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1.

INTRODUCTION

All living organisms, in spite of their superficial diversity,

have a common building unit known as a cell. This is the microscopic

physical sub-unit of structure in which the common chemical constituents

needed for growth and survival of the species are contained. The

chemical constituents of the cell always include protein, deoxyribonucleic

acid (DNA), and ribonucleic acid (RNA), as well as other components,

differing according to the metabolic activities of the cell. This

situation is common to all plants, animals, and microorganisms, except

for viruses.

Any living cell is composed of two principal internal regions. One

is the nucleus, which contains all the DNA, and is therefore the

information centre for the direction of reproduction. The other is the

cytoplasm, which contains the RNA and protein, and a variety of

organelles responsible for synthetic processes and the functional

activities of the cell. The cytoplasm is separated from the external

environment by a delicate membrane, the cytoplasmic membrane.

In animals, this membrane is the only bounding structure of the

cell, while in plants and some microorganisms, the cytoplasmic membrane

is surrounded by a much thicker structure known as the cell wall. The

primary function of the cell wall is protection, while ih land plants,

it also provides the structural rigidity necessary for survival.

The cell wall prevents swelling of the protoplast and osmotic

rupture of the membrane due to the uptake of water from a hypotonic

environment. The osmotic pressure which can be exerted by the protoplast

on the cell wall is very large and a major requirement of any cell wall

is that it should have a high tensile strength so that it can resist
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this pressure# This physical requirement is met by a basic structure

consisting of a raacromolecular mesh, which encloses the protoplast.

Polysaccharides apparently have the physical properties needed to form

a mesh with the necessary tensile strength, and all cell walls, except

those of a few specialized cases such as diatoms, consist of various

kinds of polysaccharides.

In plant cell walls this mesh has been shown by electron microscopy

to consist of microfibrils of indefinite length embedded in an apparently

structureless matrix.In higher plants the microfibrils consist of

cellulose, while the non-fibrillar matrix shows three main types of

chemical make-ups

1. Pectic substances. These may be homopolysaccharides such as
2

araban or heteropolysaccharides such as chain galacturonic acid
3

units with various neutral side chains.

2. Hemicellulosic material. This is exemplified by xylans with

side chains of l-O-methyl glucuronic acid,^ arabinose,^ or both,u'^
3. lignin.

The pectic substances are more soluble than the hesnicelluloses and are

therefore easier to extract from the plant tissue.

During growth, this cell wall has to expand enormously, and changes

occur in both the microfibrils and the matrix. The cell wall first

enlarges in area, and at this stage it is known as the primary cell wall.

The microfibrils form a rather open, not very highly orientated, meshwork,

and the matrix is usually supposed to consist of pectic substances.

After this, the cell wall grows in thickness, and at this secondary cell

wall stage the microfibrils are more closely packed and have a well
8

defined orientation which changes in layers, like alternating strips
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in plywood. The thickening is caused by the layers of cellulose and

hemioelluloees which are being superimposed upon the primary vail.

This secondary wall is laid down as the cells reach their full size,

and is a much more rigid structure than the primary wall. Lignin is

never found in growing cells. It is laid down only when the cells are

8
fully grown.

The plant polysaccharides can be grouped together according to

certain common structural features. The usual common feature considered

is the structure of the main chain. Thus the xylans with main chains of

xylopyranose units linked through positions C-l and G-4-, and side chains
9 10

of such units as arabinose or 4-0-metfaylglucuronic acid' ; the

msnnan-glucomannan group with main ehains of 1,4-itoked mannose units

often interspersed with similarly linked glucose units so that the
11

glucose: mannose ratio is about 1*3 J and the arabinogalactans,
12

characterized by gaiactopyranose units joined by 1,3-and 1,6- linkages

each form a family of closely structurally related polysaccharides.

They are also all found as heraicelluloses in plants.

One family on which little work has Deen carried out is the
13

xylogluoan family, k member of this family has been found by Kooiman

and others1^' in a number of seeds, especially in Phaseolus and in

TamarIndus. The main chain here consists of j91,4-linked glucose units
with (in the specimens examined so far) most of the side chains consisting

of 2-0~^~&-galactopyranosyl—->D-xylopyranose units linked <21,6 to the
main chain.

The main sugar residues in the pectic polysaccharides are arabinose,

galactose, and galacturonle acid (which may exist wholly or partly as its
rt

methyl ester). Other sugars, including xylose, rhamose, and fucose are



also found. The most common polysaccharides of this type are complex

acidic polysaccharides which contain varying proportions of neutral

sugar residues. Homopolysaccharides consisting of one type of sugar
2

residues only, e.g. galacturonans, galactans, arabans, seem to be of

more limited occurrence.

The rhamnose units often occur as interruptions in the main

galacturonan chain in which the polymeric linkage is <2.1,4. They

are commonly 2-O-substituted by the adjacent °4-D-galactosyluronic acid
3

unit. The mode of linkage of the other neutral residues on to the

galacturonan chain is not yet proved in most cases, although it would

appear that large branched side chains, which may consist entirely of

neutral sugar units, often occur. They may have in fact the same

16
structure as the neutral homopolysaccharides. Recent work on sugar

beet pectin suggests that, in this case, "araban" side chains occur and
17

are connected to the main galacturonan chain by galactose units.

The pectic substances, which are supposed to be synthesized during

the early, large expansion stage of the cell wall development, have

often been suggested to have a critical function in the processes

1 18
involved in the growth of plant cells, * This function is usually

related to the changes in the physical properties of the pectic

polysaccharides that are known to be brought about by chemically very

simple processes. There could be an alternation in the degree of
19esterification of the carboxylic acid groups that are present, y which

might ease the relative movement of the cell wall components during

the growth expansion of the cell. The cations associated with these

carboxyl groups could also be exchanged, and there is evidence that
18this could alter the "extensibility" of the wall. Indeed, Bonner

has suggested that the influence of auxins on cell growth may be
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partly due to the removal of calcium ions from the pectic substances

in the non-fibrillar matrix, H© suggests that this would reduce

cross-linking between the pectic macromolecules, and again facilitate

relative movement of the cell wall components. However, the experimental

evidence is confused, and it is probable that in the past discussion

has been over simplified.^'
The plant cell wall is thus a very rich source of polysaccharides

and the work described below is a study of the structure of such

polysaccharides and their role in germinating plants. The plant

chosen for study was white mustard. (Slnapis alba), because it can be

very conveniently grown and handled in the laboratory. It belongs to

the Brassica family of vegetables, about whose polysaccharides little

is known. It contains fatty reserves, so that the study of the cell

wall polysaccharides is not likely to be hindered by the presence of

reserve polysaccharides. Small amounts of reserve oligosaccharides are

present and their structure and metabolism is also described.



GENERAL METHODS
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Gentoatipq 9f FTOgtacLggedg- A single layer of seeds was spread out

on a double thickness of Whatman 3MM filter paper supported by a glass

plate. The ends of the filter paper sheets were allowed to dip into

troughs of water in whieh the water levels were not more than 2 cm.

below the level of the sheets. The whole apparatus was left in a dark

cupboard at room temperature.

G^jn^ign of SQflfof Sjuppligd with. VifreUq<L.gaSSaa£. The dry seeds

were placed in a small volume (about 2 jil. per seed) of a solution
containing -sucrose (0.08 mc/mg.) and left at room temperature until

the solution was totally absorbed. Water was then added (equal in

volume to the solution used initially), and when this had been taken up

(8-12 hours from the start of the experiment) the seeds were spread out

to germinate as usual*

.Isoj^ion po. Polysaccharides were either isolated by

freese-drying aqueous solutions or perclpitated with ethanol and washed

with ethanol and ether before drying in a vacuum oven at 40°Ci

Methylated polysaccharides were isolated by precipitation from chloroform

solution by the slow addition of light petroleum.

Evaporations. These were carried out on a rotary evaporator at diminished

pressure at or below

Dialysis. Solutions were dialysed in cellophane tubes suspended in

running water. Chloroform was added to prevent bacterial action.
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Qntleal rotations. These were measured at room temperature using a

1 dm, poleriaeter tube.

Aoid hvdrolvsis. Cellular aeterial was suspended in sulphuric acid

(72$ u/v) and shaken for 16 hours. The solution was then diluted to

with respect to acid, heated on a boiling water bath for 6 hours, cooled,

neutralized with calcium carbonate, filtered and concentrated to a syrup.

Soluble samples were hydrolysed in 2N sulphuric acid by heating

at 100°G for 6 hours, before being worked up as above.

Samples were also hydrolyeed with .formic acid (45% v/¥)« The

solutions were heated in sealed tubes at 100°C for 16 hours, and could

then be used directly for chromatography, since the formic acid

evaporates when the sample is spotted out and therefore neutralization is

unnecessary.

Methanolvsis. A sample of the methylated polysaccharide (l-2 mg.) was

sealed in a Pyrex test tube with 3$ methanolic hydrogen chloride (0,5 ml.)

and heated on a boiling water bath for 6 hours. After neutralization

with silver carbonate, filtration and evaporation to dryness, the residue

was dissolved in a drop of chloroform and examined by gas-liquid

chromatography.

Gas-liq-j.1.d chromatography. This was carried out on the methylated
22

sugars in the form of their methyl glycosides. The following

stationary liquid phases were used as 10 - 15% coating on Cellte supports

(80 - 100 mesh).
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i). Butan-1,4~diol succinate polyester.

il). g-bis-(jfl-phenoxyphenoxy)-benzone (polypheny! ether).

Iii). h'eopentyl glycol adipate polyester.

Columns l) and il) were used in a Pye Argon Chromatograph, with argon

90
as the gas phase and Sr detector, while column ili) was used in a

Pye 104 Chromatograph with nitrogen as the gas phase and a flame

ionization detector. All columns were operated at 175°G. The retention

times of the methyl glycosides were measured relative to that of

2,3, Ut 6~t^fetra-0-ffiethyl-|5-0--giucopyr£noside.

Paper chromatography. Qualitative work was done on Whatman No. 4 or

Whatman No. 1 paper, and the latter paper was also used for the

quantitative determination of sugars in Experiment IV.1. Otherwise

Whatman 3MM paper was used for quantitative and preparative work.

The solvents used were

a) ethyl acetate-pyridine-water 8:2:1 for monosaccharides

b) ethyl acetate-pyridino-water 10:4:3 for monosaccharides
2*3

c) butsn-1-ol-propior.ie acid-water 4*1*5 for monosaccharides
(upper phase)

d) propan-l-pl-ethyl acetate-water 7:1:2 for oligosaccharides

e) ethyl acetate-pyridine-water 1:1:1 for oligosaccharides

f) butan-l-ol-ethanol-uater 4*1*5 for methylated sugars
(upper phase)

g) butan-2-one-water~aiamonia 200:17:1 for methylated sugars
(conc. S.G.830)

The sprays used were

i) jo-anisidine hydrochloride in aqueous butan-l-ol, containing a

trace of stannous chloride. The chromatograms were heated at 110°C
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for 5 minutes to develop the colours. This spray was used for

general purposes.

ii) urea oxalate {saturated solution in 80% (v/v) aqueous ethanol).

This spray was used to detect fructose and fructose-containing

sugars, and the chromatograms were heated at 80-100°G until the

blue-black colour developed.

This was carried out on kieselguhr plates

(20 x 5 cm.) after the procedure of Weill and Hanke."^ The solvent

was butan-l-ol-pyridine-water 75 *15 '10, with a development time

of 90 minutes, and the spray was A-naphthol in sulphuric acid.
25

Autoradiography. This was carried out using Ilford "Industrial G"

X-ray film. For whole seedlings, the exposure time was 24 hours,

while for paper chromatograas, the exposure time was several weeks.

Electrophoresi3. This was carried out in pyridine-aoetic acid

buffer (0.5M) at pH 6, with a voltage gradient of 14 volts/cm.
Picric acid was used as a marker.

modification of the Kjeldahl method.

. These were carried out by a semi-micro
26

27
u or orotein. ' Protein was partitioned into phenol by making

a 2% solution of the polysaccharide fraction 45% w/v with respect to

phenol. The mixture was heated to 70°Gt when it became homogeneous,
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and then left at 2 G overnight. The phenol layer was then discarded,

and the procedure repeated twice more. The excess phenol was finally

removed from the aqueous layer by washing it several times with ether#

or by dialysis.

Determination of fructose and ffrEctOBo-aontaining sugars. The

solutions contaJLning fructose, sucrose# raffi.nose and staohyose were
28

determined quantitatively with the resorcinol-hydrocfcloric acid, reagents.

The eluate from the chroniatograms (2 ml.) was mixed with the resorcinol

reagent (0,13% resorcinol in ethanol* 1 ml.) and hydrochloric acid

(27% w/v; 9 ml.) and heated at 75 0 for 10 minutes. After cooling

rapidly to room temperature, the optical density of the resulting solution

was measured in an EEL colorimeter using filter No. 623 (maximum

by reference to a standard calibration curve previously prepared using

a standard solution of sucrose.

Determination of glucose. The solutions containing glucose were

glucose oxidase (British Drug Houses, Ltd.# 0,8 g.) and horseradish

peroxidase (British Drug Houses, Ltd., 0.016 g.) were dissolved in

O.^M-tris-HCl buffer (pH 7.6; 200 ml*), and the solution diluted with

water (200 ml.), filtered, and added to a filtered solution of £~tolidinc

hydrochloride (0.180 g.) in water (260 ml.), and stored in the

refrigerator. For the determination, the eluate fro/a the chromatogram

(2.0 Thl) and was mixed with the reagent (5.0 ml.) and the mixture was

amount of sugar present was calculated

29estimated quantitatively with the glucose oxidase reagent. Commercial



kept at 37"CJ In a stoppered tube for exactly one hour. The solution

was then acidified (0. 1 ml .of 4&-HC1) and. the optical density

measured at 530 njA using the Unices 3P 600 spectrophotometer. The
results were calculated by reference to a calibration curve.

30
Determination of carbohydrate content. The sugar solution 1 ral,

20-80jrfg) was pls.ee in a test tube and aqjaeous phenol (5% w/v, 2ml.)
added. Concentrated AnalaR sulphuric acid (5 ml.) was then added from

a fast delivery pipette. When cool, the optical density of the solution

was measured with SSL colorimeter using filter no. 623 (maximum

transmission at 495 m^), and the amount of sugar present calculated by

reference to a calibration curve previously prepared using a standard

solution of the appropriate sugars.

Assay of radioactivity. Solid samples were wrapped in a paper fuse and
31

burnt by the oxygen flask technique in the presence of a known

volume of sodium hydroxide solution. The flask was allowed to cool and

then shaken vlgourously. After the addition of tha/oquissolar amount of

ammonium chloride (4M)» u*1 aliquot portion of the mixture (5.0 ml.)

was added to the barium chloride solution (.10$ w/v; 5,0 ml.). The

precipitated barium carbonate was collected on a silver paper disc

using the apparatus descibed by Henriques et al.*^ (Fig .9) gj_ve ^

infinitely thick layer which was dried at room temperature and counted

(Geiger-Muller tube). The amount of barium carbonate present in each

layer was determined by dissolution in a known volume of hot standard

hydrochloric acid? followed by back titration with sodium hydroxide.
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All estimations were carried out in triplicate.

Liquid extracts were evaporated down to small volume and placed on

planchets. . After drying in a dossicator over crjjium chloride overnight,

the radioactivity on the plaaeheis was counted (Geiger-i-iuller tube). The

The counter was calibrated by using a standard sucrose solution of

known specific activity.



CHAPTER I

A Study of the Reserve Materials

in the Seeds of White Mustard
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The seed of a plant is the form in which the plant undergoes the

resting stage in its life cycle. The level of metabolic activity in

the seed during the resting stage is very low, but when the germination

stage starts, the rate of metabolic activity increases very rapidly as

cell division and growth take place. The new seedling which is formed

does not at first manufacture its own food material, but lives on the

reserves which are already contained in the seed. Thus, until the

onset of photosynthesis, the energy and materials required for cell

division and growth, including building up the new cell walls,

presumably comes from these reserves. The reserve materials of the

seeds have attracted a good deal of attention for many different reasons,

not the least being their economic importance as supplies of flour, oils,

and proteins, and seeds can be divided into classes according to the

chemical nature of the reserve materials they contain. There are two

main classes*- l) the seeds with large polysaccharide reserves, and ii)

those with large lipid reserves. Examples of the first class are the

cereal seeds such as rice and wheat, and the -legumes, including potato.

These seeds have reserves of starch and other polysaccharides. The

second class includes such seeds as the Oruciferae (o.t£.. cauliflower,

cabbage, and mustard seed) which contain glycerides of unsaturated fatty

acids such as oleic, linoleic, and linolenic acids as the principal

reserve. The fat containing seeds are much more abundant, but the

seeds which contain carbohydrate reserves are on the whole more

important economically, and as a result, they have been the subject of

much more study than the lipid containing seeds.

The lipid reserves must be used very rapidly on germination as they
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33
are not found in large amounts in any other seedling tissues. However,

3L
Dup&ron, in his srn-vey of several different type3 of dmeiferae and

some of the iegumtnosae, found that in all oases there was a time lag

of abotxt four days frca the onset of germination before the lipid

reserves were used for metabolic processes. He therefore postulates

two phases; the first covers the first few days of germination, and ia

the period when reserves other than fats are being used, while the

second is the next stage of germination when the lipid reserves are

being used. The other reserve® in this type of seed are usually protein

and low molecular weight carbohydrates. Protein is found in seeds of

both the polysaccharide reserve and the lipid reserve classes. Some

of this protein is metabolically active, hut the remainder is present as

additional reserve material, 'usually in the form of so-called aleurone

bodies.^5»36 These bodies are masses of protein grains present in the

cell cytoplasm and in the cells of the cotyledons. They ere said to be

formed by the dehydration, during ripening of the seed, of vacuoles

containing protein in solution. It may be the presence of such large

concentrations of reserve protein that is responsible for the fact that

seed proteins differ in chemical composition from those of other plant

tissues. Protein is not normally present as the predominant reserve

material, although it is in soy-bean.

low molecular weight carbohydrates are commonly found as at least

minor reserve substances in seeds of all types. They are usually

oligosaccharides of the raffinoso series, i.e. they have in common a

raffinose unit, to which are added galactose units in one of two ways,

i) The galactose units are added to the galactose end group of the
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37
raffinose (stachyose, verbascose, etc. ), and il) the galactose units

38
are added to the fructose end group of raffinose (lychnose ). Of these,

the stachyose formation is the more abundant in nature. Although these

carbohydrates are quite often present in only small amounts, their

metabolism is nevertheless of considerable importance during germination.

Germination cannot start until the dormancy of the seed is broken.

This happens under suitable conditions of environment (normally when

there is a plentiful supply of water and oxygen at the right temperature,

although there may be additional requirements in special cases), and

the seed begins to germinate. This is a period of great metabolic activity

that is sustained by the consumption of the reserve materials. One of

the first effects is therefore the breakdown of reserve materials in the

seed into forms which can be readily transferred to other parts of the

plant, and which can be utilized for the development of young tissue.

The storage organs of mustard seeds during germination are the cotyledons,

which develop into the first leaves ("seed leaves") of the growing plant,

when the reserve materials have been used. The main subject of this

Thesis is the changes in the cell wall polysaccharides of the cotyledons

during germination, and, to obtain background information which would

be relevant to this investigation, the functions of the different

reserve materials during germination were studied.
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EXPERIMENTAL.

Experiment 1.1. of ifte olAgpgaqchfiff^gg presgft in

frhg gotYlg^p^ of "mstard PPP4?»

The extraction of the cotyledons of ungerminated seeds with
° *L

aqueous ethanol (80% v/vj 8G°C) yielded a brown syrup. A portion (20 g.)

of this syrup was placed on a charcoal column (55 cm. x 6.5 cm. diam.j

May and Baker's "Charcoal Decolourising", 750 g.) which was eluted in

turn with water (21. in 24 hours), 5% aqueous ethanol (21. in 36 hours),

and 75% aqueous ethanol (16 1. in 4° days). Fractions (500 ml.) were

collected and examined by thin layer chromatography on kieselguhr G

(page 10).

Fractions shown to contain pure disaccharide were combined and

concentrated to a syrup. A portion of this syrup (0.25 g.) was added

to pyridine (4 ml.) and acetic anhydride (3 ml.) at 0°C and then shaken

at room temperature until the sugar had dissolved (2 days). The solution

was poured into ice and water (6 ml.) and the precipitate separated and
39 o

twice recrystaliized from aqueous ethanolj m.p. 87-88 C, not

depressed on admixture with an authentic sample of sucrose octaacetate

prepared in the same way. C°Ojj +60.0° ($ 0.5 in chloroform).^
The fractions containing tri- and tetrasaccharides were contaminated

with small amounts of sucrose, and were therefore further purified by

thick paper chromatography, followed by elution with water. Paper

chromatography of the column fractions and of the unfractionated

oligosaccharide mixture (solvents d,ej page 9) suggested that the

trisaccharide was raffinose, but too libtle was present to allow
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identification by other means,.

Repeated attempts to isolate the crystalline hydrate of the

tatrasaccharids were unsuccessful. However, when the syrup was dried

by distillation from it of benzene- ethandl (1*1), a product of

crystalline appearance was obtained. This had no distinct melting point,
AX

but softened at 169 0 (off. Tanrei, who quoted a softening point of

170 C for anhydrous stachyos®)} +127° (water). Part of the

material was methylated as follows*^2 the syrup (0.02 g.) was dissolved

in dimethylsulphoxide (1,6 si.) and sodium hydroxide pellets (1.17 g.)

and dimethylsulphate (0.82 ml.) were added over a period of 8 hours.

The reaction mixture was kept under an atmosphere of nitrogen, and at

room temperature. Stirring was continued for another16 hours and then

the solution was heated in a vaterbath at 100°0 for 2 hours to destroy

the laethylsulphate. Water (85 ml.) was added to dissolve the unreacted

sodium hydroxide, and the solution was cooled to 5°0, and neutralized

with ION sulphuric acid. The precipitated sodium sulphate was filtered

off and the residue extracted with chloroform. The aqueous filtrate was

then extracted with chloroform in a liquid-liquid extractor for 24-

hours, and the chloroform added to the previous extracts. These ware dried

over sodium sulphate (anhydrous), filtered, and evaporated to dryness

under diminished pressure. The syrup was dissolved in chloi'oform, and

precipitated from solution with light petroleum. Yield: 0.028 g.

Hydrolysis with formic acid (45a v/vj pageS) at 100°G, followed

by paper chromatography (solvent fj page 9) showed only two spots,

these having mobilities corresponding to tri— and tetra-0-methyl hexoses.

It would appear therefore that methylation was complete. The mixture of
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methylatedsugars was converted to the equilibrium mixture of methyl

glycosides by aethanolysis (page 8). These methyl glycosides were then

examined by gas-liquid chromatography (page 8) on columns i) and ii).
Peaks were observed corresponding to the derivatives of 2,3>4»6-tetra-

0-methylgalactose, and 2,3,4-tri-£-methylglucose, these being the

methylated sugars expected from stachyose.

raffinose

The methylated fructose derivative was presumably degraded due to the

strong hydrolysis conditions used. In addition to the above-mentioned

products, small amounts of 2,3»6-trl-G-methylglueosldes were detected.

Those probably arose from material extracted from the paper chromatogram

during the isolation of the stachyose (see above).

There was no evidence for the presence of any oligosaccharide with

a slower mobility on paper chromatography than stachyose.

yftssrtosat 1.2. yhfiness in wslstrt. .<# tha differant organs, flaring

ggrmin&Upn,» iand in tfaq alcohol- and ass-tone- soluble

fractj-png pf tho g<?wyiefl<?as«

Mustard seeds were allowed to germinate for varying periods (page 7),



Fig.2Weightsoftheorgansofgerminatedmustard seedlings

time(days)



Fig.3Weightsofgerminatedcotyledonsafterethanoland acetoneextractions



21.

and then separated into their parts, frozen in liquid nitrogen, freeze-

dried, and weighed. The cotyledons were also weighed after extraction

(soxhlet) with ethanol for a week, and then with acetone for a week. The

results, which are given in Figs. 2 & 3, show that considerable quantities

of acetone-soluble materials are utilized by the cotyledons during the

later stages of germination. The decrease in cotyledon weight after

alcohol and acetone extraction during germination suggests that some

substance insoluble in the solvents is functioning as a reserve. AH

values are averages for at least 12 plants.

iMsziasilJuJ. Tha flgiateiAqa of tfre reserve oUgesaegfaarldea

flwrlBR p.erwatAeh md 9f ^-e UfreraUaa. .ag-fagg

First experiments were carried out by the method of Pazur al.^
Seeds (130 g.) ware soaked overnight in water and then germinated in

the usual manner. Duplicate samples of 500 seeds or seedlings were

removed at 2_4 hour intervals for nine days, placed in water (50 ml.) and

blended (Janke-Kunkel "Ultra Turnak" rotary blade homogeniser) to a

slurry which was then contrifuged. A portion of the supernatant solution

(25 ml.) was mixed with an equal volume cf ethanol, heated to boiling,

cooled and csmtrifuged. The supernatant solution was examined

qualitatively by paper chromatography (solvent cj page 9). The results

are given in Table l.a, and are similar to those reported by Pazur §& al.

who noted that stachyose and sucrose were metabolized by germinating

soy-beans and that although glucose and fructose were released as free

reducing sugars, the galactose units seemed to be utilised rather than

released.
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Igfole lf,a

Sugars and oligosaccharides present .la mustard seeds during germination

Sugars Present G^r^qaU<?h (<faya)

0 1 2 3 4 5 7 8 9

Stachyose 4-4* 4*4* 4*4* + 4* • -

Sucrose 4-4+ +4-4- + 4-4" 4*4*4* 4*4*4" ++ +> 4*4* *

Glucose ** 4*4-+ 4*4* 4*4* 4*4*4* +++ 4*4*4* r-r+ •1-44* 4*4*4*

Fructose - t + 4* 4* 4* 4*4* 4*4* 44

Galaetui'Oiiic acid NM> 4* 4* 4* 4 4* 4* + +

Galaoturonic acid «*► t t t t t t t t

methyl ester

the strength of each sugar is indicated by;~

« not present; t trace; * weak; *+ medium; +++ strong.

In order to gain quantitative information of these changes, and to

check whether any of them were artefacts due to, for example, the action

of enzymes during the blending process (which took rather longer than

expected), the following experiments were garried out.

Batches of seeds (250) were germinated and from time to time a

batch was removed, heated with aqueous ethanol (80% v/v; 10 mi.) at

80*0 for 10 minutes, and then homogenised. The volumes of slurry were

made up again to 10 ml, to replace the losses of solvent gkich occurred

due to evaporation during hoaogenisation, the mixture was heated at

80°0 for a further 10 minutes, contrifuged and a measured part of the

supernatant solution (0.100 ml.) was placed on a paper chromatogram
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(Whatman 3MM paper) which was developed in solvent b (page 9) for
16 hours. The zones carrying stachyose, raffinose, sucrose, glvicose

and fructose were located by spraying guide strips, these zones were

cut out, aand the ssugars ©luted out separately by leaving in test tubes

with water (4 ml.) at room temperature with occasional shaking for 3 hours.

Portions of each solution (2 ml.) were taken for analysis as described

in General Methods (page 11). This time no galacturonic acid or

galacturonic acid methyl ester were detected.

In an earlier experiment in which somewhat irregular results were

obtained, the seeds were soaked for 12 hours before being spread out

to germinate. It was later realized that the cause of the irregularity

was that the level of the plate which supported the paper was too high

above the level of the water for germination by capillarity through the

paper. It was found that the seedlings dried up and they were therefore

watered externally at intervals. The rate of growth was variable, being

greatest shortly after watering. The main effect on the pattern of

oligosaccharide metabolism was to cause fluctuations in the sucrose level.

Little effect was observed on the patterns of stachyose and raffinose

utilization.

To observe the effect of subjecting the seeds to total immersion

during germination, a similar experiment was carried out, with batches

of seeds grown on Whatman 3W\ paper completely submerged in water. The

sugars were extracted and analysed in the same way as above.

The results are given graphically in Figs. 4-8. During the natural

germination experiment (Fig. 4), sucrose, stachyose and raffinose

disappeared progressively during germination. The stachyose was most



rapidly utilized, and there was none left after 3 days. In contrast, th8

raf'finc-se (a much smaller reserve) was used much less rapidly and was

not completely utilized until the eighth day* The sucrose was utilized

at maximum rate during the second day of germination - prior and also

subsequently to this, the observed disappearance was much slower. The

sucrose level never fell completely to zero.

The liberation of free sugars during germination is shown in Fig. 5«

There is no curve corresponding to the liberation of galactose because,

although this sugar is the major component of atachyoso, which (as
mentioned above) is very rapidly broken down, it could not be detected

on paper chromatography at any stage of the germination* Also shorn

is a calculated curve for the liberation of glucose and fructose which

would be observed if all the glucose and fructose units in the reserve

oligosaccharides were released a3 free sugar, none being utilized and

none being derived .from any other source. The calculated curves for

glucose and fructose arc identical because the reserve oligosaccharides

contain the saae/amotsats of each. Comparison of the observed curves with

the calculated curve suggests (i) that about half the fructose units

initially present are released as the free sugar during the course of

germination, the remainder being presumably used to provide carbon and

energy for growth} (ii) that the greater part of the glucose units

initially present are released as the free sugar, and that the utilization

of glucose units is virtually confined to the second day of germination.

This latter conclusion is suggested because the observed curve diverges

markedly from the calculated one during the second day, but during the

remainder of the period studied, the two curves are almost parallel.



Figs. 6,7, & 8 compare the rates of utilization of sucrose and

stachyose and the release of fructose under different gemination

conditions. In the experiment where the plants did not have a sufficient

supply of water (see above), it can be seen (Fig. 6) that the rate of

sucrose metabolism was erratic; the sucrose level dropped as the plant

dried up and rose again after the plant had been watered. The appearance

of the seedlings suggested that growth and development were inhibited,

and the curve shows that a much smaller proportion of the available sucrose

was used than in normal, healthy growth. In contrast, relatively little

effect was noticed on the rate of atachyose utilization (Fig. 7). Very

little free fructose was released under these conditions (Fig. 8).

When the seeds were kept completely immersed in water, the most

noticeable effect on the pattern of oligosaacbarido metabolism was to

Cause a marked reduction in the rate of utilization of stachyose (Fig, 7),

whereas the sucrose curve resembles rather closely the results obtained

under natural conditions (Fig. 6). Less free fructose was released than

under natural conditions, and. also less than when the plants were

deprived of water (Fig. 8),
In none of these later experiments was galacturonic acid or its

methyl ester detected on paper chromatogrsms. This suggests that their

presence in the earlier experiment, based on the procedure of Pazur et al..

was an artefact due to enzyraic degradation of pectic substances during

and after the blending process and before heating to boiling in aqueous

ethanol. This period (which included centrifugation) was about one hour.
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Fig.5Liberationoffreereducingsugarsduringthe germinationofmustardseeds
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SgaSCLaaaJt liA* 1% e£fe<rt of an afmo?pl)ere off nltmofl 9fl tljg

g^nitaation 9f wfrarfl ggyta.

Seeds were germinated on Whatman 3MM paper as usual in a bell jar,

•through which a stream of nitrogen was passed. 10 seeds were removed

at intervals of 1, 2, 3, U* 5, 6, 7, 9, and 10 days, dropped into

boiling aqueous ethanol (80% v/vj 10 ml.), heated at 80°C for 10 minutes,

homogenised with the Potter glass homogeniser, and again boiled for

15 minutes. The solutions were then adjusted to equal volumes, and

portions were spotted on chromatograms (solvent b| sprays i and ii;

page 9),

Very little change in sugar pattern was observed, although the reserve

materials seemed to decrease slightly in concentration between the 7th and

the 9th days. During this period, one or two seeds showed the emergence

of hypocotyls, but this may have been due to the softening and splitting

of the seed coafc under the moist conditions. Otherwise there were no
'i-

signs of germination.

1.5* -wiay levQip to j&a sqqfl <?rgaas tow zvmwwttm.

Seeds were germinated in the usual manner, and batches of twelve

were removed after 1, 2, 3, U> 5, 6, 7, 9, and 10 days, separated into

cotyledons, roots, seed coats, and after the third day, stems, and the

organs were frozen in liquid nitrogen and freeze-dried. Each batch of

organs was dropped into boiling aqueous ethanol (80% v/vj 10 ml.),

heated at 8G°C in a stoppered tube for 10 minutes, homogenised with

the Potter glass homogeniser, heated at 80°C for a further 15 minutes,

and centrifuged. The supernatant solutions were evaporated to the same
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volume and examined by paper chromatography (solvent b, page 9). The

results are given in Table l.b.

Sugars Dresent in the creams of mustard seeds during eerrainatio]

PreaRS aahd Germination Deriod Idavs)

Sugars 0 1 2 3 U 5 6 7 9 10

fatalefaaf?
Stachyose ++ + t

Kaffinose + t . mm — - mm mm

Sucrose +++ +++ ++ ++ ++ + + t t

Glucose - ++ + + +++ +++ 4-4-4» +++ +♦+ t+t

Fructose - - m + 4* + + + t

Galactose - mm t t t t t t

loots

Stachyose + t - m* mm - mm •

Sucrose ++ ++ + + + + + + +++

Glucose m + •f+ ++ ++♦ +++ +++ +++ ++ ++

Fructose - + ++ + + ++ ++ ♦4* 4*

Galactose • mm + + + + + t

Xylose - - . + + ++ ++ ++ ++

Stems

Sucrose + + + + +

Glucose +++ +++ +++ +++ +++

Fructose + + ++ ++ ++ ++

Xylose - t + ++

Sucrose + + mm mm mm - + + + ++

Glucose _ ++ ++ ++ ++ ++ + + ++ ++ -

Xylose * + +
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The results show that almost all the oligosaccharide reserves

(staehyose, raffiaose and sucrose) present in the resting seed are in

the cotyledons, en germination, these reserve sugars disappear, but

the presumed hydrolysis products (glucose and fructose) are found

chiefly in the root and stem. However, an appreciable amount of

glucose and a small amount of fructose are also present in the

cotyledons. The only other free monosaccharides apart from glucose

and fructose are traces of xylose (mainly in the stem) and traces of

galactose (mainly in the roots).

Sxoerjagnt lt$. poflteQt thp <?otylQd,Qh3 g?r34,ftat;j,oq.

Seeds were germinated in the usual manner and 10 seeds were

removed after 1, 2, 3, 5» 7, 9, and ten days. The cotyledons were

removed dropped into liquid nitrogen and freeze-dried. Each batch of

cotyledons was then homogenised in cold sucrose solution (0.5MJ5 ml.)
mm

and the protein precipitated with excess 10% trichloroacetic acid.

After centrifugation, the precipitate was washed with 10% trichloro¬

acetic acid and then suspended in sodium hydroxide (INj 20 ml.)• The

solutions were heated for an hour at 100°0 to dissolve the protein,

filtered through sintered glass and aliquots were analysed by the method
J I* J Zl

of uowry e& al. This method involves the use of Folin-Ciocalteau reagent

and dependsjon the presence of tyrosine and tryptophane units in the
protein. Consequently it is not an absolute method.

The optical densities of the samples were read on the Unicam SP 600

spectrophotometer at 500 and 750 ml), and the results were worked out

by reference to a calibration curve prepared using a sample of bovine S<?rt/n>
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albumin treated in the same manner. The results are given in Table I.e.

Table l.c

-rotein -present in the cotyledons during germination,

day 0 1 2 3 5 6 7 9 10

mgs. protein
0.92 0.83 0.75 0.61 0.53 0.54 0.40 0.36 0.41

per seed part

This means that the freeze-dried cotyledons contain 17% 'protein by

weight at day 0. After extraction with ethanol and acetone the

cotyledons contain 31% protein. However, although this method was

satisfactory, and very convenient, for the comparison of the relative

amounts of protein present at different stages in the germination, the

accuracy in absolute terms is not considered very high; the value for

the amount of protein present in the cotyledons of the resting seed

is therefore best regarded as approximate only.

..ooeryfrant 1,7. gf i:i^arc?h enuring ^rajnatlW*

4 cotyledons from each of the growth stages 0, 2, 6, 7, 9, and 10

days were boiled with water (3 ml.) for 3 minutes, and iodine solution

(1 drop) added after cooling. In no sample did a blue coloration appear;

it is therefore concluded that starch is not synthesised before the

start of photosynthesis, nor is it a reserve material.

Experiment 1.8. Changes in the polysaccharide composition of the

cotyledons.

deeds were germinated in the usual manner for 1, 3, 5, and 8 days,

and the samples, and also a sample of the ungerminated seeds (day 0)
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were frozen in liquid nitrogen and freeze-dried. The cotyledons from

50 plants of each sample were then separated, extracted (soxhlet) with

ethanol for a week, and then with acetone for a week. The samples were

dried and then shaken with sulphuric acid (72% w/v; 4 ml.) for 7 days.

The undissolved residue at this stage was filtered off, water (36 ml.)

was added to each filtrate and the solutions were heated for 6 hours

on a boiling water bath. After neutralization (CaCC^), and filtration,
the combined solution^md washings were evaporated to dryness ia vacuo.
and the residue dissolved in water (5.0 ml.). Samples (0.010 ml.) were

examined by paper chromatography(a,cj page 9).
No marked change was apparent in the proportions of the component

sugars during germination, though there was evidence for a slight

increase in the amounts of galactose and glucose. The pattern

throughout is given in Table l.d.

Table l.d.

Sugars, present in the hydrolysates of the cotyledons,

s-qgays Amount

Galac fcuronic acid ++

Galactose +

Glucose +

Arabinose *++

Xylose ++

The carbohydrate present in each solution was estimated with the

phenol-sulphuric acid reagents (page 12). The results are given in

Table I.e.
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Tqbl,q 1,3

The amounts of carbohydrates present in the cotyledons during ger^p«+f-inp

Day 0 13 5 8

Carbohydrate
100 101.6 108.6 108.1 92.1

of value at day 0)

i

Further hydrolysis of the residue left after the above hydrolysis

followed by paper chromatography, showed that it contained negligible

amounts of non-cellulosic•polysaccharides.
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DISCUSSION.

It is possible from die results reported above to distinguish the
o y

two phases that Duperon postulates in the germination pattern of

fatty seeds. These phases are!

1). From the start of germination to the third day,

2). From the third or fourth day onwards.

The distinguishing feature of each phase is the type of reserve which

is utilized.

The cotyledons are the storage organs for the germinating seed,

and during the first few days of germination the major reserve

materials utilized are insoluble in ethanol and in acetone (Fig.3.),

while the minor ones are the low molecular weight carbohydrates (Table lb).

The insoluble reserves are likely to be either polysaccharides or

protein, and the polysaccharides in the cotyledons do not appear to be

reserve substances as the polysaccharide content does not vary much

during germination (Kxpt. 8.). It is thought from other work on these

polysaccharides that they are cell wall components rather than reserves

(see Chapter III). However, there is a significant decrease in the

amount of protein present (Table I.e.), and this is therefore the major

reserve utilized during the first of germination. The reserve protein

occurs at least partly in the form of aleurone bodies in the cell

cytoplasm, and the pattern of utilization of these aleurone bodies
LI' has been found by Professor it• Brown to be similar to that in

/ / yg
several other species, e.s. peanut seed , and pea seed. As the
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seeds germinate these aleurones swell and then break up and dissolve.

Microscopy showed that in mustard seed, this occurs between 0 - days

germination. This time scale corresponds to the disappearance of

protein as determined b^chemical analysis (Expt. 1.6).
The low molecular weight carbohydrates are utilized in this first

phase. These consist of sucrose (2,3%), raffinose (0.15/*) and ftachyose

(1.8/fc), in total making up of the dry weight of the whole resting

seed (Fig 1, page 20).
In his survey of the druciferae, Duplron^ found these sugars in

most varieties examined, and it would seem that this pattern is

characteristic of the family. The same pattern has been found in bean
50

seeds, together with the pentasaccharide verbascose and higher

oligosaccharides which are not present in mustard seeds.

When the seeds are germinated under varying conditions such as

irregular watering or total immersion, it was found that the rate of

disappearance of sucrose could vary without influencing the rate of

disappearance of the stachyose reserve and vice versa. This would

suggest that the sucrose and stachyose, the two important oligo¬

saccharides, represent separate reserves and do not have inter¬

changeable functions. The rates of disappearance of the reserve

oligosaccharides are markedly affected by anaerobic conditions.

When it was attempted to germinate seeds under an atmosphere of nitrogen,

the seeds showed no signs of germination, and under water, the rate of

germination was very much slower. These results indicate that

germination and the utilization of the reserve oligosaccharides are

dependent on the presence of oxygen. Similarly Mcleod that,
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the rate of utilization of the major oligosaccharide in barley, raffinose,

is much reduced during the steeping period of the malting process.

The utilization of the oligosaccharide reserves during germination

was accompanied by the release of free glucose and fructose, but only

the barest traces of galactose were found, in spite of the fact that

these oligosaccharides contain a high proportion of galactose units.

This is also a fairly widespread phenomenon in the germination of fatty
3L

seeds. DupSron ^comments on this fact during his germination experiments
52

on caboage and horseradish, while Pridham found no traces of free
/ 3

galactose in his work on broad bean. Pazur and his co-workers made the

same observation with soy-bean, and established the presence of a system

of enzymes by which the utilization of galactose in the germinating
53

soy-bean seeds could occur, Shiroya has demonstrated the presence of

a gaiactose-utilization system in the cotyledons of cotton seeds.

It was also observed that, in contrast to the behaviour of the

galactose residues, the release of free glucose follows a pattern very

similar to the curve expected on the basis of the amounts of sucrose,

stachyose, and raffinose that have been utilized at each stage. This

might be because most of the glucose units of these low molecular

weight oligosaccharides are released by simple enzymic hydrolysis

during germination, as are those in french bean"^* (see however page 57 ).

The galactose units might be utilized by a more efficient pathway,

such as a transfer that retains the energy of the bond, rather than by

enzymio hydrolysis by c^-galactosidase, as is often assumed. The

metabolism of the fructose units lies about halfway between that of

glucose and that of galactose, in that about half the fructose units
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are apparently utilized, while the rest remain as the free sugar, home

fructose was released when the seeds were deprived of water and only

watered intermittently, but when the seeds were kept completely immersed

in water, there was not much fructose liberated.

The results also showed that although the sucrose, stachyose and

raffinose were initially present in the greatest concentration in the

cotyledons, during germination the breakdown products i.e. glucose and

fructose accumulated chiefly in the stem and root. The same results
50

have been obtained with bean seed, and they support the view that the

storage products in the cotyledons are transported, either before or

after breakdown, to other parts of the plant where thay are utilized.

However, it was found with mustard seeds that the weight of the root

remains almost constant during germination, despite the great

morphological changes that occur. It may be therefore, that in the roots

and perhaps also in the cotyledons, the new cell walls are synthesized

by transformation of pre-existing polysaccharides, and that the main

function of the low molecular weight carbohydrates and perhaps other

reserves such as protein, is to provide energy for this transformation.

The second phase starts 3-5 days after the onset of germination.

During this phase, the protein level stays fairly constant, and the main

reserves utilized are the materials soluble in acetone. These are

3L
presumably fats, and this agrees with the suggestion made by DupSron

that fats are not utilized by most fatty seeds until the later stages of
55

germination. Beevers has found evidence in the castor bean for the

very efficient synthesis of carbohydrate from fat by the glyoxaiate
33

cycle, and Mayer and Poljakoff-Mayber summarize the evidence for this



cycle in several fatty seeds. Thus some of the fat reserves may be

used as an energy source, but there is no evidence in mustard seeds of

net synthesis of carbohydrates from fat. The decrease in the weight of

the mustard seed cotyledons after the third day of germination may be

largely due to lipid utilization although there are minor contributions

due to the drop in the sugar and polysaccharide levels.



chapter ii

Aa Investigation of the Changes in the Cell Wall

Polysaccharides during Germination

«
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Although the existence of radioactive isotopes has been known for

many years, it was not until the advent of atomic piles 15-20 years

ago that the possibility of the commercial manufacture of artificially

radioactive elements became a reality. A'hese radioactive isotopes are,

for most purposes, chemically identical to the stable isotopes of the

f same element, but they are physically different in that they emit

radiation, This radiation can be very easily detected and measured, even

when there is a large amount of non-radioactive material present, and

it is this property which makes the isotopes such useful tools as tracers

in Chemistry and Biology. Radioactive tracers can be readily incorporated

into living organisms and are thus very useful for the metabolic studies

on the organism concerned. There are a number of radioactive isotopes

such as %» ^3, "^P, and "^*1, which have been commonly used as

tracers in biosynthetic studies, and methods for applying and detecting

these isotopes in trace amounts Lave been very highly developed.

One of the radioactive isotopes that is most useful in studies on

plant metabolism is that of carbon - ^C, which was discovered by Ruben
56

and Kamen in 1940. It has the advantage of possessing a very long

half-life (5,300 years) so that long term experiments can be carried

out without much loss of radioactivity due to decay. Calvin has used

it with outstanding success in his work on the photosynthetic oarbon

cycle, which enabled him to work out the pathway by which carbon

dioxide assimilated during photosynthesis of plants is converted into

sucrose, and thence to polysaccharides. The use of Hc°2 in the study
of plant metabolism has been frequent, as it is easy to incorporate

radioactivity into a photosynthesising plant by exposing it to an
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atmosphere of ^GO^. For the study of the stages of growth before
photosynthesis starts, various compounds such as -acetate and

(2-Mc)-acetate can be used."^' These compounds can be incorporated

into the seeds by injection or by soaking.

The problem for which a radioactive tracer was used in the present

work was chiefly to find out whether or not the cell wall polysaccharides

in mustard seed cotyledons are inert during the period of germination when

the form of the wall changes visibly. It has been shown by previous

workers with plants that had assimilated that the main transport
6X 62 63

material in higher plants is sucrose, ' 9 and there is also

evidence that the germination of seeds can be sustained by a simply of

sucrose. ' The evidence suggests that sucrose is a precursor of
66

polysaccharide material in some, if not all, circumstances. The

results discussed in Chapter I show that the sucrose reserve in mustard

seeds is utilized very quickly in germination. Thus, if synthesis of

cell wall polysaccharides does occur, this should be shown conclusively

by the .incorporation into the polysaccharides of radioactivity from

"^-sucrose. The seeds were therefore soaked in a solution of

Hi-sucrose at the start of germination, and the fate of the sucrose

was determined by measurement of the radioactivity of the various

fractions of the seeds during germination.

The main methods for the detection of radioactive isotopes are based

on the ionization properties of the particles and the photons themselves,

or of the secondary radiation produced by them. The basic principle of

the counter used - the Geiger-Muller counter - is that the ionization

takes place in a gaseous medium between oppositely charged electrons
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when a radiation particle enters the counter. A measure of the

ionization produced, and hence of the radioactivity present, can thus

be obtained.

For qualitative and semi-quantitative work, the autoradiograph

technique can be used. This depends on the fact that a photographic

emulsion will be fogged by the radiation emitted by a radioactive

isotope, and it has been a very useful technique for locating isotopes

in plant tissues and for indicating the position of radioactive

substances on paper chromatograms•

The main factor in the preparation of samples for radioactive

measurement is the reproducibility of the technique. One of the big

sources of error in measurements of radioactivity is self-absorption.

The radiation emitted from the bottom layer of a sample becomes

increasingly scattered as ti thickness of the sample increases, and

finally it is completely absorbed. This means "that the count rate of

the sample tends towards a limiting value, and the thickness of the

sample at this limiting value is termed "infinite thickness".

Infinitely thick samples of definite area of a given radioactive material

give count rates in direct relationship to their specific activities,

and this is a suitable condition for quantitatisemeasurements. The

count rates of "infinitely thin" samples ( 3% infinite thickness) also

have a fairly constant relationship between count rate and specific

activity, but the count rate can be increased slightly as a result of

self-scatteri_ng of the radiation, and thi3 method is not quite so

satisfactory for quantitative measurements, although it can be used.

Thus it is most desirable to have a sample of infinite thickness for
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measurement, and as the radiation emitted by is very weak, this is

not difficult to achieve with material containing this isotope.

One very common method used for the analysis of ^0 in plants

is precipitation of the "^C as Ba^GC^ after combustion of the plant
tissue, and several methods have been developed for the preparation of

samples suitable for counting. Particle size is important in solid
68

samples, and the surface of the precipitate must be smooth, as the count

rates vary with the area of sample exposed to the window of the counter.

It is extremely difficult to ensure uniform particle size of barium

carbonate precipitates by resuspension after they have been dried, and

large samples arc much more likely to crack while drying than small

samples. It was found most satisfactory to use an apparatus designed

after Henriques jg£ al.~^ (Pig. 9), so that the barium carbonate,

formed in the upper sleeve by the addition of barium hydroxide to the

sample solution containing and ammonium chloride (page 12),

could be filtered directly on to the paper and washed before coming in

contact with carbon dioxide from the air. The samples on the filter

papers were dried carefully, mounted on brass mounts, and fixed in
32

position with a retaining ring (Pig. 10). The results obtained

using this technique were reproducible within experimental error (5%).

when the samples were already in solution, dilute solutions were

placed in planchets and evaporated to dryness. These samples were then

assumed to be infinitely thin.



Fig. 9 Filtration apparatus for Ba14C03 precipitates32

sleeve

filter paper

N /

sintered disc

\

Fig. 10 Mount for the Ba14CO discs.32

sample-
base

—retaining ring
—filter paper



A2.

EXPERIMENTAL.

Experiment 2.1. Tfrg uUUzaU9Xl 9ff ^G-spcroqc fry flWWfafltf-qft SQqflg.

50 seeds were allowed to absorb ^C-sucrose (0.0125 mc in 0,125 ml,

water) and then the sucrose was "washed in" by further soaking in water

(8 hr, total soaking). The seeds were then germinated on moist filter

paper inside a light-proof respiration chamber. Carbon dioxide-free

air was drawn slowly over the seeds, and afterpassing over them, the gas

was drawn through traps containing M-sodiisa hydroxide (100 ml.). It was

subsequently found that virtually all the^ was absorbed in the first
of these traps. This trap was changed after 1, 2, 3, k> 7, and 9 days

of germination. To the contents at each stage were added carrier sodium

carbonate (approx. 0.5 g.) and ammonium chloride solution (4M> 25 ml.).

Aliqytot parts of this solution were then added to barium chloride solution

(10/& w/vj 5 ml.) and the precipitate collected and counted as described

on page 12. Samples of 5 seeds were removed at the same time intervals

and immediately frozen in liquid nitrogen, freese-dried, and extracted

for 15 minute periods with aqueous ethanol (80$ v/v; 80°C) until no
further radioactivity was observed in the extracts (10 x 100 ml.). The

seed residues were then dried and burnt to assay the mdioactivity as

described on page 12. The aqueous ethanol extracts were evaporated

almost to dryness, and the solution placed on planchets which were dried

and counted. By previous calibration, the activity present in each extract

could then be calculated. It was found necessary to carry out all the

ethanol extractions on each sample in one session. If the residues were
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allowed to dry between extractions, there appeared tc be further

breakdown of radioactive material in to ethanol-soluble material,

which was released when the extractions were resumed. The results

are given in Table 2.a.

TfrfcU 2.a

^activity in tho fractions fypsi geriqin&Mflg_s.QBfla

iractlo.n p^j,oq (day5)

1 2 3 4 7 9
% activity in ethanol

soluble fraction

% activity in ethannl

insoluble fraction

55.2 47.1 19.5 14.8 10.9 11.1

24.4 16.8 37,0 22.3 17.6 24.3

activity respired &>.4 36.2 43.5 63.0 71.5 64.7

These figures show that sucrose fed to the plant is used rapidly at

first and then the relative amounts of activity in each fraction remain

fairly steady. At this steady state, the values are»-

63% respired
22% alcohol insoluble

15% alcohol soluble

All the activity fed to the plants was accounted for within experimental

error, confirming that there are no other means of use or loss of the

sucrose other than respiration and incorporation into the plant.
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Experiment 2.2. synthesis of alcohol-Insoluble materials in the

opfiws of tfoe

300 seeds were allowed to absorb "^CJ-sucrose (0.05 nic in 0.5 ml.

water) and the sucrose was "washed in" by further soaking in water

(12 hr. total soaking). The seeds were then germinated in,the usual

manner. Duplicate samples of 12 seedlings were removed at intervals

of 12 hr., 1, 2, 3, 4> and 7 days, and divided into seed coats, roots,

cotyledons, and after the third day, stems. Each batch of organs was

immediately frozen in liquid nitrogen, freeze-dried and extracted with

aqueous ethanol (SO^v/vj 8u°C for 15 min.). The radioactivity in each

batch of organs was estimated by combustion as before for the whole

seedlings. The results are given in Fig. 11. It can be seen that most

of the synthesis of alcohol-insc ble material occurs in the first 4 days

of germination, and although the activity in the ste~.i continues to

increase after this time, the other organs appear to have reached a fairly

steady state. The percentage of the synthesis in the different organs

after 4 days isi-

30% in the cotyledons
in the roots

11/b apparent synthesis in the seed coats
19$ in the stems.

haafforfoeM Thq lotion o£ frhq 4.A foh SQ0(1UM3«

Seeds wore allowed to absorb ^C-sucrose in the same manner as

before and germinated as usual. One seed was removed after 1, 4# 6, 9,

and 14 days < f germination, divided into cotyledons, roots, stem, and seed

coat, and the parts wore autoradiographed, (see page 10). These



Fig.11 Radioactivity in the organs of germinating

seedlings

time (days)



autoradiograms of the whole seedlings germinated for periods up to

14 days showed that most of the radioactivity had been incorporated into

the upper part of the root. This was expected, because the walla of the

cells in this region would have been formed in the first divisions

to have occurred after the onset of gemination. In two-week-old

seedlings, the most active part of the root was again at the ipper part,

but with a gradation of activity along the length of the mot towards the

tip, which was detectable because of the greater length of the root at

this stage. A similar gradation was found in the stem. Kthanol-insoluble

radioactivity entered the cotyledons during the first 24 hours of

germination, and was still present in the two-week-old seedlings, and this

suggested that there was at least some degree of turnover of polymeric

substances in the cotyledons during the early part of germination. The

small amount of radioactivity founa in the seed coats confirmed the results

of experiment 2.2, in showing that there is apparently some degree of

synthesis of polymeric substances in the seed coats.

nhe nature of the polysaccharides synthesized in the

200 seeds rare allowed to absorb 14q-sucrose (0.5 ml,, 50^c) and the
sucrose was "washed in" with water (0.5 ml.) after 6 hours (total soaking

12 hr.}. The seeds were then germinated as usual, and samples of 15 seeds

were removed after 12 hr., 1, 2, 3, 4, 5, 6, 7, and 8 days from the start

of germination. The seeds were separated into cotyledons, roots, stems,

and seed coats, and the parts were frozen in liquid nitrogen, freeze-

dried, and extracted with aqueous ethanol (80$ v/vj soxhlet) for three
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days. The residues were then shaken at room temperature with sulphuric

acid (72£ w/V; 1 ml.) until they dissolved almost completely (16 hr.).

After dilution with water (9 ml.), the solutions were heated on a boiling

waterbath (6 hr.), neutralized with calcium carbonate, filtered, and

concentrated under reduced pressure to 2 ml. A further quantity of

calcium sulphate was removed at this stage by chilling and filtration, and

then the hydrolysates were examined by paper chromatography ( solvents b,c)

and autoradiography (page 10). The results are given in Table 2,b.

The results indicated a gradual synthesis of polysaccharides in the

cotyledons, up to a steady level at 3-4 days. TV hydrolysis products

of cellulose (glucose) and the pectic sub-tances (galactose, arabinose,

and galacturonic acid) became intensely radioactive, suggesting that

the ^"^J-sucrose had been utilized in part for the synthesis of "these

polysaccharides. In contrast, however, there was little evidence for the

synthesis of hemicellulosic polysaccharides. In the roots, the major

polysaccharide to be synthesized first would appear to be cellulose,

but after fcur days, there were considerable amounts of radioactivity in

"the hydrolysis procucts from both the pectic substances and the

hemicellulosic polysaccharides. The stems showed the same pattern as

the roots. The nature of the biochemical activity in the seed coats

remains obscure.
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sugarsandtheirradioactivityduringgermination
OrgansandGerminationperiod(days) sugars
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+
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+
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Experiment 2.5. Evidence for the synthesis of polysaccharides in

the cotyledons during germination.

300 seeds were allowed to absorb "^G-sucrose (0.077 mc. in

0.77 ml. water), and the sucrose was "washed in" by further soaking

in water (8 hr. total soaking). The seeds were then germinated as

usual and allowed to grow for four days. They were dropped into

liquid nitrogen, and freeze dried, and the cotyledons were separated

by grinding in a small hand mill, sieving and hand sorting. They were

then extracted exhaustively with each of the following series of

solvents, (see Chapter III), aqueous ethanol (80% v/vj 80°C for 15 min.

10 x 100 ml.), acetone (soxhlet extractor; 48 hr.), sodium

diaminoethanafcetra-acetate (EDTA) (2% w/v; 100°0 for 3 hrs, 10 x 150 ml.),
and potasshim hydroxide under nitrogen (5% w/vj room temperature for

48 hrs, 200 ml .). The residue after each stage was weighed and assayed

for radioactivity by combustion (page 12). The EDTA extracts were

combined and an aliquot portion removed and evaporated to dryness on

a pl&aobat and counted. The remainder of the solution was treated three

times with phenol (page 10) to remove protein, and the excess phenol

was finally removed from the gqueous layer by six extractions with ether.

An aliquot portion of the EDTA solution was evaporated to dryness on a

planchet for counting. The potassium hydroxide extracts were combined

and acidified with sulphuric acid, and the precipitate was removed on

the centrifuge, washed with acetone and ether, dried and counted as a

thick layer. The supernatant solution was dialysed, and a portion

evaporated to dryness on a planchet and counted. The results are

summarised in Table 2,c„
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Table 2.c.

Incorporation of 140 from labelled sucrose into the various fractions

o? Wl.Yl^ons.

Yield, % Yield, %
Fraction Components in terms in terms

of weight of radio¬
activity

Sthanol soluble Sugars etc. 22 7

Acetone soluble Fats etc. 35 0

EDTA soluble (phenol
soluble sub-fraction)

Protein 21 24

EDTA soluble (phenol
insoluble sub-fraction)

Pectic polysaccharides 6 22

KGH soluble (sub-
fraction pptd. on

acidification)

Protein (plus some pectic

polysaccharides?)
8 34

KOH soluble (subfraction Hemicelluloses plus protein
from tie superuatant approx. Ill by weight
soln. after acidification)

5 3

Residue Cellulose and less soluble 3 10

hemicelluloses

The probable main components of each fraction are also listed

in Table 2.c; this information is inferred from the results of studies
til

with the cotyledons of ungerminated seeds (see Chapter III), and is

consistent with the results of the hydrolysis, chromatography and

autoradiography experiments described above.
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DlbOUSoIUN

Although the cotyledons are the storage organs of mustard seeds,

the dotyledonary polysaccharides do not appear to be reserve substances

because their concentration does not diminish substantially during

germination (Chapter I)» The chemical nature of the polysaccharides
2

suggest that they are present in the cell wall, and the aim of the

experiments reported above was to find out to what extent these

polysaccharides were involved in the metabolic processes of the cell

during germination.

When -sucrose was supplied to seeds at the start of germination,

it was found that at least 85% of the sucrose was utilized by the plant,

(Experiment 2,1) and that the radioactivity entered all physical and

chemical parts of the plant (except the lipid fraction). (Table 2.c)

This gives, a rather different picture from that derived from direct

chemical analysis (Chapter I), which suggested that the greater part of

the sucrose simply accumulated as glucose and fructose. This apparent

disparity could be due to either a) the nearly total utilization of the

naturally occuring sucrose being masked by the synthesis of new sucrose,

glucose and fructose from the reserves of fat"^*^ or b) the natural

sucrose being located at particular sites in the plant, where it is

exposed to enzymes in a controlled manner.^ The ^C-sucrose, by the

nature of the method by which it is supplied to the plants, is not fed

to any specific parts. This is unavoidable, as the only method of

obtaining seeds with the radioactive components in their natural sites

would be to take the seeds from a mature plant which had been exposed
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to "^00^. In this case, all the components in the seed would be likely
to be radioactive, and the data obtained by experiment would be

Indecipherable.

The autoradiograms of the seedlings at various stages of growth

showed a gradation of activity along the root and stem diminishing

with increasing distance from the oldest calls. This would suggest

that there is little turnover of the ethanol-insoluble cell components

after their synthesis in the roots, in contrast to the mobility of the

reserves from the storage organs which are transported to the rapidly

growing roots and stems of wheat as shown by McOonnell.

Although most of the synthesis of ethanol-insoluble components

seems to occur in the roots after 4 days), which is to be expected

because of the growth of this tissue during germination, there was a

surprisingly large amount of synthesis in the cotyledons (30# after

4 days) (Experiment 2.2). However, a semi-quantitative comparison of

the intensities of the autoradiograms of the hydrolysates of the two organs

suggested that there was about four times as much radioactivity in the

polysaccharides of the roots as in those of the cotyledons. This

indicated that there must be considerable synthesis of ethanol insoluble

non-polysaccharide material in the cotyledons and this was confirmed by

the results of the analysis of the cotyledon fractions (Experiment 2.5).

It was found that over half the activity was in the protein components

of the cotyledons (Table 2.c), and that of the rest, most activity was

in the pectic fraction, with some in the cellulose.

In order to make any further comparison of the synthesis of cell

polysaccharides in the roots and in the cotyledons, it is necessary to

make the assumption that the radioactive sucrose supplied to the



germinating seeds is very rapidly equilibrated between all the metabolic

pools associated with polysaccharide synthesis. It is not clear to

what extent this assumption is justified. Subject to this qualification

interesting comparisons can be drawn between the roots and the cotyledons.

In the roots, growth will be occurring by cell division (which involves

the synthesis of new cell walls) and by cell enlargement (which involves

the modification of old walls)In the cotyledons it is likely that

the predominant growth will be due to cell enlargement. Although the

growth in the two tissues is of a different nature, it would seem from

the measurement of the radioactivity incorporated into the respective

ethanol-insoluble fractions (Fig.11), that the amount of total

polysaccharide synthesis and turnover is of the same order of magnitude

in the two organs. Moreover the nature of the synthesized polysaccharide

appears to be different in the two cases. From the autoradiograms

(Table 2.b), the major product synthesized in the roots during early

growth appears to be a glucose polymer (presumably cellulose), whereas

the analysis of the cotyledons (Table 2.c) showed the pectic materials

to be the major product in these organs in the first few days, with

cellulose as only a minor product.

While both proteins and polysaccharides in the cotyledons became

active, the acetone fraction which probably contains the lipids, does

not (Table 2.c). If again the assumption that the radioactive sucrose

enters all the metabolic pools very quickly after the start of germination

is made, this result suggests that the lipids present in the seeds before

germination have solely a reserve function. It also indicated that the

conversion of lipids to carbohydrates, if it does occur, is an

irreversible transformation. Otherwise, some of the activity of the
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carbohydrate fraction would have been transferred to the lipid fraction.

The fact that synthesis (apparently extensive synthesis) of

polysaccharides in the cotyledons occurs without net synthesis

(Experiment 1.8) suggests that turnover of the cell wall components

occurs during germination, and perhaps leads to modifications in the

molecular structure, particularly of the pectic polysaccharides. This

is the major conclusion to be drawn from the work in this chapter and

may be correlated with the observation made with the light microscope

by Professor it. Brown^ of considerable swelling and stretching of

the cell wall of mustard cotyledons during germination. The results of

hydrolysis and autoradiography reported above indicate that these

changes may be associated with the turnover of the pectic polysaccharides

in the cell wall. Further studies to investigate the nature of the

changes involved were therefore initiated.



Chapter hi

The Extraction and Separation of the Cell Wall

Polysaccharides of Mustard Seeds
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The results discussed in the previous Chapter established that

the cell wall polysaccharides are involved in metabolic turnover

during germination, and so further investigation of these polysaccharides

was carried out. To do this it was necessary to isolate them from the

rest of the cell material, and to purify them, so that detailed studies

of structure would be meaningful.

The extraction of polysaccharides froia plant tissue involves the

exercising of a great deal of care. A high yield and degree of purity

of the final product is very desirable, but structural modifications

are not, and should be avoided as much as possible. The cell wall

polysaccharides of plants, being deeply embedded in the plant tissues,

are not so susceptible to mild extraction procedures as are the gum

exudates or many bacterial polysaccharides. Any oligosaccharides and

sugars are usually extracted with aqueous ethanol, while the cell wall

polysaccharides require much stronger reagents, and, by the use of

various methods of extraction, it is often possible to achieve a crude

fractionation of the polysaccharide material. However, it is often

difficult to devise extraction conditions that do not cause structural

modifications to some extent.

The most soluble of these polysaccharides are usually the pectic

substances, which are particularly sensitive to structural modification
70

during isolation. Alkaline conditions, such as hot potassium hydroxide
71

or lime water, can cause hydrolysis of two types of naturally
72

occurring ester, namely acetyl groups and methyl galactosyluronate units.

Under weakly alkaline or neutral conditions, a marked decrease in

molecular weight may occur during extraction owing to ^-elimination at
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73 7A
the methyl galactosyluronate units. ' Under acidic conditions there

is the possibility of hydrolysis of any labile glycosidic linkages that

may be present such as arabino-furanosyl linkages. If the chance of

structural modification during the extraction of pectic substances is to

be minimized, it would seem desirable that the extraction be carried out

with a solvent in the pH range 3-5. However, the extraction of pectic

substances is usually facilitated by the use of reagents that complex
2+

with or precipitate divalent cations such as Ga , which are involved
.1 S

in the natural associations of pectic molecules in the cell wall,
75

and the best reagents of this type, such as SDTA, are most effective

at slightly alkaline pH. Thus, if complete extraction is desired, as

in the work described in this Thesis, it is sometimes necessary to risk

the possibility of some degradation by p -elimination by carrying out
the extraction at pH 7.5.

The next step is to remove the lignin, if any. Idgnin is a feature

of mature cells, and is not found in young tissue; it is usually removed

by oxidation which may result in partial d©polymerization and structural

modification of the polysaccharides which are still in the plant tissue,
76

especially if they contain uronic acid units.

The residue of the carbohydrate material after this stage consists

of cellulose and hemi-cellulose, of which the latter may often be

extracted with alkali in a graded manner. Alkaline degradation is

minimised if oxygen is excluded, but even so it does occur by a reaction

which has been shown to peel groups from the reducing end of the chain
77

of 1,3- and 1,4-linked sugar groups. Fortunately, under the usual
78

conditions of extraction, such degradation is slow. Saponification

of the acetyl groups that are present in some hemicelluloses will occur
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if alkali is used as the extraction medium. On the other hand,

dimethylsuLphoxide has been used successfully for the extraction of
79 80 81

acetylsted xylans from birch woods. ' Glucomannans are resistant

even to alkali extraction, but may be removed if borate is added to the
82

alkali. The action of the borate is presumably to form strong complexes

with the cis glycol groups of the mannose residues and this allows the

glucomannan to be extracted by the alkali.

The residue after this stage consists of cellulose and can usually

be purified fairly readily.

All these different fractions will contain high proportions of

salts, proteins, and other impurities, and; in all likelihood, will be
heterogenous with respect to the polysaccharide components. The methods

that now exist for investigating the fine structure of polysaccharides

have now reached a high degree of precision, and, although they can be

used on mixtures of polysaccharides to give valuable information, it is

easier to interpret the results unambiguously if the starting materials

are pure and homogeneous. Thus it is usual to remove the non-carbohydrate

material from the polysaccharide extracts, and to try all methods of

fractionation before assuming that the polysaccharide is homogeneous.

Salt contaminants are usually of low molecular weight, and can be

removed by dialysis, but if this is not possible, ion exchange resins

or gel filtration may be used instead.

The removal of protein is not such a simple matter, but over the

years many methods for removing it have been developed. These include
83

precipitation by the addition of neutral salts e.g. ammonium sulphate
g J

and lead acetate or by trichloroacetic acid which is, however, likely
gr

to degrade acid-labile polysaccharides. Precipitation can also be
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achieved by denaturation, by heating, by change in pH, or by shaking
86

with organic solvents such as chloroform-amyl alcohol. However,

most of the precipitation methods for protein removal do not usually

effect complete removal. Preferential absorption on calcium phosphate
97 ' 88

gel, charcoal, or ion exchange cellulose, can separate proteins and

polys aoeharides, though these methods are more suitable for smaller
27

scale purifications. Partition into aqueous phenol is often a

successful method, and in some cases proteolytic enzymes can be used to
89

destroy the protein completely.

After the removal of all the non-carbohydrate material, the degree

of heterogeneity of the polysaccharide fraction should be determined

and the components, if any, separated. Heterogeneity can be revealed by

electrophoresis in several types of system, e.g. borate, and other buffers
25

either in cellB, on columns, or on glass fibre sheets. Other criteria

include ultracentrifugation, ultrafiltration, gel filtration and ion
88

exchange cellulose column chromatography.

Fractional precipitation has long been the standard method for the

preparative purification of polysaccharide fractions, and even now, when

more sophisticated methods can be used, fractional precipitation still

holds its own as a convenient method for the preparation of large

quantities of material. It is therefore very well suited for the initial

stages of an extraction scheme. There is a wide variety of reagents
90 3which can be used, eua. complexing reagents such as Fehling's solution '

barium hydroxide,^ lead acetate,^ borates and aluminium hydroxide.

For acidic polysaccharides, the use of quaternary salts such as cetyl
92

trimethylammonium bromide and cetylpyridinium chloride has been developed

and under special conditions these may be used for the precipitation of



60.

2
neutral polysaccharides as well. Fractionation can also be achieved

by the addition of an organic solvent to an aqueous solution, i.e. by

taking advantage of any differences in the solubilities of the components

of the mixture. The tendency under these conditions for coprecipitation

to occur can be lessened by the addition of salts such as ammonuim
93

sulphate which reduces hydrogen bonding. Acidic polysaccharides can

sometimes be separated from neutral polysaccharides as their insoluble
9L

calcium or barium salts. ^ Snzymic action can be used to destroy the
95

undesired components and leave the wanted polysaccharides.

Chromatographic methods include paper (for low molecular weight

fractions), charcoal, and ion exchange celluloses such as diethyl-
88

aminoethyl (DEAE)-cellulose in various salt forms. The phosphate

form separates polysaccharides on the basis of their acidic nature, while

the borate form depends on the variability of the extent of complexing of

the polysaccharides with borate ions. Molecular size and shape can form

the basis of fractionation on gel filtration media such as the cross

linked dextran gels e.g. "Sephadex". Some of these have ion exchange

properties as well so that, if possible, the two effects will enhance

each other to give very good separation. However, sometimes it is found

that the two effects counteract each other and separation is inferior.

The conversion of the polysaccharides to their acetates or methyl

ethers, and their precipitation as these derivatives from acetone or

chloroform with ether or light petroleum can result in fractionation.

The acetates are more satisfactory as the original polysaccharides can

be recovered quite easily.



EXPERIMENTAL

lali The separation of the cotyledons from unserminated seeds.
2 9&

The method was that reported by Hirst et al. and by Richardson.

Whd® seeds were crushed in a small hand mill and heated in aqueous

ethsnol (80% v/vj 80°G) for 5-20 min. to inactivate enzymes. Some of

the seed coats were separated in a draught of air and the rest was

extracted in a so^-hlet extractor with two solvents for IS hours each.

The first solvent was ethanol, to remove oligosaccharides, and the second

was acetone, to remove fats. The rest of the seed coats were then

removed by further treatment in the air-draught and by hand sorting, and

the cotyledons were obtained practically free from contaminating particles.

ftgeriBMBt ?*3f The separation of the cotyledons of germinated seedlings.

Seeds were germinated for 4 days in the usual manner, frozen with

liquid nitrogen, and freeze-dried. The seedlings were passed through the

hand mill, sieved to remove the roots and then the seed coats were removed

by winnowing in the air-draught. The resulting material was 98.5%

cotyledons and 1.5% roots (by weight), and these remaining roots were

removed by sieving again and then hand sorting. 533 g. of pure cotyledons

were obtained by this procedure.

Experiment 3.3. Extraction of the pectic polysaccharides from the

cotyledons of the ungerminated seeds.

These were extracted with hot EDTA ar pH 7.5 by Mr N. G. Richardson



62.

96
in this Laboratory' and separated into a neutral araban and a mixture

consisting mainly of acidic polysaccharides (hereafter called the pectic

mixture), by fractional precipitation from ethanol. The pectic mixture

was deproteinized by Mr Aichardson using the phenol method (page 10).

The experimental conditions for the EDTA extraction were worked
75

out on a trial and error basis from the method of McOready and McCoomb.

It was found that extraction was most efficient with the solution 2% w/v

EDTA, at pH 7.5, and when heating at 100°C was continued for three hours,

^t was also noticed that after three extractions with iSDTA, the pectic

material was extracted just as efficiently with water as with EDTA, and so

all subsequent extractions were carried out with water as soltrent. A

trial extraction carried out at pH 4.9, but there did not seem to be more

degradation or ^-elimination at one pH than at the other, as judged by
u-v spectra (see Discussion). Therefore, as the extraction at pH 7.5 was

more complete, as shown by phenol-sulphuric acid determinations (see

page 12), this was the one that was adopted.

/

2tAt. SsjaaaUaa °£ J&a aafi&La jaa3jaaaggfracL3fla tea Ska

gbtyisflaflg P£ ggrainstsfl ggegtuggs.

The cotyledons separated from 4 day old seedlings (Experiment 3.2)

(533 g.) were extracted in a soxhlet extractor with aqueous ethanol

(8GJ& v/v), and then with acetone for a week each (yield 225 g.).

Extraction was then continued in batches with EDTA (2^ w/v; pH 7.5 at

9L°G; 3 xl 1.) and then with water (90°C; 3 xl 1«). The residue was dried

by washing with ethanol, and then ether, which was removed by evaporation

in vacuo. (Yield 132 g.) The aqueous extract was concentrated to 900 ml.

and then ethanol was added to 75% concentration. The precipitate was
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removed by filtration, redissolved and reprecipitated (Yield? 110 g,).

Hydrolysis and paper chromatography (solvent a, page 9) showed this

fraction to contain the sugars shown in Table 3.a.

3>a

Snnars present in the hTdroIvoate of the germinated oectic iulxturo

Galacturonic acid

Galactose +

Glucose t

Arabinose +++

Xylose
Khamnose t

These sugars are the ones usually associated with the pectic polysaccharides

and this fraction was therefore designated as the germinated pectic

mixture.

After the precipitation of the crude germinated pectic mixture

from the EDTA extract, it was redissolved and dialysed against tap water

for 2 weeks* In a trial dialysis, it was found that about 6% of the

total polysaccharide was lost on dialysis - about the same loss as with

the corresponding fraction from the non-germinated material. The

solution was cenoejntrated under diminished pressure, treated three

times with phenol (45% w/v, page 10) to remove protein, and then

extracted 6 times with ether to remove the residual phenol. Some of

the polysaccharide was precipitated by the addition of three volumes of

alcohol, washed on the centrifuge and then dissolved in water and

freeze-dried. The supernatant solution was concentrated to a small
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volume and added to 8 volumes of ethyl methyl ketone. The precipitate

was collected on the centrifuge* dissolved in water, isolated by

freeza-drying,. and added to the previous precipitate. Yield; 23.5 g.

Found; N=4.3/o.

In view of the high nitrogen content, the product was treated

with phenol a further 6times. The work up was the same as above.

Yield; 16 g. Foundt N=1.94ft.

ISftSEtofiBfe ,3»S» 4ttwt9<3 flragfcjpnattQA Of, the, .atretic mjyfrure.

The ingerminated pectic mixture was subjected to ultracentrifugation

and free solution electrophoresis by Mr I. W. Steele in this laboratory,

a^nd , in both oases, the unsymnetrical peaks obtainedindicated that

the material was heterogeneous. His experiments also showed, that the

heterogeneity was not due to differences in the degree of esterification

of the uronic acid residues. Fractionation of the polysaccharide was

therefore attempted by DEAE-cellulose column chromatography* The

separations achieved under three different sets of conditions were

compared using the ungerminated pectic mixture. Separation of the

germinated pectic mixture was then attempted using what appeared to be

the most promising method.

Column 1. Chromatography pf the unaerminated oeetlc mixture using

aftdium Phorpfrata a?

The DEAE-celluIose was prepared as follows (following the procedure
88

of Heukom .gfc al. )i DEAS-cellulose (100 g.) was washed in turn by

suspension, sedimentation and decantation with 0.f^-hydrochlorlc acid,

distilled water, 0.5^-sodium hydroxide and water again, the sequence
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being repeated, three times. Prior to each wash with water# the paste

obtained by deeantation was de-aerated slowly in a vacuum dessicator.

The material wa3 finally brought into the phosphate form by suspension

in O.fjf-sodium dihydrogen phosphate (pH 6.2)# and then in O.OOf^
phosphate solution of.the same pH. After washing with water and

de-aeration# the mechanically stirred suspension was siphoned into the

column tube (75 x 4 cm. diam.) which had a pad of celite in the bootom,

and allowed to settle under gravity. The column was tested with methyl

red indicator# which did not move when the column was eluted with water

but moved as a discrete band when the column was eluted with 0.5M-phoflphate

(pH 6.2). The polysaccharide sample (1.5 g.) was dissolved in the

minimum volume of water .and applied to the column in the usual way,

Elution va3 with water (2 1.), followed by a gradient (linear) from

water to G.5|f phosphate (over 10 1,). Fractions (25 ml.) were collected#

a portion (0,25 ml.) of every third or fourth fraction being taken for

analysis with the phenol-sulphuric acid reagents (page 12). Fractions

were pooled as indicated on the elution diagram (Fig. 12), dialysed

for a week against running tap water, concentrated under diminished

pressure and freeze-dried. Each product was weighed and examined by

hydrolysis (A5% formic acid) and paper chromatography (solvents f,g|

page 9). The general conclusion from this column was that the separation

was not complete, and for this reason the possibility of improvement by

alteration of the conditions was investigated. The detailed results

are given below in Table 3»b.
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Column 2. Chromatographv of thcygcrmlnated oectic mixture using
aqueous phosphate-urea as the elaent.

97
The procedure was based on that of Jtpplegarth and Dutton. The

function of the unea is to diminish association due to hydrogen bonding

between the components of the polysaccharide mixture, because such

association must hinder the separation) and also to diminish this type

of association between the polysaccharides and the column material,

because this will cause tailing and overlapping of peaks. The

experimental details for the preparation of the column and the

actual separation were similar to those for Column 1 except that it was

impossible to test the column with dye. The buffer was 0.5M with

respect to phosphate and 7Q with respect to urea) the pH was adjusted

to pii 6.2 after dissolving the urea. The polysaccharide sample was

dissolved in 7SJ urea instead of water, and the column was eluted

first with 7^i urea (2 1.) and then with a gradient from ?H urea to

0.5H phosphate in urea (10 1.), The detailed results are given

in Table 3.b, aud in Fig. 13. The general conclusion was that separation

was again imperfect, but that there was less trailing and bleeding of

the polysaccharide material from the column than with Column 1. The

fast- sedimenting acidic component (see below and Table 3.b) was not

obtained as pure as it was from the first column. The possibility of

improving the separation by use of borate was next investigated.

Column 3. Chromatography of the unaGraduated oectio mixture using

sodium metaborate as the elueat.

The experiment was carried out in essentially "the same way as for

columns 1 and 2, except that the D&A-C-eellulose was converted into the
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borate form by suspension in G.2|| sodium metaborate. This column was

eluted with water (21.) followed by a gradient from water to G.5H

borate (10 1,,, Separation was no better than had bean obtained

previously (columns 1 and 2). The results are given in Table 3.b,

and in Fig. 14.

GplWl A» Chromato .raohv of ohe germinated Poetic mixture.

The experimental method was the same as for column 2 except that

it was necessary to prepare the polysaccharide for chromatography by

dissolution in EDTA solution (2$) followed by dialysis against distilled

water. If this was not done, the column became blocked and flow ceased.

This was due to the presence of an insoluble gel-like material in this

preparation? this was subsequently shown by Mr Steele to be formed from

one of the polysaccharide components in the presence of certain divalent

cations. In this case the cations probably came from the tap water

during dialysis.

All the column ultracentrifugal analysis was kindly carried out

by Mr Steele.

filution diagrams are given in Figs. 12-15. The weights of material

obtained from the pooled fractions are given in Table 3*b, together with

the composition of these fractions as judged from the results of

ultracentrifugal analysis, hydrolysis and paper chromatography (solvent b).

It emerges from these results that the ungerminated pectic mixture contains

at least three distinct components*-

a). A., neutral component

b), A slow sedimenting acidic component

c). A fast sedimenting acidic component.
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b
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M
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(b?)c
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P
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CoAuffn3' BEegajaft a,(impure) a,(impure) bfc b,e byC
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resent
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d
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48
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b(c?)
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b
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*Thisweightexcludesalithefractionsgrosslycontaminatedwithcellulose a)yb)yandc)arethefractionsdefinedonpage67,andd)iscelluloslcmaterial fromthecolumn.



Fig. 12 Elution diagram of the ungerminated
pectic mixture : phosphate system
(column 1 )
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Fig. 13 Elution diagram of the ungerminated

pectic mixture : phosphate - urea system

(column 2)

colorimeter
reading

volume (litres)



Fig. 14 Elution diagram of the ungerminated
pectic mixture: borate system (column 3)

colorimeter
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Fig.15 Elution diagram of the germinated pectic
mixture : phosphate-urea system (column 4)

colorimeter
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volume (litres)



69.

Hydrolysis and paper chromatography showed the component a) to

contain galactose and arabinose as the major sugars, with somewhat

smaller amounts of xylose and glucose, and traces of rhamnose.

Components b) and c) both gave a pattern of sugars similar to that given

by the original mixture (Table 3.a) except that glucose was essentially

absent. Some of the cellulose from the column was also collected in the

eluate, and this probably accounts for the fact that the weight of

material recovered from three of the four columns was greater than the

weight put on.

On columns 1 and 2, the neutral component emerged first and was

well separated from the two acidic components; the two acidic components

were incompletely separated on both columns. The relative rates of

elution of the two acidic components was different when DEAE-cellulose

was uaed in the borate form, although separation was again incomplete.

The slow sedimenting component was relatively retarded, suggesting that

it might complex to a greater extent with borate.

The results obtained with the preparation from the germinated pectic

mixture were quite different. It was possible to distinguish three

components, which were to some extent counterparts of the three

components from the ungerminated pectic mixture, and for convenience

the same nomenclature and symbols have been used in the presentation of

the results. The neutral ©opponent was present in about the samp

concentration as before germination, it gave the same sugars on hydrolysis,

and it behaved similarly in the ultracentrifuge. The slow-sedimenting

components from the germinated and ungerminated pectic mixtures were,

however, quite different in the ultracentrifuge. Whereas this component
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from the ungerminated cotyledons gave a well-defined peak in the schlieren

diagram, the component isolated after germination did not. Some

difference is also indicated between the fast-sedimenting components of

the two preparations? whereas the component from the ungerminated

cotyledons was eluted readily from the column in an unchanged form,

the corresponding component from germinated cotyledons was not detected

in any of the fractions after column chromatography. This must be due

either to irreversible retention of the polysaccharide on the column,

or to modification of it during chromatography. In view of the

unexpectedness of this result, the column separation was repeated on a

small scale. Germinated pectic mixture (0.135 g.) was eluted from a

small column of DSAS-cellulose which had been prepared by equilibration

with phosphate-urea, with a buffer (pH 6.2) that was 0.5M with respect

to phosphate and 7£t with respect to urea. The product (O.I45 g.) was

isolated in the usual way and examined in the ultracentrifuge when the

fast-sedimenting component was found to be absent. Subsequent elution

of the column with G.5N-Ha0H removed only cellulosic material (0.087 g.j

hydrolysis gave mainly glucose). In view of the good yield from this

small column, and the fact that the product seemed to contain very little

contaminant from the column (hydrolysis gave only traces of glucose), it
would appear that the fast-sedimenting component was recovered from the

column but in modified form. One possible explanation would be that the

component was dissociated into smaller components by the action of the

urea in breaking hydrogen bonds? this would seem to be ruled out,

however, because the sedimentation diagram of the preparation from

germinated cotyledons underwent no change when the material was dissolved
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in 7M urea containing EDTA and then dialysed against distilled water.

Experiment 3.6. fracttQnattPB qS tfa PQ^msgharifleg

y^,,in-t|np ^fhp^ RDTA, ?fr W ^nS

a), 4M-4 SK-fcragtJLQtt. Part of the residue which was left after

EDTA extraction (100 g.) was treated by Mr G. Williams in this laboratory

as follows:- it was repeatedly extracted with potassium hydroxide

solution (5$ w/vj A x 2 1.) under nitrogen. The combined extracts were

acidified and the precipitate removed on the centrifuge* washed with

acetone and dried 4a vacuo (yield 44 g.)» Mound: N=15£. This must

therefore be mostly protein; this was confirmed by hydrolysis and paper

chromatography (sdbent bj page 9)# when only traces of sugars could be

detected.

Trial experiments conducted by the author showed that the

carbohydrate material in the supernatant solution could be isolated in

better yield by dialysis than by deionization with resins [lii-120 (H+)

and Ii.-45(010 forms)* and the material was worked up in this way.

Total yield: 20.5 g. (Yield by resin deionization would have been 8,4 g.),

Found: N=8.8£.

In view of this high ptotein content, the material was treated three

times with phenol as usual (page 10). This resulted in the loss of

carbohydrate material, while the protein content* although diminished,

was still appreciable. Yield: 8.1 g.* Found: N=2Q0$. Hydrolysis and

paper chromatography (solvent a, page 9) showed the presence of xylose

and glucose, with smaller amounts of galactose, galacturonic acid and
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fucose, and traces of arabinose.

The residue of the ungerminated cotyledons after alkali extraction

(yield ca. 5 g.) gave glucose with small amounts of xylose on hydrolysis

and probably contained cellulose as the main carbohydrate constituent.

b). tMpsrwata sstresUw*

i). with J.it,tuua thiflgyanato mi

precipitation with acetone.

A small part of the residue obtained from EDTA extraction of the

ungerminated cotyledons (3.8 g.) was placed in a flask with lithium

thiocyanate (70 g.) and water (60 ml.) and stirred for 6 days at room

temperature, by which time the solution (which was originally clear and

fluid) became brown and viscous. The residue wa3 removed on the

centrifuge and re-extracted by the same method. Relatively small

amounts of material were removed this time; the residue was removed on

the centrifuge, dried in vacuo, and hydrolysed with 72% sulphuric acid

(page 8).

A portion of the supernatant solution from the first extraction

(20 ml.) was treated with increasing amounts of Analaii acetone, the

precipitates which formed being removed on the centrifuge, washed with

acetone, and examined by paper chromatography (solvent c) after acid

hydrolysis and neutralisation with calcium carbonate. The results are

given in Table 3.c.

It was concluded that although lithium thiocyanate was effective

in dissolving polysaccharide from the residue, the subsequent acetone

precipitation did not seem to yield a pure component.
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Table 3»c•

Gugars oresant ii ,1>hg polyBflfighartfe , *QQAgitated from

LiCNS solution by acetone

Sugars observed acetone concentration {% v/v) at which

after hydrolysis precipitation occured.

60 70 80 90 Residue Material

before extn

Galacturonio acid ++ ++ •4-+ ++ trace ++

Glucose ++ ++ ++ ++ ++ ++

Galactose ++ ++ ++ •fr+ + ++

Arabinose + + + + ++

Xylose +++ +++ +++ +++ + +++

Fucose + + m, +

ii). Graded lithium thiocvanate extraction find graded

It was then attempted to obtain differential extraction by using

solvent of gradually increasing lithium thiocyanate concentration.

The experiment was carried out using the residue from the EDTA extraction

of the ungerminated cotyledons (l g.) with a succession of three

concentrations of lithium thiocyanate in the solvent* i). 9 g* LIONS

+ 14. ml. water, ii). 25 g. LiGNS + 30 ml. water, and iii) 50 g. LiCNS

+ 30 ml. water. Each extract was treated as above and the precipitates

isolated by graded acetone precipitation were examined by hydrolysis

and paper chromatography, (solvent c). It was decided that no useful

fractionation had been obtained*
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ill). Extraction with lithium thiocvanate. precipitation with

acetone, jaffij gra<te4 fr.Mtiaag tioQ fry <?qppq? completing.

Trial experiments were conducted on the material extracted with alkali

from the residue of the ungerminated cotyledons in order to estimate

the best method of fractionation based on copper complexing.

a). Junric acetate-alkali. The above material (0.1 g.) was

dissolved in water (4 ml.) and cupric acetate (7/fc w/v in waterj 10 ml.)

was added. The precipitate was removed on the centrifuge and freed

from copper ions by treatment with hydrochloric acid in ethanol (5% v/vj
10 ml.). After washing with ethanol, the precipitate was dried in a

dessicator over calcium chloride. The supernatant solution was treated

with sodium hydroxide (2frj 10 ml,), and the precipitate isolated and

worked up as before. This addition of alkali was repeated twice more,

after which the supernatant solution was dialysed, concentrated and

freeze-di'ied. Hydrolysis and paper chromatography (solvent cj page 9)

gave the results shown in Table 3.d.

Isfcli 3.4

duiza. c present in the polysaccharides fractionated by

popper sompl^pg ^4 pypqlplfrafred with alfralj.

Sugars present
after hydrolysis 1
Galacturonic acid +

Galactose +

Glucose ♦++

Arabinose ++++

Xylose +++
Fucose +

Rhamnose +

Fraction no.

2 3 4 Final sola.
+

+

+++ +++ +++* ++

+ *?•+ mm em mm

++ -fr-H-M- +++ +

■*■■¥+* m

+ - -
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b). Cm*,? ftQeteto- e^haftpj,.99 The same polysaccharide as

above was used (0.1 g.), dissolved in water (10 ml.) and cupric acetate

(71 w/vj 5 ml.) was added. The precipitate was removed on the

centrifuge and worked up as described above in method a). This time

the fractionation was carried out by additions of ethanol instead of

alkali, d the copper ions were removed from the precipitates by

treatment with hydrochloric acid in ethanol as before. Hydrolysis

and paper chromatography (solvent c; page 9) gave the results set out

in Table 3.e.

Table 3.e

prgsgifr in th? poiijrgagsharltefi

popper sonypXexiflg p3re<?4pltaU°4 vliA.ethanol.

■lugars present fithanol concentration at which
after hydrolysis precipitation occurred.

0 40 50 70

Galactur dc acid + t - -

Galactose ++ t +

Arabinose +++ t a.

Glucose + ++ + +

Xylose +++ ♦++ +++

Fucose + ++ + +

The results of both these experiments gave a major product which was

free of galacturonic acid, and it seems that it should be possible to

remove the small amounts of "pectic" contaminants from the rest of the

polysaccharide material by a method based on copper completing. A

large scale lithium thiocyanate extraction was therefore carried out.

c). Large .--caie experiment. The residue from the ungerminated

cotyledons ater EDTA extraction (100 g.) was suspended in water (1.6 1.)
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and lithium thiocyanate (2 kg.) was added. The mixture was stirred

for 10 days, centrifuged* and the supernatant decanted. The residue (69g.)
had a carbohydrate content of 9.7% as determined with the phenol-

sulphuric acid.reagents (page 8), and as compared with 91% for the

material before extraction.

The dissolved polysaccharides were precipitated by the addition of

acetone QlnalaR, 45 1*, (9 vol.)]. The supernatant solution after

centrifligation was deaanted, and the precipitate washed with water and

freeze-dried (Yields 25 g.j carbohydrate content* 6.83%). This

material (25 g.) was deproteinized by stirring for 10 days with phenol

(2.2 leg.) and water (250 ial*)* The solution was centrifu ad and the

precipitate washed three times with ethanol, three tx s with ether,

and dried. (j£isiiL -4*7 g.; carbohydrate gohtSflii' 27.2%),

Fractionation of this material was then carried out using copper

acetatej it was stirred with water (750 ml.) for 7 days, copper acetate

(7% w/v) was added until precipitation occurred, and the supernatant

solution after centrlfugation was decanted. The complex was decomposed

with hydrochloric acid in ethanol (5% v/v), the solution centrifuged,

the precipitate washed with ethanol, dissolved in water and freeze-dried.

This was CracUw „A - 0.4048 g.j cartohydratc ssL&aai* 61% 1

Nt 5*1%*

To the supernatant solution after the formation of the first

complex was added methylated spirits (2 vol.) to form a further copper

complex fraction. This was isolated and then decomposed essentially as

before to give fraction B - Yield:2.0672 g.j carbohydrate content: 10©%
N: 0.1%.
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The residue after lithium thiocyanate extraction, and also fractions A

ahd B were hydrolysed with formic acid (45% v/v) and chromatographed

on paper (solvent c; page 9) to give the results given in Table 3.f.

T4Wf9

jars iff tfre P94,mMh«r;Uw pfrtained after frqfltfloxrt

yitfr ljttjtffl tbiogy^natgt wri<? asetatai sfrhaA<?l»

Sugars present
after hydrolysis A

Galacturonic acid ++

Galactose -

Glucose ++

Arabinose *

Xylose ++
Fueose ++

Rhamnose ♦

Thus a partial fractionation was achieved, and 2 g. of protein-free

polysaccharide containing only xylose, glucose and fucose were isolated

from 100 g. starting material.

The method by which the polysaccharide was extracted from the seed

tissue is similar to those usually employed for the extraction of the

hemicellulosic components of the plant cell wall. However, the mustard

seed fraction differs from the usual hemicelluiosid xylan fractions in

that it lacks arabinose and 4-O-methylglucuronic acid. Glucose is

present, but the usual companion sugar, mannose, is not. The fraction

was ultracentrifugally homogeneous, and further evidence of homogeneity

is given in Chapter 17. It was thus thought more likely to be a xyloglucan

than a mixture of a xylan and a glucan and was therefore designated as the

"xylogluc n fraction".

Fractions

B Residue

- t

• +

++ ++

- +

♦

+ t

m
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DISCUSSION.

The extraction of the cotyledons of the ungerminated seeds

afforded three main carbohydrate fractions:- i) the ethanol soluble

fraction, ii) the pectin fraction, and iii) the hemicellulose fraction.

Fractional precipitation with ethanol separated the pectin fraction

into two main fractions: a) the araban and b) the pectic mixture, which

contains mainly arabinose, galactose and galacturonic acid. The

hemicellulose fraction was also separated into two sub-fractions

by the use of copper acetate and ethanol. One of these fractions was

very small and contained a high proportion of protein, together with

some unextracted pectic material, while the other fraction, the

xyloglucan, was a protein-free polysaccharide containing xylose, glucose

and fucose units.

The extraction procedures were carefully studied in trial

experiments "before they were put into use. It was desirable to achieve

complete extraction of the pectic polysaccharides and for this it was

necessary to use hot iDTA at pH 7.5* The trial experiments showed that

extraction at pH 4*9 is much less effective. Pectic polysaccharides

from other sources have been shown to be degraded by heating at this pH,

with the formation of unsaturated products which have a pronounced

absorption on the ultraviolet round 235 Neither the ungerminated

nor the germinated pectic mixtures showed this absorption, therefore

extensive degradation had not taken place during the extraction. Control
96

experiments also showed that the neutral araban did not arise as an

artefact of any such |3 -elimination, as might be the case for certain
16"neutral arabans" in the literajture. The results of ultracentrifugal
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analysis on the products of extraction at pH 4.9 and subsequently at

pH 7.5 indicated that the two fractions were of similar molecular

weight, again suggesting that extensive degradation had not occurred at

the more alkaline pH. It is difficult to explain why degradation does

not occur at pH 7.5. Comparative experiments (I.W.Steele, unpublished)

carried out in this Laboratory have confirmed that the pectic material

from mustard is more resistant to ^-elimination in aqueous systems than
citrus pectin and the 2-hydroxy-ethyl ester of tragacanthic acid. The

possibility of some slight degradation, too small to be detected in

these control experiments, cannot be excluded and indeed is to be

expected. However, this does not affect the main object of the present

research, which was simply to characterize the main structural units,

and to carry out a preliminary comparison of the germinated and

ungerminated pectic mixtures.

Alkaline extraction procedures always carry the ri3k of causing

degradation, and so, although aqueous alkali appeared to extract the

non-cellulosic polysaccharides remaining after £DTA extraction, it

seemed desirable to use milder conditions. Dimethylsulphoxide extracted

no polysaccharide. Concentrated urea solution {&> w/v) was a very

effective solvent (probably by virtue of its power to break hydrogen

bonds), but the polysaccharide was difficult to recover without dialysis.

Concentrated lithium thiocyanate was almost as effective as urea, and

could be readily removed from the extracted polysaccharide because it is

soluble in acetone. Now that the polysaccharide has been shown to be

non-dialysable, it might be preferable to use "urea for future work

because it is less expensive and also more effective.

Apart from its solubility characteristics, the xyloglucan appears to

be very similar to the amyloid mentioned in the Introduction (page 3).
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The most studied of this group, the Taaarindus amyloid, can be extracted

from the plant tissue by hot water, and contains galactose rather than

fjicose, and in these details it differs from the mustard seed xyloglucan
fraction. However, both fractions can be precipitated by copper salts,

and contain, as major sugars, glucose and xylose, which appear to be

linked in the same polysaccharide molecule.

The investigation of the homogeneity of the germinated and

ungerminated pectic mixtures established that they were both

heterogeneous, and that they differed from each other. The column

chromatography of the ungerminated pectic mixture showed two main

components - a neutral fraction containing galactose and arabinose,

with smaller amounts of xylose and glucose, and traces of rhamnosej

and an acidic fraction. These two fractions could be separated with the

phosphate, and the phosphate-urea systems, but were not well defined with

the borate system.

The acidid fraction was itself heterogeneous as shown by

ultracentrifugation (carried out by Mr I.W.Steele) and two components

could be distinguished - a) a slow sedimenting acidic component and

b) a fast sedimenting'^component. These both contained similar amounts

of galacturonic acid, arabinose, xylose, galactose and rhamnose. These

two components could not be separated completely by DEAE-cellulose

column chromatography with any of the solvent systems used, although

pure specimens of each could be isolated from appropriate sub-fractionS,

In addition to these fractions, Mr Steele also found that,while

preparing the samples for ultracentrifugation and free solution

electrophoesis, some of the material formed an aggregate. On further

examination, this aggregate was shown to be a further sub-fraction of
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the slow sedimenting acidic component.

Thus it is possible to distinguish four components in the

ungerminated mixture. These are: a neutral component, a non-aggregating

slow sedimenting acidic component, and aggregating slow sedimenting

acidic component and a non-aggregating fast sedimenting acidic component.

The first three sediment together on the ultracentrifuge, while the last

three overlap on DEAE-cellulose column chromatography.

The three components which are distinguishable in the germinated

pectic mixture by column chromatography and ultracentrifugation, only

partly resemble those of the ungerminated pectic mixture. The fast

sedimenting component diminishes in amount on germination, but the most

marked change on germination is a dramatic increase in the proportion

of the aggregating slow sedimenting acidic component. The degree of

aggregation is affected by the presence of divalent ions (I.W.Steele,

unpublished results), and this suggests that the variation of the

concentration of this component might be a biological mechanism, by

which the control of cell wall extensibility is effected, (o.f.

General Introduction). In vivo aggregation might have a "cementing"

action in the cell wall which would diminish its extensibility. The

current theories of the control of cell wall extensibility have been

reviewed recently by Wilson"1', but the role played by different factors
20

still remains obscure.



CHAPTER IV

A Preliminary Structural Investigation of the

Cell Wall Polysaccharides of Mustard Seeds
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As a preliminary to the study of the fine structure of the cell

wall polysaccharides of ungenainated mustard seed cotyledons, the nature

of the structural units present was established. The modern methods

available for such preliminary structural investigations are now so

powerful and so convenient that this approach to the study of possibly

heterogeneous polysaccharide preparations is a practical alternative to

detailed physical investigation. Polysaccharides seem to be unique in

the field of natural polymers in being polymolecular, i.e. in containing

molecules of the same structural pattern, but which vary in size and

structural detail, and also in being branched, and it is these differences

from other natural polymers that make possible the application of an

organic chemical approach to polysaccharide heterogeneity. There are

two kinds of information about heterogeneity which can be gained from

a preliminary characterization of a polysaccharide preparation. Firstly

it may be possible to recognise the mixture as containing one or more

well-known polysaccharide types for which efficient and specific

fractionation methods are known from other investigations. Secondly,

positive indications of homogeneity (though not of heterogeneity)

can be obtained. An example of this would be if one sugar present in

a polysaccharide mixture was found, after methylation and analysis, to

be present only as end group. In this case it obviously could not exist

as a homopolymer, but must be part of a heteropolymeric structure. This

is the reverse of the kind of evidence made available by the application

of physical techniques, which can give direct evidence for heterogeneity

but not for homogeneity. Physical and structural approaches are to

this extent complementary. This Chapter therefore describes an attempt

to obtain information, using the methods of structural analysis, that
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will complement the physical information described in Chapter 111*

The applications of chemical methods to the present problems did

in fact give information relating to homogeneity (see Discussion to

this Chapte^, and in addition a considerable amount of information

useful from the point of view of structural chemistry has been obtained.

The two main cell wall polysaccharide fractions extracted from

ungerainated mustard seed cotyledons were the pectic extract and the

xyloglucan* The pectic extract has been shown to consist of five

polysaccharides (see Chapter III); the neutral araban which is soluble

in aqueous ethanol, and the one neutral and three acidic polysaccharides

which are insoluble in aqueous ethanol, but which can be differentiated

by DEAS-cellulose column chromatography and ultracentrifugation. The

neutral component of the pectic mixture (page 62) is a minor one, and

the hydrolysates of the acidic polysaccharides does not show any large

difference between them with regard to the proportions of sugar units

present. It probably therefore contains a family of related molecular

species. The preliminary structural studies reported below were carried

out on the pectic mixture from ungerminated mustard seed cotyledons.

The xyloglucan which was isolated and purified from -the resting seed

cotyledons after extraction of the poetic fraction gave a single sharp

symmetrical peak on ultracentrifugation, and no further attempts to

fractionate it were made before submitting it to preliminary structural

studies.

These structural studies involved the well-established methods of

methylation, hydrolysis and identification of the hydrolysis products.

Several different methods of methylation were used as it was difficult

to meth.yLa.te the pectic mixture. Complete methylation of both fractions
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was eventually achieved. Vapour phase chromatography, together with

paper chromatography, was used for the identification of the methylated

sugars that were produced on hydrolysis.

Although paper chromatography has been used for the separation

and identification of methylated sugars for over a decade, the application

of vapour phase, or gas-liquid, chromatography (g.l.c.) to the analysis

of mixtures of carbohydrate derivatives has developed very rapidly

recently. The experimental system consists of a heated column, evenly

packed with a solid support of large surface area, coated with the

liquid phase. The carrier gas is passed through this column, and when

the sample is injected into one aid of the column, it is vaporized and

resolved into its components as it is swept through the column by the

oarrier gas. There are several types Of detectors which can be used

to detect the separated Components in the effluent gas stream, and two

of these were used in the reported study. One detector is of the flame-

ionization type.100 The carrier is nitrogen, and as it passes between

the two flames between which a high voltage is laalntained at the end of

the column, the components in the ga3 stream are burnt. The ions

produced in the process affect the electrical conductivity between the

flames and this is translated into an amplified electrical signal

recorded on a moving chart. The other detector has two electrodes at

the end of the column instead of flames and the argon carrier gas is

excited to a metastable state by |)-rays from a Sr^ source.The

transfer of the excitation energy from the carrier gas to the sugar

components causes ionization, and this in turn causes a change in

current between the electrodes, which is translated into the signal.

These detectors are very sensitive and can measure very small amounts
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of carbohydrate material and they are fairly stable to minor

fluctuation in temperature and flow rate.

Gas chromatography can be used for both qualitative and quantitative

work, and, by varying the liquid phase, it can be used for the
00 102

identification of many different carbohydrate derivatives, * and

in some cases for preparative separation.
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EXPERIMENTAL.

A. Sfodigs op #19 pegfrlc mixture.

This is the fraction obtained from the EDTA extract of the

ungerminated cotyledons by precipitation with aqueous ethanol (75% v/v),
followed by dialysis and deproteinization with phenol (see Chapter III).

flagrertagrt 4tl» ^uanUliaUYe fleterstoaUpq Qf thg gqgqr compositional
103

th? pqgfrto

Pectic mixture (0.1178 g.) was hydrolysed by heating in sulphuric

acid (M) at 100°C for 6 hours, and the solution was neutralized with

calcium carbonate. After filtration and evaporation to dryness, the

residue was dissolved in water, chilled, filtered and diluted to 18 ml.

with water. Aliquots (0.025 ml., 0.05ml., and 0.1 ml.) of this solution,

together with aliquots of a standard solution containing all the sugars

present in the poetic mixture were applied to a paper chromatogram

(solvent bj page 9). The paper was thoroughly air-dried overnight

and then dipped into aniline phthalate solution (g-phthalic acid (1.66 g.)

and aniline (0.91 ml.) in butan-l-ol (48 ml.), ethyl ether (48 ml.),

and water (4 ml.)). The paper was then heated at 105°C for 10 minutes to

develop the spots. The individual spots were cut out, cut into

smaller strips and placed in test tubes. Eluting agent (Q.7N HC1 in

80# EtOH (v/v), 4 ml.) was added to each tube, and after one hour, the

absorbances of the decanted solutions were determined using a Unicam

SP 600 spectrophotometer at 390mp for the hexoses and rhamnose, and
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at 360-mp. for the pentoses. The amounts of the sugars present were
calculated by reference to calibration curves previously established

for each sugar. The standard samples which were analysed at the same

time served to confirm that the calibration graphs were valid for each

chromatogram. The galacturonio acid content was kindly determined by
* '

Mr J.W.B.Samuel by a decarboxylation volumetric method.

The neutralization equivalent of the pectic mixture was determined

both conductimetrlcally and by direct titration"^ with decinormal

sodium hydroxide after the removal of the sodium ions from the pectic

mixture with Amberlite IR-120 (H+) resin. The eaterification

equivalent of the pectic mixture was estimated by saponification with

standard decimolar sodium hydroxide and back titration of the excess

alkali with decimolar hydrochloric acid. The results are given in

Table 4*a.

TfrQ p^centaftg composition of jfrs

pestic „aii3rtw9.

Sugar % anhydro Molar

sugar ratio

Glucose 3.9 4

Galactose 6.1 6

Arabincse 28.8 34

Xylose 10.9 12

fthamnose 2.6 3

Galacturonlc acid 23,8 < 24
neutralization eq. 9.5

esterification eq. 13.0
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105
hydremia of Ifre p<?<?Us wtatare.

The pectic mixture (1.02 g.) was dissolved, in sulphuric acid

(G.01N; 100 ml.) and the solution was heated on a boiling waterbath.

Samples (10 ml.) were removed after 15 min., 1, 2, 4* 6, 8, and

24 hours, cooled, and ethanol (10 volumes ) added to precipitate

the polysaccharide. Each sample was filtered and the precipitate washed

with ethanol to free it from any residual acid. The supernatant

solutions were neutralized with calcium carbonate, filtered and

evaporated to dryness and then dissolved in a little water. All

the precipitates and supernatant fractions were hydrolysed in formic

acid (45% v/v) at 100°G for 16 hours and then examined by paper

chromatography (solvent b, page 9).

Results showed that almost all the arabinose units had been

removed from the polysaccharide in 24 hours (most of it by 8 hours), and

only traces of xylose and galactose units were removed under these

conditions.

A similar experiment using 0.05IJ sulphuric acid was carried out

in an attempt to achieve selective removal of further neutral sugar

units but some gaiacturonic acid was also removed after 8 hours under

these conditions.

4,?. M^hyiatopn pf pe,<?%i?, rctatarg.

Methylation of the pectic mixture proved to be rather difficult

and it had to be achieved in a number of steps, and with various reagents.

a). Alkali and dlmethvlsulphate. The first stage was carried out

on the pectic mixture (10 g.) in water (250 ml.) by successive daily
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additions of sodium hydroxide (5 x 200 ml., 30% w/v) and dimethyl

sulphate (5 x 66 ml.) over 6 hours, with vigorous stirring under

nitrogen. The temperature was kept at 0°C on the first day. After

dialysis for a week against running tap water, evaporation to dryness

under diminished pressure, dissolution in water, and redialysis for

4 days against running tap water, the product was isolated by freeze-

drying. XiaMs 9.2 g. Fpytnfl: 0CH3 = 25.2%. P£Q<3wt A.
A similar experiment was carried out on the pectic mixture (2C.Q

with 6 successive daily additions of reagents, followed by dialysis,

concentration and 10 more daily additions. Yield?19 g. Found?0OH j=3Q

b). aAd.pUvpr in at
. . 106

ma Ictfi^tur^

The partly methylated material, product A, was not soluble in

dimethylformamide alone, but it was soluble in dimethylformamide-

rnethyl iodide mixture (2?l).

Product A (0,57 g.) was dissolved in dimethylfojrmamide (10 ml.)

and methyl iodide (5 ml.)Silver oxide (2.5 g.) was added and

the mixture was shaken at 0°C (2 hr») and then at room temperature

(18 hr.), and then filtered. The residue was washed with chloroform,

and the combined filtrate- and washings were filtered and then washed

with aqueous sodium cyanide (l% w/v). The cyanide solution was

back-extracted five times with chloroform, and the combined chloroform

solutions were finally washed five times with water, and dried over

sodium sulphate. The product was obtained by concentration of the

solution under diminished pressure, followed by precipitation with

light petroleum. Yield? 0.51 g. Found? 0GH3 * 29.9%.
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c}. M&thjrl^3,43.^4 silver oxide in cflme.^lfoipaqiqjds at frl$vato4

.tqaparaturp.

Product A (0.50 g.) was dissolved in dimethylformamide (10 ml.)

and methyl iodide (5 ml.), and silver oxide (2.5 g.) was added. The

mixture was stirred in a flask fitted with a double surface condenser

in a waterbath at 35°0, The same amounts of reagents were added again

after 6 hours, and the mixture was stirred for 24. hours, before being

worked up in the same manner as in a) above, Yield? 0.43«g.

Found? GCH3= 37.5%. Product B.
107

d). Methyl iodide and sodium hydride in tetrahydrofuran.

Product B (0.25 g.) was dissolved in tetrahydrofuran (40 ml.,

freshly distilled from lithium aluminium hydride), and methyl iodide

(3 ml.) was added. Sodium hydride (0,3 g.j 5U% dispersion in oil)

was added and the mixture was stirred for 24 hours. Ethanol was added

dropwise until effervescence ceased, to destroy excess sodium hydride,

and then solid carbon dioxide until the solution was neutral. The

solution was evaporated to dryness under diminished pressure, dissolved

in chloroform, and the chloroform solution washed several times with

water, dried over sodium sulphate, filtered, and evaporated to dryness.

The residue was redissolved in chloroform and reprecipitated with light

petroleum. Yield? 0.10 g. Found? OGH^ = 33.7%.
e). Experiment c) was repeated on a large scale with Product A (6.6g.).

Yield? 3.9 g. Found? OGH^ = 36.8%. Product G.
f). Experiment c) was repeated with Product 0 (0.39 g.).

Hsii? 0.26 g. Ppnqfl? 0CH3 = 38.6%. Product D.
g). Experiment c) was repeated with Product D (0.18 g.).

XlsM* 0.17 g. Fpfflfl? 0CH3 = 40.3%. Theoretical? 0CH3 = 40.3%.
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h). Experiment c) was repeated twice more on a larger scale on

Product C (3 g.). The final yield was 1.89 g. Found:QGH^ = 38.7%.
This product was subjected to fractional precipitation with light

petroleum froc chloroform solution and three fractions were thus

obtained: E^ Yield very small Found: OCH^ = 24-.5%»
E^ Yield very small Found: QCH^ 3 39.0%*

and E3 Yield 1.80 g. Found: 0GH3 3 40.8%.

Exoerimeflfi L.L. Hydrolysis of the methylated owitfc mixture, and

separation of the components.

Methylated pectic mixture (0.65 g.) was hydrolysed in formic

acid (4.5% v/v) at 1Q0°C for 16 hours. The solution was evaporated to

dryness in vacuo« and dried over potassium hydroxide overnight. The

syrup was dissolved in water and again evaporated to dryness ia vacuo.

The hydrolysate was then dissolved in a small amount of water, and

poured on to an ion-exchange column [Amberlite IR->45 (0H~ form)] • The
neutral components were eluted off the column with water (1 litre) -

Fraction A, and then the acidic components were eluted off with formie

acid 3 litres) - Fraction 3. Both fraotions were evaporated to

dryness jyn vacuo. Yields: Fraction A G.315 g.

Fraction B 0.295 g.

Both fractions were then subjected to electrophoresis (page 10). Fraction

A was found to contain only "traces of acidic component but Fraction B

was a mixture of the acidic and neutral components. These were separated

by electrophoresis on Whatman 3MM paper (page 10), followed by elution

of the sugar containing bands which were located by the spraying of
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guide strips. The yield this time was very poorJ

Neutral Fraction 47.5 mg.

Acidic Fraction B,. 37.5 mg.

3xdcriment 4.5. Reduction of the acidic component of the methylated

pectic mixture.10^
Fraction B, (above) (0.037 g.) was methanolysed at 60° G for

6 hours (page 8), neutralized, filtered, and the filtrate evaporated in

vacuo. The reduction was carried out by dissolving the syrup in

tetrahydrofuran (2 ml.) and adding lithium aluminium hydride (0.02 g.).

The reaction mixture was allowed to stand at room temperature for

16 hours, and then it was refluxed for 4 hours. Ethyl acetate was

added to destroy the excess lithium aluminium hydride, and then

sufficient water to precipitate the lithium aluminate, which was filtered

off. The solution was then evaporated to dryness in vacuo. The syrup

was dissolved in formic acid (45# v/v); the solution vas hydrolysed

by heating at 100°G for 6 hours, and evaporated to dryness. The syrup

was dissolved in water, deionized by passing it through a mixed ion-

exchange column jAmberlite 11-120 (H* form) and Amberlite 11-45 (0H~

form)j and again evaporated to dryness. Yield? 0.022 g.

Electrophoresis (page 10) showed that the reduction was complete.

d^pqriflgqt 4tft. Separation and identification of the sugar derivatives

in the reduced and neutral fractions of the peptic mixture.

The methylated sugars in both fractions were preliminarily identified

by paper chromatography (solvent g; page 9) and then the sugars in the
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neutral fraction were separated by chromatography on Whatman 3MM

paper (solvent gj page 9). The paper was divided into strips roughly

corresponding to the main derivatives, and the sugars were eluted

from the paper with water. Bach fraction was then evaporated jjj vacuo.

and a portion of each fraction was examined by paper chromatography

(solvents b,g} page 9) to confirm the separation and to provide

preliminary identification. Most of the spots were identified.

A portion of each of these fractions, and a portion of the

reduced fraction was m.thanolysed (page 8), neutralised, filtered,

and evaporated A& vacuo. 1he samples were then dissolved in a drop of

chloroform and investigated by g.l.c., using three different columns

(page 8). the derivatives were identified by their retention times

with respect to those of standard compounds run on the same day.

Finally, a portion of the complete neutral fraction of the

pectic mixture was methanolysed and subjected to g.l.c. on the colimsn

which gave the best separation (neopentyl glycol adipate polyester)}

it was possible to assign all the major peaks to derivatives whose

presence had been confirmed by both paper and vapour phase chromatography.

The re. ilts are given in Tables 4.b, and 4.e, and in Figs. 16 anc^7«



Table4.b

Chromatographyoftheneutralfractionofthe
pectiomixture.

Sugars

Columns

Faper

(methylglycosidea-g.l.c.)
i

ii

ill

Peak

(freesugar-paper)

a

b

a

b

a

b

no.

2,3»5-tri-0-methylarabinose
0.50s

0.50s

0.42s

0.42s

0.49s

0.49s

2

+++

0.65ra

0.65ra

0.57®

0.56m

0.62m

0.63®

4

2,3,4-tri-O-methylarabinose
0.94

0.91

0.82

0.88

0.86

0.86

5

+

2,3-di-0-methylarabirooa
1.39s

1.39s

0.60s

0.63s

1.17s

1.17s

7

+++

1.69®

1.70s

0.79*

0.76w

1.27*

1.27w

8

0.90m

0.88m

1.38m

1.41m

9

2,5-di-0-methylarabinose
1.63s

1.70s

0.68s

O.63

1.45s

1.48s

10

++

2.91*

2.87w

2.47w

2.52w

13

2-o^methylarabinose

5.17

5.20

1.10

1.02

3.64

3.75

17

+++

Arabinose

++

2,3»4-tri-j)-methylxylose
0.42m

0.41m

6.39®

0.43m

0.43®

1

++

0.53s

0.53s

0.49s

0.53s

0.55s

3

2,3»4,6-tetra-0-methylgalaotose
1.67

1.70

1.59

1.60

1.63

1.63

11

+

2,3»4-tri-O-methylgalactose
6.35

2.62m 2.89s

5.28

5.29

19

2,A,6-tri-0-methylgalactose
3.70m

3.79m

2.18m

2.26m

3.20m

3.23m

15

+

4.11s

4.13s

2.38s

2.41s

3.57s

3.53s

16

2>4-di-_0-methylg&laeto3e
14.40m14.17®
3.57®

3.30m

10.40m

10.42*

24

t

16.32s
16.19s

4.20s

4.00s

11.70s11.70m
25

2,3-di-C-methyIgalactose

5.28m 6.79s

5.29* 6.79m

19
21

•

2,3-di-O-fiiethylglucose

7.37m 9.40s

7.45m 9.58s

22 23

-

vo



Table4.c

Chromatographyoftheacidicfractionofthepecticmixture.
k

Sugrrs

Columns

Paper

(.methylglycosides-g.l.c.)
iii

iii

Peak

(freesugars-paper)

ahab
ab

no.

2»3»4-tri-0-aethylgf2actose
6.35

5.285.23
3

+

2,3-di-Q-methyIgalactose

5.23m5.23m
3

++

6.79s6.74s
4

2-_0-methylgalactose

+++

2»3»4-tri-O-methylrhamnose

t

3 ,4-0-methylrhamno3e

0.91

0.830.86
1

+

3-O-methylrhamnose

3.131.011.01
2.442.44
2

++

InbothTable4.b,andTable4.c,columnsi,ii,andiiiarethosedefinedinGeneral Methods,page9.Thedataunderaisthatforstandardsamples,whilethatunder bisforthesamplesobtainedfromthepecticmixture.
Peakno.isthenumberofthepeakinFig.16and17respectivelythatcorrespondsto the3ugar,andtheheightofthepeakisdesignatedbyw=weak,m=medium,ands=3trong.



Fig. 16 Gas chromatogram of the neutral fraction

of the pectic mixture (column iii)



Fig.17 Gas chromatogram of the acidic fraction

of the pectic mixture (column iii)
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IL studies pq tfae xyloglucafl.

This is the fraction obtained by fractionation of the lithium

thiocyanate extracted material from the residue of the ungerminated

seed cotyledons after EDTA extraction (see page 7f$>.
4-7. Tftig aflylolfl yeactioq.

It has been found"^ that a certain group of polysaccharides from

plants, xyloglueans, give a characteristic colour reaction with potassium

triiodide in the presence of sodium sulphate. The reaction procedure of

KooimaniL,<^ was followed. Xyloglucan (0,0085 g.) was dissolved in water

(5 nil.). An aliquot of this solution (0.05 ml.) was placed in a test

tube, water (0.95 ml.), potassium triiodide solution [I^ (0.5 g.)
+ KI (l g.) in water (100 ml.)} 0,5 ml.], and sodium sulphate solution

(20% w/vj 5 ml.) were added, and the tube and contents were shaken hard.

After allowing the mixture to stand for an hour at room temperature, the

absorption curve of the solution was plotted using a Unlearn Spectrophoto¬

meter (SP 600) against a blank containing water and the reagents. It

was found that the extinction was very broad, with a maximum at 650 mf*-,

and an optical density of 0.214. Kooiman1^ has defined -toe term

"specific extinction" as the optical density which an amyloid solution

containing 1 mg. amyloid/ml. would give in a 1 cm. cell. Prom this

definition the "specific extinction" of mustard seed xyloglucan is

2.52. This is much higher than the range of 1.47 - 1.75 quoted by

Kooiman^^.

4»3t Mrthylattpn the *yloglw?aq»

This component was much more easily methylated than the pectic

mixture, and only two stages were necessary for complete methylation.
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a). Heth.yla.tlon with dlmethylsuiohate and _socliua hydroxide.

This was the same procedure as reported on page 19 for the

methylation of stachyose. The xyloglucan (0.86 g.) was dissolved

in dimethyl sulphoxide (60 ml.). The solution was stirred continuously

under an atmosphere of nitrogen and sodium hydroxide pellets (43 g.-)

and dimethylsulphate (30 ml.) were added over a period of 8 hours.

After stirring for a further 16 hours at room temperature, the mixture

was worked up as before (page 19)*

b). jH-thylaUQA vfrfr leW,
106

dimethyl-foriaamide.

Product f (above) (0.73 g.) was dissolved in dimethylformamide

(20 ml.). After the addition of methyl iodide (10 ml.) and silver oxide

(5 g.)> the mixture was treated as in Experiment 4*3 b. above.

Yield; 0.62 g. Found; OGH^ ® 41*6$ Product G. Hydrolysis of
this product with formic acid (45$ v/v) and paper chromatography

(solvents g, b) showed that there was no xylose or glucose or monomethyl

ethers of these sugars present. This confirmed that the polysaccharide

was fully methylated.

Experiment 4.9. Hytfrolygig qf j&a

id^-UfiS^iQh Of pyodwts.

The fully methylated xyloglucan (Product G) was hydrolysed with

formic acid (45$ v/v) as in Experiment 4*4 above. The hydrolysate was

then chromatographed on paper (solvent g), and the component sugars

provisionally identified by comparison with standards.

These sugars were separated into groups by elution with water from

Whatman 3MM paper chromatograms (solvent g), methanolysed and investigated



99.

by g.l.c. (page 8) in the same way as in Experiment 4.6 above.

Eventually it was possible to assign all the major peaks on the

gas-liquid chromatogram given by the methanolysate of Product G.

The amounts of fully methylated pentoses shown by the GLG may have

been low, as the methyl glycosides of these sugars are very volatile,

and great care must be taken during the methanolysis of the mixtures

to avoid losing some of these derivatives. The results sire given in

Table 4»d. and Fig. 18.



Table4.d

Chromatographyoftheryloglucanfraction.
SugarsColumns (methylglycosides-g.l.c.)

i

ii

iii

Peak

Paper

(freesugars-paper)

a

b

a

b

a

b

no.

2,3,4-tri-O-methylxylose
0.42m

0.44m

0.41m

0.39m

0.43m

0.45m

3

+++

0.53s

0.58s

0.53s

0.51s

0.53s

0.55s

4

2,3-di-0-methylxylose
0.98a

1.02

0.64m

0.64m

0.93®

0.91m

7

1.37s

0.72s

0.72s

1.28s

1.24s

10

2,4-di-C^-methyLxyl4»se
1.32m

0.74m

0.78m

1.13m

1.18s

9

++

1.78s

1.78

0.93s

0.94s

1.49s

1.51m

12

2-0-methylsylose

3.70m

3.67

1.01

2.69m

2.65m

15

+

3.45s

1.34

3.65s

3.69s

18

2,3,4-tri-£-methylfueose

0.69

0.69

5

+

2,3,4,6-tetra-0-raethylgluco3e
1.00s

1.02s

1.00s

0.98s

1.00s

1.03s

8

++

1.44m

1.44s

1.38m

1.38m

1.39m

1.40m

11

2,3,6-tri-jO-methylglucose
3.24m

3.27ta

1.77m

1.79m

2.82m

2.85m

16

+++

4.33s

4.35s

2.28s

2.38s

3.67s

3.69s

18

2 ,3-di-O-iaethylglucose

2.54m

2.6jm

7.37m

7.43m

21

++

3.59s

3.70s

9.40s

9.49s

22

2,3,4,6-tetra-O-methylgalaotose
1.67

1.59

1.59

1.63

1.65

13

t

ThesymbolsusedarethesameasthoseusedinTable4.c,page96.



Fig.18Gaschromatogramofthexyloglucanfraction(columniii)
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DISCUSSION

a). The seetic mixture.

Until fairly recently it was thought that pectic substances were

mixtures of three homopolysaccharid.es, - araban, galactan, and

galacturonan. It is now realised that this is an oversimplification.

In most cases, the samples of galacturonan prepared have also contained

appreciable amounts of neutral sugars, apparently in covalent combination
7

with the galacturonic acid units.

The pectic mixture is the fraction of the EDTA extract which is

insoluble in aqueous ethanol (see Chapter III). The results discussed

in Chapter III show that it contains four distinct polysaccharides but

that the three acidic ones are closely related. On the basis of the

experiments reported above, certain structural features can be derived,

and these are probably common to all the acidic polysaccharides in the

pectic mixture to a greater or lesser degree.

The molar ratio of the constituent sugars was determined

quantitatively on a hydroiysate of the complete mixture. It was found

that the main sugars are galacturonic acid, arsbinose and xylose in

the molar ratio of 2»3«1, with small proportions of galactose, glucose

and rhamnose. It should be noted that Barrett and Northcote"^ have

found that, when they used the aniline phthalate method for the

quantitative determination of the constituent sugars in apple fruit pectin

the rhamnose values were low, unless hydrolysis was continued for

15 hours. The value after hydrolysis for three hours was only 53$ of

that after 15 hours. Thus it can be assumed that the figures found for
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rhamnose after hydrolysis for 6 hours, and reported in Table A..a, are

lower than is actually the case. This agrees with the pattern obtained

on paper and vapour phase chromatography, when an appreciable amount

of rhamnose was detected. The ease of hydrolysis of the arabinose units

under very mild conditions suggests that they are in the acid-labile

furanose form. As no other type of sugar unit was removed during

hydrolysis under these conditions, it can be deduced that the arabinose

units occur as blocks that do not contain other sugar units.

Methylation of the polysaccharide proved to be a lengthy procedure.

The working up of each experiment was made difficult by the formation

of very persistent emulsions, which could be only partly broken by

filtration and centrifugation or by the addition of salts. The

xyloglucan did not form emulsions during the same methylation procedure.

There was a),so a uniform loss in yield on the first hot methyl iodide

treatment of the partly methylated pectic mixture, (Experiment 4.3c.)

This always occurred at the same stage and always the same proportion

was lost. It did not appear to be solely a manipulative loss due to

the emulsions. There was also a large loss of carbohydrate material in

the step involving elution from thick paper electrophoretograms after

hydrolysis.

In the search for an effective method for the complete methylation

of the pectic mixture, a method that had not been previously used in

polysaccharide chemistry was attempted. (Since this work was carried

out, the use of a similar method has been reported111.) The method was

107
based on a reaction used by Eemal, Pacht, and Woodward in the course

of the synthesis of L-(-)-mycarose and L~(-)-cladinose. The partially

methylated polysaccharide was dissolved in tetra-hydrofuran and treated
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with methyl iodide and sodium hydride at room temperature. After

isolation, the product still had a low methoxyl value} this was no doubt

partly due to contamination with oil (the sodium hydride was only

available as a dispersion in oil). However, the i.r. spectrum showed

quite clearly that the material was far from fully methylated.

The hydrolysis, reduction and chromatography of the acidic fraction

of the peetic mixture indicated the presence of the following sugars:

2,3,4-tri-O-methylgalactose in small amounts

2,3-di^-mQthylgalactose

2-^-methylgalactose

2,3,4-tri-O-methylrhamnose in very small amounts

3,A-di-O-methylrhamnose in small amounts

3-0-methylrhamno3e.

By analogy with the known structure of other pectic polysaccharides

this would suggest that the polysaccharide contains 1,4-linked

galacturonic acid units (these give rise to the 2,3-di^^ethylgalactose)

with branch points at the G-3 position in some cases (hence the

2-G-aethylgalactose). These units would appear to exist in a chain

interspersed with rhamnose units which are themselves mainly branch

points, and are linked through the positions 0-1, C-2, and C-4. In

other polysaccharides rhamnose is usually found 1,2-linked to

galacturonic acid in the main chain. This may well be so in this case

too, as a 1,2-linkage is suggested by the presence of small amounts

of 3,4-di-ii-methylrhamnose. The branch point would then be through G-4

in the rhamnose units.

The hydrolysis and chromatography of the. neutral sugar fraction of

the pectic mixture indicated the presence of the following major sugars:
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2,3, 5-tri-0-methylarabinose

2,3-di-^-methylarabinose

2-0-me thylarabinose

with other components

2,3,4-tri-O-methyIxylose

2, 5-di-0-methylarabinose

2,4,6-tri-O-methylgalactose

arabinose

and small amounts of , (

2»3,4-tri-0-methyiarabinos e

2,3,4,6-tetra-0-methylgalactose

2,3,4-tri-0-methylgalactose

2,4-di-^-methylgalactose

2,3-di-0-methylgalac tose

2,3-di-0-me thylglueose•

Thus methylation analysis shows that all the xylose and a large

proportion of the arabinose is present in the molecule as end-group.

This conclusion, together with the evidence (page 102) that the arabinose

units occur in the form of blocks which contain no other types of sugar

units, suggests that the galacturonic acid and rhamnose units form the

backbone of the molecule to which are attached single unit side-chains

of xylose and large side-chains which consist exclusively of arabinose

units. The presence of 2,3,5-tri-O-methylarabinose, 2,3-di-0-methyl-

arabinose, and arabinose itself suggests that the arabinose side-chains

may be very similar in structure to the araban isolated from the pectin



105.

of mustard seeds, with perhaps slight modifications indicated by the

presence of minor amounts of 2,3,4-tri-G-methylarabinose and 2,5-di-£L-

methylarabinose. The galactose units would also appear to exist partly

as branch points as there is a small amount of 2,4- and 2,3-di-b-

methylgalactose. The main galactose linkage would appear to be through

C-l and 0-3, as 2,4,6-tri-G-methylgalactose is the major tri-O-methyl
17

derivative. Hullar and bmith have recently obtained evidence that

in sugar beet pectin, the galactose units connect the araban side-chains

to the main galacturonic acid chain. They might well have a similar

role in mustard. These conclusions would enable a tentative average

structure of the pectin mixture to be drawns-

Z
1

4
...Gal&A 1—*4 GalfiA 1—^4 Gal&A 1—^4 GalpA 1—^2 Rhajj...

5 I I
t T f
11 l
z z z

where Z - Xyl&
17

or = araban with or without galactose "link" units

The evidence can of course be interpreted in other ways but, on

the basis of the known chemistry of pectic substances, this interpretation

seems the most likely. However, it must remain tentative until the

results of further work are known,

b). Thq

This xyloglucan was extracted from mustard seeds by methods similar

to those usually used to extract the hemicellulose components from plant

tissues. Most of the xylose-containing hemicelluloses that have been
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studied so far have been shown to contain a main chain of ^-1,4-lihked
xylose units to which are attached units of other sugars such as

ii-arabinose and 4-0-mathylglucuronic acid. Those hemicelluloses which

have a main chain containing glucose units usually contain units of

mannose, or mannose and galactose. The combination of xylose units

with glucose units is not well known, but one example of a xylogiucan

has been studied in some detail. This is the "amyloid" extracted from

the cotyledons of Taaiarindus indiea with.hot water and precipitated

with copper salts. It gives on hydrolysis glucoseJxylosetgalactose in

the ratio 3*2sl» although the amounts vary slightly from seed source

to seed source. The structure of Tamarindus amyloid has been

investigated by means of methylation, hydrolysis by cellulase with the

production of cellobiose, and the characterization of 6-0-^D-
xylopyraaosylglucose by methylation and hydrolysis. Another disaecharide

which was isolated by partial hydrolysis and charcoal chromatography,

gave, after methylation and hydrolysis, 2,3,4»^-tetra-4-methyl-D-galactose

and 3,4-di-^.-methyl-D~xylose.

These features all fit in with a structure of a 1,4-linked glucan

chain with a xylose residue attached by an c4l,6-linkage to three glucose

units out of every four, while the galactose residues are attached to

the xylose residues by y#l,2-linka£es. This amyloid gives a
characteristic colour reaction with potassium triiodide in the presence

of sodium sulphate. The amyloids from various plant sources all react

under the same conditions to give a solution which has an extinction

maximum near 640 m^u
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—^ 4 ^ I—74 ji 1-74 J3 "Ofi ^-—7^/^ Gj> "~^
! f f

,^-Xylfi <4-£yl£ ^-iylp,
2 2 2
^ ^ T

^ f, -Gala) (^3-Gala) ^-Galft)
13

Structure of Tamarindus amyloid proposed by Kooiman

The xyloglucan from mustard seeds also gave this reaction with

potassium triiodide, but with an extinction maximum at 650 mp. and a

very much higher specific extinction (see Experiment 4.7). Methylation

evidence (see below) confirms that it may well be related to IamorIndus

amyloid structurally, although it Is more complicated. Decreased

branching in starch type polysaccharides results in increased iodine
112

staining power, and a longer wavelength of maximum absorption, which

is no doubt because the more linear structure allows a stronger

polysaccharide-iodine interaction. There is evidence that for other

polysaccharides also linearity of structure allows stronger Interaction
113

with iodine. The longer wavelength of maximum absorption shown by

mustard xyloglucan as compared with amyloids from other seeds might

therefore mean that mustard xyloglucan is relatively less branched.

The results obtained from g.l.o. indicate that the degree of branching

in mustard xyloglucan is less than in Tamarindus amyloid. The mustard

seed xyloglucan is not extractable with hot water, but it is water

soluble after extraction and purification. This resistance to extraction

may also be due to the less branched structure of mustard amyloid, as

it would then approximate more to cellulose than Tamarindus amyloid and

thus be more resistant to extraction.
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No quantitative information has been obtained on the xylosesglucose

ratio in the mustard seed polysaccharide, but in c ther seeds the ratio

appears to vary depending on the seed source. There are four sugars in

the mustard seed xyloglucanj glucose and xylose being the major ones,

with small amounts of fucose and traces of galactose. The greater

complexity of mustard xyloglucan over that of the amyloid is shown by a

comparison of the products of methylation and hydrolysis. Amyloid has

five structural unitsJ 2 end groups, 1 branch unit and 2 linear chain

units. The mustard xyloglucan on the other hand has;

4 end groups, as shown by the isolation ofs

2,3,4-tri-0-methylxylose in large amounts

2,3,4-tri-G-methylfucose

2,3,4,6-tetra-Q-methylgalaehose in small amounts

2,3,4,6-tetra-^.-methylglucose

2 branch units, as shown by the isolation ofs

2-2,-methylxylose in small amounts

2,3-dl-0-methylgluco se

3 linear chain units, as shown by the isolation ofs

2,3-di-£-methylxylo se

2,4-di-0-me thylxylose

2,3,6-tri-0-m,.thylgiucose in large amounts.

The amount of 2,3-di-0-methylxylose is greater than that of the

2,4-di-O-methylxylose and this would indicate that most of the xylose

units are linked through the C-l and C-4 positions, but that there is

a substantial amount of linkage through C-l and C-3. The glucose units
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are linked through C-l and C-4 in the same manner as in Tamarindus

amyloid, with branching through position C-6. The fact that there are

more xylose end groups than xylose branch units indicates that some

xylose unic,s must be attached to sugar units other than xylose, and

as the same reasoning applies to the fucose and galactose units, the

possibility of the glucose units being present in a homopolymer is

rilled out. There is no evidence at all for 3,4-di-0-«iethylxylose in

the hydrolysate of the methylated polysaccharide and therefore the

existence of side chains such as those found in amyloid, where galactose

is linked to the G-2 position of xylose, is ruled out.

Mustard xyioglucan does not fall into any of the better known

categories of hemicelluloses, but does seem to be structurally related

to Tamarindus amyloid, and therefore it may be classed as a cotyledon

amyloid. However, there are a number of important structural differences

between the two polysaccharides, and it may very well be that as a

general class, the amyloids are as variable in structure as the xyians,

or the pectic polysaccharides that contain main chains consisting

chiefly of galacturonic acid units.
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germination. The pectio fractions before and after germination were

compared by chromatography on DKAE-cellulose columns, and results of

analyses by ultracentrifugation and free solution electrophoresis are also

quoted. It was found that one of the acidic components in particular

changed very markedly in concentration during germination. The increase

in the amount of this component, which showed a specific ability to complex
2+

with Ca ions, may be of biological significance. It was not possible

to obtain a complete separation of either mixture by D'-'AE-cellulose column

chromatography.

Preliminary methylation studies have been carried out on the two

main polysaccharide fractions from the ungerminated cotyledons. The

peotio mixture appears to have a typical "pectic backbone" containing

galacturonic acid units. ?oth arabinose and xylose unite occur in side-

chains. There is also evidence that the main galacturonan chain is

interspersed with small numbers of rhamnoae units and that the arabinose

units exist in blocks similar in structure to the araban which may be

isolated as a separata homopolymer from mustard seeds. The xyloglucan

fraotion oan be classed most readily with the amyloid from the seeds

of Tamarindus indica and other plants, in that it may have a main chain

consisting of 1,1-linked glucose units with side-chains containing xylose

units being attached through position 6 of a proportion of these units.

Unlike amyloids that have been described so far, it contains only traces

of galactose but significant amounts of fucose umts. The occurrence

of this last sugar in an amyloid has not been reported before.
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Investigation of the reserve materials in seeds of white mustard

(Slnayis alba) has shown that these are principally fata with soae protein

and small amounts of low molecular weight carbohydrates. During

germination, the la3t two reserves are used before the fats. The low

molecular weight oarbolvydrates present in the resting seeds have been

identified as sucrose, raffinose, and staohyose. The disappearance of

these during germination is accompanied by the release oi Tree glucose

and fructose, but not of galactose. The rate of utilization of the sugar

reserves is dependent on conditions of germination - presence of^xygen
and the amount of water. There was no evidence that any polysaccharides

were present as reserves.

Studies in whieh ^C-sucrose was fed to the germinating seed have

shown that the cell wall polysaccharides of white mustard are metabolically

aetive during germination. While most of the ethanol-insoluble

radioactive products are formed in the roots, as might be expected because

these are thc^nost rapidly grcwin? organs at the st rt of Termination, there

is an almost equal amount of ethanol-insoluble radioactivity incorporated

into the cotyledons - the pre-formed storage organs. Some of the

radioactivity incorporated into the cotyledons appears to rep ent

turnover of the cell wall polysacoharidesj the cell wall polysaccharides

of both germinated and ungerminated cotyledons were therefore extracted

and isolated for comparison to see whether the turnover resulted in any

change of molecular structure. A pectic fraction (containing an araban

and a pectic mixture of one neutral and three acidic polysaccharides) and

a xyloglucan fraction were thus isolated from each source.

Analysis of the radioae re products suggested that significant

changes occurred in the pectio fraction of the cotyledon walls during
Use other side if necessary.


