 0.11 -
glucose 0.20 0.26
4 fructoss 0.08 0.16
sucrose 0.03
ﬁyo—inositol <0.05 -
glucose nil nil
7 fructose nil 0.06
sSucrose nil
myo-inositol | <0,COL -

A comparison of carbohydrate coaceantrations estimated by Z.1.C. ard by

colorimetgl.
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the G-1-P, the concentration of which was probably equal to that of
the acid labile vhosphate in this fraction. The bulk of the hexoses
were eluted in the next fraction (Peak 4), which contained glucose

and fructose yith traces of myo-inositol, glycerol, and sucrose. The
"remaining fractions contained diminishing quantities of the same
carbohydrates (Expt. 48).

The councentrations of the carbohydrates were with one
exception estimated by both quantitative G.L.C. and colorimetry.
Because of the lengthy isolation necessary for the colorimetric
estimation of myo-inositol, it was estimated only by G.L.C. On
account of this, the colorimetric estimation of glycerol in peak 4
had to be omitted, for otherwise the large hexose content of this
peak would have introduced errors, It was hoped to estimate
myo-inositol by subtracting the total concentration of the other
carbohydrates from the phosphate concentration. However, this gave
a value nine times higher than the one obtained by G.L.C. In view
of the close correlation between the two methods for the other carbo-
hydrates, the direct G.L.C.” value was accepted.

Measurement of the glucose concentration of peak 4 by G.L.C.
introduced thé possibility that there were traces of galactose present
in the hydrolysates. Generally, the area of the d-glucose peak is

about 65% that ofp-—glucose, whereas in this case its area was
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consistently higher than that, around 80%. Also the peek width was
greater than usual. The two anomers of galactose have retention
times relative to that of d-glucose of 96% and 105%, so the
conteminatin% presence of a small amount of galéctose would appear as
part of the ed~glucose pesk., However, as all attempts to resolve these
two sugars in Peek 4 were unsuccessful, the presence of galactose
could not be confirmed.

The overall result of these estimations is sumarised

below.

Carbohydrate phosphate Concentration
m.pmoles/g. of starch

glycerophosphate 3,25
myo-inositol monovhosphate 2.51
glucose~l-phosvhate 0.54
glucose-6-phosphate 2.77
fructose-b-phosphate 0.52
‘sucrose phosphate , 2.13%

Table 12 The concentrations of the various sugar

vhosphates extracted from starch.
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Of the 31.4 m‘pmoles/g. of starch of organic phosphate in vesgks 2

to 7, 10.5 m.pmoles had been estimated to belong to the sugar phosphates.
Only a small proportion of the remaining organic phosphete would
have been nucleotide; the 3.5 m.pmoles of peaks 6 and 7 which was
unaccounted for, This result is very similer to the previous
analysis. Then, 65% of the organic phosphate was unaccounted for;
on this ocqasion, 62%. It would be interesting to know what other
organic phosphates there were in these fractions. However, neither
paper nor gas chromatography yield any further information, the only
indication of their presence being the discrevancy between carbo-
hydréte and phosphate concentrations.

Several of the values in Table 12 compare closely with

the results of the pre&ious analyses, Table 9, page 108. Glycero-

phosphate, inositol phosvhate, sucrose and fructose phosphate
concentrations were much the same, The glucose phosphate con-
centration was estimated to be much hicher, whilst pentose phosphates
were absent, There was some dubiety about these two estimations ig
the previous experiment, so the later results can be accepted as

being more reliable.

10. Assicning the position of the phosvhate esters upon their

carbohydrate moieties.

Glucose-l-phosphate and glucose-é-phosphate had so far



126

been distinguished solely upon the basis of their snion exchange
properties. iore definite evidernce for the separate presence of
fhese two entities was now sought.

Apart from a description by Wolf and Kaplan the reduction
of hexose phosphates to the corresponding hexitol phosvhates by
means of sodium borohydride has received little attention (2C2).

It was surmised that esters such as G-6-P or ribose-~5-phosvhate

should be readily reduced by borohydride whilst G-1-P would be
unaffected, The validity of this hypothesis was readily demonstrated
(Bxot. 50). After reduction of G-6-P and R-5-P the phosvhates ware
hydrﬁlysed with acid phoschatase and the carbohydrates identified

by paper and gas liquid chromatography as being exclusively sorbitol
and ribitol. No trace of the original sugars remained. When this
process was repeated with G-1-P the glucose was recovered intact with
no production of sorbitol,

Borohydride reduction of the material from Peak % isolated
in the previous experiment (Fig., 20) did not affect the glucoss which
was present, thus demonstréting that aé had been supvosed this ester
was G-1-P. Conversely all the glucose in Peak 4 was reduced to
sorbitol by borohydride, thereby confirming that it was 3-6-P which
was present in this peak. The fructose also was reduc=d bul sirnce

v
c11 e

F-1-P and F-5-P would be equally well reduced oy borohydride



127

does not provide any further information. However a consideration
of the hexose phosvhate metabolism of starch suggests that the
presence of P-1-P to the exclusion of F-6-P is extremely unlikely
so the fructose phosphate was assumed to be T-6-P.

In his description of the enzvmatic synthesis of sucrose
phosphate MEndicgno demonstrated conclusively that it was upon carbon
six of the fructose molety that this disaccharide was phosphorylated.
If this alsc held in the present case then mild acid hydrolysis of the
sucrose phosphate from Peak 3 (EEEQ_EQ) should release gluccse from
both sucrose phosthate end G-1-P, but little or no fructose, wnich
would still be esterified. This proved to be the case.v Prom the
eamount of glucose produced it was estimated that 76% of the sucrose
phosvhate was hydrolysed by 1.0M hydrochloric acid at 100o in 10
minutes. On the other hand, there was no more fructose releas=d than
was fourd in enzymic hydrolysates of this fraction. Thus it was
demonstrated that the sucrose pﬁosphate from potato starch granules

was identical with that synthesized by the enzymes from wheat germ,

11, Phytic acid,

In view of the pressnce of myo-inositol mononhosphate in
starch gramiles, the possibility was considered that there might also
be rhytic acid present. According to Posternak (1c8) the best method

for isolating phytic acid from other phosohatic metabolites is to
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precipitate its ferric salt from an acid medium as described by
Young (203). This method had a particular advantage for the present
work in that it involved boiling the phytic acid in 0.17 ¥ hydro-
chloric acid. Thus the precipitating agent could also be used to
dissolve the starch. Purther, since it was an acid medium, there
was a rapid cleavage of the starch molecules so that the normal viscid
starch pastes did not ensue (TWmt. 52). 7"ventuzlly a solution was
made which contained 10% . starch which, after standing for three days,
had formed a slight precipitate, This could have been phytic acid
or could equally well have been retrogration products from the starch
solution,

This precipitate contained a total of 2 pmoles of organic
phosphate which, according to Young, could oniy have arisen from
phytic acid. However prolonged acid hydrolysis of this precivitate
followed by gas chromatography revealed the presences of glucose only,
innositol being entirely absent. From this it was concluded that
phytic acid was not present in potato starch granules.

12, Analysis of the free shgars from commercial vpotato starch by gas

liquid chromatogranhy.

In the following Section an account is given of analvses

carried out on starch freshly extracted from potatoes. The sugar

analyses in this case were to have been done entirely by G.L.C,
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Before embarking upon this study it was thought prudent to ensure
that the free sugars from starch could indeed be analysed by G.L.C.
Accordingly a preliminary experiment was carried out to test the
effectiveness of this technique with the sugars obtained from
commercial starch grains.

One Kg. of potato starch was extracted with aqueous
methanol and the freé sugars and sugar phosphates separated by a
modification of the Khym and Cohn procedure (Expt. 53). The elution

pattern is illustrated in Figure 21.

Fig., 21: Ton exchange separation of the free sugars and the sugar

phosphates from potato starch,

0. ™ I I u [ m
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» AP (u/v)
80+ free sugars
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20- ’ | ﬁ\-—sug.P (P.totel)

\ r /1 L"\ T 1

) 2 T 2‘ 1 I6 1
litres of effluent

8 10

I, 10’%1 1ithium hydroxide
II, 0,03M LiCl, 0,04 H,)Boi,
III. 0.005: hydrochloric acid.

o 9.0
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The use of Solution 3, used in the elution sequence, requires
explanation. Having eluted‘the free sugars and the non-borate-
complexing sugar phosvhates from the coluan with solutions 1 and 2,
there remained the suzar phosphates which complexed with borate and
the nucleotide monophosphates (ignoring the diphosphates). In the
previous experiment, these sugar phosphates had not been completely
eluted by the solution designated for that opurpose, viz. 0.03M LiCl.
Thus a small proportion of them were eluted by the folldwing
solution and appeared as a contaminant with the nﬁoleotide mnoNo~
phosphate fractioﬁ. For the sake of obtaining quantitative results
it was decided to accept this situation. The two fractions were
combined by omitting the lithium chloride solution and eluting both
the borate-complexing sugar phosvhates and the nucleotides with
dilute hydrochloric acid solution. The supplementary anélytical

~ technigues which had been assembled were believed to be sufficiently
sophisticated to deal with the slightly more complex mixtures arising.
This stratagem also provided incidental protection against a more
unlikely eventuality, namely the presence of a phosphate ester which
would normally be classified as a sugar phosphate, but whose
chromstographic behaviour was that of the nucleotide monovphosvhates.
However, in this experiment the phosvhates were not examined beyond

the preliminary separation stage, attention being confined to the free



[
N
s

sugars, which were successfully analysed by G.L.C. to give the
results shown in Table 15. These are quantitatively not dissimilar
to the values described in Section II, Table 7, paze 8Q, excevt

that they are all somewhat lower. The hitherto unsuspected presence
of myo-inositol was noted with interest. No attempt was made to

confirm these results by paper chromatography or colorimetry.

Concentration

per gram of
starch

inorganic phosphate 0.625 pmoles

organic phosphate C.175 pmoles
fructose 6.1 pg.
glucose 10. 4 pg.
ribose 1.2 pg.
sucrose 54.0 pg.
maltose 0.35 ng.
myo-inositol 0.30 pg.

Table 1% Tstimated concentrations of various

metabolites extracted from

potato starch.
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Conclusions to bs drewn from Sections I, II, and IIT.

The presence of various free sugars and sugar phosvhates
was demonstrated in commercial potato starch of uncertain history.
Notably these included sucrose, fructose, sucrose phosphate, G-1-P,
G-6-P and R-6-P, the presence of all of these being understandable
upon the basis of current knowledge of starch metabolism. . In
addition to these, there was also found glucose, ribose, maltose,
myo-inositol, myo-inositol monophosphate and glycerophosphate.

The presence of most of these is less readily explained.

The concentrations of all these metabolites were estimated
and are summarised in Tables 7, 9, 12, and 13. From these it can
be seen that the predominant sugar is sucrose, whilst what glucose
and fructose there is present possibly arose by hydrolysis of the
sucrose. The most abundant sugar phosphate is glyceroohosvhete,
followed by G-6-P, myo-inositol monophosvhate and sucrose phosphate,
There were only small amounts of G-1-P extracted from the starch,
0.54 @Pmoles/g. compared with 425 mpmoles of inorganic phosphate -
a ratio of one part in eiggt hundréd. | Thne equilibrium point of the
phosphorylase reaction is reached at a ratio Pi : G—l-P of 2.2 (154).
At higher ratios thaf this, such as apparently prevail in potato
starch granules, phosphorylase can only catalyse the degradation of

starch.
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Section IV: An analysis of various carbohydrates which could be

extracted from freshly isolated vnotato starch gramiles by aqueous

methanol, without disrupting the gcranule.

Al of the work which has so far been described was
performed upen starch obtained from a commercial source. Its history
was unknown and may have included a variety of treatments, which could
conceivably have increased or caused the disapoearance of various
entities. Because of this it was desirable that freshly eitracted
starch should be investizated in the same manner. A direct parallel
was impossible because so little was known about the commercial
starch. Presumably it had been extracted from mature potatoes, but
at what stage of maturity, how long they had been stored and under
what conditions, and the variety of ?otatoes were all unknown.

These are all reported to have an effect upon the tuber and so they
are significant to the present studies upon starch in the tubers (50,
204-207) .

Eventually two separate investigations were done at
different stages in the growth of the.potato. In each case the
starch granules were extracted and studied and an attempt made to
analyse the remaining tuber homogenate in the same manner, but for

a variety of reasons this was less successful.
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Kerr's Pink potatoes, grown in an adequately fertilized
light loam by a local farmer, were used in these experiments. They
had been planted at the end of May and were harvested by the author
after about ten and eighteen weeks' growth. In the first instance
the fubers were immature and the majority of the smaller ones, below
about 1.5 cms. diameter, were rejected, so that the average diameter
was about 3-4 cms. The plants appeared to be on the point of
flowering. The second batch consisted of potatoes of about 6-7 cms.
diameter, and at the time of harvesting the aerial parts of the plant
were starting to die away. Starch.was extracted from the young
potatoes immediately after harvesting, whilst the older 6nes were
stored for three weeks, by which time smsall shoots had grown from a

few of the tubers.

1. The extraction of starch from potatoes.

Considerable thought was given to devising a satisfactory
method of isolating starch. For three reasons it was essential that
the starch granules should be separated from the cell fluid as
rapidly as possible after éisruption of the cell. Firstly, the
metabolites which were to be studied could be leached from the
granule by aqueous media, and so it had to be assumed that extraction

commenced immediately the cells were disrupted and the granules



155

released from their normal environment. Secondly, there was the
possibility of the reverse process occurring, namely absorption by
the starch granule of metabolites from the cell fluid. Because of
these factors, it was desirable.to effect an immediate transfer of
the granule from the cell fluid to the extracting medium. These
hazards were also partly countered by homogenizing the tubers into
an environment of about 20% glycerol, This, it was hoped, would
inhibit the desorption of metabolites from the granule, whilst
glycerol would be absorbed to the exclusion of the normal cell
metabolites.

Thirdly, there was the possibility that disruption of the
granule's environment could eliminate the vsual checks and inhibitions
upon enzymic action, leading to a period of uncontrolled and abnormal
metabolism, It could be assumed that enzymic activity would cease
once the granules were dispersed in the extracting medium, 50%
aqueous methanol,>and s0 steps were taken to ensure that this was
done as quickly as possible.

Thus a method was developed which was capable of effect-
ing a very rapid transfer of the granules from the votato to the
aqueous methanol. For the actual homogenization a simple machine
was develcped; this consisted.of a rapidly spinninz abrasive wheel

(16,000 r.p.m.), against which segments of the tuber were zently
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pressed. A jet of 35% glycercl solution was directed onto the
wheel so that it spread out over the abrasive surface and was
intimately mixed with the tuber homogenate during the maceration.
The cell debris was separated from the starch suspension and the
starch recovered from the cell fluid by a brief centrifugation. It
was 1o expedite these two steps that the glycerol solution was
introduced, for it gave the macerate a physical consistency which
made very rapid separations possible. In fact,. it was found that.
aqueous grinding techniques were quite useless for the bresent
purpose and that the glycerol was essential, The precipitated
starch was washed by shaking it with 207 glycerol solutidn, which was
again reinoved by cenfrifugation. Tinally, the starch was washed out
of the centfifuge bottles with 507 aqueous methanol, which was used
for the first extracting solvent, With practice, the time taken to
reach this stage after the initial homogenization could be as short
as five minutes ( Expt. 54, summarised in Table 14).  Vhen extract-
ion of the starch was complete, it was dried and weighed. Micro-
scopic examination of the Drevarations showed only starch granules
with no appreciable content of cell debris (Pig. 1).

Howéver, if the number of overations in the isolation
procedure are curtailed and the starch is washed only once before

extracting the metabolites from it, there is a real danger that soms
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Young starch

Mature starch

Approx, age after planting to harvesting

10 weeks 18 weeks
Period stored between harvesting and
extraction of the starch ) 18 hours 5 weeks
Mean tuber size 3-4 cms. 6~7 cms,
Weight of potatoes homogenized 21.35 Kg. 24,92 Xao,
Weicht of starch recovered . 1,800 g. 2,650 g.
% starch of potato wet weight 8.4% 10.7%

Extraction of Starch

0.D.U. at 260 mp

1. 50% methanol 5, 900 8.700
2. 507 methanol 2, 400 3,300
3. 50% methanol 1,200 780
4, 107% methanol 275 540
5. 1C0% methanol 250 300
Total extracted 10,025 13,5%0
0.D.U. extracted per g. of starch 5.57 5.13
organic phosvhate extracted
=3 & b 4
mpmoles/g. of starch 148 143
Inorganic phosphate extracted 1
= F 2
mpmoles/g. of starch 2L 15
Non-extractable pa?sohate 14,000 6, 600
qymoles/g. of starch
% phosvhate extractable 2.6% 7..0%
Number of grenules/g. of starch 2.45 x lO8 not determined

Table 1k

The extraction of starch {rom potato tubers.














































































































































