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Nomenclature

For convenience, the following abbreviations and terms have
been used: -

specific optical rotation; all values recorded
were measured at approximately 18°C.

C.L., average chain length, denotes the number of monomer
residues per non-reducing terminal residue of a
polysaccharide.

D. P,, average degree of polymerisation, refers to the
number of monomer residues per molecule of a
polysaccharide.

M and N denote molar and normal concentration of solution,
respectively,

E. P,, reducing power, refers to the number of monomer
residues per apparent reducing group, determined as
equivalents of standard sugars,

R.g_ value, refers to the distance travelled by the compound
in a given chromatographic solvent relative to that
travelled by glucose.
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SECTION I

GENERAL INTRODUCTION.

Protozoa, the most primitive members of the animal kingdom, occur

in great variety in fresh and salt water, in damp soil and, as parasites,

in other animals. Protozoa may "be simply defined as animal protists. The

term "protist" was coined by Haeckel (l) to designate "organisms composed of

a single cell which are capable within the limits of that cell of performing

all the functions necessary for" their continuance in life and also for their

propagation". The formal description of the term "animal" as "a living

organism having sensation and power of voluntary movement" presents some

difficulty however. Furthermore, the commonly accepted criterion that

animals are phagotrophic organisms, i.e. are able to ingest particulate food,

can not be applied strictly to all protozoa. Certain protozoa are parasitic

and are not phagotrophic, although by their metabolism and relationship to

other organisms they are most suitably classed as animals. Similarly, it is

unsatisfactory to consider the possession of chlorophyll by an organism as

conclusive evidence that the organism is in fact a plant. Many species

are known, e.g. Chxysamoeba, which contain chlorophyll and yet, in other

respects, show typical animal properties; for example, they are phagotrophic.

Hutner and Erovasoli (2) suggest that all permanently colourless forms, as

well as all nucleated phagotrophic protists, should be considered members of

the phylum Protozoa.
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I The Classification of Protozoa.

Very many species of protozoa have been described (4) (5) (6).
These may be conveniently divided, according to their chief method of

locomotion, into four classes:- the amoeboid protozoa, the flagellates,

the spore-forming protozoa and the dilates.

(a) The Amoeboid Protozoa (class SABCQDINA):-

This class includes all those organisms which move about and

capture food by means of pseudopodia. Many of these protozoa live free

in fresh and salt water and in damp soil; others inhabit the interior of

animals, particularly the digestive tract. Many of the latter are harmless

to the host animal, but a few species attack the host and cause disease,

e.g. Endamoeba histolytica which, in man, causes tropical dysentery and

abscess of the liver, (7).

The most common amoeboid protozoa is Amoeba proteus which lives in

fresh water ponds (Pig. 1). Apart from the mechanisms responsible for

locomotion and ingestion of food, many features of the amoeboid cell are

common to all protozoa. For exau$?le, the cells are composed of gelatinous

protoplasm which contains many granules and droplets. This protoplasm is

differentiated, as in almost all cells, into nucleus and cytoplasm. The

nucleus is that part of the cell which governs reproduction and the

constructive phases of metabolism. The cytoplasm is distinguishable into

a clear, outer layer (pellicle) and a more or less granular interior which

contains various types of granules, fat droplets and food bodies in process

of digestion. The contractile vacuoles - droplets which contain water -

effect the elimination, through the cell wall, of surplus water. The cell

wall in amoebas is a delicate semi-permeable membrane formed by the surface

of the cytoplasm. An amoeba has no fixed shape, and any one point on the



surface of the cell may flow out as a blunt projection or paeudopodium.

By the passage into it of sane of the mass of the amoeba, this pseudopodium

continues to advance for some time. The cell is capable of producing many

such pseudopodia by virtue of which it moves and ingests particulate food.

(b) The Flagellates (class I'iAGELLATA):-

These are protosoa which have a cell of definite shape and one or

moie long filamentous protoplasmic extensions (flagella) by means of which

they are capable of active movement. Flagellates may be further divided

into two groups:- the animal-like and the plant-like (i.e. algal) groups.

Examples of the animal-like group are the collar flagellates, e.g. Codosiga,

which live attached to the substratum by means of a stalk. By beating

their flagella, these organisms direct a current of water on to the cell

which then engulfs any food particles which strike the cell wall.

Many parasitic forms are included among the animal-like flagellates,

the best known of which are the trypanosomes which cause African sleeping

sickness in man.

Sugiena is a common example of a plant-like flagellate in that it

possesses photosynthetic bodies (green chloroplasts) and is not phagotrophic.

Many flagellates appear to be intermediate between the true protosoa

and the algae . One such flagellate is Chrysamoeba which has a yellow-green

photosynthetic pigment. This form sometimes loses the flagellum; it then

moves about and ingests solid food by means of pseudopodia.

ELant-like flagellates are the most primitive group of protozoa and

are generally considered to occupy a systematic position at the intersections

of plant and animal lines of descent.



(c) The Spore Formers (class SPQBOZGA)

These have no special mode of locomotion and are all endo-parasites,

some of which, e.g. Plasmodium falciparum, cause diseases such as malaria in

man. They are characterised by their method of reproduction, and reproduce

by 'spores' in the formation of which the nucleus of a protosoon divides

several times; a little cytoplasm then gathers round each nucleus and the

protozoon falls apart into a number of offspring corresponding to the number

of nuclei formed.

(d) The Ciliates (class CTLIATA):-

These are distinguished from other protozoa by the possession of

numerous cilia or 'hairs', the movement of which provides the method of

locomotion. Ciliates are among the most highly evolved protozoa, Sam

ciliates, e.g. Stylonyohia mytilus, may be parasitised by other protozoa,

e.g. Acinetans.

Ciliates, flagellates and amoeboid protozoa usually reproduce by

'budding' which involves division of the nucleus into two similar parts.

The cell then splits to yield two smaller cells which are capable of growth

and further reproduction. Natural death does not therefore occur in protozoa.

Many species, however, are capable of sexual reproduction. In some of these

species the two fusing cells are alike; in others, sexual evolution is

couplete and fully differentiated male gametes, or sperms, and. female gametes,

or eggs, are formed.

The present work has been mainly concerned with flagellates and

ciliates; a list of the species discussed is given in Table 1.



TABLE I

FLAGELLATA CILIATA

(a) Plant-like Cycloposthium

Holotrich ciliates
Chilomonas Paramecium

Euglena Tetrahymena pyrifoimis

Ochromonas malhamensis

Ptol;/toma

Polytomella coeca

(b) Animal-like

Trichomonas foetus

Trichomonas gallinae

II The Nutrition of Protozoa

Many protozoa do not possess a mouth aperture (cytostome) and are

unable to produce pseudopodia. They are therefore able to absorb only

dissolved food, mineral or organic, and are known as compulsory osmotrophs.

Those protozoa which feed either on particles or on dissolved material are

known as facultative phagotrophs or facultative osmotrcphs, and those which

feed only on particles are known as compulsory phagotrophs.

strict osmotrophs. Some, however, are able to produce pseudopodia at

certain phases of their lives and can then ingest particles. Thus

phagotrophy may be combined with photosynthesis. Hiotosynthetic protozoa

(phototrophs) utilise only inorganic substances as hydrogen donors for the

photoreduction of carbon dioxide5 all known non-photosynthetic protozoa

(chemotrophs), on the other hand, require an organic energy source and can

not grow in a purely inorganic medium.

Many of the flagellates possessing photosynthetic pigments are
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111 The Biochemistry of Protozoa

Compared with present knowledge of the biochemistry of bacteria,

relatively little is known about the biochemistry of protozoa. One of

the many reasons for this is the difficulty in obtaining bacteria-free

cultures of protozoa for experimental studies. Lwoff has made notable

contributions to the preparation of such pure cultures. Biochemical

investigations are also hindered by the fact that many protozoa, grow very

slowly and do not develop abundantly, (3).

several species which appear to be intermediate between animals and plants,

biochemical studies are of very great interest. The medical and economic

importance of diseases caused by protozoa has led to the development of

several synthetic protozoacidal drugs (7) and to a considerable volume of

work on the metabolism of certain protozoa which have been obtained in pure

culture. A list of some of the more familiar protozoal diseases, the

species which give rise to these diseases, and drugs which are used to

combat them, is given in Table 2.

Table 2

PROTOZOAL DISEASES

Since protozoa are the simplest forms of animal life and include

DISEASE SPECIES DRUG

Malaria Plasmodium viva P. malariae 'Quinine, paludrine
P. ovale, P. falciparum

Syphilis Treponema pallidum Salvarsan, sulpharsphenamine

Sleeping sickness Trypanosoma gambiense Atoxyl, tryparsamide,
germanin.

laws Treponema pertenue Salvarsan



Table 2

(Contd.)

DISEASE

Kala-azar

Amoebic dysentery

African bovine
disease

SFECIES

Leishmania donovani

Sndamoeba histolytica

Trypanosoma congolense,

T. vivax.

DRUG

Tartar emetic, amidines

Emetine

Antrycide

Relatively few of the many known species cause disease, however,

and many intestinal parasites such as Endamoeba poli may occur in considerable

numbers in man without harmful effects.

The present work has been mainly concerned with the polysaccharides

synthesised by protozoa and a review is here given of previous work done in

this field.

(a) The Synthesis of Starch by Protozoa.

Starch, the characteristic reserve polysaccharide of green plants,

has been identified by iodine staining in several green flagellates and in

their colourless homologues (2). Three such starches, from Polytoma (8),

Chilomonas Paramecium (9) and Polytomella coeca (10) have been examined

chemically and shown to resemble typical plant starch (cf. Section V).

In the plant kingdom starch granules are synthesised only in the

plastidic line, in chloroplasts or leucoplasts. The fact that plastids

may lose their chlorophyll but continue to synthesise starch suggests that

the chloroplasts in pigmented protozoa contain a starch-synthesising enzyme

system and are not concerned solely with the photoreduction of carbon dioxide.

Some species of Euglena, such as Euglena gracilis, when grown in the dark

may lose the ability to synthesise chlorophyll; the resulting colourless



form continues to synthesise starch (2). When Euglena gracilis is grown

in the dark and. when the chloroplasts are disappearing, some chloroplasts

are seen to establish intimate connections with the mitochondrial system.

It therefore seems possible that the whole of the chlor-oplast is not lost

and that a colourless leucoplast persists. If Buglena mesnili is treated

with streptomycin the chloroplasts are lost. The chloroplast-less

flagellate is unable to live in the dark whereas as long as some of the

chloroplasts are retained, Buglena mesnili is able to grow in the absence

of light. In this instance photosynthesis is not essential for life,

whereas chloroplasts are. It therefore appears that seme essential enzyme

systems are bound to the chloroplasts and that in the starch-synthesising

colourless forms these essential enzyme systems continue to exist in

remaining leucoplasts.

Lwoff (3) has observed that, of the non-photosynthetic protozoa,

starch is synthesised only by those species which have a more or less

specialised nutrition. They are unable to utilise sugars and amino acids

but can utilise organic acids, particularly the lower fatty acids.

There axe three known mechanisms of synthesis ofoc-1:4 - glucosidic

linkages which account for 35%> of the linkages in the starch molecule.

(1) by phosphorylase:-

n. [cc - D - glucopyranose - 1 - phosphate] ^ (glucose)^+ n ortho-phosphate

(2) by amylomaltase:-

n[_4- (oc-D- glucopyranosido) - D - glucopyranose] ^(glucose )a+ oglucose
an^" (3) by amylosucrase:-

H [_1 - (o< - D - glucopyranosido) - 2y3-D - fructofuranose](glucose) + a.fructose

A study of pr-otozoal starch synthesis has been made only in Belytamella
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coeca (10) (11). This flagellate has been shown to contain a true

phosphorylase indicating that starch is synthesised by method (1). This

is the most common method of starch synthesis. In starch-synthesising

organism it is probable that glucose - 1 - phosphate is synthesised from

triose phosphate and this, in turn, from phosphoenol pyruvic acid.

Glucose - 1 - phosphate, fructose - 6 - phosphate, fructose - 1:6 - di-phosphate

and phosphoglyceric acid have been detected in Buglena gracilis (2).

Carbohydrate synthesis therefore appears to proceed essentially as shown in

Scheme I (reactions 2 - 10). Reactions ap aa, b and c are unknown hypothetical

reactions leading to the synthesis of phosphoenol pyruvic acid from carbon

dioxide. Any intermediate compound should act as a substitute for

photosynthesis provided that the compound can pass through the cell membrane.

Most phosphorylated compounds are unable to do so. Alternatively, if an

organism is able to phosphorylate a substrate such as pyruvic acid or glucose,

or is able to phosphorylate a product of the metabolism of such a substrate,

then that substrate should be able to substitute for photosynthesis. Among

the energy sources which have been found suitable for the growth of various

plant-like flagellates are lower fatty acids, some alcohols, lactic acid and

pyruvic acid. In some flagellates acetic acid is the only compound which

can be used as a source of energy, and in all known cases -where a variety of

organic compounds can be utilised, acetic acid is one of these compounds.

Since obligate phototrophs can not utilise acetic acid, it seems clear that

acetic acid itself is not an intermediate in the starch synthesis. In

Scheme I it is postulated that phosphopyruvic acid is synthesised from a

phosphorylated two-carbon compound, which could be acetyl phosphate or

phosphoenol acetic acid, and a ironocarbon eonpound such as formic acid. In

obligate phototrophs, acetyl phosphate can not be synthesised from acetic

acid otherwise acetic acid would be utilisable as an energy source;



KEY TO SCHEME I

Enzymes responsible for reactions 1-10 are:-

1) Enolase

2) Phosphoglyceromntase

3) fhosphoglycerie phosphokinase

4) Triosephosphate dehydrogenase

5) Hiosphotriose isomerase

6) Aldolase

7) Phosphohexokinase and hexose diphosphatase

8) Phosphohexoisomerase

9) Phosphoglucomutase

10) Phosphorylase (with branching and debrancbdng enzymes).
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SCHEME X

SYNTHESIS Off STARCH FROM CARBON DIOXIDE (after A. Ii'JQFF (3))

a.

complex
carbonyl

p, phosphate'

carbon "
dioxide

a?
^ mono-carbon"

conpound

Fhosphorylated
two carbon

jy compound
4l
II
He
II

enol-Biosphopyruvie
acid

1:3- Diphosphoglyceric
acid

1
3 - Hiospho- *=.
glyceric
acid

1

— 2 - fhosphoglyceric
acid

Glyceraldehyde phosphate 1 ^ hydroxy acetone phosphate

Fructose - 1:6- diphosphate

jU '
Fructose - 6 - qhosohate

118
Glucose - 6 - phosphate

1 9
Glucose - 1 - phosphate

110
Starch
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phosphorylation must therefore take place at a very early stage. Ruben (12)

has suggested that one of the first steps in photosynthesis is the formation

of a complex carbonyl phosphate R'CCO H^POj . This would act as an acceptor
of a monocarbon carbon compound in the synthesis of phosphorylated acetic

acid.

The postulated mechanism of glycogenosis (Scheme i) is consistent

with the above observations. Obligate phototrophy is due to an inability to

phosphorylate any intermediate between the complex carbonyl phosphate and

starch and is, therefore, due to a lade of phosphokinases. The ability of

certain phototrophs to survive in the absence of light when placed in an

acetate-containing medium may be regarded as the first stage in the transition

from plant-type to animal-type modes of nutrition. This ability is seen to

be due to the synthesis by the organism of the necessary phosphokinases.

In later stages of this transition, enzyme systems are present which can

metabolise increasingly complex organic compounds, and in the final stage the

organism is capable of ingesting particulate food of extreme complexity.

(b) Intracellular Pfalysaccharides other than Starch

Several free-living and intestinal protozoa have been reported (2)

(13) (14) to synthesise, and to store intracellul&rxy as food reserve materials,

glucose containing polysaccharides which stain brown with iodine and which

were therefore described as glycogens. The first such glycogen to be

investigated chemically was that synthesised by the free-living ciliate,

Tetrahymena pyriformis (15 )♦ Bare cultures of this protozoan, grown in a

peptone medium of low carbohydrate content, gave cells having a polysaccharide

content of 16 - 209? (on a dry weight basis). The purified polysaccharide

showed all the properties of a typical animal glycogen. Evidence that

polysaccharide synthesis could proceed according to Scheme I (reactions 6-10)
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was obtained by the detection, (16) in cell free extracts of these protozoa,

of aldolase, phosphohexokinase, oxoisomerase, phosphoglucomutase and

phosphorylase activities.

Polysaccharides isolated from Trichomonas foetus (17),

Trichomonas gallinae (17), Cycloposthium (18) (19) and by the holotrichously

ciliated Isotricha and Dasytricha of sheep's rumen (20) have also been

examined} those isolated from the parasitic flagellates 3b foetus and

T. gallinae were generally siznilar to typical animal glycogens though they

showed some differences in branching properties. The polysaccharide

isolated from the holotrich dilates of sheep's rumen resembled that of the

ciliate Cyeloposthiuza and was closely similar to a typical plant amylopectin.

The differences in the degree of branching in amylopeetin-type and

glycogen-type polysaccharides presumably reflect differences in the enzyme

systems catalysing the synthesis of these polysaccharides. In gallinae

the ratio of the activities branching enzyme:phosphorylase must be greater

than in Ik foetus or T^ pyriformis and much greater than in Cycloposthium

and the holotrich dilates of sheep's rumen.

IV Scope of the Present Work.

The present work has been mainly concerned with the structure of

protozoal polysaccharides and the metabolism of oligosaccharides by extracts

of Tetrahyrnena pyriforrais.

Since the majority of protozoal polysaccharides hitherto examined

have belonged to the amylopectin-glycogen class, preliminary studies have been

directed towards semi-micro methods of end-group assay by periodate oxidation

and to quantitative measurements of the absorption spectrum of polysaccharide

- iodine complexes. For these experiments polysaccharides from T^ pyriformis
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T. foetus and gallinae have "been used, together with authentic specimens

of animal glycogen and plant amylopectin.

The main part of the work has been concerned with the examination

of the polysaccharides synthesised by the flagellates Chilomonas Paramecium

and Ochromonas malhamensis.

In view of current interest in the metabolism of oligosaccharides

and in transglycosylation reactions, the metabolism of maltose and of

cellobiose by cell-free extracts of Tetrah.ymena pyriformls has also been

investigated.



SECTION II

GENERAL METHODS

The following general methods were employed in the present

investigations. Numbered methods are referred to as such in the course

of the text.

Paper Chromatographic Methods

The following solvents and spray reagents were used for the

separation and preliminary identification of carbohydrates by paper

partition chroms.tography. Separation was effected by the method of

descending flow on Whatman No. 1 paper at room temperature, The K^
values (i.e. movement relative to D - glucose) of the various carbohydrates

are recorded, where appropriate, in the text.

Separation of oligosaccharides

Solvent (1): ethyl acetate - pyridine - water (10:4s3 )

Solvent (2): butanol - pyridine - water (6:4:3 )

Spray (1), The dried paper was passed through a solution prepared by

adding saturated aqueous silver nitrate solution (1 ml.) to acetone (200 mis.)

and adding water dropwise vdth shaking until the precipitated silver nitrate

re-dissolved. After drying, the paper was sprayed with a 0*5 N - solution

of sodium hydroxide in aqueous ethanol. Excess reagent was removed by

washing in 6 N - ammonium hydroxide solution and then water (21 ).

14
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Spray (2). The dried paper was sprayed with a saturated aqueous

solution of aniline oxalate; the paper was then heated at 130°C until

development was complete (22).

Separation of glucose, mannitol and sorbitol

Solvent (3): ethyl methyl ketone - glacial acetic acid - water (9:1:1 ),

saturated with "boric acid (23)

Spray (3). The dried paper was sprayed with 0* 6% aqueous sodium

metaperiodate solution followed (after 5 minutes) with a solution prepared

by mixing 10 volumes of 0-1M benzidine in 50/ aqueous ethyl alcohol with

2 volumes of acetone and 1 volume of 0«2N hydrochloric acid (24).

quantitative Estimation of Reducing; Sugars

The Somogyi cuprimetric titration method (25) was used for

quantitative estimations of glucose, raannose, maltose and laminaribiose.

Calibration graphs for these sugars are shown in Fig. 2.

Drying of fblysaccharide Samples

Polysaccharide samples were dried prior to quantitative analysis

by heating for several hours at 60°C over phosphorous pentoxide under

reduced pressure.

Complete Acid Hydrolysis of Carbohydrates

It was found that complete acid hydrolysis of all the oc - linked

oligo- and poly-saccharides investigated in the course of this work could

be effected by heating vdth 1»5N - sulphric acid (1 - 5 nig. sugar / ml.)

for two hours at 100°C. The /3-linked polysaccharide isolated from

Ochromonas malhomensis required heating with 2 N- sulphuric acid for two
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hours at 100°C for complete hydrolysis. Acid degradation of glucose,

detennined by means of the Somogyi reagent (25) "was found to be negligible

during this treatment.

Method 1. Estimation of Ash Content.

Weighed samples of polysaccharide (20 - 50 nig.) were ignited to

constant weight in a platinum crucible and the weight of the resultant ash

determined.

Method 2. Estimation of Protein Nitrogen.

Protein nitrogen was determined by the method of Robinson and

Hogden (26); lyzozyme (which had 14* 1% N by the Kjeldahl method (27)) being

used as a standard.

(i) Reagents:-

solution (7*26 ing./ml.) in graduated centrifuge tubes was added sodium

hydroxide reagent to give a total volume of 9 ml. Copper sulphate solution

(0*2p ml. ) was added and the volume made to 10 mis. with the alkali. After

shaking (1 minute) the mixtures were allowed to stand (15 minutes). The

colours of the supernatant solutions after centrifugation were compared on

a Spekker Haotoelectric Absorptioaeter in 1 cm. cells at 550 m.jUL. against a
water blank. The fallowing results, corrected for a reagent blank, were

obtained and are graphically represented in Fig. 2.

% sodium hydroxide solution

2Q?t copper sulphate (pentahydrate) solution.

(ii) Calibration

To each of 1*0 and 2*0 and 3*0 mis. of standard lysozyme
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Protein nitrogen (mg.) 1*01 2*02 3*03

Absorption Value 0*196 0*409 0*601

These results were very similar to those obtained by other workers

in these laboratories.

Periodate Oxidations

Method 3. Determination of Beriodate Uptake.

The uptake of periodate during the oxidation of carbohydrates with

sodium metaperiodate was determined by the method of Floury and Lange (28)

in which samples of the reaction mixture are mixed with standard arsenite

solution in the presence of potassium iodide and sodium bicarbonate; excess

arsenite is determined by back titration with iodine.

Method 4. Determination of Formic Acid Release.

The production of formic acid during sodium- and potassium- periodate

oxidation of carbohydrates was determined after neutralisation of excess

periodate with ethylene glycol (0*5 - 2*0 ml., depending on the amount of

residual periodate) by titration with approximately 0*01 il standard carbonate

free sodium hydroxide using (a) methyl red indicator or (b) a glass electrode

and a lye Universal pH meter to an end-point at pH 5*8,

Determination of Formaldehyde

The colorimetric determination of formaldehyde by means of

chromotropic acid (29) was examined and a calibration graph prepared.

However, when this method was alloyed to estimate the production of

formaldehyde on periodate oxidation of maltose a strong green fluorescence

developed and the observed intensities were in excess of theoretical. It

was later found (30) that colour intensities produced on periodate oxidations
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of polysaccharides were also far in excess of the ejected values. It

was considered that the concentrated sulphuric acid, which comprised five

sixth of the reagent caused the production of interfering furfural,

Method 5. The micro-method of formaldehyde estimation in the presence

of periodate, developed "by Hough, ftoweil and Woods (p1 ) was then employed.

Reagentst (a) 2 volumes of aqueous 2% solution of *A.R.' potassium

ferricyanide mixed with 5 volumes of concentrated hydrochloric acid

(S.G. 1'16),

(h) \% solution of purified phenslhydrasine hydrochloride

in 0*2 - sodium acetate - acetic acid "buffer, H 3-5-

(c) 4 volumes, of saturated aqueous "barium chloride solution

were mixed with 1 volume of saturated aqueous sodium bicarbonate solution;

the resulting precipitate was removed by centrifugation.

Reagents (a) and (c) were prepared as required.

Calibration of reagents.

The reagents were calibrated under conditions identical to those

encountered in the periodate oxidation studies.

(a) Unbuffered Conditions. To each of 0, 1, 2, 3, 4 aud 5 ml. standard

formaldehyde solution 191 *4/eg/ ml; concentration determined by means

of standard iodine and sodium thiosulphate solutions (32) , was added

sodium metaperiodate solution (2 ml; 0*3 M). Tire mixture was diluted to

25 mis. with water and the solutions stored in the dark at room temperature

for twenty-four hours. Aliquots (2 ml.) were withdrawn and mixed vdth

reagent (c) (2 ml.), and, after standing, the mixtures were clarified by

centrifugation. Aliquots of the supernatant solutions (2 ml.) were mixed

with reagent (b) (2 ml.) in 50 ml. graduated flasks and set aside in the
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dark for 30 minutes. Reagent (a) (7 ml.) was then added and, after 3

minutes, the mixtures were diluted to 50 ml. with water. The solutions

were thoroughly mixed and the absorptions of the colours produced determined

against a reagent blank (i.e. a solution containing no formaldehyde) in

1 cm. cells in a Unicam Spectrophotometer at 51the wavelength of

maximum absorption). Slight variations were apparent for different

phenylhydrazine hydrochloride reagents: typical results are recorded in

Table 3 and the calibration graph produced from them, represented in Pig. 3*

(b) Buffered Conditions. Mixtures of formaldehyde and sodium,

metaperdodate, similar to those set up for unbuffered conditions, were

prepared; 0*lM - phosphate buffer phi 8 (12*5 ml.) was added, to each in a

total volume of 25 ml. and the reagents calibrated as above. Typical

results are recorded in Table 3 and the calibration graph represented in

Pig. 3.

Table 3

formaldehyde Unicam Spectrophotometer
Concentration Reading at 518

3*) Unbuffered Buffered
conditions conditions

15-30 0*170 0-150

22*95 0*260 0*230

30*60 0*330 0*300
38'25 0*431 0-375

There is a significant and constant difference between the values

for buffered and unbuffered conditions; this must be due to the effect of

phosphate ions. Calibration curves were prepared at intervals and fresh

phenylhydrazine hydrochloride reagent was prepared vfhen significant changes

occurred. As a control, the formaldehyde production on the periodate
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oxidation of glucose under the unbuffered, conditions was determined; this

was equivalent to 1*01 moles formaldehyde per mole of glucose which is in

good agreement with the theoretical value.



SECTION III

END-GROUP ASSAY OF GIYCOGEN-TYPE POLYSACCHARIDES

BY OXIDATION V.TEH SODIUM I.IETAFEIIIODATE

I. INTRODUCTION

Bsriodic acid oxidation was first applied to the study of

carbohydrates by Malaprade (33) who found that in the oxidation of sugar

alcohols of general structure CH^OH- (CHOH)n- CHjOH j( ^ + 1) moles of

periodate were consumed with the production of two moles of formaldehyde

and rt. moles of formic acid.

Bsriodate oxidation techniques have found wide application in

structural studies in carbohydrate chemistry (34) (35) (36). Jackson and

Hudson (37) showed that periodic acid would react with carbohydrate molecules

which were stabilised in the ring formation: and f3 - methyl glucosides

(and other methyl glycosides) were oxidised yielding one mole of a dialdehyde

together with one mole of formic acid. This work suggested that periodate

oxidation could be used as a means of assay of 1:4-linked glucosans. Each

glucopyranose radical at an intermediate position in the polymeric chain

has an glycol group at carbon atoms 2 and 3» and will consume one mole of

periodate with the formation of a dialdehyde. Non-reducing terminal radicals

will have free hydroxyl groups on carbon atoms 2, 3 and 4, and will react

with two moles of periodate, one mole of formic acid being liberated (cf.

Pig. 4). Measurement of the amount of formic acid released on periodate

- 21
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oxidation of "branched glucosans such as glycogen and amylopectin should

therefore provide an accurate means of end-group assay. Owing to the size,

and the high degree of "branching, of such molecules, the reaction of the

periodate ion -with the single reducing group (which can give two moles

of formic acid) may be neglected.

Early workers found that during oxidation of 1:4~glucosans the

pexlodate uptake and the release of formic acid were often greater than

expected. This effect was termed overoxidation (38). Conditions which

avoided such overoxidation and which were therefore suitable for quantitative

studies were first described by Hirst and his co-workers. In 'model'

experiments using methyl glycosides of mono- and di- saccharides these

workers found that quantitative oxidation could be effected in 150 hours

by the use of sparingly soluble potassium periodate at room temperature (39).

Under these conditions end-group assays of various polysaccharides gave

results which agreed fairly well with those obtained from methylation

studies (40) (41).

Bell and Manners in 1952 reported that, on oxidation of glycogens

with potassium periodate, production of formic acid did not cease within

150 hours, and that chain length values based on the 150 hour figure were

incorrect (42). They suggested that a large branched polysaccharide molecule

was oxidised less rapidly than were small molecules such as /3-methyl

maltoside. The reaction was therefore allowed to proceed beyond 150 hours and

it was found that liberation of formic acid came to completion after 250 -

300 hours. The maximum yield of formic acid was used in calculation of the

average chain length. These observations are supported by those of Anderson,

Greenwood and Hirst who examined the potassium periodate oxidation of

starches (43).
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Other methods of perio&ate oxidation of glucosans have "been

suggested. Potter and Hassid in 1948 criticised the potassium periodate

method on the grounds that it was too slow (45). These authors approached

the problem of end-group assay by studying first the periodate oxidation

of maltose. Their aim was to find conditions under which maltose would

yield three moles of formic acid and then to apply these conditions to the

end-group assay of polysaccharides. Potter and Hassid found that, by

carrying out the oxidation of maltose with sodium periodate in sodium chloride

solution at 2°C, formic acid production was rapid until, after 25 hours, the

theoretical value of three moles was reached. However, the reaction did

not stop completely; the production of formic acid continued slowly, due

mainly to overoxidation of the reducing end-group. Nevertheless in

experiments in which amylose and amylopectin were oxidised, the amount of

formic acid produced in 25 hours was used in calculation of the proportion

of end-groups. The method is therefore based on tire unproved assumption

that oxidation of the disaccharide, maltose, proceeds at the same rate as

that of a polysaccharide of molecular weight ca. 107 Potter and Hassid

reported chain lengths of 22 - 27 for various amylopectins although these

values were not confirmed by methylation assay of the same samples. later

workers have reported that the C.L. values of several amylopectins and

glycogens obtained by periodate assay under these conditions were greater

than those obtained by other methods of assay on the same samples (U&) (47)

(48).

Meyer and Rathgeb (49) studied the periodate oxidation of both

simple sugars and glucosans. They found that sodium periodate was a

satisfactory oxidant provided that the tenperature of the reaction was kept

at 0°C, and the p H between 4*2 and 5*8. Under these conditions the authors
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found that the oxidation of branched glucopolysaceharides such as

amylopectin was ccraplete in 150 - 200 hours.

Results of end-group assays on a number of glycogens were published

in 1951 by Abdel-Akher and Smith (50) who claimed that, with a low

concentration of periodate and a low temperature, overoxidation was avoided.

The effect of light on periodate oxidation has been studied by Head

and his co-workers (51) (52) (53) who showed that although normal Malapradian

oxidations are not noticeably accelerated by exposure to light, the rate of

overoxidation, including the further oxidation of formic acid, is greatly

increased. The possibility of oxidative destruction of formic acid was

also investigated by Sarkar (54) who noted that, in the presence of periodate,

oxidation of formic acid occurred when it was present in fairly high

concentrations. At concentrations of 0*002 N. or less, no loss of formic

acid could be demonstrated.

It is therefore apparent that overoxidation can be controlled by

carrying out the reaction in the dark and by keeping both the concentration

of periodate in the reaction mixture, and the concentration of formic acid

formed during the reaction, low. Under these conditions, overoxidation is

negligible. Furthermore, loss of formic acid does not occur.

In the present work the oxidation of maltose tinder the conditions

described by Potter and Hassid (45) was examined. In the course of this

investigation it was found that, presumably due to scxne interaction between

the sodium chloride and the sodium periodate, the reagent blank became

appreciably acid and a periodate complex precipitated from solution. Since

much of the periodate in the maltose oxidation mixture is consumed in the

oxidation of maltose, there is uncertainty as to the amount of acid produced



- 25 -

in such mixtures by the interaction of periodate and sodium chloride j the

accurate estimation of the foimic acid liberated from the maltose is,

therefore, not possible. This source of error must also be present in the

oxidation, in the presence of sodium chloride, of glycogen. The procedure

of Batter and Hassid has, therefore, been modified, sodium chloride being

omitted from the reaction mixture. End-group assay of several glycogens,

including same of protozoal origin, has been carried out using this modified

procedure.



II DISCUSSION

Oxidation of Maltose

Samples of maltose were oxidised under the conditions described by

Ptotter and Hassid (45) namely, oxidation at 2°C in a solution containing

1°1% maltose, l#o sodium metaperiodate and sodium chloride., formic acid

production and periodate uptake being determined at intervals. Reagent

blank solutions (mixtures of sodium chloride and sodium metaperiodate) were

also prepared} these became acid, the pH falling to ca. 3*0 • This

acidity was accompanied by the precipitation of periodate from solution.

Such precipitation also occurred in the maltose oxidation mixtures although

to a lesser extent. The development of acidity due to the interaction of

the sodium chloride and the sodium metaperiodate may also proceed in the

maltose oxidation mixture. Determination of periodate uptake and the

accurate estimation of the formic acid arising from the oxidation of the

maltose is, therefore, not possible. Approximate results may be obtained

by the initial (2-4 hr.) values of the reagent blank. Solutions containing

yfu sodium metaperiodate and J/c sodium chloride or 4*4/2 sodium nitrate were

prepared and placed in the dark at 2°C. Precipitation took place in each

solution and the pH of each fell to 3*0. Aliquots were removed at

intervals into ethylene glycol and titrated with sodium hydroxide. The

titres increased with time. A blank solution containing only sodium

metaperiodate (3$£) did not develop acidityj no precipitation occurred from

this solution. It seems probable that the precipitation which occurs in

the presence of sodium chloride or sodium nitrate is due to a common ion

- 26 -
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effect at the limit of the solubility. A further difficulty which

prevented the accurate estimation of formic acid release was the tendency

of the neutralised solutions to become acid on standing for a few minutes;

this is discussed later.

In several experiments the formic acid production from maltose at

25 hours varied between 2*2 and 2*5 moles, the corresponding periodate

uptake being 4*2 - 4*5 moles. After 72 hours the formic acid release was

2*9 - 3*1 moles, the periodate uptake being 4*5 - 5*1 moles.

The observation of Botter and Bassid (45) that, under these conditions,

the periodate oxidation of maltose is complete after 25 hours and results

in the liberation of 3 moles of formic acid, could not, therefore, be

confirmed. Prom the present results it appears that oxidation is complete

only after 72-144 hours. The periodate uptake required for complete

Malapradian oxidation is 5 moles. These results are similar to those

obtained in the oxidation of lactose (55) and cellobiose (56) suggesting

that, like these latter sugars, the oxidation of maltose proceeds by

hydrolysis of the formyl ester (Pig. 4).

In view of the uncertainty caused by the presence of sodium chloride,

the oxidation of maltose was repeated in aqueous solution. In several

experiments the formic acid release, after 25 hours was 2*2 - 2*4 moles, the

periodate uptake being 4*2 - 4*5 moles. After 72 hours these values were

2*5 - 2*8 moles and 4*4 - 4*8 moles respectively. In one such experiment,

the formaldehyde release was also determined and after 25 hours, was

equivalent to 0*29 moles. This increased to 0*95 moles after 144 hours.

In the above oxidations it was observed that the neutralised (sodium

hydroxide) solutions tended to become acid on standing. In addition, the
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volume of sodium hydroxide required for neutralisation was influenced by

(a) the time allowed for the destruction, by ethylene glycol, of the

periodate in the sample, and (To) the speed of titration. In quantitative

experiments, samples removed after 48 hours from maltose oxidation mixtures

were mixed with an excess of ethylene glycol and left in the dark for

30 minutes. They were then titrated, as before, with carbonate-free

0*01 - N - sodium hydroxide in a stream of carbon dioxide-free air. The

flasks containing the neutralised (methyl red indicator) solutions were

then tightly stoppered and set aside in the dark at room temperature. On

standing the solutions became noticeably acidic, and 0*01N - sodium

hydroxide was added at intervals to restore neutrality.

In one experiment the formic acid production, thus measured, rose

in 24 hours from 2*56 moles to 2*98 moles. In a second experiment the

increase was from 2*39 to 2*71 moles. A sauple removed after 72 hours

oxidation at 2°C frcei this latter oxidation mixture gave a value of 2*61

moles for the formic acid release.

It is apparent from these results that the third mole of formic

acid does not arise as a direct result of oxidation and it seems clear that

the periodate oxidation of maltose involves (a) an initial oxidation in

which 4 moles of periodate are reduced and 2 moles of formic acid produced,

and (b) a slower stage involving the release of a third mole of formic acid

by the hydrolysis of a formyl ester (Fig. 4). Evidence in support of this

was also obtained by the observation that, under similar conditions, ethyl

formate and propyl formate were slowly hydrclysed.

Oxidation of Glycogen

Because of the acidity arising from the interaction of the sodium
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chloride and the sodium metaperiodate, accurate determination of tlie formic

acid release from glycogen,'' oxidised under the conditions of Potter and

Hassid, was not possible. Furthermore, because of the relatively low formic

acid release, this error will be much greater than in the oxidation of

maltose. For this r-eason the method of Potter* and Hassid has been

modified. Glycogen samples have been oxidised at 2°C in aqueous solution

with a 2O/0 excess of sodium metaperiodate. Aliquot samples were analysed

at intervals until constant values were obtained for formic acid production.

C.L. values are obtained from the formic acid release by substitution in

the equation

F = 46 x 100
180 + (n - 1)162

F = formic acid release (fo)

n = C.L.

The C. L. values of several glycogens were also determined by

oxidation with potassium periodate (p. 40 ) at room temperature.

Collected results are given in Table 4. It is of interest to note

that the degree of branching in the second preparation of d\_ gallinae

glycogen differs slightly from that reported by Manners and Ryley (17) for

the original sample, although the value of this second sample and that of

the second sample of T^ piriformis glycogen is similar to most animal glycogens.

It was found that oxidation by sodium periodate was complete after

8-11 days (p.4/ ). C.L. values thus obtained for 8 samples of glycogen

were in good agreement.with values obtained from potassium periodate oxidation."

However, two samples (rabbit liver X and cat liver Yl) gave C.L.

values which were far in excess of the theoretical. These samples were
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TABLE 4

End-Group Assay of Glycogen By Feriodate Qjddation

Glycogen sanple Oxidation method

Potassium

periodate
Sodium

periodate

Previously reported
value,

(42) (57) (58)

Rabbit liver I

Rabbit liver V

Rabbit liver X

Rabbit liver XX

Rabbit liver XXI

Tetrafrymena p;yr±forrais II

Trichomonas galllnae U

Ascaris lumbricoides

Human muscle

Cat liver VI

12

12

13

14

13

13

13

12

12

13

13

13

12

11

12

13

12

12

12

12

12

Araylopectin sample

Rice

Waxy maize starch II

Waxy maize starch IV

19

21

22

21

23



again oxidised, the conditions being varied slightly so that, although the

ratio of periodate to glycogen remained the same, the concentration of the

reactants was increased. The formic acid production and the periodate

uptake were measured at intervals. It was found (p. A3 ) under these

conditions that, with rabbit liver X, the periodate uptake after 14 - 21

days was 1*07 - 1*11 moles (theoretical, 1*08 moles). The C.L. value

obtained from the formic acid production at this time was 12*6 - 11*9

(previously reported value, 12). After 28 days oxidation, the C.L. value

was 10*8; the periodate uptake, 1*20 moles, showed that overoxidation had

occurred. With cat liver VI glycogen, oxidation was incomplete at 28 days.

The periodate uptake at this time was 1*06 moles, the C.L. value being

13*6 (previously reported value, 12).

These two samples were again oxidised. The periodate concentration

was increased (5Q?» excess) and the oxidation was carried out in the dark at

room temperature. The formic acid release from rabbit liver X glycogen

was constant at 8 - 10 days. The C.L. value thus obtained was 11*9, the

periodate uptake being 1.07 - 1*08 moles. At 15 days oxidation the formic

acid production had increased due to overoxidation.

With cat liver VI glycogen, the formic acid production reached

constancy at 13 - 17 days. At this time the C.L. value and periodate

uptake were 11*9 units and 1*09 moles respectively.

?rom the collected results it is seen that oxidation at 2°C with a

2Q/o excess of periodate is generally complete after 8-11 days. C.L. values

thus obtained are in good agreement with the results of potassium periodate

oxidation assay of the same samples. Two of the glycogen samples examined

did, however, require a much longer* time for complete oxidation under these

conditions. Differences in the rate of oxidation of various glycogen
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samples have previously "been reported (42) (59)' Such differences were

considered to be caused in part, by variation in the temperature at which

the oxidation was carried out (60). In the present work it has been found

that, under identical conditions, certain glycogens are oxidised more

slowly than others. The reasons for the differing susceptibilities to

oxidation are not known.

C.L. values determined by sodium metaperiodate oxidation are,

however, unambiguous since, after the completion of the primary oxidation,

the production of formic acid stops or proceeds at a very much lower rate.

Measurement of periodate uptake is a convenient method of following the

extent of oxidation and measurement of the formic acid release when the

periodate uptake is £a. 1*08 moles gives theoretically correct values of

C.L.

The two samples of glycogen, rabbit liver X and cat liver VI, which

were incompletely oxidised under the conditions used for the otlier samples,

gave, when the oxidation was allowed to proceed until the periodate uptake

reached ea. 1*08 moles, values of C.L. which were in very good agreement

with the previously reported values.

It is seen from the collected results (Table 4) that oxidation,

under the present conditions, with sodium, metaperiodate provides a satisfactory

method of end-group assay. This method has certain advantages over the

potassium periodate method (39) (42). Assay by potassium periodate

oxidation normally requires ca. 200 mg. of polysaccharide and, since the

oxidation mixture is heterogeneous, there is some uncertainty in sampling.

Furthermore, for the determination of periodate consumption it is necessary

to set up small individual oxidation mixtures and to analyse each complete

mixture. With sodium periodate oxidation on the other hand end-group assay
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may conveniently "be effected on 50 - 100 aig. polysaccharide; the

oxidation mixture is homogeneous and the course of the reaction can be

followed by determination of the periodate consumption; analysis of the

formic acid release when the periodate consumption is constant, or is

equivalent to ca. 1*08 moles of periodate per an-hydroglucose unit, gives

C.L. values which are in good agreement with the values obtained by potassium

periodate oxidation or by methylation. It is normally difficult to obtain

large quantities of polysaccharide from microbiological sources and the

sodium periodate oxidation method of assay is therefore of especial value

in the examination of such polysaccharides.

Conclusions

1. The periodate oxidation of maltose involves (a) an initial oxidation

in which 4 moles of periodate are consumed and 2 moles of formic acid

produced, (b) a slower stage involving the release of a third mole of

formic acid by hydrolysis of a forrnyl ester, and (c) a fu: ther oxidation

in which 1 mole^ of periodate is consumed and 1 mole of formaldehyde

produced.

2. Under the conditions described by Rstter and Hassid (4b), oxidation

of maltose is incomplete after 2$ hours and the corresponding reagent blank

develops acidity. This prevents the accurate estimation of formic acid

produced by the oxidation.

3. The oxidation of glycogen-type polysaccharides at 2°C with a 20^

excess of periodate is generally complete after 8-11 days. The course of

the reaction may be conveniently followed by measurement of the periodate

consumption. C.L. values calculated from the formic acid release at

complete oxidation are in good agreement with values obtained by potassium
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pcriodate oxidation assay.

4* Different seniles of glycogen are oxidised, under identical

conditions, at different rates.
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Sodium Metaperiodate Oxidation of Maltose

(1) Oxidation in presence of sodium chloride (45).

The concentration of an approximately 2#> solution of recrystallised

maltose in ¥/o aqueous sodium chloride was determined, after allowing for

the mutarotation of the maltose, "by polarimetry (2 dm. tube). Aliquots

of this solution (10 ml.) were cooled to 2°C and mixed with 0*37 M - sodium

metaperiodate solution (10 ml,). A reagent blank was also prepared. The

two solutions were kept, in the dark, at 2°C. Aliquots (1 ml.) were

removed at intervals and the production of formic acid and consumption of

periodate determined (Methods 3 and A p.n ). The results are expressed

as moles per mole of maltose.

Results.

Wt. of maltose = 212 rag.

Sodium hydroxide solution = 0 • 01185 N.

Iodine solution = 0-100 N.

Formic acid release

TABLE 5

Corrected
Time Titre Blank Titre Formic Acid

(hr.) (ml.) (ml.) (moles)
(a) (b)

2 3-83 0-00 3-83 1-A6 1-A6
A A* 48 0-08 A-AO 1-71 1-68
25 5-95 0-A9 5-A6 2-27 2-08
A8 6-96 0-6A 6-32 2-66 2*42

72 8-12 0-39 7-73 3-10 2-95

- 35 -
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(a) calculated from the titre after correction for the original (2 hr.)

value of the blank.

(b) calculated from the titre after correction for the value of the

blank at time of analysis.

Periodate uptake

TABLE 6

Time Titre C.T. (a)
(hr.) (ml.) (ml.)

2 3-53 2.14

25 3*97 2*58

AS 4*02 2-63
72 4*14 2.75

Beriodate

uptake
(moles)

3*45

4*16

4*24

4*44

A second experiment gave results as shown in Table 7•

TABLE 7

Time Formic Acid Release

(hr.) (moles)

Periodate

uptake
(moles)

(a) 00 (a)

2 1.51 1*51 4*14

25 2*50 2*48 4*64
AS 2.61 2.56 4*82

72 2*93 2*92 5-06

In additional experiments the formic acid release (a), after 25 hours,

varied from 2*2 - 2*5 moles per mole of maltose, the periodate uptake (a)

being 4*2 - 4*5 moles.

At 18 - 24 hours a white precipitate formed in the reagent blank
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and, to a much lesser extent, in the maltose oxidation mixture.

(2) Examination of the reagent blank.

The following solutions were prepared and stored in the dark at 2°C.

A. 20 ml. 0»28M- sodium metaperiodate plus 20 ml. distilled water.

B. 20 ml. 0* 28M - sodium metaperiodate plus 20 ml. jfa sodium chloride
solution.

C. 20 ml. 0*28M- sodium metaperiodate plus 20 ml. 4 2$ sodium nitrate.

Aliquots (5 ml.) were removed at intervals and the pH. measured

using a glass electrode and a Pye Universal pH. meter. Portions (1 ml.)

were then added to ethylene glycol (0*5 ml.) and titrated against 0«01177N -

sodium hydroxide solution.

Results.

TABLE 8

Time A B C
(days) PH. Titre pH„ Titre pH. Titre

2 4.5 0*04 4*0 0*07 4*1 0*05

5 4*1 0*04 3*3 0*50 3*3 0*28

10 4*1 0*04 3-0 0*56 3*1 0*41

After 2 days no precipitation was observed in any solution. After

4-5 days a light precipitation occurred in B and C but not in A.

(3) Oxidation in aqueous solution.

A solution containing 0*37 M- sodium metaperiodate (10 ml.) and

maltose (200 mg., 10 ml.) was placed, together with a reagent blank, in the

dark at 2°C. Aliquots (1 ml.) were removed and analysed as before. The

reagent blank was, in this case, stable, sodium hydroxide and iodine titres

both remaining constant.
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Results are given for the above oxidation and also for a duplicate

experiment in which the formaldehyde release was estimated (Method 5 p. )

using an aliquot (2 ml.) of a solution prepared by diluting the maltose

oxidation mixture (1 ml.) with water (24 ml.) at 2°C.

Results.

TABLE 9

Time Formic Acid Beriodate Formaldehyde
(hrs.) Release Uptake Release

(1) (2) (1) (2) (2)

4 1 *7 1 »5 - 3*8

25 2»4 2.2 4'4 4-2 0.29

72 2.6 2.5 4*6 4*4 0»45

144 - 2-9 - 4*9 O.95

In further experiments the formic acid release, after 25 hours,

was 2*2 - 2*4 moles, the periodate uptake being 4'2 - 4*5 moles. After

72 hours these values were 2*6 - 2-8 moles and 4*6 - 4*8 moles respectively.

(4) Continued liberation of formic acid after addition of ethylene glycol.

Aliquots (1 ml.) were removed after 48 hours from one of the above

oxidation mixtures. After destruction of periodate with ethylene glycol

(1 ml.) these aliquots were titrated, in a stream of carbon dioxide-free

air, with sodium hydroxide using methyl red indicator. The flasks

containing the neutralised solutions were then firmly stoppered and set

aside in the dark at room temperature. Additional sodium hydroxide, to

restore neutrality, was added at intervals.
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Results.

TABLE 10

Time after addition of 20 min. 2 hr. 3 tou 24 hr.
ethylene glycol

Corrected Titre (mis.) 6*70 7*12 7*23 7*61

Formic Acid (moles). 2*56 2*74 2»81 2*98

In a second such experiment the titre increased, on standing at

room temperature for 24 hours, from 6*18 to 7*00 ml. (2*39 to 2*71 moles).

The titre of a sample removed at 72 hours from this oxidation mixture had a

corrected titre of 6*73 mis. (2-61 moles).

(5) Hydrolysis of formyl esters.

The following solutions were prepared and placed in the dark at

2°C.

A. 0*37M- Sodium Metaperiodate (10 ml.), ethyl formate (1 ml.),
0.1N - formic acid (1 ml.), water (8 ml.).

B. 0*37 M- Sodium Metaperiodate (10 ml.), propyl formate (1 ml,),
0*1 N- formic acid (1 ml.), water (8 ml.).

C. 0*37M- Sodium Metaperiodate (10 ml.), 0'1 N- formic acid (1 ml.),
water (9 ml.). (REAGENT BLANK).

Aliquots (1 ml.) were ^withdrawn at intervals into ethylene glycol

and titrated with sodium hydroxide.
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Results.

TABLE 11

Time Corrected Titfce
(days) (ml.)

A B

1 1.52 1-45

2 2.30 1-83
6 8.72 5-01

9 9.58 5-82

12 15-50 7-50

15 20-30 11-32

The titres for C remained constant.

Potassium Metaperiodate Oxidation of Glycogen (39) (42).

Glycogen (200 - 300 mg.) was dissolved in 3% potassium chloride

solution (100 ml.) in a "brown glass "bottlej 0*37M - sodium metaperiodate

solution was then added (15 ml.). A reagent blank was also prepared and

both solutions were placed on a mechanical shaker. Aliquots (10 ml.) were

removed at intervals, care being taken to include none of the solid

potassium periodate (which settled readily on standing), and the formic acid

concentration determined by titration (Method A), corrections being made for

the reagent blank and for any initial acidity of a zero time sample.

Results.

TABLE 12

Glycogen Sanple Time Formic acid C. L.
(hrs.) {%)

Rabbit liver V 240 2-27 12-5
390 2-42 11-8

Rabbit liver X 300 2.36 12-0
500 2.36 12-0

Rabbit liver XX 300 2-20 12*9
500 2-30 12-3
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TABLE 12

(Contd.)

Glycogen sample Time Formic acid C.L.

(hrs.) (*)

Tetrahymena 240 1*97 14-*5
pyrifox-mis II 390 2*08 13*7

Trichomonas 240 2*11 12*9
g&llinae II 390 2*09 13*0

Sodium Metaperiodate Oxidation of Glycogen.

0* 37 M - Sodium metaperiod&te solution (2 ml.) was added to a

solution of glycogen in water (100 mg., 2} ml.). This solution, together

with a reagent blank, was placed in the dark at 2°C. Aliquots (5 ml.)
were withdrawn, at intervals, into ethylene glycol (0*5 ml.) and the formic

acid production determined as before, corrections again being made for the

reagent blank and for any initial acidity of zero time samples.

Results are shown in Table 13-



TABLE 13

Glycogen sample Time Formic Acid C. L.
(days) {%) (glucose

residues)

Rabbit liver V 7 2*16 13*2
9 2-27 12-5

11 2*28 12*4

Rabbit liver X 11 1*38 21

13 1-41 20

Rabbit liver I 11 2'20 12*9
13 2-10 13*5

Rabbit liver XX 11 2*31 12*3
13 2*32 12*2

Rabbit liver XXI 8 2*22 12*8
12 2*22 12*8

Trichomonas gallinae II 8 2*25 12*6
12 2* 25 12*6

Tetrahymena 8 2*22 12*8
piriformis II 12 2-26 12*5

Ascaris lumbricoides 8 2*45 11*6
12 2*47 11*5

Human muscle 12 2*50 11*4
14 2-50 11*4

Cat liver VI 7 0* 84 34
9 o* 90 32

Amylopectin samples

Rice 8 1*48 18*8
10 1*48 18-8

Waxy maizestarch II 8 1 *36 20*8
10 1*38 20*5

Waxy maize starch IV 8 1*28 22*1
10 1*30 21*8

Repeated Oxidation of Cat liver VI and Rabbit liver X Glycogens.

Cat liver VI and rabbit liver X glycogens were oxidised under the

same conditions, 4 ml. 0' 37 M*» sodium metaperiodate being added to 200 mg.

glycogen in a total volume of 25 ail. Formic acid production was measured

as before j the periodate uptake was also determined by withdrawing aliquots

- 42
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(1 ml.) into standard arsenite solution (Method 3 p. il ).

Results.

TABLES 14

Sample Time Pteriodate Formic Acid C.L.

(days) Uptake {%)

Rabbit liver X 4 1«03 •» -

7 1.04 1*70 16*6

14 1*07 2*25 12*6

21 1.11 2*38 11.9

28 1.20 2-62 10*8

Cat liver VI 4 0*92 -

7 0-99 1*50 18*8

14 1 *02 4M> -

28 1»06 2*09 13*6

Oxidation at room-temperature -with increased periodate concentration.

Glycogen (200 mg.) was oxidised in the dark at room temperature with

0*37M - sodium metaperiodate (5*5 ml.) in a total volume of 20 mis. Periodate

uptake and formic acid release were determined as before. Results are given

in Table 15.

TABLE 15

Sample Time
(days)

Pteriodate

Uptake
(moles)

Formic Acid
m

C.L.

Rabbit liver X 6 1*06 2*12 13*4

8 1*08 2*39 11.9
10 1*07 2*39 11*9

15 - 2*92 9-8

Cat liverVI 6 • 1*90 17*6
9 1-04 2.05 13*8

11 <m 2*22 12-6

13 1-09 2*37 11*9

17 1*09 2*37 11 *9
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SECTION IV

THE ABSORPTION SPECTRA OF THE IODINE OOMHuSXES OF

AMrmFECTIN - GLYCOGEN THE KJLYSACCIIARIDES.

I. INTEOISJCTIQN

It is well known that iodine forms an intensely blue coloured

complex with the amylose component of starch. This has been used as a

qualitative test for starch, and forms the basis of methods of determination

of the amylose content of starch samples by coloriraetric estimation (162)

and by potentiometric titration (61). Arryiopectin and glycogen stain much

less intensely than amylose and form purple brown to yellow brown complexes.

The action of branching or debranching enzymes, which synthesis© or

hydrolyse o( - 1:6 glucosidic inter-chain linkages in starch-type polysacch¬

arides, has been followed by measurement of changes in the iodine staining

power of the substrate (62) (63) (64). For example, on incubation of amylose
CL

with yeast branching enzyme the wavelength of ckimum absorption ( A max.)

of the polysaccharide-iodine complex falls from 640 to 520 myU.. (65).
However, although there is some evidence that the Amax. of an amylose-iodine

complex is related to the chain length of the amylose (provided that the

latter does not exceed ca. 100 glucose residues)}(66), information on the
relationship between the absorption spectrum of a glycogen- cr amylopectin-

iodine complex and the degree of branching in the polysaccharide is limited.

An examination of the iodine staining power of glycogen has previously

- 44 -
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been made by Schlamowit z (67) who used several samples of rabbit liver

glycogen of apparently different chain lengths. The absorption spectrum of

the glycogen-iodine complexes were determined in 5Q?j saturated ammonium

sulphate solution under conditions in which glycogen was in excess, the

ratio (W/W) of glycogen to iodine being 256:1. Schlamowitz found that,

under these conditions, the max. of the iodine-glycogen complexes was

the same (496 m,jlx. ) for each glycogen and was independent of chain length.
However, the optical density at the \ max. (O.D. max.) was roughly

proportional to the C.L, of the glycogen sample.

A sample of oyster glycogen was also examined. The value of A max.

(56O niyu. ) differed markedly from that of the rabbit liver glycogens and
there was no proportionality in C.L. and 0. D. max. values between the

oyster glycogen and the rabbit liver samples. Schlamowitz also found that

the absorption spectrum of the iodine complex (in water) of a rabbit liver

glycogen of C.L. 23, was very different in both A max. and O.D. max. from

that of an amylopectin which apparently had the same C.L. value. The

significance of these results is lessened since C.L. values of the samples

were determined by the method of Ibtter and Hassid (45) which has since been

shown to be unreliable. It appears from the above results, however, that

absorption spectra of glycogens prepared from the same source (i.e. same

biological species) is related to the C.L. of the glycogens, and that such

absorption spectra may differ markedly from those of amylopectins. It is

possible therefore that (a) there may be a relationship between the absorption

spectra of iodine complexes of glycogens of different biological sources and

known structural features of the glycogens, and (b) the absorption spectra of

amylopectin-iodine complexes may differ in a characteristic manner from those

of glycogens.
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In the present work the absorption spectra of the iodine complexes

of several glycogens and amylopectins of known branching characteristics

have been examined. Under the conditions used (glycogen:iodine Vw ratio,

1:2) which are similar to those described by Peat and his co-workers (64)

only a few rng. of polysaccharide are required for spectral measurements.

Any relationship between the spectrum of the iodine complex and structural

features of the polysaccharide would therefore be of especial value in the

examination of axnylopectin-glycogen type polysaccharides of microbiological

origin which are often difficult to obtain in amounts sufficient for

examination by standard chemical methods. Several previously described

protozoal polysaccharides of the omylopectin-glycogen type have been

included in the present investigation.



II. DISCUSSION

The Absorption Spectra of the Iodine Complexes

in Aqueous Solution.

The absorption spectra of the iodine complexes of several samples

of glycogen, isolated from various, sources, were examined in aqueous

solution (Table 16). The spectra of glycogens isolated from the protozoa

Tetrahymena pyriformis, Trichomonas gallinae and Trichomonas foetus were

similar to those of typical animal glycogens (Digs. 5> 6 and 7)•

Drcm the collected results (Table 16) it is seen that the A max.

values of the iodine complexes of glycogens are in the region 420 - 470

m.jui. , the maximum optical density (O.D. ) values being 0» 11 - 0*37 units.
Graphical representation of these results shows that there is little or no

significant relationship between O.D. max. or A max. values and the average

exterior chain length (E.C.L.), average chain length (C.L.), or average

interior chain length (i.C.L. ) values of the glycogen samples (Digs. 8, 9).

The spectra of the iodine complexes of several amylopectins,

including two of protozoal origin, were then examined (Table 17). These

differed sharply from those of the glycogens, the A max. values of the

araylopectin complexes being in the range 510 - 54-0 myx. and having O.D.
values 0*45 - 1.22. The absorption spectra of the amylopectin component

of Chilosnonas Paramecium starch and of an amylopectin-type polysaccharide

isolated by Dr. A. E. Oxford from the holotrich ciliates of sheeps rumen were

similar to those of typical plant amylopectins.
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TABLE 16

The Iodine Staining of Glycogen.

Sarnie Aqueous Solution 5C>) ihnmonium
sulphate
solution

C.L. I.C.L. E.C.L.

Amax.

(ta.yU.)
O.D. 4 max.

(m)
O.D.

Rabbit liver VI 470 0-33 500 1 '07 18 5 12

Rabbit liver XII • • 500 1-02 17 6-5 9-5

Rabbit liver XI 470 0-36 500 0*92 16 - -

Trichomonas foetus II 445 0-37 500 1-06 15 2-5 11-5

Rabbit liver .XIII 430 0-25 480 1 >01 15 4-5 9-5

Human liver (storage
disease)

- - 480 0-95 15 4-5 9.5

Tetrahvmena pyriformis II 440 0*26 485 0-87 14 m -

Rabbit liver '54 440 0-25 480 0-99 14 3-5 9*5

Trichomonas gallinae 11 440 0-26 480 0-99 13 -

Tetrahymena pyriformis I 445 o* 32 465 0*90 13 3*5 8-5

Rabbit muscle « - 490 0»91 13 3-5 8*5

Lights (commercial sample) 460 0*11 480 1*00 13 3-5 8*5

Ascaris lumbricoides 435 0*12 480 1*07 12 3 8

Human muscle 445 0*14 460 0-59 11 5 7

Oyster 460 0*13 480 1*07 11 -

Mytilus edulis 420 0*16 450 0-77 9 2 6

Helix pomatia 425 0* 12 450 0»88 7 2 4

0-OO^
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tabu: 17

The Iodine Staining of Araylopectin

Amylopectin Aqueous solution 50% Ammonium C. L. I.C.L. E.C.L,
sample sulphate solution

Amax. O.D. /Nmax. O.D.
(m/A.) (rriM.)

Waxy sorghum
starch I 540 1*06 540 1-16 25 7*5 16*5

Waxy sorghum
starch II 535 0.96 565 1-18 25 7 17

Waxy maize
Starch I 530 1*07 530 1*18 22 6*5 14*5

Waxy maize
starch II 530 0*85 550 1*07 21 5 15

Waxy maize
starch IV 530 1*08 560 1*59 22 6 15

Chilomonas
Paramecium 540 1 • 22 545 1*38 22 5*5 15*5

Iiolotrich ciliate
530 1*14 530 1*03 22 -

Rice 510 0*45 525 0*75 19

The absorption spectra of the iodine complexes

in asu,ionium sulphate solution

The spectra of the protozoal glycogens in 25% and in 50% saturated

ammonium sulphate solution are sheen graphically (Figs. 5, 6, 7). As with

all glycogens examined, the solutions in 50, amaonium sulphate were turbid

and the glycogen-iodine complex precipitated. To minimise the error

resulting from such precipitation, the spectra of the solutions were examined
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immediately after the addition of iodine. Values of X max. of such

solutions were reproducible (i 5 m^u.) although O.D. max. values decreased

slowly with time. In water and in 25$ ammonium sulphate solution the

glycogen-iodine complexes formed clear stable solutions.

Collected results for all protozoal and animal glycogens are shown

in Table 16. From these results it is seen that A max. values in 50$

saturated ammonium sulphate are in the region of 2)50 - 500 rriyu., O.D. values
being 0-59 - 1-07 units. Graphical representation of these results shows

that there is little or no relationship between O.D. values and C.L., E. C.L.

or I.C.L. values of the samples (Figs. 8, 9)- In view of the lack of

reproducibility of the O.D. values, such a finding is not unexpected.

There is, however, a marked relationship between X max. and the

C.L. and E,C.L, values of the samples (Figs. 10, 11). The X max. values

of the arrylopectins in water appear to bear the same relationship to C.L.

and E.C.L. as do the X max. values of the glycogens in 50$ saturated

ammonium sulphate.

The absorption spectra of the amylopectins in 50$ ammonium sulphate

solution were then examined (Table 17). It was found that the effect of

ammonium sulphate on the X max. values of airylopectins was much less marked

than with glycogens, many of the Xmax. values being unaltered. As with

glycogens, O.D. values of the amylopectin complexes were increased by the

presence of ammonium sulphate.

Mathematical consideration of the results.

In view of the apparent proportionality between X max. and C.L.

and E.C.L., the various results were examined mathematically, best straight
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lines being determined by the method of least squares. The standard

deviations ( CT) were then calculated s.nd since, as can be shown statistically,

qg95/fl of the results are expected to lie within 1*645 x (T , any values outside
this range were taken to represent significant differences. The factor

1*645 x CT , is referred to hereafter as the "maximum probable error (M. P.E. )".

Using the relationships thus calculated for the glycogen samples,

theoretical values of A max. for the araylqpcctin complexes were calculated

from C.L. or E.C.L. values of the amylopectin (Table 18). The deviation

of such calculated results from the observed values of A max. of amylcpectin

complexes gives a measure of the correlation between A max. values of

amylopectin and those of glycogen.

(1) A max. versus C.L, (aqueous solution).

Best straight line:-

Amax. = 5*43 x C.L. + 401 .... equation (1)

Standard deviation, = 11*5

Maximum probable error= 18*9 t^.JUL. or 5*5 C.L. units.

The differences between A max. values for amylopectins calculated,

using equation (1), from the C.L. values of the amylopectins, and the

observed values of A max. of the amylopectin. complexes in aqueous solution

are as shown in Table 18. The mean difference, 53? is significantly larger

than the maximum probable error of 18*9? shoving that there is a significant

difference between the spectra of the complexes of glycogen in aqueous

solution and those of amylopectin in aqueous solution.



TABLE18

A

ComparisonofObservedandCalculated _Amax.ValuesforSeveralMylopectins
i

agrlopectinAmax.Amax.valuecalculatedAobs.-Ac.Aobs.-Ac.Aobs.-Ac.Xobs.-Ac sampleobservedfromequation(1)(2)(3)(4) (0(2)(3)(4)
Waxysorghum54048?477541557556313 starchI Waxysorghum535487479541541485666 starchII Waxymaize530477468525522536258 starchI Waxymaize5304734705205265760104 starchII Waxymaize530477470525526536054 starchIV" Chiloraonas54047747252553063681510 Paramecium Bolotrich530477-525-53-5 dilate

Rice510466-510-44-0 canDeviation53
62

6

5
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(2) A mas, versus E.C.L. (aqueous solution).

Best straight line:-

Amax. = 4'28 x E.C.L. + 406 equation(2).

C = 10» 8 inyx.
M.P.I. = 17*8 m.yU. or 4*2 E.C.L. units.

Mean deviation between the calculated (equation 2) and observed

values of A max. for amylopectin is 62 myx. , again showing a significant
difference between the spectra of the aqueous complexes of glycogen and

amylopectin.

(3) A max. versus C.L. (5Q/q saturated ammonium sulphate).

Best straight line:-

Amax. = 5*19 x C.L. + 411 equation (3)

CT a 7*68 rryx
M.P.E. = 12*6 my/. or 2-4 C.L. units.

The mean deviation between the calculated (equation 3) values of

A max. and those observed in aqueous solution was 6 my/. showing that there
is a significant relationship between the spectra of glycogen complexes in

50$£ ammonium sulphate, and those of amylopectin in water.

(4) A max. versus E.C.L. (in 50/q saturated aj.imonium sulphate solution).

Best straight line:-

Amax. = 7*34 x E.C.L. + 416 ..... equation (4)

C =8.16 my/.
M.P.E. = 13*4 my/, or 1*83 E.C.L. units.

The mean deviation between calculated values of A max. and those
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observed for the amylopectin complex in aqueous solution was 5 vutf* again

indicating the existance of a significant relationship between the spectra

of the iodine complexes of glycogens in 50% ammonium sulphate and of the

amylopectin complexes in aqueous solution.

The best straight line relationships between S.C. L. and C.L. values

of the samples, and the A max. values of the glycogen complexes in 50^>

ammonium sulphate and of the amylopectin complexes in aqueous solution were

therefore calculated.

(5) A max. versus O.L.

Best straight line: -

A max. a 5«51 x C.L. + 408 equation (5)

ff = 7*3 nyx.
M.P.E. = 12 m.ju. or 2-2 C.L. units.(6) \ max. versus E.C.L.

Best straight line:-

A max. = 7*87 x E.C.L. + 411 equation (6)

(T =8*6 EUJJL.
M.P.E. = 14 niy/. or 1«8 units.

The relationship between A max. and both C.L. and E.C.L. values

indicates that there is a relationship between the C.L. and the E.C.L. values

of the samples examined. Graphical representation (Pig. 10) showed that

this suggestion was correct, the best straight line (calculated as before) being:-

C.L. = 1*35 x E.C.L. +1*7 equation (7)

C = 1*3 C.L. units.

M.P.E. = 2»2 C.L. units or 1«6 E.C.L. units.
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From these results it is apparent that, in aqueous solution,

(a) there is little relationship "between C.L. or E. C.L. values and the A max.

values of the iodine complexes of glycogen, and that (b) the spectra of

araylopeetin-iodine complexes are significantly different from those of

glycogen.

In 50$ ammonium sulphate solution, however, there is a significant

proportionality between A max. values of the iodine conplexes of glycogen

and the C.L. and E.C.L. values of the polysaccharide samples. Furthermore,

there appears to be a significant relationship between such values and those

of amylopectin in aqueous solution.

IHTERHhLTATION OF RESULTS

Schlamowitz (67) has suggested that the spectrum of the polysaccharide-

iodine complex is essentially a spectrum of the free iodine molecule, and

that the changes produced by the polysaccharide on the spectrum of iodine

in water reflect alterations in the structure of the iodine molecule which

are induced by the environment into which it is now absorbed.

The iodine molecule may be considered to be a hybrid, the wave function

of whose valence bond may be expressed as the contribution of at least three

hypothetical structures, the non-polarised electrically symmetrical form I - I,

and two polarised forms I+- i' and I1- I+, in equilibrium (68) (69). Since the

valency electrons are those most apt to influence light absorption, the

relative contribution made by the various forms to the actual structure determines

the nature of the absorption spectrum of iodine. Electron donor groups (e.g.

oxygen, sulphur, basic nitrogen) may co-ordinate with the polarised forms and

stabilise them; the resultant displacement of the equilibrium among the three

forms would enhance the relative contribution of the polarised forms to the actual



state of the iodine molecule, and a change in the absorption spectrum would

occur. Fairbrother (69) has shown that such polarisation of iodine does

occur in media possessing electron donor properties and that it is accompanied

by a displacement of the absorption peak towards the shorter wavelengths,

the degree of displacement being proportional to the electron donor capacity

of the medium. This displacement towards shorter wavelengths may be

explained by a consideration of the nature of the hybrid forms. When the

iodine is free, the non-polarised of the three extreme contributing forms

predominates and the energy displacement of the valency electrons from the

ground state is minimum. As the contribution of the polarised forms

increases, there is an increase in the potential energy of the valency

electrons above the ground state. This energy displacement may be equated

with hv , where "h is HLancks constant and V the frequency of absorbed

light. The greater the energy displacement, i.e. polarisation by electron

donors, the greater the displacement of light absorption towards shorter

wavelengths (higher frequencies). Conversely, in the absence of electron

donors, when polarisation is minimum, the absorption of light by iodine should

be greatest in the red region of the spectrum, and the iodine should appear

blue or violet, Schlamowitz considers that the blue 01 violet colour shown

by iodine solutions in the presence of starch-type polysaccharides is due

to the provision, by the polysaccharide, of an environment conducive to the

existence of the iodine molecule in its free, predominantly non-polar form.

This is in accord with the view that in linear polysaccharides such as amylose,

and in the long outer chains of amylopectin, the glucose units are arranged

in coils or 'helices'. The iodine may be absorbed in these helices which,

since the hydroxyl groups are oriented outwards from the perimeter, offer an

environment for absorbed iodine which is relatively free of electron donor
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groups. As the number of turns in a helix is increased, there is a

corresponding increase in the hydrophobic nature of its core, and hence

the occulusion of water, which acts as an electron donor, is decreased.

Consequently, with increasing chain length (i.e. helix length) of the

polysaccharide, or uribranched portion thereof, not only should there be an

increase in the amount of iodine adsorbed but also the state of the

adsorbed iodine should be represented more and more by the free, predominantly

non-polarised form of the molecule. If, therefore, the outer chains of

glycogen and amylopectin are in the form of helices into which the iodine

is adsorbed, the A max. and O.D. max. of the absorption spectrum of the

iodine complex should be proportional to the average exterior chain length

(E.C.L.).

The present results show that, in 50^> ammonium sulphate solution,

there is a significant relationship between the A max. of the iodine

complex of an amylopectin or glycogen and its E.C.L. value. The experimental

observation that A max. is also related to C.L. may be explained by the

fact that, in the samples examined, C.L, values wer- proportional to E.C.L.

values. O.D. values showed little proportionality to C.L. or E.C.L. values.

This is ascribed, in part, to the experimental errors involved in the

determination of O.D.

There is, however, little relationship between A max. values of

glycogen complexes in water and the E.C.L. and C.L. values of the glycogen

sample. Furthermore. A max. and O.D. max. values of amylopectin in vater

are significantly higher than those of comparable glycogens. This indicates

that in aqueous solution glycogen is less able to absorb iodine that is

amylopectin (cf. rabbit liver VI, glycogen; C.L., 18, A max., 470 m.jx. 3

O.D. t 0*33 : rice amylopectin; C.L. 19, A max. 510 my/., O.D. , 0*49 ).
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This supports the report of Schlaraovltzs that an amylopectin absorbed much

more iodine than a glycogen of similar C.L.

The absorption of iodine by glycogen in 5051 saturated ammonium

sulphate solution is comparable to that of ainylqpectin in water.

Schlaraowits has suggested that ammonium sulphate has the effect of depleting

the core of the helix of occluded water thereby increasing the amount of

iodine absorbed (and hence the O.D. ); the diminished electron donor

capacity of the environment is then reflected in the increased A max.

values. This can explain, in part, the effect of ammonium sulphate on the

absorption spectrum of a glycogen-iodine complex. Since ammonium sulphate

has little or no effect on the A max* of amylopectin complexes, it is

necessary to postulate that the helices in amylopectin are sufficiently

hydrophobic to be free from occluded water removable by the dehydrating

effect of ammonium sulphate, the increases in O.D. being largely due to the

turbidity caused by the precipitation of the amylopectin-iodine complex.

An alternative possibility is that the helices in glycogen are not

so accessible to iodine as those in amylopectin. It has been shown that

the glycogen molecule is much more compact than that of amylopectin, and it

is possible that only those chains on the exterior of the molecule are

accessible to any appreciable amount of iodine. On this basis, however,

it would be expected that, unless the chains on the exterior of the molecule

were of much less than average length, the A max. values, which are

dependant on the electron donor capacity of the environment, should be

proportional to E.C.L. and comparable to those of ainylqpectin, O.D. values

only, being significantly different. It is difficult on the basis of

accessibility of the helix, to understand the effect of ammonium sulphate,
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and Schlamowitz's suggestion therefore appears the more probable.

Despite the observed relationship, the absorption spectrum of iodine

conplexes of amylopectins and glycogens may be influenced to some extent

by factors other than E.C. L. values. Some iodine may be adsorbed onto

the interior chains (especially with amylcpectin), molecular shape may have

some effect, and, since both Amax. and O.D. max. are dependant on the length

of the helix, A max. values obtained from samples of glycogen of identical

E.C.L. values may vary slightly depending on the distribution of the lengths

of the external chains around the average value (E.C.L. ).

Conclusions

1. The absorption spectra of glycogen-iodine complexes in water are

significantly different from those of amylqpectin, the range of values

being (a) with glycogen, A max. , 420 - 470 myx., O.D., 0*11 - 0*37, and
(b) with amylqpectin, A max., 510 - 540 myu,, O.D., 0-45 - 1*22.

2. In the presence of 50;; saturated ammonium sulphate, A max. and

O.D. max. values of the spectra of glycogen iodine complexes are increased,

the range of values being, A max., 450 - 500 m.ju., O.D., 0*59 - 1*07.
Under these conditions the spectra of amylopectin-iodine complexes are

similarly affected, although to a lesser extent.

3. Values of )\ max. of glycogen couplexes in 5QA amnronium sulphate

solution and of amylcpectin complexes in aquecms solution are related and

are proportional to the C.L. and E.C.L. values of the polysaccharides. It

is suggested that this technique may be advantageously used in the micro-

examination of amylopectin-glycogen type polysaccharides.
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Examination of the Spectra la Aqueous Solution.

Glycogen (25*0m.g.) was dissolved in water and the solution

diluted to 50 ml. in a standard flask. A portion (5 ml.) of this solution

was plaoed in a standard flask (25 ml.). 5 N - Hydrochloric acid (1 drop)

and iodine solution (0*2$ iodine in 2% potassium iodide3 2-5 ml.) were then

added and the mixture diluted to 25 ml. vdth water. The resulting coloured

solution was examined at room temperature (18°C.) against an iodine blank

in a Unicam S.P. 500 spectrophotometer, the O.D. of the solution being

determined over the range 420 - 700 myU. Results of X max. end 0. D. max.
values obtained with several amylopectins and glycogens are given in Tables

16 and 17.

Examination of the Spectra in Ammonium Sulphate Solution.

To the standard flask (25 ml.) containing glycogen or amylopectin

solution (5 ml., 2*5 m.g.) and hydrochloric acid (1 drop) was added saturated

ammonium sulphate solution (12*5 mis.) followed by iodine solution (2*5 ml.).

The coloured solution was diluted to the mark and examined as before against

ammonium sulphate-iodine blanks. X max* and O.D. max. values thus

obtained for several amylopectins and glycogens are given in Tables 16 and 17.
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SECTION V

THE IDLBCULAR STRUCTURE OF THE RESERVE BDLIBACCRAPJDE

SINTHESISED BY CHILOHDHAS PARAMECIUM

I. IHTRODHCTICE-?.

Starch, the reserve polysaccharide of most green plants, has been
detected by iodine staining in several protozoa (2). In 1939 one such

starch -was isolated from the flagellate Pblytoma (the colourless counter¬

part of Chlamydomonas) by Brftchot (8) who showed that acid hydrolysis of

the material gave glucose. Brfechot also observed that the starch was

degraded by several enzyme preparations which were also effective on typical

plant starches.

The polysaccharide synthesized by the colourless flagellate Pblytomella

coeca has been thoroughly investigated by Bourne, Stacey and Wilkinson (10)

who showed it had a starch-like constitution. Thymol fractionation yielded

amylose, and anylopectin type components, the respective amounts present in

the whole starch being 13 - 1and 84 - 87/5. The amylose fraction had a

blue value (hereafter referred to as B.V. ) of 1 «13 [potato ainylose has B.V.,
1 • 2 - 1 *5 (70)} and a /3 - amylolysis limit of 89/5. The amylopectin fraction
had B.V., 0*11 [potato amylopectin has B.V., OO6-CM6 (70)J and a ft -

amylolysis limit of 48??. The polysaccharide was thus shown to be similar

to normal plant starches. Forsyth and Hirst showed that the polysaccharides

synthesised by the ciliate Cycloposthium (18) and by the holotrich ciliates

present in sheeps rumen (20) were very similar in structure to the amylopectin

61 -
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fraction of plant starches. Mo amylose--type component «s detected in

these two polysaccharides.

In the present work the polysaccharide synthesised by the flagellate

Chilomonas Paramecium, the colourless counterpart of the photosynthetic

Cr;yptamonas, has been examin d by chemical and ensyroic methods. This

polysaccharide has been examined previously by Hutcheons and his co-workers

(9) who found that cm boiling the organisms in neutral solution a material

which gave a pure blue colour with iodine was extracted. This iodine

complex showed maximum absoiption at 625 m.^.; there was no evidence of a

second maximum at 540 myx. which is the characteristic value of amylopectins.
The dissolved material therefore appeared to be an amylose. The insoluble

residue gave a reddish-purple colour with iodine and was therefore assumed

to be an amylopectin. Heating of the organisms at 100°G. for 1 hour in

0 • 5 N - sodium hydroxide extracted a material which gave a purple blue colour

with iodine ( > max., 550 m.^.). From these res-alts it appeared that
Chilomonas Paramecium synthesises a starch-like polysaccharide. Hutcheons

estimated that the amylopectin represented more than half the starch present

although experimental details were not reported. The present work was

undertaken in order to examine in more detail the structure of the starch

and its amylose and amylopectin components.



II. DISCUSSION

The present investigation has heen carried out on a sample of

Chilomonas Paramecium starch isolated "by Dr. J. P. Byley by chloral hydrate

extraction of the whole cells. This method of extraction had been found

satisfactory in the isolation of the previously examined starch type

polysaccharides synthesised by Belytomella coeca (10), Cyclooosthium (18)

and the ciliates of sheeps rumen (20). At the time of extraction (1955)

the degradative effect of oxygen on hot starch solutions (71) was not

generally appreciated and the extraction of starch was not carried out under

anaerobic conditions.

The material thus extracted was a white amorphous powder which gave

a blue stain with iodine (B.V., 0*54} Amax., 590 m^a. ). Brper
chromatographic examination of an acid hydrolysate showed glucose to be the

only reducing sugar present. The absence of ketoses was demonstrated by

the failure of the hydrolysate to react with the acid resorcinol reagent (72).

The material contained 78*2$ glucosan, 9'7f° ash and 0«94/2 nitrogen (equivalent

to 6/fc protein). Digestion with barley /3 - amylase at pH 4* 6 resulted in

a 79% conversion into maltose. Prom these preliminary results it is apparent

that Hie polysaccharide is of the starch type. Confirmation of this was

obtained by potentiometric iodine titration which has been widely used for

the characterisation of starch-type polysaccharides (61). Results obtained

by Dr. A. W. Arbuckle were generally similar to those obtained with typical

plant starches (Pig. 12), the iodine affinity, expressed as mg. of iodine

bound per 100 mg. of starch, being 5*0 (cf. potato starch iodine affinity
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ca. 4*0). Prom a consideration of the iodine affinity or B.V. of the

amylose component the percentage of amylose present in the whole starch

can be calculated. By comparison -with values obtained from typical plant

amyloses (iodine affinity 19*2; B.V. 1 • 20) the calculated proportion of

amylose in the C. Paramecium starch is 26 - 34^*

Since ankyloses from different biological sources have varying

properties (e.g. D.P., {3 - amylolysis limit, iodine affinity) it is

necessary to examine in some detail a sample of amylose isolated from the

starch under consideration. Because of the marked, insolubility of the C,

Paramecium starch (complete solution could be effected only by shaking in

2N - sodium hydroxide for 24 hours), and the relatively low glucose and high

protein and ash contents, it was thought desirable to attempt further

purification before fractionation into the anylose and araylopectin components.

A single chloral hydrate extraction (73) carried out at 80°C. in an

atmosphere of nitrogen, was unsuccessful. The material recovered on

precipitation of the extract with acetone had a glucosan content of only

69?b whilst the insoluble residue on similar precipitation yielded a material

(63/0 containing 85';- glucosan. The two fractions were therefore combined

and stirred, in an atmosphere of nitrogen, with 0*1 N - sodium hydroxide at

100°C. for 10 minutes. The resulting solution, after being separated from

an insoluble residue by centrifugation, was neutralised with dilute sulphuric

acid and precipitated with acetone to yield 840 mg. of material - "alkali -

soluble fraction". This contained 88/,. glucosan, had an iodine affinity of

6*1 and B.V., 0.65 ( A max., 620 myU.). The insoluble residue (440 m.g.)
contained 94*5% glucosan and had an iodine affinity of 1*60 and B.V. 0*196

( Amax., 520 ra.jx. ). A partial separation into components showing marked

differences in iodine affinity and B.V. had therefore occurred. This result
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is in accord with the report of 3aum and Gilbert (74) that centrafugation

of dispersions of undamaged standi granules in cold dilute alkali effected
/

fractionation into amylose, which completely dissolved, and amylopectin

which wen insoluble.

fi - Amylalysis of tire alkali insoluble fraction resulted in a

bl$o conversion into raaltose. On oxidation with sodium nietaperiodate at

2°C. for 240 hours, 1*15k- formic acid was released, corresponding to an

average chain length (C.L. ) of 25 glucose residues. Allowing for the

presence of 14d= of amylose of D.P. 330 (see later) the production of formic

acid from the amylopectin component is 1 • 30/o; this corresponds to a C.L.

of 22. In the course of the oxidation 1-07 moles of periodate were consumed

per an^hydro-glucose unit showing the absence of 1:3 glucosyl linkages in the

starch.

(3 - Amylolysis of the alkali soluble fraction, using a (3 -

amylase preparation which contained Z - enzyme, resulted in an 81 fo conversion

into maltose. A portion of this amylose - enriched material was fractionated

into its amylose and amylopectin components by the method of Robertson and

Greenwood (75) which involves precipitation of the amylose with thymol and

subsequent purification of the amylose complex by repeated butanol precipitation.

The amylopectin fraction (80 m.g.) contained 82y glucosan. It was

considered that the relatively low glucosan content was due to the presence

in the amylopectin, which was isolated by freeze-drying the supernatant solution

from the thymol precipitation of the amylose, of much inorganic material.
\

Because of the limited amount of material this was not confirmed by determination

of the ash content. The iodine affinity, 0-05, and B.V., 0-125 ( A max.
5^-0
475 WyU*) showed that this fraction resembled typical amylopectin and was not
contaminated by any appreciable amount of amylose. The absorption spectrum
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of the iodine complex, formed under the conditions described in Section IV,

was similar to those of typical plant araylopectins (cf. Section IV).

Incubation with barley ft- amylase resulted in a 60% conversion into maltose.
The presence in the molecule of o( - 1:6 - glucosidic linkages was shown by

the increase in the ft - amylolysis limit, after pre-treatment with yeast

isoamylase (76), from 60 to 82$, The value of the ft - aaiylolysis limit of

C. Paramecium araylopectin is similar to that of typical plant amylopectins

( ft - amylolysis limit, 55 - 5/5) (77) and, in conjunction with the C.L.

value obtained from periodate oxidation studies, shows that the internal

chains average 5*6 glucose residues, the average external chain length

(E.C.L.) being 15 - 16. A comparison of the structural features of C.

Paramecium amylopeetin with amylopectins and glycogens prepared from several

plant, animal, and microbiological sources is given in Table 19* It is

evident that C. Paramecium amylopectin differs markedly in branching properties

from the reserve polysaccharides of T. foetus, T. yallinae and T. piriformis

and closely reseiiibles the amylopectin-type polysaccliarides synthesised by

Cycloposthium, the holotrich ciliates of sheeps rumen, and by waxy maize.

The anylose fraction of the starch (120 mg., 97/5 glucosan) gave an

intense blue stain with iodine. The B.V., 0*98 ( X max. , 620 m^..), was
lower than that of typical amyloses ["potato amylose B.V., 1-2 - 1*5; A max.,

620 - 650 UlyU' (70)] as was the iodine affinity of 10*6 ^potato anylose
iodine affinity, 19*2 (6l)J. These low values could be due either to the

presence in the amylose sample of an appreciable amount of contaminating

anylopectin or to abnormalities in the molecular structure of the anylose.

It has been observed (78) (79) (80) that satisfactory fractionation of certain

cereal starches is much more difficult to achieve than the fractionation of

potato starch. It was found (80) that two cereal starches prepared from



TABLE19

Propertiesof/auylooectin-GlycogenTypePolysaccharidesIsolatedFromVariousSources
Property

Source

xallinae

[cst]o(water)+197° Wo(N-NaOH) Iodineyellow- colourationblown
B.V.

TrichomonasTrichomonasTetrahvxnenaRabbitDunaliellaCvclo-ilolotrichIblytomellaChiloraonasV/axy foetuspiriformisliverbioculataposthiumciliatescoecaParameciummaize +199 yellow- brawn

+195 yellow- brown

+198° +169° red- brown

+169

+154 purple 005

+171" red- purple 0-10

+160

+157

+212 +153

0-11

purplered-
purple

0-13

/3-Amylolysis51 limit

60

44

45

60

48

60

54

C.L. E.G.L. I.C.L.

6-7 1-2

15 11-12 2-3

13 8-9 3-4

13 8-9 3-4

18 13-14 3-4

22-2421-22

22 15-16 5-6

22 14-15 6-7



THE RELATIONSHIP BETWEEN THE SPECIFIC VISCOSITY

AND THE CONCENTRATION OF CHILOMONRS PARAMECIUM AMYLOSE



"wheat and oat flour were extremely difficult to disperse prior to

conventional, fractionation using precipitants. Amylose samples prepared

from such dispersions had iodine affinity values of as little as 13*7-

Aqueous leaching of the starch granule at 70°C. and 98°G. gave samples

having the highest iodine affinities (oat amylose, 19*1, 18*0, : wheat

amylose 17*8, 15*8). It was observed, however, that one sample of oat

amylose, which had an initial iodine affinity of 11*0 on repeated precipit¬

ation vdth butanol gave a material having an iodine affinity of 16*8. It

is suggested that the low iodine affinities are due to the presence in the

amylose of large amounts of amylopectin,

On digestion with barley (3 - amylase (containing Z enzyme), C.

Paramecium amylose was hydrolysed to maltose {95%) * With purified soya

bean {3 - amylase (which did not contain Z enzyme) the /3 - amylolysis

limit v/as 90/o, showing that the number of Z - labile linkages present was

very much smaller than in typical potato amyloses which are hydrolysed to

only ca. 70%> when digested with pure ft - amylase (77) (82). The failure

of the barley enzyme to bring about complete degradation may be due to the

presence in the amylose of a maximum of ca. 12?o amylopectin impurity. This

can not account fully for the low iodine affinity of the amylose and it is

probable that the C. Paramecium amylose differs in some respect (e.g. D.P.)

from potato amylose.

The degree of polymerisation (D. P. ) of the 0. Paramecium amylose,

calculated from the limiting viscosity number, [ftj] , by the relationship
D. P. = 7*4 x Cj] (81), was 330. D,P. values of potato amylose

prepared under carefully controlled conditions are in the range 1000-5000 (81).

Although several amyloses from other sources have been found to have D. P.

values of ca. 500 (77)- It has been observed (82) that the amylose fraction
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of starch tends to be degraded by chloral hydrate. It seems probable that

the low D.P. is not a property of the native £. Paramecium anylose but is

the result of inadvertent degradation during the extraction.

The amylose content of the original starch and of the various

fractions may be calculated from iodine affinity values of each fraction and

of the pure amylose. Similar, though less accurate, estimations can be made

by comparison of B.V. or ft - amylclysis limit of the various fractions and of

the pure amylose and amylopectin. Such calculations may be made on the

basis that

(a) the amylose fraction was pure (iodine affinity, 10*6; B.V. 0*98;

/S - aroylolysis limit 9b),

or
(b) the amylose ms contaminated by 12$ amylopectin (for pure amylose,

therefore, iodine affinity is 12*0; B.V., 1*10, p - amylolysis limit, 100).

Results thus obtained are listed in Table 20.

TABLE 20

Sample % Amylose calculated from

(1) Iodine Affinity
(a) (b)

B.V.
(b) (a)

/5 - limit
(b)

Whole starch 47 42 43 42 43 38

Alkali insoluble
fraction

15 13 8 7 11 10

Alkali soluble 58 51 62 54 60 53
fraction

The values obtained from potentiometric iodine titration are the

most accurate. The amount of amylose in the original starch is therefore

45 - 5/?. This is a much higher proportion of amylose than, is present in
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most plant starches ( ca. 25% (83) ), although starches from beans, peas,

and related seeds contain 30 - 68/° aigylose (83).

Of the three protozoal starch-type polysaccharides which have been

previously investigated, that from the flagellate Bolytomella coeca contained

13 - 16?- amylose whereas in those from Cycloposthinm and the ciliates of

sheep's rumen no amylose could be detected. There is, however, a close

structural resemblance among the amylopectins synthesized by these latter

protozoa and by waxy maize. It has been shown that the degree of branching

in synthetic (in vitro) axrylopectins is dependant on the relative amounts of

phosphorylose and Q- enzyme present in the digest (84). In view of the

similar branching properties of waxy maize starch and C. Paramecium amylo-

pectin it seems probable that the ratio of phosphcrylase to Q enzyme in waxy

maize is similar to that in C. Paramecium. This being so it is of very-

great interest that a large amount of amylose (45/'°) is present in 0.

Paramecium. starch while waxy maize is virtually free of amylose. The in

vitro syntheses of amylose and of amylopectin throw no light on the problem

of how these two components are synthesised in the same starch granule.

The suggestion (70) that, in the granule, the enzyme molecules became

surrounded by their products of synthesis which thai prevent the free

movement of the enzymes, can account for the presence of amylose and amylo¬

pectin in the same granule. In this case it might be expected that a high

proportion of Q~ enzyme would give rise not only to a highly branched

amylopectin but also to a lav proportion of amylose. In fact, however,

there does not appear to be any correlation between the branching properties

of the amylqpectin and the amount of amylose present. An alternative

mechanism has been proposed by Whelan (70) who suggests that the starch

synthesising system may contain two caipartments separated by a semi-permeable
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membrane. In one compartment amylopectin is synthesised from iaaltotetraose

or maltqpentaose by the successive actions of D- and Q- enzymes. The

glucose which results from the disproportionation of the oligosaccharides

then diffuses through the membrane and is converted into glucose - 1 - phosphate

which, in the presence of a primer, e.g. maltotetraose, then undergoes

phosphorylation to give amylose. On this hypothesis, waxy maize starch

granules should possess no membrane system. Much work remains to be done,

however, before any explanation can with confidence be proposed.

Conclusions.

1. A sample of starch from Chilomonas Paramecium has been examined and

found to be generally similar to typical plant starches.

2. The amount of amylose present is greater than in most plant

starches.

3. The araylose component has been isolated and found to differ in iodine

affinity and B.V. from typical anyloses. It is suggested that these

differences are due, in part, to the low D.P. (330) of the sample. It is

probable that this low D.P. is not a property of the natural amylose but was

caused by inadvertent degradation during the extraction.

4. The anylopectin component has been found to be similar in properties

to typical plant amylopectin.



III. EXPERIMENTAL.

The senile of starch examined was prepared by Dr. J. P. Ryley.

Pure cultures of C. Paramecium were grown in the dark at 25 - 30°C. in 2 1.

flasks containing 1*5 1. of aqueous medium composed of 0*1^ sodium acetate

and 0-1% Oxoid brand "Lab - Leiaco" beef extract at pH 6 - 6»5« The starch

was isolated from the cells by extraction with chloral hydrate (73) followed

by acetone precipitation. Contaminating chloral hydrate was removed by

extraction of the starch, in a soxhlet apparatus, with methanol followed by

ether.

Examination of the Whole Starch

1 • Complete acid hydrolysis.

Chromatographic examination of the complete acid hydrolysate

(solvent (l)j spray (1)) showed glucose to be the only reducing sugar present.

2. Reaction with acid - resorcinol reagent (72).

The reagent consists of copper sulphate decahydrate (45 mg.), water

(50 ml.), glycerol (A.R., 130 g.) and concentrated hydrochloric acid (100 ml.).

Carbohydrate (10 mg.) was heated with the reagent (5 ml.) and resorcinol

(0-45?c w/v in water; 1 ml.) for 12 minutes on a boiling water bath. The

solution was then cooled and the light absorption measured using a Spekker

absorptiometer at 520 myi, A graph of m.g. carbohydrate against light
absorption gave straight lines of the following slopes.
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Fructose

Maltose

Soluble Starch

C. Paramecium

3-0 scale divisions / m.g. fructose
0«016 " " " / m.g. glucose
0*014 " " " / m.g. glucose
0.Q11 « " » / " «

starch

It is concluded that fructose is not a constituent of 0. Paramecium

starch since the reaction is less than that of maltose.

3> Glucose content.

The starch (9*44 m.g.) when hydrolysed by the method of Pirt and

Whelan (85) gave glucose (8*15 m.g. ), equivalent to 78*4$> glucosan.

4. Ash content.

The starch (18*73 m.g.) gave ash (1 • 81 m.g.) equivalent to 9*7^.

5. Protein nitrogen.

On analysis (method 6) the starch (47*9 m.g.) gave a Spekker

absorptiometer reading of 0*090 equivalent to 0*45 m.g. nitrogen or

protein.

6. Specific rotation.

The starch (53*8 m.g.) was moistened with alcohol and shaken over¬

night with 2 N - sodium hydroxide (5 ml.) in a standard flask (10 ml.). The

solution was diluted to 10 mis. with water and the optical rotation measured

and found to be 0*66° equivalent to + 157°.*-
>

7« Digestion with /3 - amylase.

The preparation of /3 -amylase used was a commercial preparation

purchased from the Wallerstein Laboratories (New York); it was free from
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maltase and - amylase but contained Z enzyme since it could hyclrolyse a

true amylose ft - limit dextrin. The enzyme powder had an activity of

108 units per m.g. determined by Hbbson, Yfhelan and Beats' method (86).

The starch (12-29 m.g.) was dissolved in 2N- sodium hydroxide

solution (5 ml.) in a standard flask (25 ml.). The solution was neutralised

(phenolphthalein indicator) with sulphuric acid. 0*2 M- acetate buffer

(5 ml., pH 4*6) and /3 - amylase solution (6 m.g., 648 units; 2 ml.) were

added, the solution made to 25 ml. with water and incubated at 37°C.

Aliquots (5 ml.) were removed at intervals and the reducing power determined

using the Somogyi reagent. The reducing power (which was constant at 24

hours incubation) was equivalent to the production of 7*60 m.g. maltose.

The ft - amylolysis limit was therefore 75^.

8. Determination of B.V. (162)

The dry sample (10 - 15 m.g.) contained in a standard flask (10 ml.)

was dissolved in 2N - sodium hydroxide (2 ml.) and the solution diluted to

10 ml. with water. Aliquots (1 ml.) were removed and the starch concentration

determined by quantitative acid hydrolysis. A volume (4-5 ml.) of

solution containing 5 m.g. starch was introduced into a standard flask (500 ml.)

the volume being made up to 100 ml. with water. 3 N - Hydrochloric acid

(0«5 ml.) was added followed by a solution of 0«2J:S iodine in 2/ potassium

iodide (5 ml.). The solution was diluted to 500 ml, and the light absorption

measured, against a reagent blank, in a Spekker absorptiometer using 4 cm.

cells and red '600' filters. The wavelength of maximum light absorption

was found by examination of this solution using a Unicam S.P. 600 spectro¬

photometer (1 cm. cells).

Results:- B.V., 0*54.
A max., 590 myr.
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9. fbtentiometric iodine titration.

The iodine "binding power of this and subsequent samples was

quantitatively determined by Dr. A. W. Arbuckle, using the potenticanetric

iodine titration method described by Anderson and Greenwood (61).

Results are shown graphically (Fig. 12).

Extraction with Chloral Hydrate (75).

The starch (1*6 g.) was placed in a three-necked flask (250 ml.) and

maintained with stirring at 80°C. for 1 hour in 33$> aqueous chloral hydrate

solution (100 ml.) under an atmosphere of nitrogen. The gelatinous residue

was collected by centrifugation and extracted with two further portions

(50 ml.) of chloral hydrate solution. The combined extracts were filtered

through a sintered glass crucible (porosity 3) and injected in a fine stream

into acetone (2 vols.). The resulting flocculent precipitate was collected

and dried with acetone and ether. The last traces of chloral hydrate were

removed by extraction in a Soxhlet apparatus with acetone and then ether.

Yield of ether dry material, 560 m.g. Glucosan content 6<$. On similar
' v.# • .

precipitation the gelatinous residue yielded 969 m.g. material, which contained

85^ glucosan.

Extraction with Sodium Hydroxide.

The combined fractions from the chloral hydrate extraction (1•5 g.)

were stirred for 10 minutes at 100°C. with 0«1K - sodium hydroxide in an

atmosphere of nitrogen. After cooling and neutralisation (dilute sulphuric

acid, phenolphthalein indicator) an insoluble gelatinous residue was removed

by centrifugation. Acetone precipitation of the solution yielded 840 m.g.

material - "alkali soluble fraction". Precipitation of the insoluble
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residue gave 440 m.g. of "alkali insoluble fraction".

Properties of the Alkali Insoluble Fraction

Found: -

94glucosan

2*7$ ash

B.V. , 0-196 j >s max., 520 m^u.
Iodine Affinity, 1*60.

Periodate Oxidation,

Alkali insoluble starch (160 m.g.) was moistened with alcohol and

shaken overnight with 2N - sodium hydroxide (10 ml.) in a standard flask

(25 ml.). The solution was neutralised with sulphuric acid (methyl red

indicator) and 20 mis. of solution (equivalent to 121*2 m.g. glucosan)

pipetted into a standard flask (25 ml.). Sodium metaperiodate solution

(3 ml., 8/0) was added together with water to 25 ml. A periodate blank was

also prepared. Both reaction mixtures were placed in the dark at 2°C.j
aliquot portions were removed at intervals and the release of formic acid

and uptake of periodate determined.

Results: Sodium hydroxide solution, 0-0102 N.
Iodine solution. 0*0905 N.

(®0 Formic acid release.

Samples (3 nil.) were taken and excess periodate neutralised by the

addition of ethylene glycol (0*5 ml.).
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TABLE 20

Time Digest Titre Blank Titre Corrected Formic Acid *
(days) (ml.) Titre production

W

0 0*04 0*00 0*00 •

7 0-34 0*00 0*30 0*966
10 0*40 0.00 0*36 1*16

12 0*39 0-00 0*35 1*13

X
expressed as m.g, formic acid/100 m.g. polysaccharide,

(b) Periodate uptake.

Samples (2 ml*) were removed and added to arsenate (5 ml.) and

sodium bicarbonate (1*5 g.)• Excess arsenite was determined by back

titration with iodine.

TABLS 21

Time Digest Titre Blank Titre Corrected Periodate X
(days) (ml.) (ml.) Titre Uptake

(ml.)

7 3* 22 4*60 1* 38 1*04

10 3*18 4*60 1*42 1*07

12 3*18 4*60 1-42 1-07

x
expressed as moles periodate consumed per anhydro glucose unit.

A - Amylolysis ■

Alkali insoluble starch (15*4 m.g. glucosan) was incubated with

barley /3 - amylase as before. The ^ - amylolysis limit was
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Properties of the Alkali Soluble Fraction.

Found: -
glucosan content 88$
ash content 5*9$
B.V., 0*65 ( X max., 620 m.yu.).
fi m amylolysis limit, 81$

Iodine affinity, 6*1.

Fractionation of the Alkali Soluble Material.

Starch (500 m.g.) was suspended in water (20 ml.) and added to

vigorously stirred boiling water (65 ml.) in an atmosphere of nitrogen. The

mixture was boiled for 20 minutes and then allowed to cool. The insoluble

residue was removed by centrifugation. The solution was heated to 60°C.,

powdered thymol (1*5 g-) was added and the mixture stirred at 60°C. for 30

minutes and then kept at room temperature for 3 clays. The thymol complex

was removed by centrifugation and the supernatant solution freese-dried to

give amylopectin. This was heated under reflux with methanol in a Soxhlet

apparatus to remove thymol, redissolved and freese-dried. The thymol

complex was directly dispersed in boiling water (50 ml., under nitrogen),

re-distilled butanol (5 ml.) added and the mixture stirred at 95°C. for 30

minutes and allowed to cool slowly to room tenperature. The butanol complex

was removed by centrifugation. This was purified by two further precipitations
\

with butanol and the ariose 'crystallised' by stirring with butanol.

Yield:- aiqylose, 129 m.g-> amylopectin, 80 m.g.

Properties of the Amylopectin Fraction.

Found
glucosan content, 82$

S^-o
B.V., 0*125 ( X max., m./x.)

fS> - amylolysis limit, 60$
Iodine affinity, 0*09.
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Action of iso amylase,

Yeast iso arqylase was prepared by Miss Zeenat Gunja using the

method described by Manners and Khin Maung (76) (87).

Amylopectin (9*78 m.g.) was dissolved in 0«2N - sodium hydroxide

(2 ml.), neutralised, 0-2 M- acetate buffer (5 ml., pH 5*8) was added followed

iso amylase (10 m.g., 2 ml.). The digest was maintained at room

terrperature for 18 hours and the enzyme then inactivated by heating for 3

minutes at 100°G. After cooling, barley /3 - amylase (5 m.g., 1 ml.) was

added, the volume made to 25 ml., and incubated at 35°C. for 36 hours.

Before sampling, precipitated protein was removed by centrifugation. 6.98

m.g. maltose was produced equivalent to a /I - amylolysis limit of

JProperties of the Arc/lose Fraction

Bound.- Glucose content, 97?=

B.V., 0*98 ( X max., 645 )
Iodine affinity, 10*6.

/3 ~ amylolysis

(a) Barley & - amylase.

Amylose (10*35 m.g.) was incubated with barley /? - amylase as before.

The f3 - amylolysis limit was 95?= •

(b) Soya-bean /3- amylase.

Pure soya bean p> - amylase was prepared by Dr. I. D. Planing using
the method of Peat, Firt and Whelan (88); it was free from - amylase and

Z enzyme and had only negligible maltase activity.

Amylose (18*45 m.g.) was dissolved in 0«2M- acetate buffer (5 ml.,

pH. 4*6) and soya bean - amylase (0*1 ml., 1000 units) added, the solution
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made to 25 nil, and incubated at 35°C. for 24 hours. 17°0 m.g. Maltose was

produced equivalent to a (3 - araylolysis limit of 9Cf/o.

Viscometric Determination.

Araylose (35 m.g.) was dissolved by shaking overnight in 0«2M -

potassium hydroxide (15 ml.). The solution was then filtered through a

sintered glass crucible (porosity 4). This solution (13 ml.) was added "by

pipette down tube A of a modified Ubbelho&e viscometer (Fig. 14) which was

clamped firmly in a vertical position on a brass stand and placed in a bath

thermostatically controlled at 25 i 0-001 °C. After allowing the solution

to come to temperature equilibrium (20 minutes) tube B was closed with a

ground glass stopper and pressure was applied at the top of A, thus trans-

faring a quantity of liquid to the bulbs above capillary tube C (0*4 m.m.)
The pressure was then released, the stoppers removed, and the time required

for the liquid level to pass two marks (one above and one below D) was

measured. A stop watch, reading to 0*02 sec. was used and the flow time

of the solution taken as the mean of two such observations.

Dilutions were made in situ, given volumes of solvent being added

by pipette down tube A, and the solution mixed by blowing gently down tube

B a number of times. The flow time of the pure solvent was also determined.

The concentration of amylose was determined by acid hydrolysis of the

filtered solution.
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TABLE 22

C

(g./ml.)
T To T . To T - To x 1

To C

0-00218 716*56
0-00157 695*78
0-00123 684*45

646-37 70-19 49*81

646-37 49*41 48*68
646-37 38*08 47*89

C is concentration of amylose (g./ml.)
T is flow time of solution (sees.)
To is flow time of solvent (sees.)

The specific viscosity, *1 , is Riven by T - To
I sp. To

0 is known as the Viscosity Number and by extrapolation of the
"ianil mm

C

number i J is obtained. This latter is characteristic of the polymer

solution and from it the molecular weight of the polymer can be obtained.

It has been shown (81) that for amylose, D.P. = £*J J K 7*4.

Prom the graph (Pig. 13)>

graph. against C. to zero concentration, the limiting viscosity

[*?:)= 45*4

and hence D.P. = 335



SECTION VI

A PRELHVHNARY exaewation of tie b3lysacohakidss

SUNTHESISED BY OCHROMONAS MAIHAMKNSIS.

I. INTRODUCTION.

Ochromonas aalhamensis is a free-living flagellate which is found

in fresh and brackish water. It is a chrysooonad and is related to the

brown algae. It possesses a yellow photosynthetic pigment and is a

facultative phagotroph, capable of growth and reproduction in the dark (89).

A considerable volume of work has recently been done on the metabolism of

this organism which possesses highly specific requirements for vitamin B-] 2*

In view of this, cultures of Ochromonas raalhamensia have been used in the

biological assay of vitamin B 12 (90) (100),

In the present work an examination has been made of polysaccharide

material isolated from the cells by aqueous extraction.
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II. DISCUSSION.

The materials obtained from Dr. Ryley were prepared by ethanolic

precipitation of hot-water extracts of cells of Ochroiaonas malhamensis which

had been grown in daylight. Two such samples were examined and a report is

given below of the purification and structural investigation of these

samples. The results obtained from periodate oxidation studies are

expressed, unless otherwise stated, in moles of formaldehyde or formic acid

produced, or of periodate consumed, per monosaccharide residue

Sample I

This material was stirred with cold water, centrifuged, and ethanol

added to the supernatant solution. The resulting precipitate was purified

by repeated solution in water, centrifugation and precipitation with ethanol

to yield a buff coloured powder which was readily soluble in water, giving

a yellow-brown opalescent solution. Chromatographic examination of an acid

hydrolysate showed the presence of glucose, smaller amounts of galactose and

mannose, and a trace of xylose. The powder contained 79$ polysaccharide

(calculated as glucosan from the reducing power of the acid hydrolysate),

3ash and 13*3$ protein. A partial acid hydrolysate contained, in addition

to monosaccharides, sugars having the same chromatographic mobility as

laminaribiose and laminaritriose. The presence of a proportion of 1:3 -

glycosidic linkages was also indicated by the consumption, on complete

oxidation, of only 0*34 moles of periodate.

An attempt to remove the contaminating protein by shaking a solution
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of the material with toluene was only partially successful! the material

recovered after this procedure had been repeated twelve times still contained

5"7% protein.

Successful separations of polysaccharides by precipitation with

Cetavlon (cetyl trimethyl ammonium bromide) have been reported (101) and a

solution of the polysaccharide material was therefore treated with Cetavlon

in an attempt to separate the polysaccharide components. A brown precipitate,

an acid hydrolysate of which contained traces of galactose, glucose and

mannose in approximately equal amounts, was removed by centrifugation.

Polysaccharide material was then isolated from the supernatant solution by

the addition of ethanol. The resultant white powder, which contained 90-/1

polysaccharide (calculated as before), 1 "0> ash and 4*8^ protein, was readily

soluble in water giving a clear colourless solution. Piper chromatography

of an acid hydrolysate showed that the same monosaccharides were present as

before. Visual comparison indicated that same of the galactose-containing

material had been preferentially precipitated by the Cetavlon.

On partial acid hydrolysis, oligosaccharides having the same

chromatographic mobility as standards of laminaribiose, laminaritriose and

laminaritetraose were produced together with higher, related oligosaccharides.

No other oligosaccharides could be detected by paper chromatography. The

same series of oligosaccharides were formed on digestion of the polysaccharide

with an endo- /3 - glucosida.se preparation prepared from Cladophora rupestis

(102) by Dr. W. A. M. Duncan. Apart from the monosaccharides present, the

chromatograms obtained from the above hydrolysates were identical to those

obtained on similar treatment of laminarin. This indicates the presence

of a large proportion of /3 — 1:3 — glucosidic linkages in 0. malhamensis

polysaccharide. On incubation of 0. malhamensis polysaccharide with almond
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emulsin (an exo- ft - glucosioase) prepared by Dr. F. B. Anderson (103),
faint traces of glucose only could be detected. Laminarin was also only

slightly hydrolysed under these conditions.

Since visual estimation indicated that the glucose present in the

acid hydrolysate represented only ca, 75f° of the total reducing sugars

present, various methods of purification were attempted:-

(1) It was found that the material did not form a copper complex when

mixed with Fehlings solution.

(2) An aqueous solution of the polysaccharide at pH. 5*0 was mixed with

Cetavlon solution. On raising the pH. to 9*0 a precipitate foimed. This

was removed by centrifugation and the material remaining in solution was

recovered by precipitation with ethanol. Chromatographic examination of

the acid hydrolysates showed that the proportion of monosaccharides present

was approximately the same in each fraction.

(3) Acetone was slowly added to an aqueous solution of the polysaccharide

and the resulting precipitates were removed by centrifugation, hydrolysed

and examined chromatographically. The first fraction contained galactose,

glucose and raamose in the ratio 2:1:1, the second and third fractions

contained little or no galactose, a trace of xylose, and glucose and raannose

in the ratio .

From the above results it is apparent tnat fractionation into

different polysaccharide components has been achieved only by the use of

acetone,

In order to follow such fractionations quantitatively, it was necessary

to find a method of determination of the individual sugars present. It was

considered that methods involving the paper chromatographic separation of



the monosacchaidd.es prior to quantitative analysis would he inaccurate

since the separation of glucose and mannose is incomplete, for example, the

Eg. value of mannose in solvent 1 is 1*15. A method involving the
\

quantitative and selective destruction of glucose present in a hydrolysate

was therefore employed. This was effected "by the use of a commercial

preparation of the highly specific glucose oxidase (104). In control

experiments using solutions containing glucose (8Cy) and mannose (20/j), it

was found that the destruction of glucose, under the conditions employed,

was complete in ca. 30 hours. The amounts of glucose and mannose present

were then calculated from the reducing powers (Somogyi reagent) at aero

time and on complete oxidation (30 - 48 hour's). Values thus obtained for

the amount of glucose present were 102 - 104* of theoretical, that for

mannose being $6% theoretical. These results are satisfactory and this

method has therefore been employed for the estimation of the glucose and

mannose present in acid hydrolysates of the various polysaccharide fractions.

In the results quoted below, no correction is made for the slight oxidation

of mannose since this is of the same order as experimental error.

The remainder of the purified Sample 1 material (2*0 g.) was dissolved

in water and fractionally precipitated with acetone. The first fraction

(445 m.g.) contained galactose and slightly smaller amounts of glucose and

mannose; the second (771 m.g.) contained glucose, a little mannose, and a

trace of galactose. Fraction 3, which contained glucose, a little mannose

and a trace of xylose, was dissolved in water and precipitated with acetone

to yield two fractions, the first of which (fraction 3A) was free from xylose.

On analysis as above, fraction 2 was found to contain 71 *0)£ anhydro-glucose

and 11 *1^d anhydro-mannose; sample 3A contained 77*9% anhydro-glucose and

11*3% anhydro-marmose. Since the proportion of glucose to raannose was
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approximately the same, these two fractions were combined and dialysed

against distilled water to yield 770 m.g. of material (fraction 4).

This fraction contained 84' 1% anhydro-glueose and 12*2fo anhydro-

mannose, the total reducing sugar content thus being 96*9^* The R. P.

(relative to laminaribiose) was 63, + (c» ^ mter)*

A portion of fraction 4 was oxidised with sodium metaperiodate at

2°G. (cf. Section HI). The production of formic acid after six days

oxidation was 0*078 moles. The oxidation mixture was then brought to room

temperature and stored in the dark for a further two days. The formic acid

release at this time was 0*081 moles showing that the primary oxidation was

complete. The periodate uptake after six and eight days was 0*17 and 0.18

moles respectively. In a duplicate experiment at 2°C., the formic acid

release after seven and nine days oxidation was 0*080 and 0*085 moles

respectively, the periodate uptake being 0*16 and 0*18 moles. The

formaldehyde release was also measured; this was constant after seven to

nine days and amounted to 0*029 moles. A portion of fraction 4 was then

oxidised with excess periodate at 35°C. in 0*05M- phosphate buffer pH.

8*0 (105). The formaldehyde production was constant after 18 hours oxidation

and amounted to 0*53 moles.

Sample 2

A second sarrple (8*0 g.) was obtained from Dr. Ryley, and was purified

by aqueous extraction and Cetavlon precipitation as before to yield a white

powder (5*6 g.). Fractional acetone precipitation of this gave three

fractions. Fraction A (1*91 g. ) contained ahhydro-glucose (56*9$), anhydro-

galactose and anhydro-mannose (ca. 11 *7%). Fraction B (2*90 g. ) contained

anhydro-glucose (73'5%), anhydro-mannose (8*6??) and a very faint trace of
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galactose. Fraction C (0*31 g.) contained anhydro-glucose (62*1/'"), anhydro-

maniiose (11*3??) and a trace of -xylose. The ratio of glucose to mannose in

fraction B (100:12) was approximately the same as that in fraction 4 of

sample 1 (100:14) and. it was considered that no greater separation could be

effected by acetone fractionation.

A portion of fraction B (500 m,g,) was dispersed in forroamid®j

pyridine and acetic anhydr3.de were added. The resulting acetate was

recovered by pouring the mixture into ice-water, dissolved in chloroform

and px-ecipitated with petroleum ether (106). The resultant write powder

(480 m.g.) had an acetyl content (107) of 41/3 L°0t>j" 59*3° ~n chloroform.
Attempts to fractionate the polysaccharide acetate were not successful. After

fractionation of a chloroform solution of the acetate with petroleum ether,

deacetylation (barium methoxide) gave two polysaccharide fractions which on

further purification were found to contain:- fraction 1, 82*Vfi. anhydro-

glucose, 9*5/2 anhydro-mannose; fraction 2, 80*9?? anhydro-glucose, 9*7/2

anhydro-mannose.

Fraction B (2*0 g.) was then dissolved in water and frs.ctions.lly

precipitated with acetone. The first fraction "B1" (0*23 g.) contained

anhydro-glucose (73*6??) and anhydro-martnose (8*5; *) > a small amount of

galactose was also present. The second fraction contained anhydro-glucose

(78*2$) and anhydro-mannose (8*8??) only. This latter fraction was dialysed

against distilled water, filtered through asbestos, and precipitated with

ethanol to yield a whit© powder "fraction D" (1*05 g.) containing 85*1%

anhydro-glucose and 10*2,! anhydro iaannose, This hid [,°<-30;+ 9*1° in water,
and R.P., 63 (laminaribiose standard). On chromatographic examination of

a partial acid hydrolysate only oligosaccharides belonging -to the

laminaribiose series could be detected.
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A portion of fraction D was oxidised with potassium metaperiodate

at room temperature. It is apparent from the graph of the formic acid

release (Pig. 15) that overoxidation occurs after 4-5 days. Similar

overoxidaticn has been noticed v/ith soluble l&n&narln (103). Extra¬

polation of the linear portion of the graph gave a value of 0-078 moles for

the formic acid release.

A sample was then oxidised at room temperature with a limited

excess of periodate (cf. Section III). The formic acid release was 0-082

after 24 hours oxidation. Extrapolation of the linear portion of the graph

gave a value of 0*078 moles formic acid. Laminarin is likewise fully

oxidised after 24 hours (103) (108). After 24 hours the formaldehyde

release was 0*025 moles, the periodate uptake being 0*15 moles. The

periodate-oxidised material was then recovered by precipitation with ethanol.

Chromatographic examination of an acid hydrolysate showed the presence of

mannose and glucose. On overoxidation of fraction D, 0*52 moles of

formaldehyde were produced.

Correlation of results.

The above results show that a heterogeneous mixture of polysaccharides

is sunthesised by Ochromonas malhamensis. In the present work, a partial

separation has been effected into a fraction containing galactose, glucose

and mannose and a fraction containing glucose and mannose. The proportion

of mannose present in this latter fraction could not be reduced below ca. 11%.

Chromatographic examination of an acid hydrolysate of this material failed

to show the presence of oligosaccharides other than those belonging to the

laminaribiose series. Since mannose and glucose have similar- chromatographic

mobilities it is probable that any oligosaccharides produced which contained
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mannose would have the same chromatographic mobility as the laMnarisaccharides.

It is not known therefore whether tlie polysaccharide material is u physical

mixture of a mannan and a gluoan 02' whether it is a glucoraannan. The

products of partial acidic and enaymic hydrolysis show the presence of a

large proportion of fi - 1:3 - glucosidic linkages. The low value of the
specific rotation of the polysaccharide and of its acetate are also

indicative of (3 - glycosidic linkages. That these linkages are 1:3 is also

shown by the low value of the periodate uptake.

Before considering the results of periodate oxidation, a short

consideration of the action of 1:3 - linked aldohexosans is here given. In

a molecule composed entirely of 1:3 - linked aidonexopyranose residues, the

non-terminal residues do not possess the - glycol groupings necessary

for Malapra&ian oxidation. Normal oxidation is therefore confined to the

terminal residues. Oxidation of tire non-reducing end groups of such a

molecule may be represented as in reaction (i), fig. 16a. In this reaction,

two moles of periodate are consumed; one mole of formic acid and a stable

dialdehyde (i) are produced. Oxidation of a reducing end group may be

represented as in Pig. 16b. These reactions may be described as (ii) a

normal Malapradian oxidation of <* - glycol groups giving rise to a formyl

ester (ilj; (iii) a hydrolysis of (il) yielding formic acid anJan <X - glycol

structure (ill)j (iv) and (v) Malapradian oxidation of (ill) in which

formaldehyde and, in turn, formic acid are liberated with the formation of

a raalondialdehyde type structure (V) via structure (IV); (vi) oxidation of

the activated hydrogen atom in (V) giving rise to structure (VI) which is

susceptible to further oxidation by periodate. This oxidation of malon-

d±aldehyde is termed, "overoxidation". The rate of overoxidation is greatly

dependant on pH. and temperature (105)5 sodium metaperiodate buffered at
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pH. 8 as oxidant at 35° provides optimum conditions for reaction (vl) and

further oxidation to take place. linear aldo-hexose polymers containing

1:3- and 1:4- glycosidic linkages produce the necessary active intermediate,

and, under the above conditions, should "be completely oxidised, the

oxidation being a step-wise process from the reducing end-group. "Over-

oxidation" of such linear polymers therefore results in the production of

1 mole of formaldehyde per monosaccharide residue. In the case of 1:6 -

linked aldohexose residues, a malondialdehyde type structure is not

produced (structure XI, reaction (vii), Fig. 16c); consequently step-wise

degradation of such polysaccharides is inhibited whenever such a 1:6 -

linkage is encountered in the chain. In a 1:3 - linked aldohexos&n

containing branch points at C6, the linear IfJ - linked chain is succeptible

to ovezoxidation although the side chains are not; reactions (vii) - (ix),

Fig. 16c.

The rote of crveroxidation may be very greatly reduced by the use of

potassium periodate as oxidant. Under these conditions, values for formalde¬

hyde and formic acid release on total primary oxidation may be obtained;

reactions (i) - (v), Fig. 16, Snail errors due to cveroxidation may be

corrected by extrapolation of the linear- portion of graph, moles product

against time. Alternatively, a limited excess of sodium metaperiodate in

the absence of sunlight may be used (cf. Section in). These oxidation

conditions have been satisfactorily used in structural studies on laminarin

(103) (108).

The results obtained fr-om the periodate oxidation of the purified

fractions of sample 1 and sample 2 are very similar. The formaldehyde

liberated on complete primary oxidation -was 0*026 (fraction D) and 0*029

(fraction 4) moles. On the assumption that each polysaccharide molecule



contains one normal free reducing group, and that each gives rise to one

mole of formaldehyde, this corresponds to a D.P. of 40 - 36. The release

of formic acid from the end-groups of a linear 1:3- linked aldo-hexosan of

D.P. 40 - 36 would "be equivalent to 0*075 - 0*083 moles per anhydro-hexose

unit. This is in good agreement with the experimental values obtained

from both fractions of 0*078 - 0*083 moles. The periodate uptake (ca. 0*17

moles) is also in fair agreement with the theoretical value for such a

linear molecule (0*13 - 0*14- moles).

However, on overoxidation the production of formaldehyde was 0*52 -

0*53 moles shewing that a second type of linkage is present in the molecule.

There are at least two possibilities, (a) an anomalous linkage may be present

in the molecule, or (b) one half of the molecules may be terminated at the

potential reducing end, by a 1:6 - linked hexose residue or some other

polyhydric compound. The yield of formaldehyde was similar to that

observed with laminarin; in this latter polysaccharide, ca. 50}o of the

molecules are terminated by 1:6 - linked mannitol residues (108). It was

not, however, possible to detect mannitol by paper chromatography in the

hydrolysate of Ochromonas Malhamensis polysaccharide.

This preliminary investigation has provided the first evidence for

the presence of fi - 1:3 - glucosidic linkages in a protozoal polysaccharide.
This finding is of considerable biological interest, these linkages having

been previously found only in polysaccharides isolated from the simpler

organisms, e.g. glucan from bakers yeast (109), laminarin from brown algae

(110), callose from grape vine (111) and pachyman from a Japanese fungus. (112).

Several structural features of the Ochromonas malhamensis

polysaccharide have still to be determined. Periodate oxidation studies on

the reduced polysaccharide would be highly informative. Methylation studies
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would afford a measure of the average chain length and would give an

indication of any branching or anomalous linkages. Finally, the location

of the second sugar, which is as yet only tentatively identified as mannose

by paper chromatography, could be investigated.

Conclusions

1. Qchromonas malhamensis synthesises a heterogeneous mixture of water-

soluble polysaccharides containing glucose, galactose and mannose.

2. This mixture has been fractionated into components containing

(i) galactose, glucose and a little mannose, and (ii) glucose and mannose.

3. The fraction containing glucose and mannose has been examined

chemically. The proportion of mannose present could not be reduced below

11%, No evidence was obtained to show whether these sugars were present

in the same molecule.

4. The optical rotation of the polysaccharide and the derived acetate

indicates the presence of ^ - glycosidic linkages. Beriodate oxidation
studies showed that this linkage was predominantly 1:3. The products of

enzymie and acid hydrolysis show the presence, in the molecule, of repeating

fi - 1:3 - glucosidic linkages.

5. The formaldehyde and formic acid production on total primary periodate

oxidation suggest that one possible structure for the polysaccharide is an

essentially linear molecule composed of ca. 40 /3- 1:3 - linked anhydro-

hexose units. However, the results of overoxidation with periodate indicate

the presence of a second type of linkage, the identity and location of which

is, as yet, unknown.



III. BXHRIMEKTAL.

The samples of polysaccharide material were isolated by Dr. J. F.

Ryley as follows:- pure culture of Ochromonas malhamensis were grown in

daylight at 28°C. in 2 1. flasks containing 1*5 !• of aqueous medium

pH. 6*0, 0*1$ glucose, 0*1$ "Oxoid" brand peptone and 01$ Evans brand

"Hepamino" liver extract The cells were harvested after 7 days and

three volumes of ethanol were added to an aqueous extract.

Sample 1.

The material was stirred in water (1*5$ solution) for 1 hour and the

insoluble residue was then removed by centrifugation. The polysaccharides

were precipitated by the addition of ethanol (3 vols.) redissolved in water,

centrifuged and re-precipitated from solution with ethanol. This was

repeated to yield a buff coloured material.

Found: reducing sugar content (as glucose) 79$; ash, 3*^$; protein

nitrogen, 2*08$.

Baper chromatographic examination of the total acid hydrolysate

(Solvent 1, Spray 1 and 2) showed that the monosaccharides present had the

same chromatographic mobility and colour reaction with aniline oxalate as

the reference sugars D - galactose, D - glucose, D - mannose, and D - xylose.

The amount of glucose in the hydrolysate was greater than that of galactose

or mannose which were present in approximately equal proportions. Xylose

was present in trace amounts only.

•» *

I
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Periodate Oxidation.

20 Ml. of solution containing 2*89 m.g. polysaccharide / ml.

(concentration determined by acid hydrolysis) were added to 3'5% sodium

metaperiodate solution (6*7 ml.) and the mixture placed, together with a

reagent blank, in the dark at 2°C.

Aliquots (5 ml.) were removed at intervals into ethylene glycol and

titrated against 0«01177N - sodium hydroxide. The corrected titre, which

was constant at 2 - 4 days was 0-46 ml. corresponding to a formic acid

production of 0*081 moles.

The periodate uptake (method 3) after 4 days oxidation was 0*34 moles.

Attempted Deproteinisation.

The material was dissolved in 0* 1 M - sodium chloride solution and

shaken mechanically in a stoppered glass bottle with freshly distilled toluene.

After 24 hours the solution was centrifuged. The precipitated protein

collected at the water-toluene interface and the aqueous solution was

removed by suction. The deproteinisation was repeated 12 times. The

opalescent aqueous solution, which was yellow-brown in colour, was then

precipitated with ethanol (3 vols.).

Found: - protein nitrogen, 0895&.

Cetavlon Precipitation.

The material (4*0 g.) was dissolved in water (200 ml.) and 3%

Cetavlon solution (100 ml.) added slowly with stirring. A brown precipitate

was removed by centrifugation and to the supernatant solution ethanol (3 vols.)

was added. Cetavlon was removed from the precipitate by a further six

ethanol precipitations to yield a white powder (2*29 g.).
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Paper chromatographic examination of the total acid hydrolysate

showed that a little of the galactose had been removed} the proportions

of glucose, mannose and xylose present were the same as before.

Pound;» reducing sugar content (as glucose), 90$; ash., 1*9$5

protein nitrogen, 0-75$, 15° (C, 0*3 in water).

Partial acid hydrolysis.

The polysaccharide (10 m.g.) was heated at 100°C. in 0*5N - sulphuric

acid for 1*5 hours. Chromatographic examination (Solvent 1, 2; Spray 1, 2)

showed the presence, in addition to glucose, galactose, mannose, and traces

of xylose, of sugars having the sane mobilities as standards of laminaribiose,

laminar!triose and laminar!tetraose. The R.g. values of these sugars were

(a) in solvent 1:- 0*75, 0*52, 0*33> 0*23,

(b) in solvent 2t» 0*81, 0*56, 0*38, 0*28.

R.g. values (solvent 2) quoted by Beat, Whelan and Lawley (113) were:-

larainaribiose, 0*80; laminaritriose, 0*57} laminaritetraose, 0*40;

laminaripentaose, 0*28.

'Qualitative enz.ymic hydrolysis.

A solution of the polysaccharide (0*5 ml., 10 m.g.) was incubated for

2 days with a /3 - glueosidase preparation (10 m.g.) from Cladophora rupestis

prepared by Dr. W. A. M. Duncan. Chromatographic examination as before

showed the presence of glucose, mannose, laminaribiose, laminaritriose,

laminaritetraose, and higher sugars. Similar hydrolysis of laminarin gave

oligosaccharides having identical mobilities.

On similar incubation with almond emulsin, prepared by Dr. P. B.

Anderson, only faint traces of glucose could be detected.
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Attempted purification,

The following methods were used:-

(a) Copper complex!ng.

Fehlings solution (5 ml.) was added to an aqueous solution of the

polysaccharide (10 ml., 180 m.g.) and the mixture stirred for 1 hour and

allowed to stand. Ho precipitation occurred,

(b) Cetavlon precipitation at varying pH. values.

solution (90 ml.) containing 0*2M- acetate buffer (10 ml.), pH. 5*0.

0•2M- Borate buffer was then added slowly with stirring. No precipitation

occurred until the pH. of the solution reached 9*0. At this pH. a

considerable precipitate formed which was removed by centrifugation, dissolved

in water and re-precipitated \>?ith ethanol. Ethanol was then added to the

remaining mixed buffer solution and the resulting precipitate collected by

centrifugation, dissolved in water, and re-precipitated. Both fractions

were then hydrolysed and examined chromatographycally (Solvent 1, Spray 2).

The proportions of monosaccharides present were the same.

(c) Acetone fractionation.

Acetone was added slowly, with stirring, to a solution of the

polysaccharide in water (100 m.g., 50 ml.). Precipitates were removed at

intervals, hydrolysed, and examined chromatographically.

A sample of the polysaccharide (100 m.g.) was dissolved in a

Volume of Acetone
(ml.)

■Approximate proportions of sugars present
(visual estimation)

50

80

150

Galactose, glucose, mannose (2:1:1)
Glucose, mannose (5:1) trace xylose

Glucose, mannose (5:1) trace xylose.
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Estimation of the amount of each sugar present in mixtures of glucose and

mannose.

An aqueous solution of glucose (10 ml., 20*1 m.g.) was mixed with

mannose solution (3 nil., 5-6 m.g.) in a standard flask (25 ml.). A

solution (5 ml., 75 m.g.) of a commercial preparation of glucose oxidase

("Deeo" enzyme system, Takamine Co. ) was then added and the solution

diluted to 25 ml. with water and incubated at 35°C. Samples (ca. 6 ml.)

were removed at intervals and heated in a stoppered centrifuge tube, at

100°C. for 3 minutes. The cooled solution was then shaken and the

precipitated protein removed by centrifugation. The reducing sugar

content of aliquots (2 ml.) of the supernatant solution was determined by

the Somogyl reagent.

Besults.

TABLE 23

Time Titre T.D. - T.D. Glucose
Difference

0 t
destruction

(hr.) (ml.) (ml.) %

0 7-07 -

3 3-03 4*04 72

5 2*66 4*41 79

30 1*24 5*83 104

48 1*22 5*85 104

Chromatographic examination of the solution after 48 hours (Solvent 1,

Spray 2) showed that mannose was the only reducing sugar present.

A similar oxidation mixture was set up containing glucose (20*1 m.g.)
and mannose (2*36 m.g.).



Results.

TABLE 24

Time Titre T.D.o - T.D.t
Difference

Glucose
destruction

(hr.) (ml.) (ml.)

0 6*29
12 3*11 3*18
30 0*56 5*73

48 0-55 5-74

56
102

102

The amount of each sugar present, determined by titration after

thirty hours oxidation is thusi-

Acetone fractionation.

The polysaccharide (2*0 g.) was dissolved in vater (700 ml.)

containing approximately 0'5 g. ammonium acetate. Acetone was added

slowly with stirring. The precipitates were removed by centrifugation,

dissolved in water, re-precipitated and dried with alcohol and ether. A

portion of each precipitate was hydrolysed and examined chromatographically:

the weight of each fraction and the sugars present in the hydrolysate are

shown below.

glucose, 20»5 m.g. (102$> theoretical)

mannose, 2*26 m.g. (96% theoretical)

Volume of acetone
added (ml.)

7eight of fraction Ilonosaccharides present
(m.g.)

(1) 800

(2) 1000 771 glucose (++), mannose (+)
galactose (t)
glucose (++), mannose (+),
xylose (+).

(3) 2800 723
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Precipitate (3) was redissolved in water (200 ml.) and precipitated

with acetone (600 ml,) to yield a material (400 m.g.) which was free from

xylose (Precipitate (3A)).

The reducing sugar contents of fractions (2) and (3A) were then

determined by total acid hydrolysis and subsequent destruction of the

glucose using glucose oxidase as described above.

Wei^it of Titre Difference at (hrs.)
Practical

0 30 L£

Fraction 2

(22*94 m.g.) 5*71 0*67 0*71

Fraction 3

(24*99 m.g.) 6*81 0*77 0*80

Sample (2) thus contains 71'Ofo glucose and 11*1% mannose. Sample

(3A) contains 77*9$ glucose and 11*3$ raannose.

These two fractions were combined and dialysed (3 days) against

distilled water. (A control experiment had previously shown that 98$ of

the polysaccharide was retained on dialysis). A slight brown precipitate

was removed by centrifugation followed by filtration through an asbestos

pad. The solution was then precipitated with ethanol to yield 770 m.g.

material - fraction (4).

On analysis as above, this fraction was found to contain 84*7$

glucose and 12*2^5 mannose. The reducing power, determined by the Somogyi

reagent, corresponded to 1 reducing group per 63 anhyaro-glucose residues

(laminaribiose standard).

Sodium metaperiodate oxidation of fraction (4).

Fraction (4) (249*0 m.g.) was dissolved in water and diluted to
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25 ml. in a standard flask. The optical rotation of this solution was

measured: -

[cx]oj+ 10.8° (0., 1*0} 1, 2)

An aliquot (20 ml.) of the above solution was placed in a standard

flask (100 ml.). 6*i$ sodium metaperiodate solution (4 ml.) was added and

the mixture diluted to 100 ml. This solution, together with a reagent

blank, was placed in the dark at 2°C. Aliquots were removed at intervals

and analysed as below,

(a) Formic acid release.

Aliquots (10 ml.) were withdrawn into ethylene glycol and titrated

with 0*0102N - sodium hydroxide.

TABLE 25

Time Titre Blank Corrected Formic Acid
Titre

(days) (ml.) (ml.) (ml.) (moles)

0 0*04 0*00 0*00 -

2 0*72 0*00 0*68 0*0580

7 0*98 0*00 0*94 0*0802

9 1*04 0*00 1*00 0*0853

The average value of the production of formic acid after 7-9 days

oxidation corresponds to 1 mole per 12 hexose units.

(b) Bsriodate uptake.

Aliquots (5 ml.) were removed at 7 and 9 days and the periodate

uptake determined by titration with 0*0965N - iodine solution. The titre

differences were 0*20 and 0*23 ml. corresponding to a periodate uptake of

0*16 and 0*18 moles respectively.
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(c) Formaldehyde release.

Altquota (2 ml.) were analysed by the ferricyanlde method (method 5).

The absorption value, which was constant between 7 and 9 days, corresponded

to a formaldehyde production of 0*029 moles, i.e. 1 mole per 34*5 hexose

residues.

In a second experiment using i95"1 ®»g* of fraction 4, the oxidation

was allowed to proceed in the dark at 2°G. for 6 days. Aliquots were

analysed and. the oxidation mixture was then stored in the dark at room

temperature for a further 2 days.

Results.

Time (days) 368

Formic acid (moles) 0*063 0*078 0*081

Periodate uptake (moles) 0-13 0*17 0*18

The average value of the formic acid release at 6 - 8 days

corresponds to 1 mole formic acid per 12*6 hexose residues.

Qveroxidation of fraction 4.

A solution of fraction 4 (2 mis., 9*68 m.g.) was treated at 35°C.
with 0*3 M- sodium metaperiodate solution (2 ml.) and 0*1 M- phosphate

buffer (12 ml., pH. 8) in a total volume of 25 ml. A reagent blank was

also prepared. Sanples (2 ml.) analysed at intervals showed that the

production of formaldehyde (estimated by method 5) was constant after

oxidation for 18 hours and aiaounted to 0-53 moles per anhydro-glucose unit.

The residual polysaccharide was stable, even after 4 days oxidation, under

these conditions.
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Sample 2

Purification and Acetone Fractionation.

This sample (8 g.) was purified by aqueous extraction and Cetavlon

precipitation as before to yield a white powder (5*6 g-) • This was

dissolved in water ( 1 1.) containing ammonium acetate (0*5 g. )• Acetone

was added slowly with stirring. The resulting precipitates were collected

by centrifugation, dissolved in water, filtered through an asbestos pad and

reprecipitated with alcohol. Portions of the dried precipitates were then

hydrolysed and examined chromatographically.

Volume of Acetone Fraction Weight Sugars present in

(ml.) (g.) hydrolyeate
1,200 A 1*908 Galactose, glucose,

mannose.

1,600 B 2*897 Glucose, mannose,
trace galactose.

3,500 C 0*311 Gluoose, mannose,
trace xylose.

Proportion of glucose and raannose in the fractions.

The amounts of glucose and mannose (or mannose plus galactose) were

determined as above

Fraction A contained 56*9(2 glucose and 11*7$ galactose plus mannose

(estimated as mannose).

Fraction B contained 73*5% glucose and 8*6/2 mannose.

Fraction C contained 62*1^0 glucose and 11*3/2 mannose.
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Preparation and fractionation of the acetate.

Fraction B (500 m.g.) was dispersed in fonnamide (5 ml.) in a round

bottomed flask (50 ml.). pyridine (10 ml.) and acetic anhydride (4 ml.)

were added and the mixture shaken in the dark for 4 days. The solution

was then poured into ice-water (500 ml.) with stirring. After 2 hours,

the supernatant solution was removed by centrifugation. The acetate was

stirred with water (200 ml.) which was again removed by centrifugation. The

acetate was washed with water a further three times and finally collected on

a sintered glass crucible. Adhering water was removed by suction and the

acetate was dried over phosphorous pentoxide. Chloroform (100 ml.), in

which the dry acetate was readily soluble, was then passed through the

crucible under gentle suction and the acetate recovered by precipitation with

petroleum ether (3. P. 80 - 100°C., 3 vols.). Yield, 480 m.g., [°0 0 .

- 59-3° (C. 0*9, in chloroform).

A portion of the acetate (29'00 m.g.) was added to water (3 ml.) and

acetone (15 ml.) in a conical flask (100 ml.). After solution of the

acetate by gentle warming, 0*0500 N-sodium hydroxide (15 ml.) was added and

the mixture shaken for 36 hours. 0*05 N - Sulphuric acid (15 ml.) was then

added and the solution back titrated with O'OJOON- sodium hydroxide

(phenolphthalein indicator). A similarly treated reagent blank was titrated

in the same way.

Results.

Corrected titre = 5*55 ml.

Percentage acetyl groups = 5*55 x 0*050 x 4*3
25M5O

■ 41 • 2#.

The acetate (400 m.g.) was dissolved in chloroform (20 ml.) and
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petroleum ether (B.P. 80 - 100°) was added slowly with stirring. Fractions

were collected after the addition of 30 ml. (240 m.g.) and 60 ml. (140 m.g.)

of petroleum ether.

The fractions were then dissolved in 50 - 50 mixtures of dry

chloroform and dry methanol (10 ml.) and a solution of "barium oxide in dry

methanol (2-3 drops) added. The solutions were left at 2°C. for 24 hours.

Two drops were then withdrawn into water (0*5 ml.) containing phenolphthalein

indicator. Both solutions gave an alkaline reaction showing that barium

oxide was in excess. The precipitated polysaccharides were collected by

centrifugation. dissolved in water and precipitated with ethanol. Samples

of each fraction were incubated with glucose oxidase as before. The amounts

of glucose and mannose present were: -

Fraction 1s 9'5% mannose, 82-1% glucose.

Fraction 2: 9'7% mannose, 80• 9$ glucose.

Re-fractionation of fraction B.

Fraction B (2*0 g.) was dissolved in water (500 ml.) containing a

little ammonium acetate. Acetone was added as before and the resulting

precipitates collected by centrifugation.

Volume of Acetone Fraction Yield % Glucose % Mannose

(ml.) (g.)

750 B 0* 23 73*6 8*5

1500 B 1.24 78-2 8-8

Fraction B was dissolved in water and dialysed for 3 days against

distilled water. The solution was then filtered through an asbestos pad

and precipitated with ethanol to yield a white powder (1 - 05 g.) hereafter

referred to as fraction D.
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Found:- glucose content, 85*1$; mannose content, 102$j

M#+ 9*1 (C. 0*4 in water); reducing power, 63.

Bsriodate Oxidation of Fraction D.

(1) Oxidation -with potassium metaperiodate.

To a solution (20 ml.) containing 183*7 m.g. fraction B were added

5$ potassium chloride solution (15 ml.) and 0-3M- sodium metaperiodate

solution (20 ml.). The mixture was shaken in the dark at room temperature.

Aliquota (5 ml.) were removed at intervals and the formic acid production

measured as before.

Results.

TABLE 26

Time Corrected Titre Formic Acid
(days) (ml*) (moles)

3 0*80 0-0785

5 0*92 0.0908

7 0*96 0.0950

9 1*01 0*0998

Extrapolation of the linear part of the graph (Fig. 15) gives a

value for the formic acid release on total primary oxidation of 0-078 moles.

This corresponds to 1 mole per 12*8 hexose residues.

(2) Sodium metaperiodate oxidation.

0«3M- Sodium metaperiodate solution (8 ml.) was added to a

solution containing 195*7 m.g. fraction D. The solution was diluted to

100 ml. with water and placed, together with a reagent blank, in the dark

at room temperature. Aliquots were analysed at intervals.
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Results

TABLE 27

Time (hrs.) 2 5 24 48

Ronnie Acid release 0*0386 0*0574 0*0817 0*0855
(moles)

Beriodate uptake
(moles)

Beriodate 0*153 0*169

Formaldehyde release
(moles)

0*017 0*025 0*027

Extrapolation of the linear part of the graph (Fig. 15) gives a

value for the formic acid release of 0*078 moles, i.e. 1 mole per 12*8 hexose

residues.

Qveroxidation

On oxidation at pH. 8*0 with excess sodium met&periodate, 0*52 moles

formaldehyde were liberated per anhyaro-hexose residue.

Attempted Detection of Non-Reducing Sugars.

(1) A total acid hydrolysate of fraction D (10 m.g.) was examined,

after neutralisation with barium carbonate, by paper chromatography (solvent

3, spray 3). Glucose and mannose were the only substances which could be

detected. On similar examination of laminarin, mannitol was readily

detected (108).

(2) A similar neutralised acid hydrolysate (1 ml., ca. 5 m.g.) was

incubated with glucose oxidase (ca. 25 m.g.) at 37° C. for 48 hours. On

chromatographic examination (solvent 1 and 3, sprays 1, 2 and 3) of the

solution after deproteinisation, mannose was the only substance which could

be detected. This experiment characterises the major monosaccharide

conponent as D- glucose.



SECTION VII

STUDIES OP THE TRANSOLYCOSYLASE ACTIVITY

OP CEII. - PRSS EXTRACTS OF TETRAHYNTKA. FYRIPORMIS.

I. INTRODUCTION.

Tetrahymena p.yriformis is a free living ciliate coiariionly found in

fresh water ponds. The first bacteria-free culture of If pyriformis (then

known as Glaucoma piriformis) was isolated by Lwoff in 1 923 (114). Since

then, and especially since it was found possible to grow cultures of T.

pyriforrais in synthetic media (115) (116), the metabolism of the organism

has been extensively investigated. Such studies are also facilitated by

the high rate of growth and reproduction. Several review articles have been

published on the metabolism, growth, nutrition, specific enzyme activity,

and genetics of this ciliate (117) (118) (119) (120) (121). It has been

shown to synthesise, and to store as a food reserve, large quantities

(ca. 22% on a dry weight basis) of a polysaccharide which is closely similar

to a typical animal glycogen (15) • Ryley has investigated the enzyme

systems responsible for the synthesis of this polysaccharide (16); cell

free extracts of the organism were found to possess succinic and lactic

dehydrogenases, aldolase, hexokinase, oxoisomerase, phosphoglucormitase and

phosphorylase activities indicating that the synthesis of glycogen may take

place as shown in Scheme 1 (p. 10 ). Amylase and maltase activities were

also detected.

108 -
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Recent investigations have shown that a number of enzymes which

normally catalyse the hydrolytic or phosphorolytic breakdown of carbohydrates

can, under certain conditions, catalyse the transfer of a monosaccharide

residue from a carbohydrate molecule to an acceptor. In the present work,

it was found that one such transferase system was present in cell free

extracts of Tetrahymena piriformis; an account of an examination of this

system is given in this section.

This type of reaction may be represented by the general equation:-

D - O.R + H - 0. A D - 0. A + H-O.R...

Donor substrate Acceptor substrate ... equation 1.

where D represents the residue which is transferred.

The molecule H - O.A may be an alcohol or a carbohydrate. Hydrolases

may also be regarded as members of a group of transferring-enzymes having

highly specific requirements for the acceptor substrate which, in this case,

is water.

Miwa and Takano, using cell free extracts of green leaves, were able

to effect the transfer of a glucose residue from an aryl glucoside to an

alcohol (122) (123). In the course of purification studies they observed

that the hydrolase and transglycosylase activity appeared to be die to the

same enzyme. It seems probable that in many cases these activities are due

to the same enzyme, the final equilibrium being dependant on the concentration

of reactants.

Rabate (1935) was the first to recognise that certain hydrolases

could catalyse reactions of the above type (equation 1) where D is a glycosyl

residue and R and A are alkyl or aryl radicals, or a chain of one or more

sugar residues (124). These enzymes have been referred to as "transferases",
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"transglycosidases" or "transglycosylases". It was originally believed

that the reaction, involved the transfer of a glycosidic (D.O. ) radical. It

has, however, been shown by isotqpic studies with e.g. sucrose phosphorylase

(125), invertase (126) and almond emulsin (127) that the transfer involves

the glucosyl (D) and not the glucosidic (D.O. ) radical. The term

"transglycosylase" is therefore now used to describe such enzymes.

It is of interest to note that, in most reactions which proceed

according to equation 1, the configuration of the glycosidic linkage is

unaltered. For example, sucrose phosphorylase reversibly transfers a

glucosyl unit from glucose - 1 - phosphate to fructose, forming sucrose,

in which the glucose is still in the <x- form. If the group D.O.R. is split

into D + O.K. as the result of a nucleqphilic attack on D.O.R. it would be

expected that inversion of the configuration (Walden inversion) would result.

It lias, however, been shown that some substitution reactions of this type

which proceed with retention of configuration do, in fact, consist of two

successive reactions both of which involve Walden inversions (128) (129).

A similar mechanism, as shown in equations 2 and 3> has been suggested to account

for the retention of configuration in transglycosylation reactions (130) (131)

(132) (133).

D - O.K. + H - Enzyme ,—* D - Enzyme + K • O.R equation 2

D - Enzyme + H - O.A. ^s D - O.A. + H - Enzyme .... equation 3.

The synthesis of oligosaccharides has been reported from maltose

(134) (135) (136) (137) (138) (139)S sucrose (140) (141) (142), isomaltose

(137) (143) and. cellobiose (137) (144) (145) (146). In similar syntheses,

using disaccharides as donor substrate and amino sugars or pentoses as

acceptor molecules (146) (147) (148), the resulting glucosyl derivatives have
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been identified by chromatographic and chemical methods.

Stacey (147) has suggested that plant gums and dextrans may be

farmed in vivo by the cross-linking of oligosaccharides synthesised by

transglycosyl&tion reactions. It is possible also that the maltosaccharides

required as primers for phosphozylase action (149) (150) (151) and as

substrate for D - enzyme, which is itself a transglycosylase (152) (153)

(154)j are synthesised in this manner.

This section contains an account of the qualitative demonstration of

hydrolase and transglycosylase activities in cell-free extracts of T.

pyriformis and of the separation, on a large scale, of the oligosaccharides

synthesised from maltose by such extracts.

The specificity requirements of the enzyme system for donor and

acceptor substrates has been investigated by incubation of the cell free

extract with concentrated solutions of various individual mono- and di-

saccharides and with concentrated solutions containing equal quantities of

maltose and various monosaccharides.



II. DISCUSSION,

A pure culture of letrahymena pyrifonals was obtained from Dr. Eyley

and large scale cultures prepared, the cells being harvested after 6 days

growth. Freeze-cLrying of the cells in 0*1 M - citrate buffer pH 6*0

disrupted the cell membrane and cell-free extracts were prepared by

centrifugation of an aqueous extract of the freeze-dried cells. These

extracts were then freeze-dried to provide the "enzyme powders" used in the

subsequent experiments. Chromatographic examination of aqueous solutions

of such powders showed, that a trace of glucose was the only reducing sugar

present; the amount of this did not increase on autolysis indicating that

any glycogen present was completely hydrolysed during the aqueous extraction

of the freeze-elided cells.

Portions of the enzyme powder were incubated vdth dilute solutions

of various carbohydrates. It was found that maltose, iscmaltose, panose,

inaltotriose, methyl - °< - glucoside, glucose - 1 - phosphate, cellobiose,

sucrose and starch wexe readily hydrolysed but that lactose was not attadced.

In view of the considerable - glucosidase activity of the extract it was

considered probable that the enzymes present would catalyse the transfer of

glucose from - linked glucosides and oligosaccharides to various acceptor

substrates. Initial experiments using glucose itself as the donor

substrate failed to produce transglucosylation to other glucose molecules,

i.e. to effect the enzymic polymerisation of glucose. In this respect the

T. pyriformis enzymes differ from those of almond emulsin (155) and

Aspergillius niger (156) which can synthesise disaccharides from glucose.

112 -
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From this it would appear that any transferase activity present in the T.

piriformis extract does not effect the addition of glucose molecules to the

acceptor via a glucose-enzyme conplex intermediate but rather that the latter

will be of the glucosyl-enzyme type.

Enzyme Synthesis of Oligosaccharides by Transglucos,ylation from Maltose.

Oligosaccharides containing - 1:4 and <x - 1:6 glucosidic linkages

have been produced by transglucosylation using maltose as substrate by

various enzyme preparations as shown in Table 28.

TABID 28

Oligosaccharides Reference

Isomaltose, isomaltotriose, panose, (136)
6 ^ - <x _ isomaltosylmaltose

Isomaltose, isomaltotriose, panose. (138)

Isomaltose, isomaltotriose, panose, (134)
6 ^ - o< _ isomaltosylnaltose.

Maltotriose, higher oligosaccharides (135)

Maltotriose, maltotetraose (139)

Isomaltose. oaltotriose, panose (157)

Isomaltose, maltotriose, panose, (137)
. 3
6 - - glucosyl-maltotriose,
maltotetraose.

Isomaltose, maltotriose, panose,

6 - - glucosyl-maltotriose.

In the present investigation a cell free extract of Ih pyriformis

Biological source

Bgncicilliurn chrysogenum

Q 176

Aspergillus niger (strain
152)

Aspergillus oryzae

Escherichia coli

Rat liver

Brewers yeast

Cladophora rupestis

Tetrahymena pyriformis
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(hereafter called T.P. enzyme) was examined qualitatively for transglucosylase

activity using maltose as "botii the donor and the acceptor substrate. The

disaccharide (as a 2Cf/c solution) was incubated with the enzyme preparation

at 35°C. at pH. 6'0 (by virtue of the buffer present in the enzyme powder)}

samples were removed at intervals and the reducing sugars present examined

by paper chromatography. After two days incubation, in addition to glucose

and maltose, carbohydrates having the same mobilities as maltotriose and

panose were present together with traces of other sugars which had lower

mobilities than maltotriose. After four days incubation, a faint trace of

a sugar having the same mobility as isomaltose was present together with

increased quantities of m&itotriooe and panose. It was found that the

enzyxaic synthesis reached a maxim*® after ca. 10 days at which time large

quantities of glucose, maltose, isomaltose, maltotriose and panose were

present, A small proportion of sugars having lower chromatographic mobilities

(Table 30? p. 122 ) were also detected, The oligosaccharides were not

synthesised by purely chemical means since they were not produced in an

identical digest containing glucose and maltose together with heat-inactivated

enzyme.

In order to identify the products of enzyme action and hence postulate

a possible reaction mechanism, a large scale digest (containing ca. 30 g.

maltose; 20% solution) was prepared. The ensyraic action was terminated

after 10 days incubation and the sugars separated by use of a charcoal -

Celite column. Table 29 gives the approximate yield and identity of the

oligosaccharides produced.
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TABLE 29

Sugar Approx. Yield {%)
Maltose 11*5

Isamaltose 5*7

Panose 9* 8

Maltotriose 10* 8

,3 + n6 ex. - glucosyl - maltotriose 1 • 8

Unidentified ^ 1*5

+
Nomenclature as recommended by the Biochemical Journal; systematic

name, 0 - o<. - D - glucopyranosyl - (1—>6) - 0 - c< - D - glucopyranosyl -

(1 —>4) - 0 - c< - D - glucqpyranosyl - (1 —>4) - D - gluccpyranose.

^ Mainly mixtures; examination of these fractions is proceeding.

It is apparent, since the amounts of panose and maltotriose produced

are closely similar, that transfer to the hydroxy! groups at and Cg of the
non-reducing gluoose residue in maltose is equally favourable.

Prom the products and from the observation that isomaltose was

produced only after relatively large amounts of maltotriose were present in

the digest a possible reaction mechanism may be as represented in Pig. 17.

This can be described as follows:- (l) maltose, acting as the donor

substrate, is attacked by the enzyme and forms glucose and an <x- glueosyl-

ensyme complex (assuming the reaction involves a vValden inversion);

(2) unattacked maltose may then act as an acceptor molecule, with active

acceptor sites at the hydroxyl groups attached to carbon atoms 4 and 6 of

the non-reducing glucose residue, thus giving rise to maltotriose or panose;

(3) higher oligo-saccharides may be formed by the transfer of glucosyl residues
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to the noil-reducing end of these trisaccharides; (4) maltose and isomaltose

may he formed by the hydrolysis of the trisaccharides and higher oligo¬

saccharides; these disaccharides nay then in turn act as acceptor molecules.

Alternatively, the disaccharides may he produced hy transfer of a

glucosyl radical to the hydroxy1 groups at and Cg of glucose. In this
case, the enzyme system must he able to utilise either glucose or

glucosaccharides as acceptor substrates; the slow production of isoraaltose

may he explained hy the gLucose concentration being low in the early stages

of the reaction compared to that of maltose. Buston and Khan (158) found

that, on incubation of cell-free extracts of Chaetomium globosum with

cellobiose, disaccharides were not produced until appreciable quantities of

cellotriose was present; these authors suggested that the disaccharides

might be formed by hydrolysis of the trisaccharides.

Prom the relative amounts of isomaltose, maltotriose and panose

produced, it appears that the hydroxyl groups at carbon atoms 4 and 6 in a

glucose molecule or anbydro-glucose residue are equally favourable sites for

addition of a glycosyl residue. It is not yet known whether such syntheses

are due to one or two enzymes.

Transglucosylation with Various Donor Substrates.

It has been shown that extracts of Gladophora rupestis may effect

transglucosylation with either maltose or cellobiose as substrate (137) (1*63).

In the present work concentrated solutions of various carbohydrates were

incubated with T.P. enzyme (Table 33, p. 130 ). No synthesis occurred with

glucose, xylose, sucrose or glucose - 1 - phosphate. With maltotriose

and panose the oligosaccharides formed were similar to those produced from

maltose. With isomaltose, however, glucose, isomaltose, isomaltotriose
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and small amounts of higher sugars were the only sugars which could be

detected after 5 days incubation; this indicates that the synthesis

occurs by transfer of a glucosyl group to isomaltose and not to glucose

since in the latter case considerable quantities of maltose would be formed.

On incubation of methyl - ex - glucoside with T.P. enzyme only traces of

maltosaccharides were formed. With cellobiose, however, several sugars

having low chromatographic mobility were formed. This latter synthesis

proceeded at a lower rate than those using maltosaccharides as donor

substrate, but after 11 days incubation appreciable quantities of three

new oligosaccharides were present. The chromatographic mobilities of

these did not correspond to any of the maltosaccharides or to laminaribiose,

gentiobiose, cellotriose or gentiotriose. Further examination of these

sugars has not been attempted.

Trans-glucosylation with Maltose as Donor Substrate and Various

Monosaccharides as Acceptor Molecules.

It has been found that transglucosylation may be effected from

cellobiose to various pentose acceptor molecules using enzyme preparations

from moulds and seaweeds (145) (159)- With seaweed enzymes, however,

such transfer did not occur using maltose as the donor substrate.

In the present work, T.P. enzyme has been incubated with concentrated

solutions containing equal quantities of maltose and -various monosaccharides.

With each of D - xylose, D - lyxose, D- ribose and L - arabinose, sugars

were pnodiced, in addition to those formed from maltose alone, which had

lower chromatographic mobilities than glucose and which formed pink "spots"

on treatment with the aniline oxalate spray reagent (spray 2). On

incubation of maltose and galactose the sugars formed were indistinguishable

from those formed from maltose alone, with the exception of one oligosaccharide
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which had R.g. value 0*32, It is apparent, therefore, that the transferase

system has a fairly low specificity for the acceptor molecule. No

transference to fructose could, however, be observed.

From these results it is apparent that the molecule H - 0. A.

in the general equation

D - O.K. + H - 0.A. D - 0.A. + H - O.R.

may, where D.O. R. is maltose, be an oligosaccharide, a monosaccharide

or water, depending on the concentration.

Conclusions.

1. Cell free extracts of Tetrahyaena pyriformis possess considerable

transglycosylase activity.

2. These extracts catalyse the transfer of a glucosyl residue from

maltose, isomaltose, maltotriose or panose, to glucose, various pentoses,

maltosaccharides or water.

3. Cellobiose may also act as a donor substrate.



III. EXPERIMENTAL.

A pure culture of Tetrahymena pyriformis , kindly provided "by

Dr. Ryley, was maintained by periodic subinoculation under sterile

conditions into plugged (cotton wool) test tubes containing 10 ml. of

an aqueous (tap water) medium containing ifc "Oxoid" bacteriological peptone

and 0*l$3 sodium chloride, which had been adjusted to pH. 7*3 and sterilised

by autoclaving at 120°C. for 45 minutes. The tubes containing the cultures

were stored at room temperature and were subcultured at fortnightly

intervals.

Large Scale Culture.

Pbrtions (400 ml.) of medium prepared as above were placed in

conical flasks (2 1.). The flasks were plugged with cotton wool and

sterilised in the autoclave (120°C., 45 minutes). The cooled flasks were

then inoculated, by means of a sterilised fhsteur pipette, with 2-3 drops

of a 8 - 10 day old test-tube culture. The inoculated flasks were placed

in the dark at 30°C. Under these conditions the culture density reached

a maximum after 6 days growth. After 12 days few live cells could be

detected.

Preparation of cell-free extracts.

Twenty-two flasks were incubated as above for 6 days; the contents

were combined, and the cells harvested using a Sharpies supercentrifuge.

The resultant sludge was dispersed in 0-1M- citrate buffer pH. 6*0 (150 ml.)

- 119 -
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and freeze dried to yield 7 g. of a yellow-brown powder. Microscopic

examination of an aqueous smear of this material showed that the cells

had disintegrated. Ibrt of the freeze dried powder (0*35 g-) was added

to water (10 ml.) and allowed to stand, with frequent stirring, at room

temperature for one hour. The mixture was then centrifuged at 2°C.
(5,000 r.p.m.). Decantation yielded a yellow opalescent solution (7 ml.)

which was found, by microscopic examination, to be free from cells and

cell particles.

The enzymically active powders examined in the subsequent work were

prepared by extraction of the freeze dried cells (ca. 7 g.) with water

(200 ml.) and freeze drying of the resultant cell free extract (yield of

product, ca. 4*8 g.). Qualitative experiments showed that the hydrolytic

activity of one such powder, which had been stored over calcium chloride

at 2°C., was not appreciably diminished after 1 year. In all experiments

described below, however, the enzyme powders used were no more than 4 weeks

old.

Autolysis of the Enzyme Preparation.

Enzyme powder (20 m.g.) was dissolved in water (0*5 ml.). Sanples

were examined chromatographically (Solvent 1, spray 1) at intervals. A

faint trace of glucose was the only reducing sugar which could be detected]

the amount present after 5 days incubation at 35°C. did not appear to be

greater than that present at zero time.

Carbohydrase Activity of the Extract.

Enzyme powder (20 m.g.) and carbohydrate (20 m.g.) were dissolved

in water (1 ml.) and incubated at 35°C. for 24 hours. Samples were then

examined chromatographically (Solvent 1, spray 1). The following sugars
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were hydrolysed:- maltose, isomaltose, panose, maltotriose, starch,

cellobiose, sucrose, methyl - - glucoside, glucose - 1 - phosphate.

Lactose was not attacked,

Enzymic Action with Glucose as the Sole Substrate.

A digest consisting of glucose (200 m.g.) and enzyme powder (20 m.g.)

dissolved in water (1 ml.) was incubated at 35°C. Samples were examined

chromatographically as above. Glucose was the only reducing sugar present

up to 15 days incubation.

Enzymic Synthesis of Oligosaccharides by Transglucosylation from Maltose.

A digest containing maltose (200 m.g,) and enzyme powder (20 m.g.)

dissolved in water (1 ml.) was prepared; toluene was added to maintain
o

astfeptic conditions. The digest was incubated at 35 together with a

control consisting of maltose (200 m.g.) in -water (1 ml.). Samples of

the digest and the control were examined at intervals, by paper chromato¬

graphy (Solvent 1, spray 1). No reducing sugar other than maltose was

observed in the control. The enzyme digest was found to contain several

reducing sugars as shown in Table 30.
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TABLE 30

Incubation R.g. values (solvent 1) and relative amounts of reducing
Time sugars present.
(days)

0 0 62 (+++)

2 1'0 (++); 0*62 (+++); 0*39 (+); 0*28 (+); others (t)

4 1*0 (++)} 0*62 (+++)? 0*47 (t)j 0*39 (t); 0*28 (+); others (t)
6 1*0 (++)} 0*62 (+++); 0*47 (+)> 0*39 (+)» 0*28 (+); others (t)

8 1*0 (+++)? 0*62 (+++); 0*47 (+)> 0*39 (++); 0*28 (++); others (+).
10 1*0 (+++); 0*62 (+++); 0*47 (++)» 0*39 (++)> 0*28 (++);

others (+)

15 1*0 (+++)> 0*62 (+++)j 0*47 (++)i 0*39 (++), 0.28 (++);
others (+).

+++, ++, +, and t indicate intense, strong, moderate and weak "spots"

respectively.

(2) Large Scale Digest.

Substrate; The Maltose was freed from a small amount of higher oligosacc¬

harides by recrystallisation (three times) from 80fa ethanol.

Enzyme; Freshly harvested freeze dried cells (3*84 g.) were stirred with

water (60 ml.) at room temperature for two hours. The suspension was then

centrifuged at 5,000 revs. (2°C.) for 20 minutes. The resulting cell-free

solution was removed.

Digest; The digest consisted of maltose (30 g.), 0*1 M- citrate buffer

pH. 6*0 (150 ml.) and enzyme solution (20 ml.); toluene was added and the

flask containing the digest was stoppered and incubated at 35°C.

Samples were examined chromatographically at intervals; the results
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were identical to those obtained from the small scale digest. The reaction

was terminated after 10 days incubation by heating the digest at 100°G. for
20 minutes. The resultant precipitated protein was removed by filtration;

chromatographic examination of the filtrate gave results which were

identical to those obtained using the unheated digest.

Preparation of the Qhai-coal - Celite Column.

The charcoal - Celite column (159) was prepared as follows:-

B.D.H. activated charcoal (750 g.) and Celite 545 (750 g.), mixed dry, were

poured, in the form of a slurry (4,900 ml. water) into a glass column

(160 cm. x 7*5 cm.) containing a pad of Celite (2") supported on a glass

wool pad on top of a porous disc. The slurry was added 3 - 4" at a time

under gentle suction. The column was then washed thoroughly with water

(20 1.). The rate of flow with water, which wa3 run in from an aspirator

placed 2 feet above the top of the column, was ca. 220 ml./hour.

(a) Fractionation of the Products of Enzyme Action.

The filtered digest was run into the column and mercuric iodide

(ca. 500 m.g.) was added to ensure asoeptic conditions. A step-wise elution

of the component sugars was effected with water and with increasing

concentrations of aqueous alcohol. Additional, mercuric iodide was added

at intervals. The eluates (1 -21. portions), which were all found to be

neutral, were evaporated to small volume (ca. 5 ml,) at 40°C. under reduced

pressure; traces of charcoal and Celite were removed and the sugars

examined chromatographically (Solvent 1,.spray 1). Fractions containing

like components were combined and the sugars isolated in crystalline form

or, in the majority of cases, where crystallisation could not be induced,

as freeze dried powders. Table 31 gives the nature and volume of eluant
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TABLE 31

Eluant used Vol. of eluant

(litres)
R.g. values of
component sugars

Yield Practi
No.

Water 20*8 1*0 4800* 1

ft
12*5 0*47 409 2

If 32-7 0-62, 0*47 2600

tf 38 0* 62 2000 3

Ethanol (27°) 12 0*62 700 3

tf (J$) 14 0* 62 270 3

ft m 14° 5 0*62 + mixture 390

II m 28 0* 28 2940 4

« m 85 0*41 3230 5

f» (&) 15 0*41 + mixture 60

tt (&/°) 17*5 0*41, 0*31, 0*15 147

W W) 12»5 0*31, 0-15 149

It m 7*5 0.15 + mixture 90

n (tyo) 7 *5 0*15 + mixture (t) 65

»i {&) 7-5 0* 22 + 0*18 40

it m 59 0*18 549 6

x a further fraction of glucose, eluted from the column ras

accidentally lost before the yield could be determined.

used, and the R.g. values and approximate yields of the fractions; the

numbered fractions are those which were subsequently characterised.
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(b) Characterisation of Oligosaccharides.

Paper Partition Chromatography

The R.g. values were obtained using solvent 1 and spray 1.

E.g. values of the fractions

Fraction No.: 1 2 3 4 5 6

R.g. value : 1-0 0-47 0-62 0*28 0*41 0*18

R.g. values of reference sugars

Sugar Glucose Isomaltose Maltose Panose Maltotriose

R.g. value 1*0 0*47 0.62 0*28 0*41

The authentic samples of maltotriose and panose were prepared and

characterised by Dr. W. A. M. Duncan (137) •

Estimation of Degree of Polymerisation

The sugars (ca. 5 m.g.) were dissolved in water (10 ml.) and the

reducing power of samples (2 ml.) estimated losing the Somogyi reagent;

fractions 1 and 2 were heated for 15 minutes and the other sugars for 60

minutes. The reducing powers were calculated as equivalents of maltose.

Samples (2 ml.) were hydrolysed with sulphuric acid (0*12 ml., % N. ) at

100°C. for 2 hours, neutralised with sodium hydroxide using phenolphthalein

as indicator, diluted to 5 ml. and the glucose estimated using Somogyi

reagent. The degree of polymerisation were calculated as follows

Weight of oligosaccharide/2 ml. = weight of glucose in hydrolysate x 162
180 "

Degree of polymerisation = weight of oligosaccharide x 342
equivalent weight of maltose
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Results.

Fraction: 1 23456

Degree of polymerisation: 1*00 1*90 2*10 3*20 2*94 3*70

Controlled Overoxidation

The fractions (3 - 6 m.g.) were oxidised with sodium, metaperiodate

solution buffered at pH. 8 and the formaldehyde release determined (Method 5)•
On the basis that fraction 1 is a monosaccharide, fractions 2 and 3 are

disaccharides, fractions 4 and 5 are trisaccharides and fraction 6 is a

tetrasaceharide, the formaldehyde release was calculated in moles per mole

cf sugar.

Fraction: 12 3456

Formaldehyde release: 1*01 0*08 1*70 0*94 2*80 1*98

Characterisation of fraction 1 as glucose.

This fraction, which had the same chromatographic mobility as

glucose, had the same R.P. value and specific rotation. Overoxidation

with sodium metaperiodate yielded the theoretical 1 mole of formaldehyde

per mole of sugar.

Characterisation of fraction 2 as isomaltose.

This fraction had the same chromatographic mobility as isomaltose

and had a D.P. of 2. On overoxidation with periodate no formaldehyde was

liberated.

Partial acid hydrolysis. Fraction 2 (1 ml,, 1%) and sulphuric acid (0*6 ml.,

0*5N ) were heated at 100°C. for 1 hour, neutralised and concentrated.

Chromatographic examination (Solvent 1, spray 1) showed that fraction 2 and



- 127 -

glucose were the only reducing sugars present.

Characterisation of fraction 3 as maltose.

This fraction, which had the same chromatographic mobility as an

authentic sample of maltose, had the same R.P. value and specific rotation.

On partial acid hydrolysis, as above, glucose and unchanged fraction 3 were

the only reducing sugars present. Overoxidation with periodate yielded

two moles of formaldehyde per mole of disaccharide.

Characterisation of fraction 4 as panose.

This fraction, which had the same chromatographic mobility as an

authentic sample of panose, had the reducing power of a trisaccha.ride. The

specific rotation ( t°GD,+ 147 ♦ 5 > C. 2*3 in water) was similar to the
values previously reported for panose,[°<JD+ 148 (137) >M0+ 150° (132)
Chromatographic analysis of a partial acid hydrolysate showed the presence

of unchanged fraction 3> isomaltose, maltose and glucose.

Oxidation followed by partial acid hydrolysis (160).

Fraction 3 (5 ml., 1?o), iodine (30 m.g.) and potassium hydroxide

(0»2 ml., 1-0 M) were shaken together and allowed to stand for 30 minutes

before the addition of a further portion of alkali (0*1 ml.). After standing

overnight, a sanple (1 ml.) was partially hydrolysed as before. Chromato¬

graphic analysis indicated the presence of isomaltose and glucose.

On overoxidation of fraction 4 with periodate, 0*94 mole of

formaldehyde was released per mole of trisaccharide. The theoretical value

for panose is 1*0.

Characterisation of fraction 3 as maltotriose.

This fraction had the same chromatographic mobility as an authentic
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sample of maltotriose and had a reducing power corresponding to a trisacchari.de.

The specific rotation ( 161 «1°, C., 2*7 in water) was similar to

values previously reported for maltotriosejy}+ 164° (137);W+ 160° (161)
Chromatographic examination of the partial acid hydrolysate showed "the

presence of unchanged fraction 5, maltose and glucose.

Fraction 5 (10 m.g.) was dissolved in a solution of unpurified

salivary - amylase (02 ml.), sodium chloride (4 m.g.) and 0-1 M- acetate

"buffer pH. 5*0 (0 2 ml.). Chromatographic examination after 24 hours

incubation at room temperature showed the presence of fraction 5, maltose

and glucose. A portion of fraction 5 was oxidised by alkaline hypoiodite

as before. On partial acid hydrolysis, maltose and glucose were produced.

On overoxidation vdth periodate, 3 moles of formaldehyde were

produced per mole of trisaccharide.

3
Characterisation of id-action 6 as 6 - - gluccr..;.■ Imaltotriose.

This fraction, which had a reducing power equivalent to a tetra-

s&ccharide, had R.g. value 0*18 (Solvent 1, spray l). This E.g. value was

similar to that previously reported for 63 - ■=<. - glucosylmaltotriose in the

same solvent R.g., 0-17 (1 37) • The specific rotation ( b; + 172°,
C,, 0»4 in water) was slightly lower than the previously reported value

CeO q ^ + 177° (137) Chromatographic examination of the partial acid
hydrolysate showed the presence of fraction 6, panose, maltotriose,

isomaltose, maltose and glucose. On partial acid hydrolysis of the material

after oxidation with alkaline hypo-iodite. panose, isomaltose, maltose and

glucose were produced. Overoxidation of fraction 6 with sodium periodate

produced 2 moles of formaldehyde per mole of tetrasaccharide.
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Transglucosylation with Maltose as Donor Substrate

and Various Monosaccharides as Acceptor Molecules.

Digests were prepared containing maltose (100 m.g.) and each of

D - xylose, D - lyxose, D - ribose, L - arabinose, D - galactose and

D - fructose (100 m.g. in 2 ml, water) together with enzyme powder (20 m.g.),

These digests were incubated at 35°G. and samples were examined at intervals

by paper chromatography (Solvent 1, spray 2). After three to five days

incubation, in addition to monosaccharides, maltose and oligosaccharides

which had the same E.g. values and colour reaction with the spray reagent

as isomaltose, maltotriose and panose, the digests showed the presence of

new components as indicated in Table 32.

TABLE 32

Acceptor molecule E.g. values of sugars

in solvent 1,

D «• xylose 0*64

D - lyxaose 0*69

D - ribose 0*64

L - arabinose 0*72

D - galactose 0*32

D - fructose

The sugars synthesised as shown in Table 32 in digests containing

pentoses all exhibited pink "spots" with spray reagent 2.

Transglueos.ylation with Vaiious Donor Substrr.tes.

Digests were prepared containing substrate (200 m.g., 1 ml.) and

enzyme (20 m.g,). After 5 days incubation at 35°G., samples were examined

chrcmatographically with results as shown in Table 33 •
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TABLE 33.

Substrate

Isomaltose

Ranose

Maltotriose

Methyl -

glucoside

Glucose

Xylose

Glucose - 1

phosphate

Cellobiose

Sucrose

R.g. values of sugars in solvent 1.

1*0 (+); 0*47 (++)» 0*19 (+)> others (t).
1*0 ( + )> 0*62 (+); 0*47 (+); 0*28 ( + )> others (+)

1*0 (+); 0-62 (+); 0*41 (+); others (+)

1*0 (+), others (t).

No synthesis

No synthesis

No synthesis

1«0 (+); 0*53 (++); 0*31 (t)

No synthesis.

The cellobiose digest, after incubation for a further 6 days,

contained sugars having R.g. values:-

1-0 (+); 0»53 (++)j 0*31 (+)j 0*26 (t); 0-23 (t).

R.g. values of reference sugars were:- cellobiose, 0*53; cellotriose,

0*25; gentiobiose, 0*40; gentiotriose, 0*15-



SUMMARY.

The structural analysis of several protozoal polysaccharides has

been carried, out by chemical and ensyroic methods, and a transgiticosylase

system in the clliate Tetrahymena pyriforrais has been investigated.

Since the majority of protozoal polysaccharides previously

examined are branched <=<, - 1:4- glucosans, methods for the semi-micro

analysis of such polysaccharides have been examined.

Determination of average chain length by peiiodate oxidation by

the procedure of Batter and Hassid (J. Amer, Chem. Soc., (1948) p. 3488)

was found to be unsatisfactory. The reaction conditions have therefore

been modified. The periodate oxidation of maltose has been investigated.

The absorption spectra of the iodine complexes of branched

o< - 1:4- glucosans have been measured in the presence and absence of

ammonium sulphate. In aqueous solution the iodine complexes of glycogens

and airrylopectins have distinct spectra but in ammonium sulphate solution

the spectrum is related to the degree of branching in the polysaccharide.

In the periodate oxidation and iodine absorption spectra experiments,

polysaccharides from the following protozoa were used:- Tetrahymena

pyriformia, Trichomonas foetus. Trichomonas galilnae and the holotrich

ciliates of sheeps rumen.

A reserve polysaccharide extracted from Chilomonas Paramecium was

found to be of the starch type. The amylose content (45/°) was higher than

that of most plant starches (20 - 30/?.). The material was fractionated
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into airylose and amylopectin components; the latter was similar to typical

plant amylopectins. The aroylose component, however, had a lower iodine

affinity, blue value, and degree of polymerisation than most plant ankyloses.

A second polysaccharide, prepared from Qchromonas malhamensis was

found to be heterogeneous, the constituent sugars being glucose, galactose

and mannose. A fraction containing glucose (85 %) and marmose (1 Q$) was

subjected to periodate oxidation and to enzymic and acid hydrolysis. This

polysaccharide contained a large proportion of (3 - 1:3 - glucosidic

linkages and had a degree of polymerisation in the range 30 - 60. The

presence of a second type of linkage, as yet unidentified, was shown.

The transglycosylase activity of cell-free extracts of Tetrahyrnena

piriformis was examined. The following sugars were formed on incubation

of such extracts with maltose:- glucose, maltose, isomaltose, maltotriose,
. 3

panose, 6 - c<- glucosylmaltoriose. Various monosaccharides could also

act as acceptors for the transfer of c<- glucosyl residues. In addition,

the extract could catalyse trans - fS>- glucosylation using cellobiose as

the donor substrate.
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423. a-1 : 4-Glucosans. Part V* End-group Assay of Glycogens by
Periodate Oxidation, and the Oxidation of Maltose by Sodium Meta§
periodate.

By D. J. Manners and (in part) A. R. Archibald.
Fifteen samples of glycogen have been assayed by potassium meta-

periodate oxidation, and with only two exceptions, average chain lengths of
10—14 glucose residues were obtained.

Oxidation of glycogen and of maltose, dissolved in sodium chloride, by
sodium metaperiodate for 25 hr. at 2° (Potter and Hassid J has been studied.
Under these conditions, oxidation is incomplete.

Periodate oxidations have been widely used in structural investigations of poly¬
saccharides, in particular, of starches, glycogens, and dextrans. By estimating the formic
acid produced during oxidation, the proportion of triol groups in the polysaccharide can be
assessed and, in starches and glycogens, the ratio of non-terminal to non-reducing terminal
glucose residues (i.e., average chain length, CL) determined.2 Further, examination of an
acid hydrolysate of a periodate-oxidised glucosan enables 1 : 2- or 1 : 3-glucosidic linkages
to be detected.3 In the present investigation, the average chain lengths of several samples
of glycogen have been determined by (a) potassium metaperiodate oxidation at room
temperature, and (6) sodium metaperiodate oxidation at 2°. A preliminary account of
part of this work has been published.4

Table 1. End-group assay of glycogens by oxidation with potassium periodate.
Method Method [«]d Method Method Md

Source of of of (in Source of of of (in
glycogen " isoln.6 purifn." HaO) CL glycogen a isoln.b purifn." H20) CL

Cat liver IV P A — 13 Rabbit liver III... W A + 196° 13
Cat liver VI P A — 12 Rabbit liver IV W A 13
Foetal pig liver ... W A + 191° 11 Rabbit liver V ... W A + 196 12
Helix pomatia I ... P A + 192 10 Rabbit liver X ... C E + 193 12
Helix pomatia II P A + 182 7 Tetrahymena pyri-
Mytilus edulis IV w PA + 196 12 formis II P A + 195 14

Mytilus edulis V... w A — 9 Triehomonas gal-
Mytilus edulis VI c A + 195 13 linae II P A + 200 13
Rabbit liver II ... p A + 198 12

" Roman numerals refer to different samples from the same biological source. b P = Pfluger
method; W = hot-water extraction; C = commercial preparations. c A = acetic acid precipit¬
ation (Bell and Young, Biochem. J., 1934, 28, 282); PA = deproteinisation with picric acid; E =
electrodialysis.

Assay of glycogen by oxidation with potassium periodate was first made by Halsall,
Hirst, and Jones,5 CL values being calculated from the production of formic acid after
150 hours' oxidation. Later, Bell and Manners 6 found that samples of mammalian-
muscle glycogen (CL 12, by methylation) had apparent chain lengths of 15—16 after
150 hours' oxidation. However, when oxidation was continued to maximum production
of formic acid (after 300—400 hours' oxidation), CL values of 12 JL. 1 were obtained. This
apparent discrepancy was ascribed to variation in the oxidation rate with room
temperature.7 A similar effect was also noted by Carlquist,8 who found that in 144 hr.
at 15° or 21° a glycogen sample gave 8-4 or 9-5 moles of formic acid per 100 glucose residues.
Accordingly, end-group assays have been carried out on 15 different samples of glycogen,
and CL values, evaluated from the final constant concentrations of formic acid, are
recorded in Table 1, together with the specific rotations and methods of preparation of
the glycogens.

* Part IV, /., 1956, 2831.



During isolation of glycogen by the Pfliiger method (digestion of the tissues with hot
30% potassium hydroxide), there is no appreciable alkaline-degradation of the poly¬
saccharide.8 By methylation, the glycogens from rabbit liver III and X and Helix
pomatia 1 had chain lengths of 12.10-12 The latter type of glycogen therefore differs
significantly in degree of branching from Helix pomatia II glycogen isolated in 1949; the
presence of 7-unit chains in this has been confirmed. Foetal pig liver glycogen, which
has not previously been studied, resembles the majority of mammalian glycogens in degree
of branching.

An alternative periodate method used by Potter and Hassid 1 involves oxidation at 2°
of a solution of the polysaccharide in 1*5% sodium chloride with 1-5 mols. of sodium
metaperiodate and determination of the formic acid produced after 25 hr. Chain lengths
of 22—27 were reported for various amylopectins, although these results do not appear to
have been confirmed by methylation assay of the same samples. Other end-group assays
of glycogens and amylopectins by this method have been reported; 13-15 the CL values
were greater than those obtained by other methods of assay of the same samples. In
particular, the results differed from enzymic assays (using phosphorylase and amylo-1 : 6-
glucosidase), as shown in Table 2.
Table 2. Chain lengths of glycogens and amylopectins determined by periodate oxidation

and enzymic methods.
Sodium Sodium

periodate Enzymic periodate Enzymic
Sample oxidn.® assay Ref. Sample oxidn.® assay Ref.

Rabbit liver glycogen 18 14-7 13 Potato amylopectin 27 21-8 13
Rabbit liver glycogen 22 15-9 16 Sago amylopectin .. 22 17 13
Rabbit liver glycogen 23 17-2 16 Wheat amylopectin.. 23 18-5 13
Corn amylopectin ... 26 21-2 13

" Procedure of Potter and Hassid.1

It appears that with Potter and Hassid's procedure periodate oxidation and, hence,
production of formic acid, are incomplete after 25 hr.; it has therefore been applied to
glycogens already assayed by potassium periodate. Six samples of glycogen (and one of
amylopectin), in sodium chloride solution, were oxidised with sodium metaperiodate at 2°,
and the concentration of formic acid was determined after 25 hr. (Table 3). Since the

Table 3. End-group assays of glycogens by periodate oxidation.
Potassium Sodium periodate Potassium Sodium periodate
periodate oxidn. f periodate oxidn. f

Sample oxidn.* A B Sample oxidn.* A B
Ascaris lumbricoid.es 12 15—16 11 Mytilus edulis VI... 13 — 14
Cat liver VI 12 .—. 12 Rabbit liver I 13 —. 13
Commercial J — — 12 Rabbit liver II ... 12 14 —

Helix pomatia II ... 7 9 — Rabbit liver V 12 — 12
Human liver 6 8 —. Rabbit liver X 12 — 12
Human muscle 12 — 11 Trichomonas foetus 15 18 15
Mytilus edulis V ... 9 13 —

* See Table 1 and ref. 6. f A, Potter and Hassid's procedure; B, modified procedure.
} Purchased from British Drug Houses Ltd. [waxy maize starch had CL values of 18 and 22 by

potassium and sodium periodate oxidation (method A) respectively].
CL values from the titres after 25 hr. were greater than those from potassium periodate
assay, production of formic acid was incomplete. Six further quantitative experiments
showed that only 80—90% of the theoretical periodate was reduced after 25 hr.
Schlamowitz's report 11 that formic acid was completely liberated within 20—25 hr. could
not be confirmed (see p. ).

The period of 25 hr. for oxidation was chosen by Potter and Hassid 1 on the grounds
that their " model " saccharide, maltose, yielded the theoretical 3 mols. of formic acid in
this time. Their method is therefore based on the unproved assumption that oxidation
of a disaccharide occurs at the same rate as that of a polysaccharide of molecular weight



~10". We have noted, however, that different samples of glycogen are oxidised, under
identical conditions, at slightly differing rates. We have re-examined the periodate
oxidation of maltose in sodium chloride. In one experiment, after 25 hr. 2-3 mols. of
formic acid were produced, and 4-7 mols. of periodate reduced. In additional experiments,
maltose, in water or in 3% sodium chloride, was oxidised with varying amounts of sodium
metaperiodate. After 25 hr. 1-7—2-6 mols. of formic acid were present, and after
ca. 120 hr. 2-4—3-1 mols. Although strictly reproducible results could not be obtained in
the presence of sodium chloride (see p. ), release of formic acid and uptake of periodate
were never theoretical after 25 hours' oxidation at 2°.

The formation and subsequent hydrolysis of a formyl ester were incidentally indicated,
since production of the third mol. of formic acid continues in the absence of periodate.
A mixture of maltose in sodium chloride and sodium metaperiodate was divided after
48 hr. at 2° when it contained 2-6 mols. of formic acid. One half was stored at 2° for
24 hr. : the formic acid content increased to 2-9 mols. To the other half ethylene glycol
was added, to reduce the remaining periodate, and the formic acid determined immediately
and at intervals thereafter. During 24 hr. the formic acid content increased slowly from
2-6 to 2-9 mols. In a similar oxidation by aqueous sodium metaperiodate, we found
2-4 mols. of formic acid released after 48 hours' oxidation, 2-7 mols. after neutralisation of
periodate and storage at 2° for 24 hr., and 2-6 mols. after 72 hours' total oxidation.
Aliphatic formyl esters are also slowly hydrolysed in presence of sodium metaperiodate
at 2° without consumption of periodate. It is apparent that the periodate oxidation of
maltose resembles that of lactose 17 and cellobiose,18 and involves (a) an initial oxidation
in which 4 mols. of periodate are reduced and 2 mols. of formic acid produced, and (b) a
slower stage involving the release of a third mol. of formic acid by hydrolysis of a formyl
ester.

The above results on the rate of production of formic acid have been confirmed by
others. Morrison and his co-workers 19 found that maltose oxidised by Potter and Hassid's
procedure gave 2-5 mols. of formic acid, whilst Potter and his collaborators 20 observed
that at 3° the expected 3 mols. of formic acid were not produced after 9 days.

For the end-group assay of glycogens, Potter and Hassid's method has therefore been
modified : oxidation in aqueous solution is continued for 7—10 days, and the maximum
concentration of formic acid determined. With " model" compounds consisting of
glycogens already assayed by potassium periodate, the oxidation (determined by
periodate-uptake and formic acid production) was normally complete within 7 days.
Typical results are reported in Table 3. We noted, however, that with certain mammalian
liver glycogens formic acid is produced unexpectedly slowly; 21 the reasons for this are
being investigated.

The present study provides further evidence that the average length of the chains in
glycogens is normally ca. 12 glucose residues. We have now assayed some 30 samples of
glycogen and, of these, 23 had FX values of 10—14. These results agree with those of
Abdel-Akher and Smith 22 who for another 37 individual glycogens found average chain
lengths of 10—14. This suggests that in most animal tissues the relative activity of
phosphorylase and branching enzyme during glycogen synthesis is very similar. How¬
ever, the activity of this enzyme system in different specimens of Mytilus edulis appears to
vary since glycogens with CL values of ca. 5, 9, 12, 13, and 17 have been isolated (see
Table 1 and ref. 6).

Experimental

Glycogen Samples.—We are indebted to Dr. J. S. D. Bacon for Mytilus edulis V glycogen, to
Dr. G. D. Greville for the cat liver glycogens, to Dr. E. E. Percival for rabbit liver X glycogen
and to Dr. J. F. Ryley for the protozoal glycogens (cf. ref. 23). Helix pomatia I glycogen was
prepared by deacetylation of the corresponding acetate which was kindly provided by Dr. D. J.
Bell. Mytilus edulis VI glycogen was purchased from L. Light and Co, Ltd, The remaining



samples were isolated and purified as indicated in Table 1. The rotations of 0-2—0-4% glycogen
solutions were measured in 2 dm. polarimeter tubes.

Potassium Periodate Oxidation of Glycogens.—The method previously described 6 was used.
Sodium metaperiodate oxidations.

Analytical Methods.—Formic acid was determined, after neutralisation of periodate with
ethylene glycol, by titration with 0-Olx-sodium hydroxide in a stream of carbon dioxide-free
air with (a) methyl-red as indicator, when repeating Potter and Hassid's experiments,1 or
(b) a glass electrode and pH meter to an end-point at pH 5-8. Periodate uptake was estimated
by the methods of Barnebey 24 or Fleury and Lange.25 Results are expressed as moles per mole
of maltose or, for glycogens, moles per mole of anhydroglucose residue.

Oxidations in Presence of Sodium Chloride.—During oxidations of glycogen or maltose in
1-5% sodium chloride solution with sodium metaperiodate, reagent blanks were also analysed.
On storage at 2°, these became acid (pH ca. 3), and periodate was precipitated. Production of
formic acid is therefore calculated from sodium hydroxide titres after correction for the initial
acidity of the reagent blanks. Further, the results are approximate since the sodium hydroxide
titrations include not only release of formic acid by periodate oxidation, but also, and to an
unknown extent, acidity due to the interaction of sodium chloride and metaperiodate. The
precipitation of periodate, which occurred within 24—96 hr., prevented accurate measurement
of periodate reduction.

(a) Glycogens. Glycogen (30—280 mg.) in 3% sodium chloride (5 ml.) was oxidised with
0-27—0-40<vi-sodium metaperiodate (5 ml.) at 2° for 25 hr. Ethylene glycol (neutral; 3 ml.)
was added, and the mixture kept for 1 hr. at room temperature in the dark, before titration.
A control of sodium chloride and metaperiodate was similarly analysed. The results are given
in Table 3.

The rate of formic acid production was studied by treating rabbit liver IV glycogen
(189-8 mg.) and Mytilus edulis I glycogen (110-0 mg.) in 3% sodium chloride (10 ml.) with
0-37M-sodium metaperiodate (10 ml.) at 2° :

Time of oxidn. Apparent chain length (glucose residues)
(hr.) Rabbit liver IV glycogen Mytilus edulis I glycogen
51 16-2 16-2
100 15-0 15-2
166 14-6 14-2
291 12-6 13-2

For measurement of periodate uptake, 50 mg. of glycogen were oxidised for 25 hr. The
results were glycogen from Ascaris lumbricoides, 0-98 mole per anhydroglucose residue; cat
liver IV, 0-89; cat liver VI, 0-94; horse muscle, 0-92; foetal sheep liver, 0-95, and rabbit
liver IV, 0-94. On complete oxidation, these glycogens reduce 1-08—1-09 mols. of periodate.

(b) Maltose. Maltose hydrate (223-4 mg.), dissolved in 3% sodium chloride (10 ml.), was
oxidised with 0-37M-sodium metaperiodate (10 ml.; 6 mols.) at 2°. The results were :

Time of oxidn. (hr.) 2 4 25 48 72
Formic acid prodn. (mols.) 1-5 1-7 2-3 2-7 3-1

In a second experiment, anhydrous maltose (162-8 mg.) in 3% sodium chloride was treated
with 0-27M-sodium metaperiodate (10 ml.; 6 mols.) at 2° :
Time of oxidn. (hr.) 0-5 1 2 22 25 96 145
Periodate uptake (mols.) 3-2 3-9 4-0 4-6 4-7 — —
Formic acid prodn. (mols.) 1-1 1-2 1-4 2-3 2-3 2-7 3-3
Maltose was also oxidised with varying amounts of sodium metaperiodate (4-4—34-0 mols.);

after 25 hr. 1-7—2-5 mols. of formic acid were released, and after 95 hr. 2-5—2-9 mols.
In the above experiments, free iodine was present after ca. 90 hr. showing that over-

oxidation had occurred.
Oxidations in Absence of Sodium Chloride.—In these oxidations, the reagent control of

aqueous sodium metaperiodate was stable on storage at 2°.
(a) Maltose. Maltose hydrate (220-4 mg.) in water (10 ml.) was oxidised with 0-37M-sodium

metaperiodate (10 ml.; 6 mols.) at 2° with results as follows :
Time of oxidn. (hr.) 2 4 25 48 72
Periodate uptake (mols.) 3-6 — 4-2 4-2 4-4
Formic acid prodn. (mols.) ..., 1-4 1-6 2-2 2-5 2-8



On repetition, 2-1 mols. of formic acid were produced, and 4-2 mols. of periodate consumed
after 25 hr. Oxidation of maltose with 4-0 or 11-6 mols. of periodate gave the following results :

Time of oxidn. (hr.) 2 4 25 48 72
Formic acid prodn. (mols.) :

(a) 4 0 mols. of oxidant 1-3 1-4 2 0 2 1 2-3
(b) 11-6 mols. of oxidant 1-8 1-9 2-6 2-9 3-0

In the above experiments, the " formic acid " production is slightly lower (ca. 0-2 mol. of
apparent formic acid) than in those in presence of sodium chloride. The difference is attributed
to the acidity developed during the interaction of sodium chloride and metaperiodate.

(b) Glycogens. Trichomonas foetus glycogen 23 (106-4 mg.) in water (25 ml.) was oxidised
with 0-37m-sodium metaperiodate (5 ml.) at 2°. Portions (5 ml.) were removed at intervals,
ethylene glycol (1 ml.) was added, and the formic acid titrated, with the following results :

Time of oxidn. (days) 2 4 6 10
Formic acid prodn. (mg.) 1-66 1-81 1-93 2-00
Apparent chain length (glucose residues) 18-0 16-4 15-4 15-0

Under similar conditions, Ascaris lumbricoides glycogen (100 mg.) gave 2-26 mg. of formic
acid after 3 days, and 2-35 mg. after 5 days; 0-99 and 1-05 mols. of periodate were reduced
within 2 and 3 days, respectively.

For end-group assays, glycogen (ca. 100 mg.) in water (23 ml.) was oxidised with 0-4m-
sodium metape?iodate (2 ml.) at 2°. Portions (5 ml.) were removed at intervals for determin¬
ation of formic acid. CL values, calculated from the final formic acid concentration, are given
in Table 3; 1-06—1-09 mols. of periodate were reduced during these oxidations.

Ascaris lumbricoides glycogen (102-5 mg.) and Mytilus edulis VI glycogen (95-8 mg.) were
also oxidised at room temperature (15—17°). The final production of formic acid (after 8 days)
was 2-54 and 2-13 mg. respectively, corresponding to average chain lengths eTTl and 13 glucose
residues. During the oxidation of glycogens with a limited excess of periodate (ca. 30%),
appreciable " over-oxidation " does not therefore occur.

Hydrolysis of Formyl Esters.—Mixtures of maltose (a) in sodium chloride and (b) in water
with sodium metaperiodate were divided after 48 hours' oxidation at 2°. One-half of each
solution was stored at 2° for a further 24 hr. Ethylene glycol was added to the remaining
solutions, which were then titrated with sodium hydroxide (methyl-red). The neutralised
solutions were stored at 2° for 24 hr., alkali being added at intervals to maintain the pH.
Results were :

Time after redn. of periodate (hr.) 0 2 3 24
Formic acid prodn. (mols.) (a) 2-6 2-7 2-8 2-9

(b) 2-4 2-5 2-6 2-7

The normal oxidations resulted in the production of (a) 2-9 and (b) 2-6 mols. of formic acid
after 24 hr.

At 2°, and in presence of 3% sodium chloride and 0-37iu-sodium metaperiodate, ethyl and
K-propyl formate were slowly hydrolysed. No periodate was consumed.

The authors are indebted to Professor E. L. Hirst, F.R.S., for his interest and encourage¬
ment, to Mr. L. M. Atherden for experimental assistance, and to the Department of Scientific
and Industrial Research for a maintenance grant (to A. R. A.).

Department of Chemistry, University of Edinburgh. [Received, December 19th, 1956.]

1 Potter and Hassid, J. Amer. Chem. Soc., 1948, 70, 3488.
2 Brown, Dunstan, Halsall, Hirst, and Jones, Nature, 1945, 156, 785.
3 Hirst, Jones, and Roudier, /., 1948, 1779.
4 Manners, Biochem. J., 1953, 55, xx.
6 Halsall, Hirst, and Jones, /., 1947, 1399.
6 Bell and Manners, /., 1952, 3641.
7 Manners, Ph.D. Thesis, Cambridge, 1952.
8 Carlquist, Acta Chem. Scand., 1948, 2, 770.
9 Greenwood and Manners, Proc. Chem. Soc., 1957, 26.
10 Bell, Biochem. J., 1935, 29, 2031.
11 Haworth and Percival, J., 1932, 2277.
12 Baldwin and Bell, Biochem. J., 1940, 34, 139.



13 Cori and Larner, J. Biol. Chem., 1951, 188, 17.
14 Schlamowitz, ibid., p. 145.
16 Polglase, Smith, and Tyler, ibid., 1952, 199, 97.
16 Illingworth, Larner, and Cori, ibid., p. 631; Schlamowitz, personal communication.
17 Meyer and Rathgeb, IJelv. Chim. Acta, 1948, 31, 1540.
18 Head and Hughes, J., 1954, 603.
19 Morrison, Kuyper, and Orten, J. Amer. Chem. Soc., 1953, 75, 1502.
20 Potter, Silveira, McCready, and Owens, ibid., p. 1335; see also Wolff, Hofreiter, Watson,

Deatherage, and MacMasters, ibid., 1955, 77, 1656.
21 Cf. Perlin, ibid., 1954, 76, 4101.
22 Abdel-Akher and Smith, ibid., 1951, 73, 994.
23 Manners and Ryley, Biochem. J., 1952, 52, 480; 1955, 59, 369.
24 Barnebey, /. Amer. Chem. Soc., 1916, 38, 330.
25 Fleury and Lange, J. Pharm. Chim., 1933, 17, 107.

Printed in Great Britain by Richard Clay and Company, Ltd.,
Bungay, Suffolk,


