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ABSTRACT

The numbers refer to the chapters concerned.

1. Current knowledge on cellulose biosynthesis was 
summarised. The section is divided into four main parts 
concerned with; A. the importance of cellulose; B. the 
structure of cellulose;C . cellulose biosynthesis, and;
D. the cellular location of cellulose biosynthesis. Where 
relevant, cellulose biosynthesis in the cellulosic bacterium 
Ac&tûÂaat&Æ xylinum. ahd algal systems was included,

2. This chapter presents the rationale behind this work
and the criteria used to assess the cellulosic nature of
the synthesised products.

3. The materials and methods used in this work were described.

4. The incorporation of radioactivity from GDP-[U-^^c]-G,
UDP- [U-^^C] -G, [U-“ Ĉ] -sucrose, [u-^^c] -glucose and
[U-^^c]-glucose-1-phosphate into the water-and chloroform: 
methanol (3:2 v/v)-insoluble products was investigated.
It was found that the sugar-nucleotides were the most 
efficient substrates, that the incorporation of radioactivity 
from 1.0 mM UDP-[U-^^c] -G into these products appeared to 
be substrate-activated, and that the products synthesised 
from UDP-[(.T-̂ ĉ] -G at this concentration contained ^  (1-3) 
linked glucose. The distribution of the enzymic activity 
utilising the sugar-nucleotides between wall and particulate 
fractions and the effect of storage of the enzymes at -20 "C was 
also investigated.

5. The (X- cellule se extraction was explained. Radioactivity 
from GDP- [U-^^CJ-G, GDP- [u-̂ "+c] -M and UDP-[u-^^c] -G was 
incorporated into <X- cellulose. GDP-[u-^^c]-M was found to 
be an * efficient substrate and GDPM stimulated the incorpor
ation of radioactivity from GDP- [U-̂ "+c] -G into this fraction.



6. The Updegraff extraction was introduced. Both 
UDP-[U“^^c2_“G and GDP-[u-^^c]-G acted as substrates for 
Updegraff cellulose (U-cellulose) synthesis. The effect
of prolonged periods of extraction of the water-and chloro
form : m ethanol (3:2 v/v)-insoluble products in the Updegraff 
reagent and the effect of retaining the enzymes at -20 'b 
was studied

7. The incorporation of radioactive glucose from GDP- [u-^^c] -G 
(particularly at higher concentrations than that traditionally 
used by previous researchers) and GDP- [u-^^c] -M into
U-cellulose was studied. The factors involved in the

-1'
cessation of U-cellulose synthesis from G D P - [ U - ^ - G  were 
investigated and discussed. The products appear :to be 
glucomannan (on the basis of a kinetic study of the effect 
of GDPM on U-cellulose synthesis from GDP-[u-^'^c]-G, struc
tural and gel-filtration studies) and possibly mannan (on 
the basis of a time course study on the synthesis of U-cell- 
ulose from 102 pM GDP- [U-^'^c]-M) and glucan (based on a 
time-course study of U-cellulose synthesis from 1.0 mM 
GDP- [u-^^c]^-G, the effect of E D T A on U-cellulose synthe
sis from GDP- [u-^^C% -G and GDP-[U-^"^c] -M, and a structural 
study). There was some indication of the presence of a 
substrate-activated enzyme which synthesised pure glucan 
from GDP-[U-^^c] -G. The non-glucan products could not be 
solubilised even after prolonged periods of extraction in 
Updegraff reagent.

8. The incorporation of radioactive glucose from 1-5 pM 
UDP-[u-^^o]-G into U-cellulose was further investigated.
The synthesis of U-cellulose from 1 pM UDP-[u-^^c]-G showed 
no distinct pH optimum in the range 4-11 and the factors 
involved in the cessation of the reaction were discussed.
Gel filtration of the water- and chlorofo rm : methanol (3:2 v/v) - 
insoluble products suggested that the majority of the 
products had a molecular weight of less than 7 x 10^, 
although there was some indication of material of a 
suffi ciently-large molecular weight to be cellulosic. The 
U-cellulose synthesised from UDP- -G does



xi;

not appear to be a xyloglucan (based on an investigation of 
the interaction of UDPG and UDPXyl in U-cellulose synthesis). 
Structural analysis indicated the presence of )S(l*-3) and 
j6(l-4) linked glucose. The ;6(l-3) linked glucose was not 
removed by prolonged extraction in the Updegraff reagent 
(6 hours). It whs not determined whether the/8(l-3) and 
;6(l-4) linked glucose were part of a mixed-link glucan or 
were derived from separate polymers.

9. The.general conclusions on this work and their possible 
significance for cellulose biosynthesis were evaluated.
In particular, a hypothesis is presented by which the 
purportedly negative results obtained by previous researchers 
working on GDPG as a ^feoorç.or o-f ■ cellulose may be recon
ciled with cellulose biosynthesis.



CHAPTER 1 INTRODUCTION

A. CELLULOSE

A.I. The abundance of cellulose

Cellulose is the most abundantly produced macromolecule
15on earth with an annual production of 10 kg, about two 

orders of magnitude greater than its nearest rival, chitin.
By far the greatest part of the mass of cellulose is produced 
by land rather than marine plants (Colvin, 1980a). Thus, 
the process of cellulose biosynthesis in higher plants is 
a subject for which there is ample justification for the 
attention, .of researchers.

A.2. The importance of cellulose

A.2.1. The biological importance of cellulose I:
Cellulose is an essential strengthening and protective 

component of structures produced by plant, animal and 
bacterial cells. Cellulose is the mag.or skeletal polysacc
haride in higher plant cell walls, where it is found as 
partially crystalline micro fibrils. These microfibrils are 
surrounded by a matrix of amorphous, non-cellulosic poly
saccharides, in a manner analogous to that of a man-made 
composite material such as glass-reinforced plastic 
(Northcote, 1972). . These matrix polysaccharides may be 
extracted from the wall by water (pectins) and alkali 
(hemicelluloses). The partial crystallinity of the cellu
lose microfibril imparts great tensile strength to the 
structure. Since the microfibrils are to be found in layers 
with an ordered orientation, each layer has great strength 
in the direction parallel to the microfibrils. The micro
fibrils in one layer have a different orientation to those 
in the next, and so the wall as a whole has strength to 
resist tension in any direction.



Cellulose is also a useful reservoir for the stabil
ization of energy and nutrient in the biosphere, due to its 
large mass and resistance to degradation (Colvin, 1980a).

A.2.2. The agricultural importance of cellulose

Cellulose is the principal component of such economically 
important agricultural products as wood and cotton. It is 
also a major constituent of crop plants.

A.2.3. The industrial importance of cellulose

Before the industrial revolution products containing 
or derived from cellulose were of paramount technological 
importance. With the advent of the widespread use of 
fossil fuels these products have lost some of their interest 
for our civilization, even though they are being used in 
greater quantities than ever. However, with the depletion 
of easily available fossil fuels the relative industrial 
importance of cellulose and related products as a renewable 
resource may well increase (Colvin, 1980a). Clearly, if 
this becomes the case, the ability to accelerate or modify 
the process of cellulose biosynthesis would be valuable.
Before this objective could be achieved, we must have a 
detailed knowledge of the biosynthesis of cellulose. At the 
moment this is just what we do not have, despite the effort 
of a large number of workers over the past twenty-five years. 
This is largely due to our inability to demonstrate the in 
vit/io biosynthesis of cellulose.

B. THE STRUCTURE OF CELLULOSE

B.l. The chemical structure of cellulose

Pure cellulose is a linear polysaccharide consisting 
of D“glucopyranosyl residues with the chair configuration, 
linked by j$( 1 - 4 ) glucosidic bonds. The molecule has a



high degree of polymerization (D-P), which may differ from 
primary to secondary wall cellulose. In cotton, primary wall 
cellulose has a non-uniform D P of 2,000-6,000, while secon
dary wall cellulose is larger with a more uniform D P  of 
14,000 (Marx-Figini and Schulz, 1966). The chains have a 
two-fold screw axis, with the result that stereochemically, 
the repeating unit of the molecule is cellobiose (see Fig, 1)

Fig. 1 Cellobiose. o carbon  ̂ •'oxygen',   hydrogen bond.

There are intrachain hydrogen bonds within the cellobiose 
units between the Ü-3H group and the 0-5 atom of the next 
residue, suggesting that the cellobiose units have a bent 
conformation along the chain (Blackwell, 1982). The des
cription of the cellobiose residue above is known as the 
Herman's cellobiose configuration. Conformational analysis 
has confirmed that this is the only configuration that is 
free of steric clashes, while obeying the demand that the 
chain should have a two-fold screw axis and a projected 
residue length of 5.15 A. Further calculation has shown 
that the total Van der Waal’s energy lies close to a minimum, 
displaced from it slightly to allow for the intrachain 
hydrogen bond. This is a major factor contributing to the

■I



high stability of cellulose (Preston, 1974)•

The description of the cellulose of the crystallog- 
raphers and organic chemists given above must not be confused 
with the empirical definition of native cellulose, which is 
based on the insolubility of cellulose in alkali. The term 
(X-cellulose was introduced in 1947 by Wise and Ratliff to 
describe the 2A% KOH-insoluble fibrous residue obtained upon 
the extraction of a mixture of polysaccharides such as those 
found in delignified wood pulps. This fraction has been 
shown to contain predominantly glucose, but also a small but 
significant amount of non-glucose residues, mostly xylose and 
mannose. These non-glucose residues may be integral to the 
microfibril as part of individual heteroglycan chains,contain
ing predominantly glucose, or as separatevchains containing 
little or no glucose mixed with the outer glucan chains. 
Alternatively, they may arise from non-cellulosic matrix 
polysaccharides which are so strongly adsorbed to the surface 
of the microfibril that they are not extracted by alkali 
(Northcote, 1972; Kato, 1981).

:

B.2. The physical structure of cellulose

The microfibrillar structure of cellulose is a conse
quence of the individual glucan chains associating via inter- 
molecular hydrogen bonds between hydroxyl groups. As a 
result of this, cellulose is very stable and is insoluble in 
all solvents except those which cause hydrolysis of the glyco- 
sidic linkages between the residues,or those which break the 
hydrogen bonds between the chains (Colvin, 1980a).

In the nineteenth century Carl von Nhgeli studied the 
structure of cellulose by light microscopy. He concluded that 
cellulose contained separable crystalline entities, which were 
termed micelles. The "crystals" of cellulose were thin relative 
to the wavelength of light and were very much longer than broad. 
The crystallinity of the material was deduced from its appear
ance under the polarizing microscope and the fact that the 
crystals were separate long thin entities was deduced from



the swelling behaviour (Preston, 1974). Nâgeli's conclu
sions have to a large extent been confirmed by electron 
microscopy and X-Ray diffraction studies.

There are at least four different forms of cellulose 
(cellulose I-IV), recognised by their X-Ray diffraction 
patterns and infra-red spectra. In each structure, the 
chains have approximately the same backbone conformation, 
with two glucose residues repeating in approximately 10.3 A. 
The structures differ in terms of the packing of the adjacent 
chains (Blackwell, 1982) and native cellulose is found as 
the cellulose I form. The precipitation of native cellulose 
from solution leads to cellulose II formation and this 
cellulose I-#^II transition is irreversible. This implies 
that cellulose II is the stable form while that of native 
cellulose I is a metastable structure (Blackwell, 1982). 
Cellulose I is unstable by 2cal/gra plus an undetermined 
increase in entropy with respect to cellulose II (Colvin, 
1980a). Cellulose III can be prepared from cellulose I or 
II by treatment with liquid ammonia. Similarly, cellulose 
IV is prepared from cellulose I or II by treatment in hot 
glycerol (Blackwell, 1982).

A number of unit cells have been proposed for micro
fibrillar cellulose from a variety of plants. Meyer and 
Misch (1937) proposed a two chain unit cell for the cellu
lose of ramie fibres, in which the individual chains could 
be parallel or antiparallel. The latter was favoured on 
the basis of statistical analysis, and by analogy with the 
chemically and functionally similar polysaccharide, chitin 
(Northcote, 1969). However, it is now thought that the stat
istical analysis used by Meyer and Misch is invalid (Gardner 
and Blackwell, 1974). Gardner and Blackwell (1974) found 
that the chains in the unit cell of Vaionla cellulose were 
parallel and that the parallel chain model was favoured over 
antiparallel chains by 200:1. The unit cell was found to 
be monoclinic, with dimensions a = b.l? i, b = 7.86 A,



c = 10.38 À and a K" an cl e of 97 . The structure contained
an 02' - H  06 intramol ecula.r hydrogen bond in addition to
the previously observed 03-H.....05' intramolecular hydrogen 
bond. Thus, there are Intramolecular hydrogen bonds on both 
sides of the glucosidic linkage which should increase the 
stiffness of the extended conformation. There is also a
06-H.....03 intcrmolecular bond along the a axis (see Fig. 2),
(Blackwell, 1982) .

A

C

Fig, 2. Structure of cellulose I, (A) ab projection
(looking along the chain axes); (B) ac projection;
(C) hydrogen bonding network in the sheet parallel 
to the ac plane. From Blackwell (1982).



A model for the unit cell of cellulose II has also 
been proposed in which the chains are antiparallel. In 
this model there are two intermolecular hydrogen bonds per 
unit cell, which probably explains the greater stability of 
cellulose II (Blackwell, 1982). In conclusion, it appears 
that native cellulose has an extended chain conformation, 
and since this form of cellulose is not the stablest form 
possible, its structure must be required by the biosynthesis 
mechanism. As the possibility of folded chains within the 
mi cro fibril has now been excluded (see B.2.2.), it would be 
simpler to synthesize the parallel chain structure of cellu
lose I rather than the antiparallel chains of cellulose II. 
Cellulose II synthesis would require a sophisticated synthe
tic apparatus, with two different enzymes in order to 
produce the "up” and "down" chains. (This assumes.tip syn
thesis of the microfibrils, see C.2.).

Although the paracrystalline, microfibrillar morphology 
of cellulose is now universally accepted, there is still 
considerable controversy over the physical disposition of the 
glucan chains within the crystalline and non-crystalline 
regions of the microfibril. A number of models for micro
fibrillar structure have been proposed and they fit into 
three basic categories.

B.2.1. The elementary fibril concept of microfibrillar 
structure

Native cellulose microfibrils vary in breadth from 
around 10 nm in bacterial and wood cellulose, up to 25-30 
nra in marine algae (Colvin, 1980a). The elementary fibril 
concept envisages an extended, uniform, crystalline sub
division of the micro fibril which is about 3.5 nm in breadth. 
Aggregates of these units surrounded by a cortex of less 
crystalline, although still longtitudinally orientated 
polymer chains make up the microfibril (see Fig. 3). However, 
much of the evidence for the existence of an elementary
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Fig. 3. The elementary fibril concept of microfibrillar 
structure. From Northcote (l9b9)

fibril is the result of the misinterpretation of visual 
images and electron scattering (Colvin, 1980a). Thus, it 
must be concluded that the case for a uniform 3.5 nm ele
mentary fibril is as yet unproven,

B.2.2. Folded chain models of microfibrillar structure

This concept of microfibrillar structure was derived 
from the field of synthetic polymers, and was popular in 
that it easily explained the prevalent viewpoint of the time 
that the glucan chains were antiparallel. The microfibrils 
were thought to consist of folded chains, the folds being 
parallel to the axis of the microfibril (see Fig. l).

r>c
PC

DC JCZ
PC - > c

L.S.
Fig. 4-. Folded chain model of Marx-Figini and Schulz (1966) 

From Northcote (1969).



The folded chain models are now not thought to be 
correct for the following reasons:-
1) Theoretical and experimental studies on the elasticity 
of the crystalline regions of the microfibril excluded the 
possibility of folded chains (Colvin, 1980a).

2) When ramie fibres were cut transversely into thin sec
tions, the D.P. fell from 3,900 to 1,600. This result would 
only be expected if the constituent glucan chains were 
extended (Shafizadeh and McGinnis, 1971).

3) X-Ray diffraction studies combined with statistical 
analysis have indicated that native cellulose has an extended 
chain conformation (Blackwell, 1982).

B.2.3. The fringed micelle concept of microfibrillar 
structure

In this model of microfibrillar structure, the individ
ual glucan chains pass repeatedly from regions of disorder 
within the microfibril, to regions where the chains are 
part of a periodic lattice or crystallite (see Fig. 5). 
Stockman (1972) argues on thermodynamic grounds that such 
an alternation of ordered and disordered regions along 
the length of the microfibril must occur, and indeed these 
regions of disorder have been observed by staining with 
silver (Preston, 1974). Where the chains pass from a 
crystallite to a region of disorder, a "fringe" of less 
ordered chains will be created around the crystallite.
This model is probably the best representation of native 
microfibrillar structure to date (Colvin, 1980a).

Regardless of whichever model for microfibrillar 
structure is favoured, if the non-glucose residues found in 
such fractions as#-cellulose are indeed integral to the 
microfibril , then they must be present in the less crystal
line regions of the microfibril. This has been confirmed
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L.S,

1) synthesis of the ^  (l~4) glucan chains
2) assembly of the cellulosic microfibrils,

Fig. 5. The fringed micelle concept of microfibrillar 
structure.

by Dennis and Preston (I96l) who demonstrated that the 
crystalline regions of the microfibrils of elm wood obtained 
by H^SO^ degradation contained only glucose, and that they 
could only be obtained under conditions that destroyed the 
integrity of the microfibril.

C. CELLULOSE BIOSYNTHESIS IN HIGHER PLANTS

The biosynthesis of cellulose can be divided conceptually 
into two stages:-

I:
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C..1, The synthesis of ^  (l-l) glucan

C.1,1. General polysaccharide biosynthesis

Polysaccharide biosynthesis is thought to involve 
sugar-nucleotides as precursors. Thermodynamically, they 
are very favourable substrates since their free energy of 
hydrolysis is considerably more negative than that of other 
glucose compounds (see Table l).

Possible precursor A Ĝ  cal mole'”̂
UDPG -7,600
£>C-D”glucose phospate -1,850
oc(l-4-) link in glycogen -1,350

Table 1. The free energy of hydrolysis for possible 
precursors of polysaccharide biosynthesis.

A general scheme for polysaccharide biosynthesis is 
shown in Fig. 6, in which three distinct stages can be 
recognised,

First, the glucose residue is activated, resulting 
in the formation of a sugar-nucleotide. In the second 
stage, glycosidic bonds are formed by transfer of the sugar 
residue from the sugar-nucleotide to an acceptor molecule, 
which may be a polysaccharide, phospholipid, glycophosphol 
lipid, protein or glycoprotein. The last stage, if it 
occurs, is known as transglycosylation and results in the 
formation of chain branches, A transglycolase attacks a 
glycosidic linkage at a point in the chain forming a glycosyl 
enzyme complex, or a stabilised carbonium ion. The severed 
chain fragment is then transferred to another site on the 
polysaccharide molecule. The net cost in energy of the incor' 
poration of one sugar residue into a polysaccharide is thus 
one molecule of ATP plus one molecule of nucleoside tri
phosphate (n t p ).
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G.1.2. The sugar-nucleotide precursors of cellulose 
biosynthesis.

There have been three main approaches to the study of 
the sugar-nucleotide precursors of cellulose biosynthesis :-

1) research utilising 'cell-fre.e enzyme preparations-
2) the use of more intact systems, such as cotton fibres, 

suspension-cultured cells and tissue slices.
3) in vivo studies,

C.1.2.1. Investigations oji' the sugar-nucleotide precursors 
of cellulose biosynthesis utilising pell^free 
enzyme preparations.

C.1.2.1.1. The sugar-nucleotide precursors of ^5-glucan 
synthesis.

The enzymes involved in the synthesis of plant cell 
wall polysaccharides are particle-bound when isolated. This 
suggests that they are contained within lipoprotein mem
branes, or they are firmly attached to these membranes, A 
cell-free homogenate is incubated with a sugar-nucleotide 
precursor, followed by an analysis of the insoluble products 
The use of such crude enzyme preparations has a number of 
inherent problems which will be discussed in a subsequent 
section (p 23)•

The discovery of uridine diphosphate glucose (UDPG) 
led to the suggestion that it may be a precursor for ^-glU' 
can biosynthesis. Such a role for UDPG was first discovered 
by Glaser Cl953), who demonstrated the synthesis of a 

(1-4) glucan from UDPG by a cell-free extract of the 
cellulosic bacterium Aae.toiaotan. x.ytinum. Neither G-l-P 
nor glucose would act as a substrate for this system.

The nature of the initial glucose donor for higher
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plant cellulose biosynthesis is not so clear. In 1958, 
Feingold e.t ai isolated a particulate enzyme preparation 
from the mung bean Pha-à&o ia^ au/ie.û  which catalysed the 
synthesis of jS (1-3) glucan from UDPG. The authors also 
observed UDPG:#(l-3) glucan glucosyl-transferase activity in 
particulate preparations from cabbage, spin:(xns-̂ .-> parsley 
and zucchini squash. This UDPGrg(l-3) glucan glucosyl-trans- 
ferase activity has subsequently been shown to be of wide
spread occurrence in particulate preparations from higher 
plants including P. au/ie-uA (Villemez e.t al^ 1967; Flowers 

aif 1968; Batra & Hassid, 1969» Chambers & Elbein, 1970; 
Clark & Villemez, 1972), LupiniiA alHu6 (Flowers ai^ 1968; 
Larsen & Brumraond, 1974)» Pl^nm sativum (Brett & Northcote, 
1975» Chao & Maclachlan, 1978; Raymond ct ai, 1978),
Ço^^ypium hi/i^utam (Heineger & Delmer, 1977; Bacic & Delmer, 
1981), Av&na ^ativa (Tsai & Hassid, 1971, 1973%) and 
7/liticam Duiga/ic (Peaud-Lenobl & Axelos, 1970).

Initial work implicated guanosine diphosphate glucose 
(GDPG) rather than UDPG as the sugar-nucleotide involved in 
higher plant cellulose biosynthesis. Barber ct ai (I964) 
obtained a particulate enzyme preparation from P. aa/icu^ 
which catalysed the incorporation of glucose from GDPG into 
jS(l-4) linked glucan. UDPG, ADPG, TDPG, GDPG, G-l-P and 
glucose were unable to act as glucose donors for (1-4) 
glucan synthesis with this system. The authors also found 
GDPG: glucan glucosyl-transferase activity in partic
ulate preparations from pea, string bean and corn. The 
presence of GDPG: #(1-4) glucan glucosyl-transferase activity 
has been confirmed in particulate preparations from Ç, kin,- 
Autum (Barber & Hassid, 1965; Delmer ct ai, 1974)» Aaiivum 
(Ray &t ai, 1969; Hinman & Villemez, 1975)» L, ai&.a/>
(Bruramond & Gibbons, 1964; Flowers at ai, 1969) and A,
^ativa (Ordin & Hall, 1967). However, this GDPG: ^(1-4) 
glucan glucosyl-transferase activity is now regarded by most 
researchers to be involved in the synthesis of glucomannan 
rather than a ^(l-4) linked glucose homopolymer (see pp23-25)
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UDPG has also been shown to act as a precursor for 
^(1-4) glucan synthesis in particulate enzyme preparations 
from P, au/icLL̂  (Villemez et al, 1967; Clark & Villemez, 1972), 
L, al&.a.A (Bruramond & Gibbons, 1964; Stafford & Brumraond,
1970; Larsen & Bruramond, 1974), A, ^atlva (Ordin & Hall,
1967; Tsai & Hassid, 1971, 1973)., Q* kln.^atam (Bacic &
Delmer, 19B1), P. />ativu.m (Ray et al, 1969; Shore et al,
1975 ; Chao & Maclachlan, 1978; Raymond et al, 1978).
However, it is possible that the UDPG:^(l-4) glucan glucosyl- 
transferase activities observed.in preparations from dicoty
ledonous plants are involved in xyloglucan rather than 
cellulose synthesis as suggested by Ray (1975, 1980) and 
Villemez & Hinman (1975). UDPG can act as a substrate for 
the synthesis of both ̂ (1-3) and^(l-4) linked glucan in 
preparations from several plants (Villemez et al, 1967;
Ordin & Hall, 1968; Peaud-Lenoël & Axelos, 1970; Tsai &
Hassid, 1971, 1973; Clark & Villemez, 1972; Smith & Stone, 
1973a;Larsen. & Brumraond, 1974; Chao & Maclachlan, 1978;
Raymond et al, 1978; Bacic & Delmer, 1981). In oat, wheat 
and rye, UDPG can act as a substrate for the synthesis of 
mixed linked j^(l-3) ^  (1-4) glucans (Ordin & Hall, 1968; 
Peaud-Lenobl & Axelos, 3 970; Smith & Stone,1973a) and in 
the case of rye the glucans formed were similar to those 
found in vivo in this plant (Smith Stone, 1973 â b) .

The above evidence suggests that^-glucan synthesis 
in plants may be mediated by a number of enzymes utilising 
UDPG, GDPG or both. Additional evidence that -glucan syn
thesis is not mediated by a single enzyme with a broad sub
strate specificity is as follows:-

1) Brumraond & Gibbons (1964) demonstrated that the synthesis 
o f ^(1-4) glucan from UDPG and GDPG by particulate prepara
tions from L, a.li.u/, was additive rather "than competitive.
This suggests the presence of two separate enzymes utilising 
different substrates.
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2) Shore & Maclachlan (1973) found four (l-4) glucan 
synthetases in pea epicotyls. Two were GDPG specific and 
two were UDPG specific. Three of the activities were reg
ulated by auxin, while the fourth (a UDPG specific synthe
tase) was not.

3) Enzymes involved in 6-glucan synthesis have been found 
to differ in cofactor requirements, pH optima and in 
values.

4) Chambers & Elbein (1970) separated UDPG: 0{l-3) from
GDPG : (1-4) glucan glucosyl-transf erase activity in P. au/ietiA,
on the basis of the enzyme's differential solubilities after 
extraction of the particles with digitonin. Similarly,
Tsai & Hassid (1971) achieved a separation of digitonin 
extracted UDPG:^(l-3) and UDPG: ;^(l-4) glucan glucosyl- 
transferase activities from A. ^atlva coleoptiles.

In conclusion, it appears that the La vit/io synthesis 
of ^(1-3) glucan utilises UDPG as a substrate, while the 
sugar-nucleotide precursor for la vltao ;6*(l-4) glucan 
synthesis could be UDPG, GDPG or both.  ̂However, the observed 
rates of la vlt/io JS {l~i) glucan synthesis in higher plants 
are much less than the observed rates of cellulose., synthesis 
(Barber al, 1964; Shore & Maclachlan, 1975). The rela
tive ease by which la vlt/io (1-3) glucan synthesis is 
obtained can probably be explained by the fact that plant 
tissues deposit 4%(1-3) glucan (wound callose) in response 
to mechanical injury (Currier, 1957). Thus homogenisation 
of plant tissue in the preparation of particulate enzymes 
will inevitably result in rapid synthesis of^(1-3) 
glucan, which is not normally a major constituent of plant 
cell walls.

■
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G.I.2.1.2. The conditions required for ^-glucan synthesis 
In ult/io

In uit/io studies on ̂ -glucan synthesis usually involve 
the homogenisation of plant tissue, isolation of a particu
late enzyme by differential centrifugation, and incubation 
of the enzyme preparation with a sugar-nucleotide substrate. 
Solubilisation of the enzyme by detergents may be incorpor
ated as an additional step. The conditions employed at any 
of the steps mentioned above may affect the ability of the 
enzyme to form glucan In ult/io,

1) Conditions under which the plant is grown. Clark & 
Villemez (1972) found that the properties of the particulate 
^-glucan synthetases obtained from P. au/ieu/> were affected 
by the temperature at which the seedlings were germinated. 
When the seedlings were germinated at 21 *"C, all of the 
alkali-insoluble glucan formed from UDPG by the isolated 
enzyme particles was ^  (1-4) linked. After germination ato26 C, the alkali-insoluble glucan was contaminated with 
polysaccharide containing 0(1-3) linked glucose.

2) Nature of the buffering component in the homogenisation 
and reaction media. The type of buffer used appears not to 
be of great importance, at least for the UDPG-utilising 
enzymes. However, it was found that pyrophosphate completely 
inactivated the P. aa/ieuà UDPG-utilising enzymes (Clark & 
Villemez, 1972). Elbein (1969) found that in preparations 
from the same plant, GDPG:0(l-4) glucan glucosyl-transf erase 
activity was slightly inhibited by phosphate buffers.

3) The method of tissue homogenisation. The method used 
for tissue homogenisation was not found to influence the 
properties of the enzyrae(s) utilising UDPG in P. aa/ieué 
(Clark & Villemez, 1972), although it has been found to alter 
the physical properties of the particles produced (Ray et at.
1969). However, Maclachlan' a l  (1979) found that preparations



Protective agent References

D T T Lui & Hassid, 1970; Heller &
Villemez, 1972a,b; Hinman & Villemez, 
1975; Delmer et at, 1977; Raymond 
et al, 1978; Ray, 1980.

B S A

sucrose

Tsai & Hassid, 1971; Clark & 
Villemez, 1972; Heller & Villemez, 
1972a,b; Ray, 1980.

Villemez et al, 1967; Chao & 
Maclachlan, 1978; Ray, 1980; 
Barber, 1982.

P V P 

P E G

Barber & Hassid, 1965.

Maclachlan et al, 1979; Carpita & 
Delmer, 1980.

E D T A Lui & Hassid, 1970; Hopp et al, 
1978; Ray, 1980; Barber, 1982.

Table 2. Some references to workers who have included
protective agents in homogenisation and reaction 
media.
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from P , /iativum were more active in synthesising alkali- 
insoluble 0 -glucan from UDPG when the tissue was homogenised 
by fine chopping with razor blades, rather than grinding in 
a mortar and pestle or homogenisation in a Polytron homog- 
eniser.

4) The inclusion of protective/stabilising agents. The 
^-glucan synthetases tend to be unstable and denature over
a period of hours even at 0 C . For this reason a number of 
protective agents have been routinely added to homogenisation 
and reaction media to stabilise the enzymes (see Table 2).

5) Requirement for divalent cations. Divalent cations have 
been found to be required for glucan synthesis from UDPG 
and GDPG in a number of systems. Barber et at (I964) and 
Lui 6 Hassid (1970) found that after (NH^SO^ extraction of
P. au/ieuA seedling particles, there was a requirement for 
a divalent cation for the incorporation of glucose from GDPG 
into ^ (1-4) glucan. Similarly, Chambers & Elbein (1970) 
demonstrated that digitonin-extracted particles from the 
same plant resulted in a requirement for MgCl^ before 
GDPG: 0 (l-4) glucan glucosyl-transferase activity could be 
observed. Elbein (1969) demonstrated that particulate mann- 
osyl transferase activity utilising guanosine diphosphate 
mannose (GDPM) in P. aueeuA was strongly dependant upon the 
addition of magnesium cations to the reaction media. No 
such requirement for 0(1-4) glucan synthesis from GDPG was 
observed by these authors. Feingold et ai (1958) found that 
divalent cations promoted the synthesis of 0(1-3) glucan 
from UDPG in P. aueeu^ systems. However, Larsen & Brummond 
(1974) found that magnesium chloride inhibited 0(1-3) glucan 
synthesis, but stimulated 0(1-4) glucan synthesis from 
UDPG in a digitonin-solubilised enzyme system from L, aitu./>, 
Tsai & Hassid (l97l) demonstrated a similar stimulation of 
solubilised UDPG:0 (1-4) glucan glucosyl-transferase activity 
in A, ^atiua. In particulate enzyme preparations from 
Zea rnay/i, Ray (1979) found that UDPG:0glucan synthetase

■Ï

■
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assayed at micromolar concentrations of UDPG required 
magnesium cations. UDPG: glucan synthetase assayed at 0.1 
mM UDPG had no requirement for divalent cations.

From the above section it is clear that the requirement 
for divalent cations in glucosyl transferase activity 
appears to vary according to the source of enzyme, and on 
the method of enzyme preparation.

6) The presence of glucose and various glucosides. The 
presence of glucose and various glucosides in the reaction 
medium has sometimes been found to stimulate 0-glucan 
synthesis from sugar-nucleotides. An activator (which 
could be glucose or a variety of glucosides) was found by 
Feingold et at (1958) to be required for 0(1-3) glucan syn
thesis from UDPG by the digitonin solubilised, but not the 
particulate enzyme, prepared from P, au/ieu.̂ , No such acti
vator requirement was found for the in uit/io synthesis of 
0(1-4) glucan from GDPG with solubilised or particulate 
enzyme from this plant (Barber et at, 1964; Lui & Hassid, 1970) 
Tsai & Hassid (1971) found that cellobiose stimulated the 
synthesis of both 0(1-3) and 0(1-4) glucan synthesis from 
UDPG in enzyme preparations from A. /^ativa, Cellobiose was 
also found to stimulate glucan synthesis from GDPG but not 
from UDPG in particulate preparations from P. patluiim epicotyls 
(Spencer et at, 1971). 0(1-4) glucan synthesis from UDPG was 
stimulated by glucose in particulate enzyme preparations and 
by glucose, methyl-0-D-glucopyranoside and cellobiose in sol
ubilised enzyme from L, att.u/> (Stafford & Brummond, 1970;
Larsen & Brummond, 1974). In particulate preparations from 
Ç, tiL/î atum, it was found that ^  -linked glucosides stimulated 
UDPG: 0(1-3) glucan glucosyl-transferase activity at, or 
above 50 pM. Below 50 pM UDPG, UTP had also to be added to 
the incubation medium to obtain stimulation by 0-glucosides. 
This stimulation by0-linked glycosides and UTP at low UDPG
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concentrations was less than that in detached fibres (Delmer 
et at, 1977; Heineger & Delmer, 1977). Thomas et at (1969) 
observed the stimulation of 0(1-3) glucan synthesis from 
UDPG by glycerol in a variety of plants. This stimulatory 
effect of glycerol was completely inhibited by erythritol.
In 195p'*, Glaser reported à requirement for high molecular 
weight (l'h¥.) soluble cellodextrans for the cell-free syn
thesis of cellulose in preparations from Aeetot^aeten. Kytin- 
um. It was suggested that the cellodextrans were acting 
as primers. Cooper & Manley (l975a)also noted a stimulation 
in the yield of alkali-insoluble glucan from UDPG when cello
dextrans larger than cellotetraose were added to A, xytin.um.\ 
membranes., and they concluded that it was due to both priming 
and activating effects. However, in both the plant (Fein
gold et at, 1958) and bacterial cell-free systems, the cello- 
dextran concentrations required for stimulation were far in 
excess of that expected for efficient primer action. Indeed 
Feingold et at (1958) demonstrated that exogenously added 
Dtglucose was not incorporated into the products. This 
suggests that the stimulatory effects of these glucosides 
are due to enzyme activation rather than a priming action. 
Thomas et at (I969) demonstrated that the activation of UDPG: 
glucan glucosyl-transferase by polyols was stereospecific, 
requiring three closely associated hydroxyl groups. It 
should be noted however, that this system is unusual in that 
the allosteric regulators are uncharged.

7) The effect of substrate concentration. When UDPG is 
used as a substrate its concentration in the incubation may 
be important in terms of both the quantity, and the nature 
of the product produced. Tsai & Hassid (1971, 1973) found 
that at 1 mM UDPG, 0(1-3) glucan was the main product formed, 
while with 10 rjiM UDPG, 0(1-4) glucan predominated in both 
digitonin-solubilised and particulate enzyme from A, Aativa,
A similar increase in the ratio of 0(1-3): 0(1-4) linkages 
in the products with increasing UDPG concentration has been 
observed in particulate preparations from A, /^atlva (Ordin
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& Hall, 1968), LolLum mu.tti-jilo/Luin (Smith & Stone, 1975a),
P, sativum (Chap & Maclachlan, 1978; Raymond at, 1978),
L. alHa/i (Stafford & Brummond, 1970), 7, vuiga/ie (Peaud- 
Lenonël & Axelos, 1970) and P. au/iea/i (Clark & Villemez,
1972), However, Heineger & Delmer (1977) found that UDPG 
concentration had no effect upon the nature of the product 
(a linear 0(1-3) glucan) in detached cotton fibres.

A number of workers have shown that for a given increase 
in UDPG concentration, there is a disproportionately large 
increase in the amount of ^(1-3) glucan formed. This suggests 
that UDPG: 0(1-3) glucan glucosyl-transferase is substrate- 
activated. Substrate activation by UDPG has been noted in 
particulate enzyme preparations from A, ^ativa (Tsai &
Hassid, 1973), A. muiii/io/ium (Smith & Stone, 1973^)»AP. 
/iaiivum (Raymond et ai, 1978) and Ç» hie^utum (Delmer et at, 
1977). Tsai & Hassid (1973) postulated that this substrate 
activation was due to the binding of UDPG to the enzyme 
causing a conformational change and thereby an activation of 
the enzyme.

Varying the concentration of GDPG in the incubation 
medium has not been found to-alter the nature of the linkages 
in the glucan product. However, increasing the GDPG concen
tration has been found to increase the period of incorpor
ation into polysaccharide products in particulate prepara
tions from P. AativLim. (Hinman & Villemez, 1975) . Brett 
(1981a) found a similar phenomenon in tissue slices from 
the same plant. To date, there have been no reports of 
substrate activation of higher plant GDPG:0(l-4) glucan 
glucosyl-transferas.es. They do not, however, exhibit normal 
Michaelis-Menten saturation kinetics in that they have been 
found to produce non-linear double-reciprocal plots in both 
particulate systems (Villemez, 1971) and tissue slices 
(Brett, 1981 a).

8) The presence of other sugar-nucleotides in the reaction
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media. A major drawback with the particulate enzyme prep
arations used in the study of plant cell wall polysaccharide 
biosynthesis is that they contain a large amount of endogen
ous polysaccharide relative to the amount of radioactive 
sugar incorporated from added radioactive sugar-nucleotides.
As a result, most of the information that can be obtained 
about the newly synthesised polysaccharide is restricted to 
the immediate vicinity of the radioactive sugars. Any con
tribution of sugar residues from endogenous sources may 
easily go unnoticed, since these contributions would be non
radioactive. This is especially important in view of the 
fact that a. large number of plant cell wall polysaccharides 
are heteropolysaccharides. To overcome this problem, 
investigators have studied the effect of exogenously supplied 
non-radioactive sugar-nucleotide upon the incorporation of 
radioactivity from a different, radioactively labelled sugar- 
nucleotide. The effect of exogenously supplied non-radio
active sugar-nucleotides can be studied kinetically, or 
structurally, to determine whether or not the nature of the 
products changes.

GDPG was initially thought to be a substrate for higher 
plant cellulose biosynthesis. However, it was subsequently 
discovered that the addition of non-radioactive GDPM to an 
incubation medium containing radioactive GDPG. resulted in 
a stimulation of the incorporation of radioactivity into 
polysaccharide. This effect was found in particulate and 
solubilised enzymes from P. au/ieuA (Barber et ai, 1964;
Villemez, 1971; Heller & Villemez,1972a; Barber, 1982) and 
in particulate preparations from P. />ativum (Hinman & Ville
mez, 1975). and kiA-àutuin (Barber & Hassid, 1965). Barber e.t ai 
(1964) analysed the products from GDP-^^C-G alone and from 
GDP-^^C-G t GDPM by partial acid hydrolysis in fuming HCl.
Partial acid hydrolysis of the products from GDP-^^C-G 
resulted in the cellodextran series of oligosaccharides.
When GDPM was also present in the incubation medium, partial 
acid hydrolysis of the products also resulted in the cello
dextran series but there was an additional oligosaccharide
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series, presumably mannosyl-glucose containing oligosacchar
ides. This was confirmed by Elbein (1969). From these 
results, Barber ei at (1964) concluded that the product from 
GCPG was indeed a 0(1-4) glucan (claimed to be cellulose) 
and upon the addition of GDPM, an additional glucomannan (see 
Fig. 7) was synthesised.
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Fig. 7 Glucomannan

Villemez and co-workers (Villemez, 1971; Heller & Villemez,
1972a; Hinman & Villemez, 1975) undertook a detailed kinetic
analysis of the GDPG and GDPM utilising systems of P, au/ieué
and P, sativum. It was shown that the reaction utilising 

14GDP- C-G alone was over within a few minutes. The presence 
of GDPM extended the period of reaction from GDP-^^G-G, 
resulting in an overall stimulation of the incorporation of 
radioactivity into the polysaccharide products. However, 
no stimulation of the initial rate of reaction (V^) from 
GDP-^^C-G was observed upon the addition of GDPM at any

ii;..

concentration. It was therefore concluded that glucomannan 
was the sole product from GDPG in these systems since, if 
the observed stimulation by GDPM was due to the action of an 
additional glucomannan-synthesising enzyme system, an increase 
in V̂  should be detected. Further evidence was quoted by 
Villemez and co-workers that would suggest that only a 
glucomannan is produced from GDPG in oit/Lo:-

1) Total polysaccharide and alkali-insoluble ^^C-poly-
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saccharide exhibit similar kinetic patterns as a function 
of GDPM concentration,

2) In a study on solubilised mannosyl and glucosyl trans
ferases, Heller & Villemez (l972a) demonstrated the following 
enzyme properties that would promote the synthesis of gluco
mannan rather than glucan plus mannan:-

a) The glucosyl and mannosyl transferases apparently 
use the same type of acceptor molecule

b) The glucosyl transferase required the presence of
a mannose-containing acceptor molecule for sustained 
activity

c) GDPG directly modulates the mannosyl transferase 
since it is a strong competitive inhibitor

d) GDPM is a weak competitive inhibitor of the glucosyl 
transferase.

At first sight these results would appear to contradict 
the results of Barber et al (1964). However, Flowers et al 
(1969), using acetolysis rather than partial hydrolysis on 
the products from GDPG, demonstrated the presence of mannose- 
containing oligosaccharides. These mannose-containing oligo
saccharides were not observed using partial acid hydrolysis, 
thus explaining the failure of Barber et al (1964) to detect 
glucomannan synthesis from GDPG on its own. It was postulated 
that these mannose-containing oligosaccharides were only 
observed upon the addition of GDPM to the incubation medium 
due to the increased amount of ^^E-polysaccharide formed, and 
the increased proportion of mannose present in the products.
On the basis of the evidence presented above, it is now 
widely thought that glucomannan, not cellulose, is the product 
from GDPG regardless of the presence or absence of GDPM in 
the incubation.

More recently the role of at least the golgi-associated 
UDPG: 0(1-4) glucan glucosyl-transferase in cellulose bio
synthesis has been questioned. Villemez & Hinmann (1975)
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and Ray (1975, 1980) demonstrated that UDPG stimulated the
1Lincorporation of radioactivity from UDP- C-xylose into 

polysaccharide. Structural analysis of the reaction 
products indicated that the product was xyloglucan (Ray, 
1980), see Fig. 8.
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Fig. 8 Xyloglucan

Thus, it is possible that this is the role of the golgi 
associated UDPG: 0 (l-4) glucan glucosyl-transferase activ
ities demonstrated In viteo.

9) Soluble factors found in tissue homogenates. Soluble 
factors in tissue homogenates have been found to modulate 
the activities of 0-glucan synthetases. Ordin & Hall (1968) 
found a heat-stable factor which stimulated the synthesis 
of 0(1-4) relative to 0(1-3) glucan in tissue homogenates of 
A, éatlva, Chao & Maclachlan (1978) demonstrated the exis
tence of heat-stable, dialysable and a heat-labile, non-dialys- 
able components from extracts of P. /.ativujn. Both components 
primarily affected the amount of 0(1-4) rather than 0*(l-3) 
glucan in the products. The heat-stable, dialysable component 
stimulated the production of0(l-4) glucan. The heat-labile, 
non-dialysabl0 suppressing factor appeared to be a protease. 
Recently, Aloni et at (l982) found a stimulatory protein

.
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factor for 0(1-4-) glucan synthesis in the supernatant frac
tion from cell-free prepearations of j4, xylinum^ When GTP,
PEG and the protein factor were included in the incubation, 
in vit/LQ rates of 0(1-4-) glucan synthesis from UDP^^G-G 
were obtained that exceeded 4-0̂  of the in vivo rates of 
cellulose synthesis.

10) The effect of membrane potential. Garpita & Delmer,
(1980) presented evidence that a membrane potential across 
the plasmamembrane of detached cotton fibres (see p
was required for cellulose biosynthesis to occur. Using 
ionophores, Bacic & Delmer (l98l) studied the effect of 
artificially-induced electrical membrane potentials on 
•^-glucan synthesis in particulate enzyme preparations from 
Q, hi/i^utum. It was found that a membrane potential positive 
with respect to the inside of membrane vesicles stimulated 
the synthesis of both 0(1-3) and 0(l-4) glucan from UDPG.
It was shown that this was indeed due to an electrical mem
brane potential and not a pH gradient. However, the 0  (1-4-) 
glucan formed was not highly crystalline since it was sol
ubilised by the acetic-nitric acid reagent of Updegraff (1969)
(see Section 6,1,)

11) Solubilisation of0-glucan synthetases by detergent.
The detergent most commonly used is digitonin, in concentra
tions ranging from 0.66^-8%. UDPG:0(l-3), UDPG:^(l-4) & GDPG:0(l-4) 
glucan glucosyl-transferases have all been solubilised, and
in some cases separated. Tsai & Hassid (l97l) solubilised 
UDPG: 0(1-3) and UDPG: 0(1-4-) glucosyl-transferase activity 
by extraction of particles from A. ^ativa in 8% digitonin.
Flowers et ai (l968, 1969) found that the activity of UDPG:0(l-3) 
glucan glucosyl-transferase.was greatly increased by digitonin 
extraction, while GDPG: 0(1-4-) glucan glucosyl-transferase 
was unaffected. Ghambers & Elbein (1970) found that UDPG: 
j5(l-3) and GDPG:0(l-4-) glucan glucosyl-transferase from 
P, aa/ieup could largely be separated on the basis of their 
differential solubilities in 0.8# digitonin - 0.5# BSA. In
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fact, the UDPG: 0(1-3) glucan glucosyl-transferase could be 
partially solubilised in 0.5# BSA alone, suggesting a loose 
attachment of the enzyme to the membrane. Solubilisation of 
the glucan synthetases from A. alluA by 0.66# digitonin - 
0*33# BSA resulted in an increase in the ratio of 0(1-4) 
glucan to total glucan formed from UDPG (Stafford & Brummond,
1970). Lui & Hassid (1970) claimed to have obtained a solu
bilised GDPG: 0(1-4) glucan glucosyl-transferase by extraction 
of particles from P, au/ieu/, in 1.6# digitonin - 0.05 M 
sucrose in water. However, it was subsequently shown that the 
enzyme was not properly soluble since, after the enzyme was 
concentrated by (NH^)280  ̂precipitation it could be centri
fuged down at 200,000 g for 2 hours (Barber, 1982). Heller 
& Villemez, (1972 a,b) also noted that under the conditions 
of Lui & Hassid (l970), only trace amounts of mannosyl- 
transferase activity were solubilised. These authors solubil
ised both GDPG and GDPM utilising glycosyl-transferase 
activities from particles of P, au/ieuA., by extraction with 
0.5# Triton X-100 (Heller & Villemez, 1972 a,b).

In conclusion, it is clear that the conditions required 
for in vit/io 0  -glucan synthesis are determined by a number 
of factors, mostly concerned with the preservation of activity 
during isolation, and also activation of the enzymes in the 
incubation medium.

C.1.2.2. The use of more.intact systems to investigate the 
sugar-nucleotide precursors of cellulose.

In the more recent investigations on cellulose biosyn
thesis there has been a tendency to use more intact systems, 
in which the integrity of the cellulose synthetase complex 
may be better preserved than in cell-free systems. Possible 
problems with the use of the cell-free systems described 
previously are outlined below:-
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1) Disturbance of the cellulose synthetase complex.
Cellulose biosynthesis is thought to occur at the plasma
membrane, mediated by large synthetase complexes which may 
have been visualised by electron microscopy (see ppf62-6$).
It is quite possible that upon homogenisation'of the tissue, 
the structural integrity of the complex may be destroyed, or 
that the association of the complex with the microfibril 
which may be required as a primer (or any other priming agent) 
is disrupted.

2) Turgor changes. There are reports that cellulose syn
thesis may be very sensitive to alterations in turgor (Ray, 
1973; Delmer, 1977). Garpita & Delmer (1980) demonstrated 
that by circumventing high turgor loss in detached cotton 
fibres by the application of a non-cell-wall-penetrating 
osmoticura (PEG 4-000), the loss of synthetic activity upon 
detachment of the fibre from the ovule was prevented. However, 
not all of the protection afforded by the addition of PEG
4000 was due to the reduction of turgor prior to detachment, 
since mannitol at equal osmotic concentrations only protected 
25# of the activity relative to the intact controls (see 
p. 36 ).

3) Membrane asymmetry. Membranes are regarded as aysmmetric 
structures, particularly the plasma-membrane (Robinson &
Quader, 1981). As a result vesicles formed from cellular 
membranes may have an orientation reflecting the In vivo 
situation (i.e. outside-out), or they may be inverted (inside- 
out) . In terms of substrate accessibility, inside-out 
vesicles would be preferable since sugar-nucleotides pene
trate membranes only slowly (Depierre & Dallinger, 1975).
In plants it is not clear which orientation the vesicles 
formed take. However, in some animal systems the plasma- 
membrane vesicles have been shown to be outsid'e-out (Robinson & 
Quader, 1981), If this was the case in cell-free prepar
ations from higher plants, little in vitno cellulose synthesis 
could be expected from exogenous sugar-nucleotide substrates.
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given that cellulose is thought to be synthesised at the 
plasma-membrane (see Section D.).

4) Interaction with cytoskeleton, There is some evidence 
that the organisation of cellulose microfibril deposition is 
achieved via the participation of cortical microtubules 
which underly the plasma-membrane (Hepler & Palevitz, 1974). 
Upon homogenisation this association will be lost, which 
could result in the loss of synthetic activity.

5) Release of inhibitors upon homogenisation. Homogenisa
tion destroys cellular compartraentation and as a result, 
substances whose actions on particular processes were prev^ 
iously neglî i'ble may no longer be so. Chao & Maclachlan 
(1978) found such an inhibitor in preparations from P. sativum 
(see p. 26 ). It is also possible that plant extracts may 
contain enzymes which degrade either the substrates or 
products of a reaction.

6) Loss of membrane potential. Bacic & Delmer (1981) have 
shown that 0(1-3) and 0  (l-4) glucan synthetase activities 
from Ç, ki/i^utum are affected by electrical membrane poten
tials. Thus, homogenisation may result in inhibitory mem
brane potentials in the vicinity of the synthetase.

C.1.2.2.1. Investigations into the sugar-nucleotide pre
cursors of cellulose biosynthesis using tissue- 
slices.

This system may be more favourable for the detection of 
cellulose synthetase, since the slicing of a cell may be 
less disruptive than a more thorough homogenisation. It has 
been claimed that P. epicotyl ti ssue-sli ces can
synthesise 0-glucan from extracellular UDPG by highly active 
cell-surface synthetases (Shore & Maclachlan, 197 5; Shore et 
at, 1975). These authors claimed that 0(1-4) linked alkali- 
insoluble glucan was synthesised when tissue slices were
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incubated with 600 pM UDPG. The synthetase activities 
associated with the slices approached that of In vivo 
cellulose deposition rates and were 20-30 times more active 
than particulate enzyme preparations. However, it is now 
thought that 0(1-3) glucan, not cellulose, is the product 
synthesised by the UDPG-utilising cell-surface synthetases 
(see Section C.1.2.2.4. , p. 33 ). High cell-surface act
ivity was not observed with GDPG as a substrate, although 
tissues slice synthetase activity was as much as 3 times 
greater than that of particulate enzymes with this substrate.

C.1.2.2.2. The location of synthetic activity

Anderson & Ray (1978) demonstrated that this UDPG- 
utilising cell-surface0-glucan synthetase activity is 
associated with the plasma-membrane. Their evidence for 
this was based on a,comparison of the sub-cellular distrib
ution of synthetic activity with membrane marker enzymes, 
and an analysis of the lipid content of the membranes.

It was further shown that UDPG was being used directly,
and not by breakdown to glucose followed by uptake into the
cells, since the isopycnic density distribution of in vivo

14incorporated particle bound radioactivity from UDP- C-G was
entirely different from that obtained by feeding with ^^C-
glucose in that there was no indication of the Incorporation
of radioactivity into the golgi system from UDP-^^C-G. It
was argued from these results that the UDPG: glucan glucosyl-
transferase activity was located at the external surface of

14intact cells and was not due to utilisation of UDP- C-G' by 
the damaged cells at the cut surfaces of the slices.
Raymond et at (1978) investigated in more detail the loca
tion of the plasma-membrane UDPG: glucan glucosyl-transferase 
activity within the tissue-slices. It was shown by these 
workers that the initial rate of glucosyl transfer from 
5 mM UDPG was directly proportional to the number of slices
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into which a pea epicotyl segment was cut. There was little,
if any, lag period for the synthesis of alkali-insoluble

14-material. Thus, it was concluded that the UDP- C-G was
not diffusing more than a few cell-layers into the slices.
The tissue-slices were plasmolyse.d in hypertonic, non-ionic
osmotica which have been shown not to inhibit synthetase
activities in vit/io, although under these circumstances,
the plasma-membrane retracts from the wall and the deposition
of wall material is'inhibited (Robinson' &* Cummings, ‘ 1976)’.
No inhibition of the UDPG: glucan synthetase activity was
observed, implying that the plasma-membrane adhering to the
walls of cut cells is the probable location of synthetic
activity. Further indirect evidence for this conclusion
comes from the work of Brett (1978) on soybean suspension-
cultured cells, and by Carpita 6 Delmer (1980) on detached
cotton fibres, whore it has been shown that the plasma-
membrane must be ruptured before extracellular UDPG could
act as a substrate for 0 -glucan synthesis. Recently,
Maclachlan (1982) has confirmed that it is indeed the cut
cells at the surface of the slices that are responsible for
0-glucan synthesis from extracellular UDPG. When tissue-

3'slices were floated in solutions containing UDP- H-G and 
subsequently subjected to autoradiography, radioactivity 
was associated only with the cut cells at the slice surface. 
Radioautographs at the electron microscopic level further 
demonstrated that synthesis was confined to regions where 
the plasma-membrane remains in contact with the cell wall 
(Mueller & Maclachlan, 1980).

C.1.2.2.3. Properties of the UDPG-utilising enzyme system.

The enzyme(s) utilising UDPG in tissue-slices appears
to be substrate-activated, requiring very high substrate
levels (mM range) to saturate the system. The kinetic para-

/ 2 +meters of the slice system (pH, Mg optimum, apparent K^) 
were found to be similar to those of the less active partic
ulate preparations from the same plant (Raymond et at, 1978).

#
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C.1.2.2.4. Nature of the reaction products

It was initially thought that 0(1-4) glucan was the 
primary product from UDPG in the tissue slice system (Shore 
& Maclachlan, 1975? Shore et at, 1975). However, subsequent 
workers have shown that the majority of the product is 
0(1-3) glucan (Anderson & Ray, 1978; Raymond et at, 1978; 
Heineger & Delmer, 1977). Brett 0-981a) demonstrated that 
GDPG could act as a substrate for the synthesis of alkali- 
insoluble material containing 0(1-4) linked glucose. As in 
particulate enzyme systems, with low concentrations of 
GDPG (l pM) the reaction proceeded for only a few minutes 
and could be extended by the addition of GDPM, implicating 
the synthesis of glucomannan (see p. 23 ). With 50 _pM
GDPG, GDPM could still stimulate synthesis of product but 
the reaction from GDPG alone could continue for up to 2 
hours. This would suggest that pure 0(1-4) glucan is being 
produced since endogenous sources of mannose required for 
glucomannan synthesis should be used up, at least in the 
latter period of the incubation. Indeed, à greater propor
tion of the products from the higher concentration of GDPG 
resembled cellulose in terms of its insolubility in 4.4 N 
NaOH and increased M,W.

C.1.2.3. Investigations into the sugar-nucleotide precursors 
of cellulose biosynthesis using the detached cotton 
fibre system.

In the form of a single-celled epidermal hair (fibre), 
the cotton plant produces the purest form of cellulose known. 
The cotton fibre system offers the major advantage that the 
primary and secondary phases of wall deposition can be 
studied independently, since they are separated in time.
This cannot be done with whole plant organs or even single 
tissue types (Delmer et ai, 1974). Marx-Figini (1966) and 
Marx-Figini & Schulz (1966) studied the synthesis of primary

A"
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and secondary wall cellulose from a kinetic point of view.
It was found that primary and secondary wall cellulose were 
distinct in terms of their rates of synthesis. The primary 
cellulose had a non-uniform DP and its synthesis was slow, 
while secondary cellulose had a homogeneous DP ( 1.4,000)
and was synthesised more rapidly. It was proposed that 
primary and secondary wall cellulose were synthesised by two 
distinct mechanisms and that the synthesis of ;S(l-4) glucan 
from GDPG demonstrated in particulate preparations from cotton 
by Barber & Hassid (1963) may represent primary wall cellulose 
synthesis, while secondary wall cellulose may proceed via 
another enzyme system which may require a template to produce 
the homogenous DP. That the enzyme for secondary wall cellu
lose synthesis might utilize UDPG as a substrate was indicated 
by Franz & Meier (1969), who demonstrated that radioactivity 
from UDP-^^G-G could be incorporated into ethanol-4N NaOH 
insoluble material in this system. The product resembled 
cellulose in that it yielded cellobiose upon partial acid 
hydrolysis. The capacity for the synthesis of product from 
UDPG increased with increasing age of the fibre, and was very 
high in older fibres where secondary wall cellulose deposition 
was actively occurring. Delmer and co-workers investigated 
this model for cellulose biosynthesis in detached cotton fibres 
in detail. GDPG was found to be active as a substrate only 
during the period of primary wall synthesis. The activity of 
particulate preparations from detached fibres of increasing 
age followed a similar pattern (Delmer ai^ 1974). The 
incorporation into hot-alkali-insoluble product from UDPG 
followed the reverse pattern, lowest during primary wall 
deposition and steadily increasing during secondary wall 
synthesis. Analysis of the products revealed that GDPG acted 
as a substrate for alkali-insoluble material containing (l-4) 
linked glucose which was insoluble after extraction in the 
acetic-nitric acid reagent of Updegraff (1969). However, it 
was shown that 90  ̂ of the radioactivity incorporated from 
UDP-^^C-G into hot-alkali-insoluble material was acetylated 
and non-acetylated steryl-glucosides (Delmer e.t at, 1974;
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Delmer, 1977). Since these molecules do not exhibit turnover 
and are not good donors of glucose, they are not considered 
to be involved in cellulose biosynthesis. However, traces of 
glucosyl-phosphoryl-polyprenol of the type reported by Forsee 
& Elbein (1972, 1973) (see p 4-8 ) were occasionally
found (Delmer, 1977). Thus, it is still possible that UDPG 
could have been acting as a substrate for secondary wall 
cellulose synthesis in this system if the glucosyl-phosphoryl- 
polyprenols had very low steady-state levels with a rapid 
turnover.

There is now considerable evidence presented below, 
against a model utilising GDPG and UDPG for primary and sec
ondary cellulose synthesis respectively.

1) Incorporation from GDPG into the cellulosic product is 
stimulated by GDPM, both in detached fibres (Delmer, 1977), 
and particulate enzyme preparations (Delmer at ai, 1974).
This suggests the synthesis of glucoraannan (see p . )
from GDPG rather than cellulose.

2) The low levels or absence of GDPG in plant tissues 
actively synthesising cellulose (Villcraez & Heller, 1970).

3) Coumarin and 2,6 dichlorobenzonitrile (DCBN) are purport
edly selective inhibitors of cellulose biosynthesis in vivo 
(Kara ab ai, 1973; Hogetsu at ai, 1974a). Both compounds were 
found to inhibit specifically the incorporation of radio
activity from ^^C-gluGOse into the cellulose fraction of cotton 
fibres cultured in vit/io, Coumarin (1 mM) was equally effec
tive in inhibiting cellulose synthesis in cultured ovules 
synthesising primary wall cellulose and those synthesising 
secondary wall cellulose. This suggests that primary and 
secondary wall cellulose biosynthesis share a common coumarin- 
sensitive step in the pathway, implying one rather than two 
pathways (Montezinos & Delmer, 1980). However, since the
mode of action of these inhibitors is unknown, it is possible 
that they may be acting before a divergence in the pathways.

■i
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4) Delmer and co-workers have shown that the polysaccharide 
products from UDPG are ̂ (1-3) not ̂ (1-4) linked (i.e. 
definitely not cellulose) in the detached fibre system.
With 0.5 pM UDPG, the vast majority of the products were 
sucrose or steryl glucosides. However, by increasing UDPG 
concentration to 1 mM the synthesis of an insoluble glucan 
could be demonstrated. It was shown that this UDPG utilising 
system was substrate-activated. It was subsequently shown 
that the product from UDPG was a linear #(1-3) glucan 
regardless of UDPG concentration (Heineger & Delmer, 1977) 
and that it was a natural constituent of the fibre cell wall 
which was deposited at the onset of secondary wall deposi
tion (Maltby ai, 1979).

Thus, from the evidence given in 4) above it would 
seem that UDPG acts as a precursor for the synthesis of a 
^ (1-3) glucan rather than cellulose in the detached fibre 
system. GDPG could be the glucosyl donor for primary wall 
cellulose synthesis although points 1) and 2) do shed 
considerable doubt on this hypothesis.

Carpita & Delmer (1980) studied the synthesis of cellu
lose from ^'^D-glucose in detached cotton fibres. It was 
found that detachment of the fibres from the ovule resulted 
in the loss of 90^ of the in vivo capacity for cellulose 
synthesis. However, over 50^ of the capacity for cellulose 
synthesis in the detached fibre population was protected 
when PEG 4000 (Q'..Oémola!l) was included in the detachment and 
incubation media. It was argued that this effect of PEG 
4000 was due to resealing of the plasma-membrane and that in 
the presence of PEG 4000 there were two populations of cells, 
50% of which could synthesis cellulose from ^^G-glucose at 
rates comparable to intact controls, and 50% of which could 
not synthesise cellulose at all as judged by radioautography. 
Since all fibres detached in the presence of PEG 4000 were 
capable of synthesising polysaccharide from ^^G-glucosa, 
and therefore both populations retained adequate energy

1
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supplies for polysaccharide synthesis from glucose, it was 
proposed that there was an additional requirement for those 
fibres that retained the capacity for. cellulose synthesis.
It was hypothesised that a threshold membrane potential was 
required for cellulose synthesis to occur and subsequently, 
Bacic & Delmer (198I) demonstrated that particulate^3(1-4) 
and ^ (1-3) glucan synthetases utilising UDPG were stimulated 
by a positive potential with respect to the inside of vesicles 
(see p. 27).

Thus a paradox may exist in the detached cotton fibre 
system (and perhaps others) in that, while membrane integrity 
must be disrupted to allow access of an impermeant sugar- 
nucleotide substrate to the site of synthesis, such disrup
tion destroys the catalytic activity of the cellulose synthe
tase complex.

C.1.2..4 Investigations into the sugar-nucleotide pre
cursors of cellulose biosynthesis using suspen-. 
sion-cultured cells.

Brett (1978) studied the synthesis of^-glucan in sus
pension-cultured soybean cells {Qtyairie. tnax.) from extracell- 
ularly supplied UDPG. The product was shown to be a ̂ (1-3) 
glucan and was synthesised at a low rate in shaken incuba
tions. No evidence for the synthesis of #(1-4) glucan from 
UDPG was obtained. jS(1-3) glucan synthesis was stimulated 
thirty-fold when the incubation was stirred with a glass rod, 
a procedure which was shown to damage some of the cells, 
indicating that ^(1-3) glucan production was a wound response

C.1.2.5 In vivo studies on the sugar-nucleotide precursors 
of cellulose biosynthesis.

In vivo studies on cellulose biosynthesis have centred

_______________



upon the incubation of the system in use with a radioactive 
source of carbon ^^C-glucose, ^^C-sucrose) and
subsequent observation of the kinetics of the incorporation 
of radioactivity into possible precursors and cell wall 
components. In some of these studies, use has been made of 
the purportedly specific cellulose biosynthesis inhibitors,
DCBN and coumarin. These inhibitors have been applied in 
vivo to seedling^ (Kara al, 1973), Azuki bean epicotyl 
sections (Hogetsu ai, 1974a,,) and cotton fibres (Montez
inos & Delmer, 1980). They were shown to inhibit cellulose 
biosynthesis without significantly affecting non-cellulosic 
polysaccharide biosynthesis. Thus these inhibitors may 
prove useful in further in vivo studies since the steady- 
state levels of precursors to cellulose would be expected 
to change upon the addition of such an inhibitor.

Carpita & Delmer (1981) investigated the concentration 
and metabolic turnover of UDPG in developing cotton fibres 
in vivo. UDPG was the major sugar nucleotide found, with 
steady-state levels of 0.2 pmol/boll at 13 days post anthesis 
(DBA) which increased to over 2,1 pmol/boll by 24 DBA, just 
prior to the maximum rate of secondary wall cellulose and 
j^(l-3) glucan* synthesis. The UDPG levels dropped precipi
tously at the time when cellulose synthesis ceased. Sub
sequently, fibres cultured in vit/io with their ovules 
(undetached), were pulse-labelled with ^^C-glucose. UDPG 
was the predominant sugar-nucleotide to become labelled. 
Measurements were made of pool sizes and the rates of labelling
of glucose, G-l-P and UDPG. These data were analysed using
a computer simulation model and it was shown that the rate
of UDPG synthesis and turnover was more than sufficient to
account for the combined rates of synthesis of sucrose, 
steryl-glucosides, p  (1-3) glucan and cellulose. The above 
work of Carpita & Delmer is strong in vivo evidence that 
UDPG is a precursor for cellulose biosynthesis in the cotton 
fibre.
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C.1.2.6. Conclusions on the sugar-nucleotide precursors of 
cellulose biosynthesis.

From the previous sections, it is clear that both 
UDPG and GDPG can be utilised for the synthesis of polysacc
haride containing ^(1-4) linked glucose, and there is strong 
in vivo evidence for the involvement of UDPG in cellulose 
biosynthesis. The fact that, they have been shown to be in
volved in the synthesis of non-cellulosic polysaccharides in 
no way rules them out as precursors of cellulose. UDPG and 
the enzymes by which it is synthesised are ubiquitous in 
higher plants. However, this is of no great significance 
since UDPG is an important intermediate in a number of met
abolic pathways other than cellulose biosynthesis. GDPG has 
been formed from GTP and glucose-l-phosphate by enzyme ex
tracts from peas, mung bean, spinu-cK ., buckwheat and parsley 
(Barber & Hassid, 1964; Peaud-Lenobl & Axelos, 1968; Delmer, 
1977 ). The fact that the capacity for.GDPG synthesis- in 
plant extracts is often only found with difficulty or not at 
all (Delmer, 1972 ; Delmer, 1977; Heineger & Franz, 1980) 
does not exclude GDPG as a precursor, since the enzymes by 
which it is synthesised may be extremely labile. It is also 
possible that GDPG may be synthesised by an as yet undiscov
ered pathway. However, GDPG itself does not appear to be 
present in appreciable quantities in the plantrs investigated 
(Elnaghy & Nordin, 1966; Boothby, 1972; Carpita & Delmer, 
198^). It has been postulated that this may be due to rapid 
utilisation and effecient feedback control of its synthesis 
resulting in very low steady-state levels (Nikaido & Hassid, 
1971).

The possibility of a molecule other than a sugar-nucleo
tide acting as a precursor for cellulose biosynthesis must 
not entirely be ruled out. Sucrose and the raffinose oligo
saccharide series are efficient donors of glucose and are 
therefore possible precursors. Low energy glucose donors may 
also be possible precursors since, although the equilibrium
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of glycosidase-catalysed reactions favours hydrolysis, in 
vivo factors such as localised high substrate concentrations 
or rapid utilisation of products, may induce polysaccharide 
formation by this route.

Thus the question of the initial glucosyl donor of cell
ulose biosynthesis is an open question. However, GDPG and 
UDPG must be regarded as the most promising candidates.

G.1.3. The initial acceptor of .glucose

The overall reaction for glucan synthesis is now 
established to be of the form

n.UDPG --^  (Glc)^ + n.NDP

Each individual addition of glucose is therefore a reaction 
of the form

NDPG + (Glc)_ --^  NDP + (Glc) , ,
X X + i.

However, those simple reaction schemes may be an oversimpli
fication and conceal rather more complicated biosynthetic 
pathways, as has been shown to be the case in the synthesis 
of glycoproteins and bacterial-exopolysaccharides. There is no
information in the above reaction sheme as to how the glucan 
chains are initiated or whether there are any intermediate 
steps in the addition of the glucose units to the growing 
chain.

Very little is known of chain initiation in the^-glucan 
synthesis of plants. This is in contrast to the synthesis 
of the iX “glucans, starch and glycogen, where it has been 
shown that synthesis occurs by transfer of a single monomer 
unit from a sugar-nucleotide to the non-reducing end of 
accessible chains of preformed #-glucan. The introduction 
of new non-reducing chain ends into the primer by partial
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hydrolysis etc, often results in an enhanced priming 
capacity of the system (Maclachlan, 1982), Primers for 
polysaccharide synthesis may also include proteins and 
glycoproteins as the initial acceptors for glycosyl transfer. 
A protein primer has been found in the synthesis of starch 
0((l-4) glucan in potato tubers. The synthesis appears to be 
initiated by glucose transfer from UDPG to a protein and the 
glucoprotein then acts as an acceptor for the synthesis of
the rest of the c<-glucan chain (Lavintman & Cardini, 1973). 
Elongation of the glycoprotein by repeated transfer to the 
non-reducing end of the glycone could result in the protein 
components remaining at the core of the completed polysacc
haride. Such a mechanism has been proposed for both starch 
and glycogen biosynthesis (Tandecarz & Cardini, 1978).

It is usually taken that ̂ -glucan synthesis may require . 
a primer in the same sense as starch or glycogen biosynthesis. 
However, added glucose and soluble glucosides have not been 
observed to be incorporated into ;g-glucan chains in vit/io.
The fact that detergent-solubilised enzymes are capable of 
synthesising jg-glucan in the absence . of any added glucan 
primer suggests that such external primers are not required 
for synthesis. Thus the acceptor for the first glucose 
residue of the ̂ -glucan must be part of the enzyme-complex, 
or so tightly adsorbed by the enzyme that it is solubilised 
with the enzyme by the action of the detergent. This sugges
tion has a precedent in that it is often difficult to be 
certain that an apparently purified enzyme does not contain 
small but crucial amounts of tightly adsorbed primer 
polysaccharide (Hawker e.i at, 1974). However, if the primer 
of glucan synthesis is an integral part of the enzyme 
complex, then it is likely to be a protein, glycoprotein or 
a lipid.

Franz (1976) demonstrated that particulate preparations 
from P. aa/ie.û  could use UDPG to synthesise a glycoprotein 
containing 0(1-4) linked glucose. Turnover experiments showed
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that the glycoprotein possessed acceptor functions for the 
initiation and subsequent elongation of glucan chains. The 
addition of isolated non-radioactive glycoprotein to the 
incubation medium resulted in the enhanced synthesis of 
alkali-insoluble glucan. Brett & Northcote (1975) demonstrated 
the synthesis from UDPG of a substance containing ^ (1-3) and 
0  (1-4) linked glucose oligosaccharides attached to or very 
strongly adsorbed to protein in membrane preparations from 
P. ^atiDum, It was argued that the protein-linked oligo-. 
saccharides were involved in^-glucan synthesis. Pont-Lezica 
iLt ai (1975) also summarised evidence for a glucoprotein 
containing ^(1-4) linked oligoglucan in membranes from the 
same plant. Nowak-Ossaric (1976) found cellulose tightly 
bound to a protein fraction in cotton fibres. The cellulose 
contained a constant, though very small fraction of protein 
throughout fibre maturation. It was postulated that the 
protein was a residual part of the synthetic apparatus. In 
the Ohiorophycean alga, P/iotothe.c.a Hopp e.i ai (1978)
observed the possible priming action of protein in the 
cellulose biosynthesis of this organism (see Section 0.1.4.2.).

The observations above need further study and confirm
ation, particularly in the demonstration that the glucopro- 
teins formed are,actually involved in cellulose biosynthesis. 
However, they do open up the possibility of a priming role 
for a protein acceptor in -glucan synthesis.

0.1.4. Intermediate steps in the formation ofj^-glucan.

Glucolipids, gluGoproteins and short chain glucans have 
all been suggested as intermediates in cellulose biosynthesis 
Studies with A, xyiinum and green algae have provided more 
information on this question than have those on higher plants
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Fig. 9. Colvin's proposed scheme for cellulose
biosynthesis in A, xyilnum (After Colvin, 1980a)

 > proposed route of Aloni & Benz^iman (1982)
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G.1.4.1. The case for glucolipid intermediates in' A. xuiiaum

Colvin (1959) found that 80^ ethanol extracts of A, 
xytinuiR cells contained a substance which was rapidly con
verted to cellulose microfibrils when placed in water. A 
glycolipid was isolated from the ethanol extract and was 
rapidly converted to cellulose when placed in an aqueous 
medium containing the extracellular Ac.e.totaate.n. enzyme (Khan 
& Colvin, 1961 ). A similar extract from A, ^atlva and P. 
sativum seedlings formed microfibrillar material when incu
bated in a medium containing the extracellular bacterial 
enzyme (Colvin, I96I ), The authors suggested that the above 
result indicated that either the substrates in higher plants 
and the bacteria were identical and were thus both glycolipids^ 
or that specificity was restricted to the glucose part of the 
molecule. It was not possible to replace the Ace.toiiac.£&A. 
enzyme with an aqueous extract of peas. This is not unex
pected however, since^-glucan synthetases in plants are 
not soluble in water. Garcia at ai (1974), using E D T A - 
treated cells which were subsequently frozen and thawed, 
further investigated the possibility of glucolipid inter
mediates. The authors assayed the incorporation of radioac
tivity from UDP-^^C-G and UDP-^^C-galactose into the butanol- 
soluble products which were shown to ,contain radioactively 
labelled lipid diphosphate-oC-glucose, lipid diphosphate-4- 
cellobiose and lipid monophosphate--^-galactose. The time- 
courses of formation of the lipid diphosphate -d-glucose and 
lipid-diphosphate-ol-cellobiose indicated that they rapidly, 
reached plateaus which could be interpreted as steady-state 
levels, while the incorporation of radioactivity into the 
total products continuously increased, suggesting but not 
proving that they may be intermediates. The nature of the 
lipid moieties was not clearly established although they were 
probably prenols. Kjosbakken & Colvin (1973) obtained 
similar results with cell-free extracts from the bacteria.
This system formed lipid pyrophosphate compounds, which were 
attached to glucose, cellobiose and possibly cellotriose -
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and cellotetraose, The kinetics of formation of these 
compounds suggested that they were synthesised prior to the 
formation of the final cellulosic product and UDP and UMP 
were found to be potent inhibitors of both lipid carrier 
and cellulose formation. However bacitracin, which in other 
systems inhibits the déphosphorylation of lipid diphosphate 
to lipid phosphate, did not appear to inhibit cellulose 
synthesis. From the results of Kjosbakken & Colvin (1973) 
and Garcia e,t ai (1974), Colvin (l980a) proposed the scheme 
shown in Fig, 9. It is interesting to note that in this 
scheme, cellobiose is the functional unit in cellulose bio
synthesis, since for steric reasons it is an attractive unit 
to act as a cellulose precursor (Delmer, 1977 ).

There remain a number of drawbacks to this scheme:-

1 ) Neither Garcia &.t at (1974) nor Kjosbakken & Colvin 
(1973) demonstrated that the purported glucolipid intermed
iates had a precursor-product relationship with cellulose. 
Garcia s.t at (1974) did note however, that in E D T A 
treated cells from A, xytinum mutants lacking cellulose, the 
glucolipids were not synthesised. Also, Aloni & Benziman 
(1982) demonstrated that coumarin and DCBN inhibited the 
formation of glucolipids in dIdo and in Dit/io, These two 
latter points add further indirect evidence for a role of 
glucolipid intermediates in cellulose biosynthesis in A, 
xytinum.

2) Couso e.t at (1980) found that the lipid ̂ idiphosphate-cell
obiose formed by the system used by Garcia e.t at (1974) is 
in fact a precursor for a lipid trisaccharide identified as 
g-mannosyl (l-3) ^-cellobiosyl-i-diphosphate prenol, with 
UDPG and GDPM acting as glycosyl donors. Further doubt is 
shed upon the results of Garcia e.t at (1974) and KJosbakken 
& Colvin (1973) in that Sanderman (1977), using the same 
methods as these groups, identified the disaccharide attached 
to lipid as maltose, not cellobiose.
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Fig. 10. Proposed scheme for the synthesis of gluco
protein and cellulose in P. zoplii. Dotted 
lines indicate reactions not detected but 
which probably occur. From Hopp e± at, 1978
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3) Aloni & Benziman (1982) reported that UDP was a far 
more potent inhibitor than UMP of the glucosylation of lipid- 
soluble materials from UDPG In vlt/io, Indeed, the inhibitory 
capacity of UDP + UMP did not exceed that of UMP alone.
This is in contrast to the results of Kjosbakken & Colvin 
(1973) and would suggest that UDP is the product of the 
transfer reaction. Thus, a non-phosphorylated glucose moiety 
must be transferred from UDPG to the acceptor in Aloni & 
Benziman’s system. This would explain the lack of inhibition 
of cellulose synthesis by bacitracin observed by Kjosbakken 
& Colvin (1973) (see Fig. 9).

G.l.4.2, Evidence for glucolipid intermediates in algae 
and higher plants.

In particulate preparations from the Chlorophycean alga 
P/iototke.c.a zop-^ii, Hopp e,t at (1978) demonstrated the syn
thesis of lipid<phosphate-glucose, lipid-diphosphate-glucose 
and lipid diphosphate/#(l-4) oligoglucan (Glc^, n - 2-10), 
UD.P and UMP were found to inhibit glucolipid synthesis and 
the lipid moiety was thought to have the properties of doli- 
chol. The glucolipids were shown to be precursors for a 
water-soluble glucoprotein, containing ̂ (1-4) linked glucose, 
Upon the addition of GDPG, the water-soluble polymer became 
insoluble in hot-alkali and had cellulosic properties. A 
reaction scheme for cellulose biosynthesis in this organism 
was constructed (see Fig, 10),

The above work by Hopp e.i ai (1978) is extremely impor
tant and probably the best evidence for these intermediates, 
since precursor-product relationships were established 
between the glucolipids, glucoprotein and alkali-insoluble 
residue. However, a more rigorous demonstration that the 
alkali-insoluble product is indeed cellulose would be 
desirable.
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The role of glucolipids in higher plant cellulose bio
synthesis is unclear. Forsee & Elbein (1972, 1973) obtained 
a particulate enzyme preparation from cotton fibres which 
catalysed the incorporation of glucose from UDPG into an 
acidic glycolipid, the lipid portion of which was shown to be 
a phosphoryl polyprenol. The glycolipid was acid-labile and 
its synthesis was reversible. Thus the "high sugar transfer 
potential" of the sugar-nucleotide is retained in the glyco
lipid, which would therefore be able to donate the sugar resi
due to another acceptor and act as an intermediate. Delmer 

ai (1974) also demonstrated the synthesis of glucolipid 
material from UDPG in detached cotton fibres. The synthesis 
of the glucolipid material closely paralleled that of secondary 
wall cellulose deposition. However, it was shown that 95^ of 
this material was steryl glucoside, which is not thought to 
be involved in cellulose biosynthesis (Delmer, 1977). Trace 
amounts of an acidic glycolipid that resembled that 
found by Forsee & Elbein (1973) were occasionally found.
Brett & Northcote (1975) observed the synthesis from UDPG of 
polyprenol-like-lipid linked via phosphodiester or pyrophos
phate bonds to glucose oligosaccharides containing ^ (l-3) 
and (l”4) links in membrane preparations from P, 
roots. It- was proposed that they may be intermediates in 
^-glucan synthesis on the basis of the distribution of 
enzymic activities and the chemical properties of the gluco
lipids. The authors failed however, to demonstrate a 
precursor-product relationship between the glucolipids and 
^-glucan (Brett, personal communication). Other studies 
have also failed to obtain evidence for the participation of 
glycolipids during polysaccharide biosynthesis (Barber e.t ai^ 
1964; Storm & Hassid, 1972; Helsper, 1979).

C.1.4.3. The evidence for glycoprotein intermediates

Glycoproteins that may be involved as intermediates in 
^-glucan synthesis have been reported in higher plants (see
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pp41-42 for refs), algae (Hopp e.t ai^ 1978) and bacteria 
(Aloni & Benziman, 1982). In the case of the bacterial 
glycoprotein, in vivo pulse-chase studies have demonstrated 
a precursor-product relationship between a glycoprotein 
which c o n t a i n e d (1-4) linked glucose, and cellulose. No 
such relationship was demonstrated for the glycosylated 
lipid in this system.

C.l.4.4. Evidence for short-chain glucan intermediates

Colvin and co-workers have presented evidence for the
involvement of a polymeric intermediate in the cellulose
biosynthesis of A, xylinuiR, This will be discussed in
Section 0.2. pp 52-55 ). Mortimer (1967) obtained results
suggesting the existence of a polymeric intermediate in the
cellulose biosynthesis of beet and barley leaves. It was
demonstrated that a .trichloro-acetic acid-soluble glucosan
that was readily hydrolysed by cellulase, became labelled
from during short term photosynthesis. Upon the with-

14drawal of CO^, a slow transfer of radioactivity from the 
acid-soluble glucan to acid-insoluble residual cellulose was 
observed. Satoh et ai (1976) also raised the possibility of 
a ^ (1-4) linked polymeric intermediate in the in vivo bio
synthesis of cellulose in P. aa/ieuA, A cytoplasmic (1-4) 
glucan was found to have a similar distribution to UDPG: 
glucan glucosyl-transferase activity after subcellular 
fractionation by differential centrifugation. The 
glucan turned over and coumarin inhibited the incorporation 
of radioactivity into the cytoplasmic ^ (1-4) glucan to the 
same extent as that into the cell wall cellulose of the 
seedling hypocotyl.

Using pulse-chase techniques in cotton fibres, ^  (l-3) 
glucan was found to have a high turnover. While radioactivity 
in ^  (1-3) glucan decreased after a pulse of ^^C-sucrose, 
radioactivity in cellulosic ^  (I-4) glucan increased (Meier



50

et ai, 1981).^ From these results it was argued that (1-3) 
glucan may be an intermediate in the synthesis of^(l-4) 
glucan possibly mediated by jg (1-3) glucanases acting as 
transglucosylases. However, it must be noted that there 
was no evidence in the results presented by Meier et al 
for a lag-phase of incorporation into cellulose with respect 
to 0(1-3) glucan synthesis, which thus sheds some doubt upon 
the conclusions drawn. Further evidence against the conclu
sions of Meier et ai comes from the work of Maltby et al 
(1979), who failed to demonstrate turnover of 0(1-3) glucan 
in a similar cotton fibre system. It is interesting to note 
however, that the 0  (1-3) glucan synthesis does coincide with 
the onset of secondary wall cellulose synthesis. Also 
Swissa et ai (1980) found that radioactivity which is incor
porated into A, xyilnum cellulose, passes through water and 
alkali-insoluble fractions which contained primarily $  (1-2) 
glucan.

G.l.4.5. General conclusions on intermediates in cellulose 
biosynthesi s

The previous section has surveyed the evidence for 
intermediates beyond the sugar-nucleotides on the pathway 
to cellulose. The case for glucolipid intermediates must 
be regarded as unproven as the evidence stands. Although* 
the kinetics of formation of these glucolipids are consistent 
with the idea that they are intermediates of a biosynthetic 
pathway, there is very little evidence to suggest that 
they are specifically involved in cellulose biosynthesis. 
Initially it was thought that the attachment of a saccharide 
moiety from an impermeant sugar-nucleotide to a lipid would 
facilitate passage of the molecule through membranes although 
this has not been proven to be the case. However, it must be 
borne in mind that glucolipid intermediates have been widely 
found in the synthesis of glycoproteins and bacterial cell
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wall components.

The case for polymeric and glycoprotein intermediates 
is as yet also unresolved, and requires further investiga
tion. There are a number of strong arguments against poly
meric intermediates in cellulose biosynthesis (see Section 
C.2. pp 54^55 ). In view of the fact that Aloni & Benz
iman (1982) have recently clearly demonstrated a precursor- 
product relationship between â glucoprotein containing 
0(1-4) linked glucose, and cellulose in In vivo pulse-chase 
studies on A, xyiinam., the case for a glucoprotein inter
mediate is reinforced, particularly since it is possible 
that they may be functionally analogous to the proposed 
glucoprotein precursor of c>C“glucan synthesis.

C.2. The assembly of the cellulose microfibril

The biosynthesis of cellulose poses an additional 
problem over and above the synthesis of the 0(1-4) glucan 
chains of which it consists. This is the formation of the 
morphological entity, the paracrystalline microfibril with 
the cellulose I structure. No in vit/io system to date has 
been able to produce this.

Various hypotheses have been suggested to explain the 
formation of cellulose I microfibrils. Synthetic fibres 
spun from solution, or extruded from melt and subsequently 
drawn by several times their initial length, reveal a 
fibrillar texture with longitudinally running chains and 
cellulose microfibrils might be biosynthesised by a similar 
mechanism. However, fibrillar material produced by the 
above means consist of folded molecules with a predominantly 
uniform period. Since present data strongly suggest that 
native cellulose has an extended chain structure (see pp5-Y) 
spinning or extruding as a potential fibrillar growth
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mechanism is unlikely (Stockman, 1972), The following 
crystallisation conditions are known to produce extended 
chain structures.

a) Elevated hydrostatic pressure:- application of 7000 
bars during melt crystallization of polyethylene produces

Oextended crystals 100,000 A long. However, since cell 
turgor pressure is more than two orders of magnitude lower 
than that applied above, high pressure cannot be involved 
in cellulose biosynthesis (Stockman, 1972).

b) Shear stress:- mechanical agitation, such as rapid 
stirring during solution crystallization, generates fibrous 
crystals with extended macromolecules. However, although 
it is known that the cytoplasmic solution inside the proto
plast is in a state of continuous motion and streaming, 
there is no evidence of microfibril synthesis in the cyto
plasmic solution (see pp,66“69) . Thus shear stress as a 
mechanism must be dismissed.

c) Crystallization with polymerization:- there are three 
possible courses leading from activated units to a crystal
line fibril. These differ in the timing of crystallization 
and polymerization.

c.i) Successive polymerization and crystallization. 
Colvin and co-workers have postulated a two stage synthesis 
of cellulose microfibrils in A, xyiinum.

Stage 1 - the synthesis of a soluble polyglucosan inter
mediate

Stage 2 - subsequent extracellular association of these
polyglucan-s to form a nascent microfibril which
forms a consilidated microfibril on élimination 
of water.
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Kjosbakken & Colvin (1975) using sucrose-density
gradient centrifugation of cell-free particulate enzymes
which had been incubated with UDPG, demonstrated the presence
of a transient insoluble polyimer(s) of glucose, covalently
attached to the particles. It was removed from the particles
by treatment with alkali and could form short segments of
microfibril when precipitated from alkaline solution by
ethanol. The authors claimed that this polyglucosan was an
intermediate in cellulose synthesis. A portion of the poly-
mer(s) was isolated and shown by electron microscopy to have
a length corresponding to a D.P. of 180. It was also
shown that if a borate-soluble 0(1-4) glucan synthesised 

14from UDP- '̂ C-G was isolated and added to a standard enzyme 
preparation containing non-radioactive UDPG, it became 
alkali-insoluble after two hours (King & Colvin, 1976). It
was further reported that the proposed intermediate polymers 
emerged in a roughly linear fashion from a polar, funnel- 
shaped opening in the wall of the cell (Colvin et at, 1977.a? 
Colvin & Leppard, 1977). In aqueous suspension, the emergent 
filament of glucan associated spontaneously to form what 
was called a "nascent" microfibril. The "nascent" microfib
rils were highly, hydrated and were up to 100 nm in breadth, 
with a dense core surrounded by an amorphous sheath. With 
the progressive removal of water, the core became denser and 
upon drying they formed a normal consolidated microfibril 
(Leppard et at, 1975; Colvin & Leppard, 1977). Occasionally, 
occluded granules from the medium and associated swellings 
in "nascent" microfibrils were observed. It was argued from 
this that tip synthesis of the microfibril could not occur, 
since this mechanism would push the granules aside rather 
than enclose them. Thus it was postulated that the granules 
were trapped by the association of preformed macromolecules 
in the "nascent" microfibril as they associated to form the 
consolidated microfibril (Colvin, 1976 ). Colvin also 
stresses that , formation of the microfibril is a totally 
extracellular process that does not require an intact mem
brane, distinct portion of the cell or any other organelle
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(Colvin, 1980b). It was shown that in a particulate prep
aration from )4. Kylinam the synthetic enzyme was adsorbed 
onto whole, dense ovoid particles, 50-250 nm long with a 
typical unit membrane around each. When these particles 
were incubated with UDPG, linear wisps of fibrils were 
produced which subsequently associated to form microfibrils.
No visible attachment of the wisps to the particles could be 
observed (Colvin, 1980b). ^

There are, however, a number of serious problems with 
Colvin’s extracellular, non-cell-directed two-stage mechanism 
for cellulose microfibril formation.

1) -g (1-4) glucan polymers of D .P. greater than 10 tend to be 
insoluble in aqueous solution. Thus, a polymer such as that 
found by King & Colvin (1976) to have a D P of 180 must be 
substituted with polar groups or branched if it were to remain 
soluble during its synthesis previous to extra-cellular micro
fibril formation. Indeed, a soluble, non-dialysable ;0(l-4) 
linked polymer of glucose was isolated and purified from the 
supernatant of a culture of A. xytinum actively producing 
cellulose. The ;î (l-4) glucan was linear with single glucose 
residues as branches on carbon 2 of ’every third glucose 
residue in the chain (Colvin el at, 1977b). It was proposed 
that these branches would be cleaved off by an enzyme before 
association of the polymers to form a microfibril. However, 
there is no evidence that this particular molecule has any 
relationship with cellulose synthesis (Burgess, 1979; Colvin, 
1980a).

2) As pointed out in section B.2., native cellulose has 
the metastable cellulose I structure. It is thought that
.tip synthesis is a pre-requisite to generate cellulose I 
(see p. 57 ) since it is known that if free polymer chains 
associate in an aqueous environment a microfibril with the 
cellulose II structure is produced. Thus, it is difficult 
to envisage how Colvin’s model for microfibril construction
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could result in native cellulose I. Indeed microfibrils 
formed by Colvin (1980b) were shown to be of the cellulose 
II type after preparation, thus casting doubt as to whether 
this mechanism reflects the in vivo process.

3) Brown et at (1976) were unable to observe a sheath around 
forming microfibrils as visualised by Leppard et at (1975). 
Indeed, Willison et at (1980) argue that the amorphous 
sheath observed by Leppard et at was an artefact, due to the 
replicating carbon. Furthermore, a key point in the argu
ments of Colvin and co-workers was that these "hydrated" 
nascent microfibrils were not found in air-dried cellulosic 
pellicles of A, xytinum. If this was the case, fibrils with 
this appearance should never be observed in replicas of air 
dried specimens. This is clearly not the case since 
sheathed microfibrils are observed in the air-dried walls
of Q tauco cy^ti^i oxid. Ooay^ilA ( W i l l i s o n ,  at, 1980). Thus 
Willison et at (1980) conclude that there is no evidence-for a 
hydrated nascent microfibril in bacteria or higher plants.

4) Stockman (1972) argues that above a critical molecule 
length ( 1000 A) flexible linear molecules will not crys
tallize with an extended chain conformation as found in 
native cellulose. Thus if polymerization was to occur before 
crystallization, then it could only be to a limited extent. 
Furthermore, polymerization followed by crystallization 
should lead to microfibrils with a splaying tip as in Fig.
11 (assuming tip synthesis). It is known that at least 
in algae and in bacteria the microfibrils have a blunt tip.
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Fig. 11 Successive polymerization and crystallization 
From Stockman (1972)

c.ii) Crystallization followed by polymerization (see 
Fig. 12). Polymerization from the solid state is unlikely 
because of the complicated machinery it would require 
(stockman, 1972):-

1) Each already crystallized activated residue would 
require a nucleating agent to obtain the metastable 
cellulose I state.

2) It is difficult to envisage the means by which the 
crystallized residues would obtain the same width 
as the microfibrils.

Furthermore there is no electron microscopic evidence for 
the existence of residual crystals.
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Fig. 12 Polymerization of crystallized residues. From 
Stockman (1972).

c.iii) Simultaneous crystallization with polymerization 
It has been proposed that crystallization with polymerization 
must occur as a one step process at the tip of an already 
crystalline microfibril as a prerequisite to the formation 
of the unfavourable cellulose I lattice type (Stockman,
1972; Preston, 1974).

Thus, if the activated residues are transferred 
immediately to the crystalline plane with both covalent and 
crystalline bonds being set simultaneously, the result would 
be the "freezing in" of the metastable cellulose I structure. 
This mechanism also satisfies the requirement for a blunt 
microfibrillar tip (see Fig. 13).
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Fig. 13 Simultaneous crystallization and polymerization. 
From Stockman (1972),

Thus, theoretically speaking at least, tip synthesis 
involving simultaneous polymerization and crystallization 
is by far the most likely mechanism for microfibrillar con
struction. Recently, experimental evidence from the A, 
xyiinum system has been presented for a microfibrillar 
growth mechanism with some similarities to the theoretical 
hypothesis above.

Cooper & Manley (1975 a.,b,c) indicated a close rela
tionship between the bacterial cell envelope, the cellulose 
polymer and its biosynthesis. Brown et al (1976), using 
dark field light microscopy, visualised tip synthesis of 
microfibrils in the form of a ribbon projecting from the 
pole of the bacterial rod. The ribbon consisted of a number 
of microfibrils which were assembled in association with 
rows of particles (presumed to be groups of multienzyme 
complexes) along the longitudinal axis of the bacterial rod. 
The particles were situated below extrusion pores in the 
L.P.S,, layer of the bacterium (see Fig. 13) (Brown et at, 
1976; Zaar, 1979).
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Fig. 14 Model of cellulose microfibril assembly in A 
x.yiinam. From Haigler & Bonziman (1982),
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The ribbon was observed to elongate at. a rate of 2 pm
— 1min"^. The bacterial rod turned on its axis as it was 

propelled forward by the elongating ribbon, suggesting an 
inherent kinetic force in the crystallization process.
Using the fluorescent brightener calcofluor white S.T (C W ) 
and carboxy-methyl-cellulose (CMC), evidence has been 
presented that indicates that cellulose ribbon synthesis 
is a hierarchical, cell-directed, self-assembly process.

When C W at a concentration above a threshold value 
of 0.1 mM was added to cultures of 4. xylinuni actively 
synthesizing cellulose, it interrupted the synthesis of the 
cellulosic ribbon. This is achieved by the planar C.W. 
molecule binding to ^-glucan chains via hydrogen bonding and 
dipolar interactions, thus prohibiting microfibril crystall
ization (Haigler & Benziman, 1982). As a result, the 
bacterid*synthesizes broad, non-crystalline, cellulosic 
bands perpendicularly to the longitudinal axis of the cell, 
rather than the normal twisting ribbons. This effect of 
C W  was shown to be reversible (Haigler & Benziman, 1982).



60

Negatively stained preparations revealed that the 
bands were composed of bent fibrils originating along the 
longitudinal cell surface. The smallest fibres averaged 1.5 
nm in diameter, smaller than any fibril normally observed in 
/4. KL/tinum cultures. The 1.5 nm. fibrils curved and undulated, 
implying low crystallinity. Larger fibrils measuring 3,0 nm, 
4-. 5nra and 6.0 nm were formed by fasciation of the 1.5 nm 
fibrils. These larger fibrils showed cracking sites sug
gesting that they were rigid and crystalline. The low crys
tallinity of the 1.5 nm fibrils was probably due to the 
fact that 60-80% of their glucan chains are located at the 
surface of the fibril, thus preventing the possibility of 
a high degree of lateral order (Haigler & Benziman, 1982).
Upon drying of the band cellulose, metastable cellulose I 
was regenerated (Benziman et , 1980), implying that 
although the altered cellulose does not contain cellulose I 
crystallites, it must contain extensive parallel chain 
ordering if it is to generate metastable cellulose I upon 
drying. That the altered cellulose does contain ordered 
chains was confirmed by birefringence studies (Haigler & 
Benziman, 1982). The ordered assembly of glucan chains is 
probably achieved by the extrusion pores (Haigler & Benziman, 
1982).

In addition to changing the morphological appearance 
and crystallinity of cellulose, C W. also induces a large 
increase in the rate of glucose polymerization, which is not 
directly linked to the energy metabolism of glucose. This 
stimulation was hot the result of the direct interaction of 
G W and the cellulose polymerizing enzymes (Benziman al,
1980). Thus, it was concluded that G W 's stimulatory 
effect upon glucose polymerization was,due to interference 
with the crystallization phase of the biosynthetic process, 
which must be occurring after polymerization. It was 
further concluded that the two stages of cellulose I bio
genesis (polymerization + crystallization) are tightly 
coupled and that the rate of crystallization must limit the

_■   ■ '■  ' . ■■
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rate of polymerization 
explanations : -

This limitation has two possible

1) If microfibril crystallization and ribbon assembly require 
that parallel glucan-chain aggregates from adjacent synthetic 
sites interact, then the time.required for the proper 
interaction to occur could be rate-limiting (Haigler & 
Benziman, 1982).

2) If a perfect ribbon is assembled from a large number of 
synthesising complexes, the individual complexes must be 
synthesising cellulose at the same rate. Therefore each 
enzyme will be restrained to the rate of the slowest ones.
Thus upon the addition of C.W , the synthesising complexes 
will be autonomous, and each can proceed at its maximum 
efficiency (Haigler & Benziman, 1982). Haigler at (1982) 
demonstrated that CMC also increased the rate of glucose 
polymerization although to a much lesser extent than C,W..
This stimulation was associated with an interference of 
ribbon assembly, but at a higher level of organisation than 
that caused by C.W,. Instead of a band composed of bent
1.5-6.0 nm fibrils, long 10-20 nm wide bundles originated 
along the cell-surface at approximately regularly spaced 
intervals in the presence of CMC, It was proposed that CMC 
prevented fasciation of microfibril bundles to form the 
twisting ribbon.

In summary, multi-enzyme complexes below the extrusion 
pores synthesise the ̂ -glucan chains. The chains are sub
sequently extruded through the pores which probably facili
tate later microfibril crystallization by aggregating the 
glucan chains into non-dissociable aggregates of parallel 
chains (this implies a cell-directed process). The formation 
of such ordered aggregates minimises entropy and facilitates 
the formation of the cellulose I lattice. The nascent 
fibril extruded from each pore is too small to crystallize 
into true cellulose I, thus fibrils from more than one
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extrusion site fascdate to form the microfibril (C.W, 
interferes here). The microfibrils then aggregate into 
bundles which then fasciate to form the twisting ribbon (CMC 
interferes here). Thus the synthesis of the cellulosic 
ribbon is a cell-directed, hierarchical self-assembly pro
cess (see Fig. 14).

It must be noted that in the above hypothesis, poly
merization and crystallization are consecutive, not simul
taneous. However, the two processes are tightly coupled and 
co-ordinated through the synthesis and extrusion of ordered 
glucan aggregates that co-crystallize while attached to 
their forming enzyme complexes. When Stockman (1972) proposed 
that covalent and hydrogen bonds had to be set simultaneously 
if extended chain cellulose I microfibrils are to be 
formed, he was assuming that the activated residues were 
added to the growing ends of microfibrils far from the cell 
surface (Haigler & Benziman, 1982) without cell mediation 
in the biogenetic process.

Experimental evidence on the mechanism of microfibril 
formation in algae and higher plants lags considerably 
behind studies on the bacterial system. Freeze etch/freeze 
fracture techniques have produced some evidence for tip 
synthesis, in that putative intramembrane enzyme complexes 
located in the plasma-membrane which have a close association 
with impressions of microfibril tips have been observed with 
the algae, Ooay^ti^ (Brown & MonteZinos, 1976 - T Montezinos, 
1982), Çiaucoay^tl^i Willison & Brown, 1978) and Pllc/iâ te./i.iàA 
(Biddings at, 1980), The intramembranous complexes pack 
together in lines which are associated with the impressions 
of microfibrils on the external face of the plasma-membrane. 
Fig. 15 is. a diagrammatic portrayal of the hypothetical 
model of cell wall biogenesis in Oo ay^ti^ (after Montezinos, 
1982). Mueller e.t at (l976) presented electron micrographs 
of the external face of fractured plasma-membrane from corn 
stelar tissue, showing globular complexes attached to the
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Fig. 15 Diagrammatic protrayal of the hypothetical 
model of cell-wall biogenesis in OocyAii^.
The components of the model include: (l) 
Periplasm (P). (2) Plasma membrane (PM). 
Terminal complexes (TC) associate with the 
ends of ridges that are the impressions of 
microfibrils (MF) or with each other in pairs 
(PC) on the EF face of the plasma membrane.
The ridges are crosshatched by the impressions 

bands (GB) that associate with the 
the plasma membrane. The granule 
rows underlying the ridges and end 
•ession in the PF face produced by 

terminal complexes. (3) Microtubules (MT). Also 
note a region (r ) of possible transmembrane 
control that is yet to be elucidated, under
lying the plasma membrane and surrounding the 
microtubules. From Montezinos (1982).

of granule 
PF face of 
bands form 
at the imp]
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Fig. 16 A model demonstrating the proposed relation
ship of terminal complexes (A and B) and 
rosettes (C) in association with the plasma- 
membrane. The membrane (PL), microfibrils 
(MF) and microfibril associated structures 
are drawn to approximately equivalent ,scale. 
From Mueller & Brown (1980),

P L
PL
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end of nascent microfibrils. Willison & Grout (1978) also 
observed similar globules attached to the end of microfib
rils in radish roots. However, Grout (1975) failed to show 
any association of microfibril deposition with terminal com
plexes or differentiated regions of the plasma-membrane on 
the naked surfaces of tobacco mesophyll protoplasts. The 
microfibrils had tapering ends, or were sunk into the membrane 
surface and did not make any impressions on the plasma-mem
brane. Lloyd (1980) however, argued that no association 
between microfibrils and. particles would be observed in this 
system. Without their walls, protoplasts are fragile and 
are prevented from swelling and bursting by regulating the 
osmotic concentration of the suspension medium. Thus, a 
wall in the process of being regenerated by a protoplast may 
be physically incapable of printing its image through to 
the membrane's fracture plane where the particles are 
observed. Mueller & Brown (1980) have subsequently confirmed 
the presence of specialised particle rosettes (see Fig. 16) 
in the plasma-membranes of corn, pine and mung bean seedlings. 
The rosettes were associated with impressions of micro
fibrils on the internal leaflet of the membrane. These 
authors further proposed, on the basis of the pattern of 
tears in the plasma-membrane caused by microfibrils, that 
the complexes moved in the plane of the membrane during 
synthesis and that the direction of membrane flow plays an 
important role in the cellular control over the direction 
of microfibril deposition (Mueller & Brown, 1982a, b). It 
is interesting to note that while the terminal complexes 
found in algae and higher plants are mobile, those found in 
A. Kylinam.. are stationary.

Thus there is circumstantial, cytological evidence for 
cell-directed tip synthesis of microfibrils in algae and 
higher plants. It must be borne in mind however, that there 
is as yet, no direct evidence of a biosynthetic role for 
these putative terminal enzyme complexes. It is encouraging 
to note that Willison (1982) calculated that, if the particles

f
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observed in cotton fibres were involved in microfibril
deposition, then their rate of movement would be 1.3 - 
2,6 pm rain ^ , a value very close to the micro fibril gr< 
rate observed in Ac&to&.act^A. (Brown e,t at, 1976) .

D. CELLULAR LOCATION OF CELLULOSE BIOSYNTHESIS.

The enzymes concerned with the synthesis of plant 
cell wall polysaccharides are particulate when isolated.
Thus they are either contained within vesicles, or firmly 
attached to membranes. There is considerable evidence impli
cating the internal membrane system (endoplasmic reticulum 
(E.R.), golgi body and vesicles) in the synthesis' of the 
matrix polysaccharides of the plant cell wall (Northcote, 
1969). This was accomplished using autoradiographic tech-, 
niques associated with chemical analysis (Northcote, 1969 
and references therein) and subcellular fractionation with 
associated enzymic assays (Bowles & Northcote, 1972; Ray 
e.t at, 1976) . It is thought that the direction of flow 
for the precursors to the wall is as follows:

cytosol — ^  E.R. — W" Golgi --►  Golgi vesicles — ef

fusion of vesicles
to the plasma-membrane — ►  wall
by reverse pinocytosis

Pickett-Heaps (1968) further demonstrated that poly
merization of the precursors contained in the golgi vesicles 
occurred as they moved across the cytoplasm. The above is 
in general agreement with the endomembrane flow concept 
already well established in animal cells.

Cellulos.é • synthesis, however, is not thought to be 
associated with these endomembranes (at least in the final
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stages), but rather with the plasma-membrane, for the 
following reasons:-

l) Cellulose is deposited in the wall as a highly organised 
group of chain molecules within.the mierofibril. As the 
wall grows and develops the microfibrils are laid down with 
an ordered orientation and are to be found in layers 
(Northcote, 1969). Thus the synthesis of cellulose is more 
likely to involve the incorporation of soluble precursors 
at a site at, or just outside the plasma-membrane since any 
alternative hypothesis would pose considerable organizational 
problems. Indeed the formation of microfibrils within the 
endomembrane system has never been observed in electron micro
graphs of higher plant cells. This would appear to contrast 
with the numerous reports of 0(1-4) glucan synthetase that 
are associated with the golgi apparatus vesicles (Shore & 
Maclachlan, 1975; Shore at, 1975; Ray ct at, 1976),
However, it is now thought that these synthetases are not 
the loci for cellulose synthesis In vivo but .may be either 
or both of the following:

1) Inactive cellulose synthetase in transit to the site 
of action at the wall: protoplast interface where they may 
be activated in some manner. This situation corresponds to 
that of the chitosomes in the biosynthesis of the.functionally 
and chemically similar polysaccharide, chitin.

2) Enzymes involved in the synthesis of matrix polysacchar
ides containing 0(1-4) linked glucose, eg xyloglucan, gluco- 
mannan.

The assembly of microfibrils within the golgi apparatus 
has been observed in Chrysophycean alga P t&u/io (Brown
at at, 1970), However, in this organism, the microfibrils 
are arranged within scales rather than in continuous layers 
round the cell, and thus the production of the scale unit 
and its intususception into the wall does not pose the same
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organisational problems found in other algae and higher 
plants.

2) It has been demonstrated that in stems of sycamore fed 
with radioactive glucose for 30 min and chased with non
radioactive glucose, the oC-cellulose fraction of the cell 
wall becomes labelled, while the hemicellulose and pectic 
fractions do not. Autoradiographic study of these cells 
showed that the labelled material was present just outside 
the plasma-membrane and no accumulation of label occurred 
over any other organelle (Wooding, 1968).

3) Bowles & Northcote (1972), working on maize roots 
supplied with radioactive glucose, studied the incorpora
tion of radioactivity into cell wall, golgi, smooth and 
rough microsomal fractions. The incorporation of radio
activity into polymeric glucose in the golgi and E.R. was 
low, while incorporation into the sugars characteristic of 
matrix polysaccharides was high. The cell wall contained 
a much greater proportion of radioactive glucose than the 
cytoplasmic organelles. This implies that cellulose syn
thesis does not occur in these cytoplasmic organelles.

4) Robinson & Ray (1977) demonstrated that KCN inhibited the 
incorporation of matrix substances into the cell walls of 
pea stem cells. It did not inhibit incorporation into cell 
wall cellulose. In the presence of KCN matrix polysacchar
ides are synthesised, but not transported to the cell wall 
and the removal of KCN allowed transport of the.matrix 
polysaccharide-to the wall. Thus cellulose does not appear 
to be involved in the cytoplA&mic transport system by which 
the matrix polysaccharide are transported to the wall.

5) Native cellulose is of the cellulose I form and not 
cellulose II, which is produced when free 0(1-4) glucans 
in solution are allowed to crystallize (Robinson & Quader,
I98I) . From this observation it has been argued that the
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molecular chains must be synthesised collectively as a 
microfibril by tip synthesis (Preston, 1974; Stockman, 1972). 
The necessity for tip synthesis would require an enzyme 
complex close to at least one end of a microfibril. As 
discussed’*in p-QQSS .these enzyme complexes at the
termini of microfibrils may have been visualised.

These 5 points together make up a powerful argument for 
the plasma-membrane being the in vivo locus' for cellulose 
biosynthesis. This is now widely accepted to be the case.
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CHAPTER 21 INTRODUCTION. TO EXPERIMENTAL WORK

The purpose of this project was to obtain information 
concerning the pathway of cellulose biosynthesis in higher 
plants, and to establish whether the 0{l“4) glucan synth
etase activities found in particulate enzyme preparations 
are involved in cellulose synthesis.

In past in vitno studies of cellulose biosynthesis, it 
has proved very difficult to demonstrate that the products 
are genuine cellulose or even whether or not they are early 
stages of cellulose biosynthesis. The incorporation of 
glucose from a radioactive substrate into an alkali-insoluble 
polymer containing jB(l-4) linkages by an in vit/io enzyme 
system is not proof of the formation of cellulose for the 
following reasons:-

1) Alkali-insolubility is no longer regarded as being 
specifically a property of p(l-4) glucan (see Sections 5.1 & 6.1)

2) Other non-cellulosic heteropolysaccharides of the plant 
cell wall contain ^(1-4) linked glucose, eg xyloglucan, 
glucoraannan and mixed-linked 0(1-3), 0(1-4) glucan. The 
particulate enzyme systems used in these studies contain 
endogenous non-radioactive substrates. Thus the demonstra
tion that a product contains 0(1-4) linked radioactive 
glucose does not rule out the possibility that the molecule 
contains non-glucose residues derived from endogenous 
sources. These non-radioactive components may be only 
detected with difficulty.

3) Cellulose is thought to be a linear polymer with a high 
DP,, up to 10,000 in some systems, and is probably at least 
an order of magnitude greater than other cell wall polysacc
harides (Brett, 1981b). Robinson & Preston (1972) concluded 
from an X-ray diffraction investigation that the glucans 
synthesised from UDPG and GDPG by P, au./ie.u.6 particulate 
enzyme preparations were short chain oligosaccharides,

 ; - ___
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probably 0(1-4) linked. This therefore casts doubt over 
the cellulosic nature of these products and because of this 
result, Robinson & Preston emphasised the need for physical 
as well as chemical evidence when examining the cellulosic 
nature of the polysaccharide products from these systems.

As it is difficult to see how any solid progress in 
unravelling the mechanism of cellulose biosynthesis can be 
made before the in vit/io biosynthesis of cellulose is un- 
equivocably demonstrated, it was decided to re-evaluate the 
products of these particulate enzyme systems using the 
criteria outlined below:-

1) Sugar composition. This was determined by the total 
acid hydrolysis technique described in Chapter 3. A cell
ulosic product would be expected to contain glucose as the 
major constituent,

2) Sugar-sugar linkage. This was examined by partial acid 
hydrolysis (see Chapter 3) and partial acetolysis (Clark & 
Villeraez, 1972). Cellulose contains only 0(1-4) linkages.

3) Molecular weight. This is the simplest physical assay 
for cellulose. The molecular weight distribution of the 
products synthesised from UDP-[u-^^c]-G and GDP- [U-^^c] -G 
was investigated by gel filtration on Sepharose CL-6B in the 
cellulose solvent, cadoxen. Any large product detected 
(D,P, >  1000) is likely to be cellulose, since other water- 
insoluble cell wall polysaccharides are thought to have a 
much lower D,P , generally less than 200 (Brett, 1981b). As 
extraction of the products with acid or alkali may cause a 
reduction in molecular weight, the analysis was conducted on 
the products Insoluble in water and chloroform-methanol 
(3:2 v/v),

4) The effect of other sugar-nucleotides. Even if struc
tural analysis indicates that 0(1-4) linked glucose is the 
only radioactive sugar residue in the product, other non
radioactive residues may be present. If so, the addition of
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other sugar-nucleotides (eg GDPM or UDP-Xylose) to the 
assay system is likely to affect glucose incorporation and 
a kinetic investigation such as that done by Villemez (1971) 
may indicate whether a heteropolysaccharide is being syn
thesised .

'I

5) The use of purportedly cellulose-specific extractions.
The solubilities of the products were tested in strong 
alkali (24# KOH) and the acidic hydrolytic extraction of 
Updegraff (19&9). Products that are insoluble after these 
extractions are liable to be present as part of consolidated 
microfibrils (see Sections 5.1 & 6.1), which would be good 
evidence for their cellulosic nature. Soluble products 
however, might represent cellulose not fully incorporated 
into microfibrils.

Some of these criteria are very stringent and in every 
case a negative result does not rule out the possibility that 
the product is cellulose. Positive results should however, 
provide evidence that genuine cellulose is being synthesised.

The tissue chosen as a source of enzyme was dark-grown 
P. au/ie.û  hypoGotÿls for the following reasons

1 ) P, au/iQ.a/> is easy to grow and work with.

2) Enzyme preparations from this plant have been shown to 
synthesise products containing 0(1-4) linked glucose from 
both UDPG and GDPG.

3) Many of the previous investigations on in. uLt/to 0-glucan 
have used this plant and thus direct comparisons can be 
drawn.
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CHAPTER 3: MATERIALS AND METHODS

This chapter describes the materials and general 
methods used in this work. Methods relevant only to 
specific chapters are described in those chapters.

3.1. Chemicals

All chemicals were of analar or laboratory grades and 
glass distilled water was used for all solutions.

3.2. Radioactive chemicals

The radioactive substrates were UDP-[b-\̂ *-G, GDP-[U-^^c]-G, 
GDP- [U-^^C] -M, [U-^^C]-sucrose, [U-^^c] -glucose and ^'^C-glucose- 
1-phosphate, all of which were obtained from the Radiochemical 
Centre, Amersham, Bucks., U.K. UDP-[U-^^c] -Xyl was obtained 
from New England Nuclear, 2 New Rd., Southampton, U.K.

3.3 Plant material

Seeds of the mung bean {P ha^&o aLLA.e.u.̂ ) were used
throughout this work. The seeds,were pre-soaked in water 
overnight at 22 C. The seeds were subsequently planted in 
trays (58 x 30 cm) which contained wetted vermiculite and 
were left in the dark at 2 2 for approximately 5 days, until 
the hypocotyls reached 4-6 cm in length.

3.4* Particulate enzyme preparation

The hypocotyls (70 gm) were harvested and kept on ice 
until homogenisation in 200 ml O.lMtris-HGl buffer, pH
7.5 at 0-4 C using a polytron kineraatica homogeniser at a 
minimum setting for 5 seconds. The horaogenate was filtered 
through four crossed layers of muslin (to remove large 
cellular debris and intact cells) and centrifuged at 97,000 
g (average) in 6 centrifuge tubes for 35 min in a Sorvall 
OTD-65B ultracentrifuge (temperature set at 1*G) using a
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Sorvall AH-627 swinging bucket rotor. The supernatant was 
discarded and the pellets, which were used as an enzyme 
source, were stored at -20*G until further use. The pellets 
were each resuspehded in 0.5 ml 0.1 M tris-HCl, pH 7.5 
(unless otherwise stated) using a glass rod and vorticer, 
ensuring the temperature did not rise above 4*0.

3.5 Incubation ..conditions

The incubations were carried out at 25*0. The incuba
tion media contained 10 raM MgCl^, [U-^^O]- sugar-nucleotide 
made up to the required concentration with non-radioactive 
sugar-nucleotide and enzyme suspension (containing 0,5 mg 
protein as determined by the Bio-Rad protein assay with BSA 
standard), all in a total volume of 100 pi. The incubations 
were terminated by adding 4 ml boiling water (unless other
wise stated) and boiling for 15 min. This was the first 
water extraction.

3..6 Routine extractions

The insoluble residue was extracted as above a further 
twice. The water-insoluble material was extracted a further 
two times with 1 ml chloroform : methanol (3:2 v/v), once with 
1 ml methanol and once with 1 ml water.

3.7 Alkaline extraction

Nitrogen gas was bubbled through a 24# KOH solution 
containing 0.1 M NaBH^. The KOH/NaBH^ solution (l ml) was 
added to the insoluble residue from the routine extractions. 
Nitrogen was blown gently over the sample for 3 min. The 
tubes were sealed with a double layer of nescofilm, vorticed 
and left on atvorbital shaker at 25^0 for 24 hours. The 
insoluble residue after this extraction was washed in 1 ml 
24# KOH and subsequently several times in 1 ml water. The 
resulting 24# KOH-insoluble residue is termed the "oc-cellu- 
lose” fraction (Wise & Ratliff, 1947).
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,3.8 Updegraff ..extraction

This was carried out as by Updegraff (1969). After the 
routine extractions had been conducted on the sample, 3 ml 
of acetic-nitric acid reagent was added (composition - 100 
ml 80# acetic acid and 10 ml conc. nitric acid). The sample 
was then extracted at 100*0 for 30 rain unless otherwise 
stated. The insoluble residue (henceforth termed Updegraff 
or ”U-cellulose") was washed several times in 1 ml water.

3.9 Liquid scintillation .counting of fractions .obtained by 
extraction .methods

Liquid scintillation was carried out by the methods of 
Waldron and Brett (1983).

3.10 Analytical methods

a) Total acid hydrolysis. This was carried out by the 
methods of Harris & Northcote (1970). The residue to be 
analysed was pre-treated with 12% (w/w) H^SO^ overnight.
The sample was diluted to 3# (w/w) and subjected to hydrol- 
ysis at 15 Ib/in^ (103.4 M/iti^) and 120° G for 1 hour, and 
subsequently neutralised overnight with the bicarbonate 
form of Amberlite lR-45 ion exchange resin. The resin was 
filtered off, the filtrate and washings rotary evaporated 
and the residue resuspended in a few drops of water.

b) Identification of sugars. The hydrolysate produced by 
the methods of 3.10a) above was run on paper chromatography 
with appropriate markers in ethyl acetate-pyridine-water 
(8:2:1 v/v) for a stated period. The chromatogram regions 
containing the radioactive sugars were cut into 1 cm strips 
and counted as described by Harris and Northcote (1970).
The markers were detected by the method of Trevelyan at, 
(1950).
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c) Partial acid hydrolysis. The sample was pre-treated in 
72# (w/w) overnight, diluted to 3# (W/w) and subjected
to hydrolysis at 15 Ib/in^ and 120*0 for a stated period.
The hydrolysate was neutralised and recovered as in Section 
2.10a) and run on a paper chromatogram along with ^ (1-3) 
and 0(l-4) linked gluco-oligo saccharide markers in n-pro- 
panol:ethyl acetate: water (7:1:2 v/v) for a stated period. 
Radioactive oligosaccharides and markers were detected as in 
3.10b) above.

d) Acetolysis. The method of Clark and Villemez (1972) 
was used. Samples were incubated with acetic acid-acetic 
anhydride-sulphuric acid (1:1:0.1 v/v) for a stated period 
at room temperature. They were then diluted with an ice/ 
water mixture and neutralised with 5 N NaOH, keeping the 
temperature below 4*0. The acetylated material was extracted 
with chloroform, washed with 1 M NaHOO^ and 1 M KOI solutions, 
and deacetylated with 0.03 M BaOMe in methanol. The barium 
was precipitated with GOg. Paper chromatography, scintilla
tion counting and the detection of markers was as in 3.10c) 
above.

e) Thin layer electrophoresis (T L E ) After the incuba
tions were terminated and diluted to 500 pi, the particulate 
material was centrifuged down on an Eppendorf bench centri
fuge. A sample volume (25 /il) of the supernatant was 
subjected to thin layer electrophoresis in acetic acid-formic 
acid-water on silica plates, pH 2 at 3 kV. Plates were
cut into 1 cm strips and counted as in 3.10b). Markers 
were detected by the method outlined in Waldron & Brett (1983)

f) Thin layer chromatography (T.. L-C-) The chloroform: 
methanol (3:2 v/v)-soluble products were extracted by the 
methods of Fblch o.t at (1957). The sample was applied to 
silica gel plates and run in ascending chromatography with 
chloroform:methanol:water (65:25:4). The plates were dried, 
cut into 1 cm strips and counted as in 3.10b).
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g) Gas liquid chromatography (G ,L .G ) GiL,-C„ analysis
was conducted on the sugars produced by total acid hydrolysis
as in 3.10a) using the methods of Albersheim e.t at (1967).

3.11 Gel filtration on sepharose CL-6B or GL-2B

Gel filtration was carried out on the water-:and 
chloroform : methanol (3:2 v/v)-insoluble products rather 
than U or d-cellulose since the extraction procedures used 
in the production of these residues may cause a reduction in 
molecular weight.

Sample preparation; After the routine extractions had been 
carried out, the residual pellet was desiccated in vacuo 
over NaOH for 3 hours. Cadoxen (0.125 ml), a.i cellulose 
solvent, (Cadoxen composition - diaminoethane:water;CdO,
126 ml: 228 ml: /O gm; Brett, 1981b). Undissolved material 
was centrifuged down and the supernatant retained. To the 
supernatant, 0.125 ml water was added resulting in a final 
sample volume of 0.25 ml in 50# cadoxen. This was applied 
to the column.

The column. The gel filtration was carried out on Sepharose 
GL-6B or GL-2B. Gross-linked Sepharose was used to ensure 
stability of the gel in the elution solvent, 50# cadoxen.
The fractions were collected on a Gilson mierocol TDC 80 
fraction collector. A sample volume (lOO pi unless other
wise stated) of each fraction was counted as in 3.9.

, "rersrtation of results

v/here applicable, tl;e results are expressed as the mean - the standard 
error of uhe mean for triplicate assay samples,.
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CHAPTER 4: SUBSTRATES FOR THE SYNTHESIS OF WATER-AND
CHLOROFORM:METHANOL (3:2 v/v)-INSOLUBLE PRODUCTS 
BY THE PARTICULATE ENZYME PREPARATION

4.1 Introduction

In this chapter experiments are described which were 
carried out to determine whether the particulate enzyme 
preparation prepared as in chapter 3 contained enzymes 
which catalysed the formation of water-and chloroform : meth
anol (3:2 v/v)-insoluble products from GDP-[u-^^c]-G, 
0DP-;[U-^^C]-G, [U-^b] -sucrose, [U-̂ '̂ c] -glucose and [u-̂ ' ĉ]- 
•glucose-l-phosphate. The experiments also deal with the 
distribution of the enzymic activity between the wall and 
particulate fractions, and the effect of storage of the 
enzyme preparation at -20*C.

4.2 Results and discussion

The results in Tables 3 and 4 were obtained using the 
methods outlined in chapter 3. The modification of the 
general procedures used to obtain the wall (W) and partic
ulate (?) fractions in Table 5 are outlined below that table. 
All the incubation-s in Tables 3-5 were for 15 minutes, 
except those with.l pM GDP- [U-^"^C]-G which were for 5 minutes 
Individual enzyme preparations were found to vary in 
activity. Thus the results in different tables and figures 
in this and subsequent chapters are not quantitatively 
comparable unless otherwise stated. Boiled enzyme controls 
did not incorporate radioactivity from the [U-^^c]-substrate 
at any concentration into the insoluble products.

The results in Table 3 show that radioactivity from 
both UDP-[u-^^c] -G and GDP-[u-^^c]-G is incorporated into 
water-and chloroform : methanol (3:2 v/v)-Insoluble material.
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In terras of residues incorporated from the sugar-nucleo
tides, most incorporation occurs at a concentration of 1.0 
mM, UDP-[U-^^c]“G being a twenty-six-fold better substrate 
than G D P - - G  at this concentration. The GDP-[U-^^c]-G 
utilising system is almost saturated at 101 pM, whereas 
incorporation from. UDP-[U-^^c]-G is not saturated at 1.0 mM. 
There is some indication that the synthesis of water-and 
chloroform : methanol (3:2 v/v)-insoluble products synthesised 
from U D P - - G  is substrate-activated since for a 
thousand-fold increase in ÜDPG concentration the synthesis 
of insoluble products has been found to be stimulated by 
2,900 - 10,000 fold in numerous experiments. Figure 17 is 
a logarithmic plot of,UDPG concentration against pmol. 
residue incorporated into the products. If the UDPG concen
tration was plotted on. .a linear scale, the resulting 
relationship between UDPG concentration and residues incor
porated would be sigmoidal rather than the hyperbolic 
relationship expected for an enzyme which exhibited normal 
Michaelis-Menten saturation kinetics. Substrate activation 
of enzyme preparations by UDPG has been reported many times 
in the synthesis of (1-3) glucan by in uit/io preparations 
from different plants (Smith & Stone,1973a; Tsai & Hassid, 
1973; Delmer at, 1977; Raymond e.t at, 1978),

The solubilities of the products from 1 pM UDP-[Ù-^^c]-G 
were investigated further. It was found that about 80# of 
the water-insoluble ..products were soluble in chloroform: 
methanol radioactivity ran at or
near the solvent front, strongly suggesting that the product 
was a neutral-lipid-glucoside, probably steryl-glucoside, 
rather than polyprenol-P-monosaccharide or polyprenol-P^- 
oligosaccharide (Brett, 1981b).which have been reported as 
intermediates in ̂ -glucan synthesis (see section C.l.d-,1.)
This result is similar to those obtained by Delmer and 
co-workers (._ ■ ’ \‘R'7T ) with the detached cotton fibre
system. It is therefore unlikely that radioactivity incor
porated into chloroform : methanol (3:2 v/v)-soluble products 
from 1 jiH UDP-[U-^]-G is involved in cellulose biosynthesis
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unless there are very small, undetectable amounts of the 
acidic glycolipids of the type found by Porsee and Elbein 
(1972, 1973) present.

Radioactivity from -sucrose, -glucose and
-glucose-l-phosphate is also incorporated into the 

products, although they are not as efficient substrates as 
the sugar-nucleotides. (Table 3). This implies that the 
sugar-nucleotides are used directly by the enzyme prepar
ation, rather than being metabolized to either breakdown 
products or sucrose before the synthesis of insoluble product 
Sucrose and glucose-l-phosphate may be used directly as 
substrates, or they may be converted to a sugar-nucleotide 
derivative via sucrose synthetase (reaction scheme 1) or 
pyrophosphorylase (reaction scheme 2) activity prior to 
insoluble-product synthesis.

1. sucrose + NDP NDPG t fructose

2. glucose-l-phosphate + NTP --►  NDPG + PPi

Both of these enzymes have been shown to be present in 
enzyme preparations from. P. au/ie.û  (Delmer 1972, 1977).
It is unlikely that glucose could be incorporated into the 
products via reactions 1 or 2 to any great extent, since 
the energy-generating capacity of the hypocotyl cells would 
be destroyed upon homogenisation.

The enzymes utilising GDP-[u-^^c]-G and 1.0 mM UDP- 
[u-^^c]-G remain stable for at least 24 hours at -20*0 
(Table 4)* However, the synthesis of insoluble products 
from 1 pM UDP-[U-^^c]-G is reduced by 50# after storage for 
24 hours at this temperature, although the activity did not 
decrease further with longer periods of storage. Thus, in 
the subsequent experiments described in this chapter, unfrozen 
pellets were used as an enzyme source to assay the synthesis 
of insoluble products from 1 pM UDP- [U-̂ "̂ g ]-G.
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Table 3: The incorporation of radioactive residues from
[U-^^c] -sucrose, [u-^^c]-o<-D“glucose, -A-

D-glucose-l-phosphate, GDP-[U-^^c]-G and UDP-‘[U-^'^c]-G 
into the water-and chloroforra:methanol (3:2 v/v)-insoluble 
products by particulate enzyme preparation from unfrozen 
pellets,

substrate radioactivity 
in incubation 

(nCi )
concentration

(mM)

pmol
incorporated

GDP- [U-^^C] -G 25 0.001 20 t 1
GDP- [U-̂ '̂ C] -G 25 0.101 262 + 27
GDP- [u-̂ "̂ c] -G 25 1.000 292 ± 32
UDP- [U-^^C] -G 25 0.001 2.6 t 0.6
UDP- [U-̂ "̂ C] -G 25 1.000 7680 + 337
[u-^^c] -sucrose 200 0.012 0.34+ 0.0

[u-^^c] -sucrose 200 1.000 32 + 0.4
[U-̂ "̂ C] -oC-D-glu-
cose

199 0.006 0.23+ 0.0

ĵ U-̂ ĉJ -0(-D“glu-
co se

199 1.000 40 + 2

{u- Ĉj -C4-D-glu
cose-1-phosphate

100 0.003 0.9 + 0.0

ju — ĜJ —OC—D—glu
cose-l-phosphate

100 1.000 121 + 4
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Table 4: The incorporation of radioactive residues from
UDP-[u-^^c]-G and GDP-[u-^^C]-G into the water- 

and chloroform : methanol (3:2 v/v)-insoluble products by ; 
particulate enzyme preparation derived from pellets retained 
at rr.20'C for 24 hours.

substrate concentration
(mM)

pmol 
incorpo rated

% relative to 
unfrozen 
enzymes

GDP-[u-^^cJ -G 0,001 19 + 0 . 6 95
GDP-[u-l^D]-G 0.101 304 + 8 116
GDP-[u-^^c] -G 1.000 306 + 22 105
UDP- [u-^^cj -G 0.001 1.3 + 0.1 50
UDP-[U-^^c]-G 1.001 8540 +268 111

The pellets used in this experiment were prepared at the 
same time from the same batch of plants as those in Table
3. The results are thus directly comparable to those in 
Table 3. Each incubation contained 25 nCi of radioactivity.
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Fig. 18A Time-course of incorporation of radio
active residues into water-and chloro
form : methanol (3:2 v/v)-insoluble products
from 1 pM GDP- [U-^'^c]-G (O O, 25 nCi)
and 1.0 mM G D P - - G  (• # , 50 nCi)
by the particulate enzyme preparation.

Fig. 18B Time-course of incorporation of radio
active residues into water-and chloro
form : methanol (3:2 v/v)-insoluble products
from 1 pM Ü D P - -G (O O , 25 nCi)
and 1.0 mM UDP-[ïï-̂ '̂ c] -G (# # . 25 nOi)
by the particulate enzyme preparation.
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The results in Fig ISA and B demonstrate that net 1:
synthesis of the insoluble products reaches a maximum in 
less than 5 minutes with 1 pM GDP-[u-^^c] -G, after 60 
minutes with 1.0 mM GDP-[U-^^c]-G, 30 minutes with 1 pM 
UDP-[U-^'^Cj-G and 15 minutes with 1.0 mM U D P - J - G .
The products from 1 pM GDP-[U-^'^c]-G and 1.0 mM UDP-[u -̂ "̂ g]-G 
exhibit turnover. This is not surprising as crude enzyme 
preparations such as the one used in this investigation may 
well contain degradative enzymes. The presence of these 
endogenous degradative enzymes offers a possible explanation 
for the non-linearity of the synthesis of insoluble products 
with respect to time.

The enzyme preparation used in this study is unusual 
in that the cell wall material is retained. In the large 
majority of previous investigations on in niji/io^-glucan 
synthesis, tho cell wall material has been removed by a 
short precentrifugation of 1000 - 2000g.

In view of the fact that in vit/io cellulose biosynthesis 
with these non-cell wall containing enzyme preparations 
has not yet been demonstrated, despite much effort, it was 
decided to retain the cell wall material in this investiga
tion for the following reasons:-

1) The wall material may contain priming molecules for 
cellulose synthesis, such as the cellulose microfibrils.

2) There may be a cofactor or .activator required for cell
ulose synthesis present in the wall.

3) It was hoped that the wall fraction might contain 
pieces of plasma-raembrane still attached to the cell wall.
In such fragments the structural integrity of any plasraa- 
membrane enzyme complex may be better preserved than in 
membraneous vesicles obtained in the particulate (P) fraction.

Most of the enzymic activity utilising ÜDP- [q-^^c]-G

hki  _   _ __
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Table 5: The effect of removal of cell wall material from 
the enzyme preparation on the incorporation of 
radioactive residues from G D P - ]-G and 
UDP-[u-^^cj-G into the water-and chloroform; 
methanol (3:2 v/v)-insoluble products

substrate radioactivity 
in incubation 

(nCi )
conc. 
(mM)

en z ym e 
preparation

■ pmol■ 
incorporated

GDP- [u-^^c] -G 50 0.002 N 36 j; 3
GDP- -G 50 0.002 W 10 + 2
GDP- -"G 50 0.002 P 30 ± 8

GDP- -G 25 0.101 N 30/1 ± 8
GDP- [U-^^G] - G 25 0.101 W 84 ± 3
GDP- [u -^^g] -G 25 0.101 P 327 + 16

UDP- [ü-1'^c] -G 25 0.001 N 1 .31 0.;
ÜDP- -G 25 0.001 W 0 .21 0.
UDP- -g: 25 0.001 P 1 .31 0.

UDP- [u-i^c] - g 25 1.000 N 6390 + 238
UDP- -G 25 1.000 W 1910 + 36
UDP- [u-i^c] -G 25 1.000 P 5570 1 868

The hypocotyl tissue homogenate was produced and filtered 
as in chapter 3. Normal (N) enzyme pellets were produced 
as in chapter 3* Otherwise, the tissue homogenate was 
centrifuged for 5 minutes at 2000 g to produce the wall (W) 
pellet. The supernatant was centrifuged for 35 minutes 
at 9*7000 g to produce the particulate (P) pellet.
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and GDP-fU-^^C]-G was shown to reside in the particulate 
rather than the wall fraction (Table 5). However, some 
enzymic activity was still to be found in the wall fraction 
This could be due to:
1) large membraneous material which is centrifuged down at 

2000 g for 5 min.
2) enzymic activity associated with the cell wall itself
3) membrane-bound enzymes occluded in, or adsorbed to the 

wall.

The results in Table 3 are similar to those of Spencer nt 
at (1971) using GDPG as a substrate and Machlachlan at 
(1979) using UDPG, although Machlachlan e.t at found that a 
greater proportion of the enzymic activity was associated 
with the wall fraction in particulate enzyme preparations 
from P. Aativam epicotyls. Machlachlan e.i. at (1979) also 
found that while some of the wall-associated enzymic 
activity utilising UDPG could be removed from the wall to 
the particulate fraction by rehomogenisation, most of the 
activity was destroyed. This tends to add weight to the 
arguments in point 3 above, since rehomogenisation of the 
wall fraction may well result in the disruption of the 
structural integrity of enzyme complexes in the putative 
plasma-membrane wall fragments.

The fact that the products assayed in the experiments 
in this chapter are insoluble after the routine extractions 
outlined in chapter 3 indicates that they are one of the 
following classes of molecules:
1) Glycoprotein. The carbohydrate synthesised may be
covalently linked to a membrane-bound or water-insoluble
protein. Alternatively, the carbohydrate might be tightly
adsorbed on to such a protein, in which case it would
constitute a protein-carbohydrate complex rather than a
glycoprotein. However, treatment of the products with 

-11 mg ml" Proteinase K did not result in the solubilisation 
of any radioactivity. Thus, either the molecule is not a 
glycoprotein or protein-carbohydrate complex, or if it is.

Î
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then the carbohydrate portion of the molecule must itself 
be water-insoluble after digestion of the protein moiety*

2). Complex-oligosaccharide-pyrophosphate^lipid. The prod
ucts are unlikely to be a member of this class of molecules 
since extraction of the products with chloroform : methanol: 
water (1:1:0.3 v/v) reported by Behrens e.t ai (1971) to 
extract such molecules did not result.in the loss of signif
icant amounts of radioactivity from, the products unless, 
again, the oligosaccharides are water-insoluble,

3) Water-insoluble polysaccharide. There are abundant 
reports in the literature of enzyme preparations which 
synthesize polysaccharide.from UDPG and GDPG (see Chapter 1). 
The water-and chloroform : methanol (3:2 v/v)-insoluble products 
synthesised from UDP-[u-^^c]-G. (at least at higher concentra
tions) appear to contain ^  (1-3) glucan since:

1) The synthesis of the insoluble products from
UDP-[U-^^c]-G by the particulate enzyme preparation is sub
strate-activated which, as outlined previously, is a well- 
documented property of the UDPG:'jB(l-3) glucan glucosyl- 
transferase of higher plants.

2) Partial acid hydrolysis of the insoluble products 
synthesised from 1.0 mM UDP-[U-^^c] -G results in the produc
tion of the ^(l-3) glucan series of oligosaccharides (Fig.
19).

The fact that no radioactivity co-chromatographs with 
cellobiose does not exclude the possibility that^(l-4-) 
glucan is present, since the hydrolysis conditions used in 
this experiment may not have been rigorous enough to 
hydrblyse the more acid stable ^(l-/^) glucosidic linkage.
Thus ^(l-/) glucan may be present in the undegraded material 
remaining at the origin in Fig 19.

The chemical nature of the polysaccharide products 
synthesised from GDP-[U-^^c]-G and 1 pM UDP- [u-^^c]-G will 
be discussed in later sections.

vi
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CHAPTER • 5: THE -CELLULOSE .EXTRACTION

5,1. Introduction

Most of the previous studies on cellulose biosynthesis 
la vit/io have examined the products insoluble in alkali at 
2 H or lower concentrations.. However, the standard alkali 
extraction used to produce "K-cellulose" from plant material 
involves a hydrogen-bond breaking extraction using about 
4 N alkali, usually 2k% KOH'. This treatment was originally 
used to obtain ”o<-cellulose” from a mixture of polysacchar
ides such as those found in de-lignified wood pulps (Wise 
& Ratliff, 194-V). The term K-cellulose is used to describe 
the insoluble residue obtained after this extraction.
Alkali of this strength was used in this investigation 
because of the numerous reports of non-cellulosic cell wall 
polysaccharides that are insoluble in milder concentrations 
of alkali (see page 9lé for refs.).

WaBH^ was included in the extraction medium to minimise 
oxidation from the reducing end of the polysaccharides.

5.2 Results and . discussion

Radioactivity from GDP-[U-^^c]-G and UDP-^U-^'^c]-G 
is incorporated into^-cellulose (Table 6). However, the 
incorporation of sugar residues from G D P - - M  (106 pM) 
was greater than that from either of the glucose-containing 
substrates. This result is surprising since the K-cellulose 
fraction of higher plants contains mostly glucose residues, 
although some non-glucose residues (mostly mannose and 
xylose) are found (Preston, 1974). Heller & Villemez (1972a) 
demonstrated that after a 20 hour extraction in 20^ NaOH a 
greater percentage ()>95̂ ) of the mannan synthesised from 
GDPM by Triton X-100 solubilised mannosyl transferase was 
solubilised than glucomannan or glucan synthesised by 
similarly solubilised enzymes. The higher incorporation of
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Table 6. The incorporation of radioactive residues from 
GDP-[u-14c]_G, GDP-[U-^^C]-M and ÜDP-[U-^^C}-G 
into K-cellulose.

substrate radioactivity 
in incubation 

(nCi )
concentration

(mM)

■ pmol 
incorporated

GDP- [u-^^c] -G 125 0,005 8 1
GDP- -G 50 0,102 56 + 4
GDP-
GDPM

[u„l^d -G t
(100 pM)

50 0,102 341 1 18

GDP- [u-^^o] -M 125 0.106 385 ± 22
UDP- [u-̂ "̂ o] -G 50 1,000 136 + 0.9
UDP- 1[u-̂ "̂ c] -G 25 0,001 0 .3+ 0.0

All incubations were for 15 minutes except those with 5 pM 
GDP-[U“1^CJ-G which were for 5 minutes.

■:u.

I

;

;
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sugar residues from 106 pM GDP-[u-^^c]-M into K-cellulose 
may simply be due to the synthesis of greater amounts of 
water-and chloroformi.methanol (3:2 v/v)-insoluble products 
from this substrate. An alternative hypothesis is that the 
insoluble products synthesised from GDP-[u-^^c]-M may be 
rendered insoluble in 24^ KOH by an association with endo
genous cellulode microfibrils in the particulate enzyme 
preparation. This may be by non-covalent binding, or it 
might be that the radioactive mannose residues were attached 
to the ends of polysaccharides already present in the micro
fibrils. If these primer polysaccharides were glucans, 
this would result in glucomannan formation. Table 6 shows 
that 100 pM GDPM stimulated the incorporation of radioactive 
residues from 102 pM GDP- -G into - cellulose, indi
cating the synthesis of a glucomannan (see pp,$2-3-2̂ " ' ). 
Indeed, glucomannans have been found, in the <X-cellulose 
fractions of white birch (TimmeU, 19&4). However, prelim
inary experiments on the sugar composition of the K-cell
ulose fraction produced from the mung bean particulate 
enzyme preparation by a G.,L,.Ĉ  analysis of the alditol 
acetates produced by the methods outlined in chapter 3 
failed to reveal the presence of mannose in the K -cellulose 
fraction although mannose was found, in the water-and 
chloroform : methanol (3:2 v/v)-insoluble fraction.

Thus, the incorporation of radioactivity from a radio
active substrate into K-cellulose cannot be taken to 
indicate genuine in vlt/io cellulose biosynthesis if by the 
terra "cellulose” one is referring to pure -^(1-4) glucan.
It was therefore decided to investigate another, purportedly 
more specific, cellulose isolation technique, that of 
Updegraff (1969).
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CHAPTER 6: THE UPDEGRAFF EXTRACTION

6.1. In frodue ti on

The major setback to research on cellulose biosynthesis 
in the past has been the lack of an adequate assay for 
cellulose/ Much of the previous work used the criterion of 
alkali-insolubility to indicate the presence of cellulosic 
j5(l“4) glucan (see chapter 5). However, there are now 
numerous reports of non-cellulosic polysaccharides, notably 

glucan, which are insoluble in alkali (Peaud-Lenoel 
& Axelos, 1970; Herth et ai, 1974; Raymond et ai, 1978; 
Heineger & Delraer, 1977). In cotton fibres ;$(l-3) glucan 
has even been found in the *^cellulose fraction (Huwyler 
et al, 1978; Maltby et ai, 1979). Thus the assumption that 
alkali-insolubility denotes j6(l-4) glucan polymers is clearly 
invalid, casting doubt on much of the previous literature 
on Ln vit/io cellulose biosynthesis.

Recently, an apparently more specific analytical method 
for the detection of cellulose has been used. This is the 
Updegraff extraction (Updegraff, 1969) which involves a 
hydrolytic extraction of the water-and chloroform : methanol 
(3:2 v/v)-insoluble products in acetic acid: nitric acid: 
water (8:1:2 v/v) at 100 **0 for 30 minutes. This extraction 
is purported to solubilise essentially all protein, lignin, 
lipid and non-cellulosic glucan leaving the cellulose fibres 
intact (Sloneker, 1971; Delmer e.t ai, 1974), presumably due 
to the crystalline nature of cellulose (Bacic & Delmer, 1981), 
The Updegraff extraction has been widely used as an assay 
for cellulose (eg Hogetsu 1.974b; Freeze & Loomis,
1978, 1979; Ginnivan e,t ai, 1977; Heineger & Delmer, 1978; 
Carpita & Delmer, 1980, 1981; Dugger & Palmer, 1980; 
Montezinos & Delmer, 1980). To date there are no reports 
of a cell-free enzyme system which is capable of synthesising 
non-extractable material from any substrate, although de
tached cotton fibres have been shown to incorporate radio
activity into "Updegraff” cellulose from GDP-"b-G

a
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(Delmer e,t ai, 1974). This chapter describes the preliminary 
experiments carried out to determine whether G D P - - G  
or UDP-[u-^^c]-G could act as substrates for the synthesis 
of Updegraff cellulose by the particulate enzyme preparation.

6.2 Results and Discussion

The results in this chapter were obtained by the methods 
described in chapter 3. All incubations were for 15 minutes.

Both UDP-[u-^^G]-G and GDP-[U-^^C]-G can act as sub
strates for the synthesis of U-cellulose by the enzyme 
preparation. No incorporation of radioactivity into U-cell- 
ulose was observed from [u-^^C]-sucrose, [u-^^c]-glucose-
1-phosphate or [U-^^G}-glucose. Neither D T ,T ., BSA, PMSF, 
PEG 4000, nor sucrose stimulated the incorporation of 
radioactive glucose from any of these substrates into 
U-cellulose. The capacity for the synthesis of U-cellulose 
from the sugar-nucleotides remained stable for at least up 
to 24 hours at -20°C (Table 7). Thus, in all subsequent 
experiments, either unfrozen pellets, or pellets retained 
at -20^0 for less than 24 hours were used as an enzyme source, 
On the basis of the previous studies outlined in the 
introduction to this chapter, the U-eellulosic products from 
GDP-[U-1^C]-G and UDP-{u-^^c]-G should be crystalline and 
microfibrillar in nature. Thus, the radioactive residues 
from the sugar-nucleotides may be added on to the ends of 
endogenous micro fibrils which are acting as primers, or 
crystalline microfibrillar material is synthesised ûÎc nouo.
The alternative possibility that the^products are non-micro- 
fibrillar and are not extracted by the Updegraff extraction 
due to a strong non-covalent association with the endogenous 
microfibrils is unlikely since, at least with GDP-[U-^^c]-G 
as a substrate, Triton X-100 solubilised enzyme was 
capable of synthesising U-cellulosic material. UDP-[u-^^c]-G 
(l.O mM) is an efficient donor of glucose for cellulose 
synthesis (Table 7), although only 1-2# of the water-and

 1 - '
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Table 7: The effect of storage of the pellets at -20 C
for 24 hours upon the incorporation of radioactive 
glucose from UDP-[U-^"^c]-G and GDP-[U-^^ci-G 
into U-cellulose.

substrate concentration enzyme 
(mM) source

incorporation 
pmol glucose

GDP- -G 0.101 unfrozen
pellet

145 + 10

GDP- 1 u-^^cj -G 0.101 frozen
pellet

143 + 16

UDP- [u-̂ '̂ o] -G 0.001 unfrozen
pellet

0. 7+ 0.0

UDP- [u-l^cj -G 0.001 frozen
pellet

0. 7+ 0.0

UDP- [u-^^c] "-G 1.00,0 unfrozen
pellet

310 ± 7

UDP-J[u-̂ "̂ oJ -G 1.000 frozen
pellet

299 t 14

The pellets were either used immediately (unfrozen pellet) 
or were stored at -20*0 for 24 hours (frozen pellet) before 
use. After the routine extractions were conducted, the 
water-and chloroform:methanol (3:2 v/v)-insoluble products 
were extracted in acetic acid: nitric acid: water (8:1:2 
v/v) at 100*0 for 30 minutes as outlined by Updegraff 
(1969).
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chloroform:.methanol (3:2 v/v)-insoluble products remain 
insoluble after the extraction (Fig 20). This is doubtless 
due to the removal of the large amounts of >S(l-3) glucan 
shown to be synthesised from 1.0 mM U D F - -G in chapter 
4-. As a result, the synthesis, of U-cellulose from 
UDF-[U-^^cj-G•does not appear to be substrate activated. 
Carpita and Delmer (1980) demonstrated that ^(1-3) glucan 
synthesised from UDPG was entirely extracted from detached 
cotton fibres by the Updegraff extraction.

Radioactive glucose from GDF-[U-^^C]~G (lOl pM) was 
also incorporated into U-cellulose and less than 54^ of the 
water-and chloroform : methanol (3:2 v/v)-insoluble products 
were removed by the extraction.

With the water-and chloroform : methanol (3:2 v/v)-insol- 
uble products synthesised from lOl pM GDP-[u-^^C,]-G and 1.0 
mM UDF-[u-^^c]-G, no further significant extraction occurs 
after 30 minutes. However,, with.the products synthesised from 
1 pM UDF-.[u-^^c],-G the extraction i'k biphasic and does not 
plateau. The continued slow rate of .extraction could be 
due to two possibilities:

1) The extraction of residual ^(l-3) glucan which is less 
susceptible to the Updegraff reagent due to an association 
with the cellulose microfibrils, or alternatively, because 
a fibrillar (1-3) glucan is synthesised. There is a 
precedent for the latter hypothesis in the Herth e.t ai (1974) 
found fibrillar ^(l-3) glucan, which was insoluble in 20% 
NaOH, in the cell walls of Liiium ioagL-̂ io/iam pollen tubes.

2) The gradual hydrolysis of the radioactive residues at 
the ends of newly synthesised polysaccharide chains. This 
would be more apparent with the products from 1 pM
UDF-[u-^^c]-G as there was no isotopic dilution of the 
radioactive substrate in these incubations.

These two possibilities will be discussed further in 
chapter 8,

__________
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CHAPTER 7; G D P - A S  A SUBSTRATE FOR THE SYNTHESIS 
OF U-CELLULOSE

7.1. Introduction

There have been many reports of GDPG acting as a 
substrate for the synthesis of alkali-insoluble polysacc
haride containing linked glucose by particulate
and detergent-solubilised enzyme preparations from higher 
plants. However, there is now some considerable evidence 
that the product synthesised from GDPG by these preparations 
is a glucomannan rather than cellulose (chapter 1, pp 23-25) 
particularly at the low concentrations of GDPG traditionally 
used. In view of the inadequacy of alkali-insolubility as 
a criterion to assay for cellulose and the fact that Brett 
(l981a) demonstrated that the polysaccharide synthesised from 
GDPG was more cellulosic in nature at higher concentrations 
of substrate (50 pM), it was decided to re-evaluate the 
polysaccharide(s) synthesised from high concentrations of 
GDP-[U-^^C]-G by the P. au./iQ.û  particulate enzyme prepar
ation, using the criteria outlined in chapter 2.

7.2. The incorporation of radioactive glucose from
GDP-[u-^^c]-G into U-cellulose by the particulate 
enzyme preparation.

With 1 pM GDP-[U-^^c]-G as a substrate, tho synthesis
of U-cellulose comes to an abrupt halt after 1 min (see
Fig 2l). This very short duration of the synthesis of

14alkali-insoluble C-polysaccharide from low concentrations
of GDP-[U-^^C]-G is well documented in particulate 
(Flowers at, 1969; Villemez, 1971; Hinman & Villemez, 
1975) and soluble enzyme preparations (Heller & Villemez, 
1972a) from a number of plants. However, the reason for 
the cessation of polysaccharide synthesis in the preparation 
used in this investigation differs from that found by 
previous workers. It was found by Flowers ct at (1969),

___
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Table 8: The effect of preincubating the particulate
enzyme preparation at 25*0 upon the incorpor
ation of radioactive glucose from GDP-[u-^^c]-G 
into U-cellulose

substrate conc.
(mM)

preincubation
(minutes)

incubation 
(minutes)

incorporation 
'pmol glucose

GDP- U-^^0_ -G 0.002 5 - 29 1 5;0
GDP- -G 0.002 5 5 3 3 + 2 . 4
GDP- -G 0,102 15 87 + 6,4
GDP- U-^^Oj -G 0,102 15 15 76 + 5.7

The enzyme preparation was prepared as usual. GDP-[u-^^c]-G 
(50 nCi) was added immediately, or after a preincubation at 
25*0 .
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Fig. 22A Thin layer electrophoretogram of the 
water-soluble radioactive components 
after a 30 minute incubation of the 
particulate enzyme preparation with 101 
pM GDP-[U-^^C]-M (25 nCi).

Fig. 22B Thin layer electrophoretogram of the 
watei^-soluble radioactive components 
after a 1 minute incubation of the 
particulate enzyme preparation with 1 
pM GDP-[u -^^g ]-G (25 nCi).
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Fig. 23 Thin layer electrophoretograra of the water- 
soluble radioactive components after a 1 
minute (A), 5 minute (B) and 15 minute (C) 
incubation of tho particulate enzyme 
preparation with 101 pM GDP-fu-^^c]-G 
(25 nCi).
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Fig. 24. Thin layer electrophoretogram of the water- 
s.ôluble radioactive components after a 5 
minute (A) and 15 minute (B) incubation of 
the particulate enzyme preparation with 101 
pM GDP- (25 nCi) plus 100 pM GDPM.
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Lui & Hassid (1970) and Villemez (l97l) that the addition of 
fresh enzyme to incubations after synthesis had ceased, 
resulted in additional synthesis of ^^G-polysaccharide, 
suggesting that the reaction from low concentrations of 
GDP-^^G-G was not stopping due to a lack of radioactive 
substrate. I have found however, that in the enzyme prep
aration used in this investigation the reaction from 1 pM 
GDP- -G ceased due to a depletion of radioactive
substrate. The evidence for this is outlined below:

a) The enzyrae(s) are not denaturing during the incubation 
as the results in Table 8 demonstrate that the capacity 
for synthesis of U-cellulose remains stable for up to 10 
min. Villemez (1971) obtained a similar result in partic
ulate enzyme preparations from the same plant. However, 
with particulate enzyme preparations from P* sativum 
Hinman and Villemez (1975) observed a bifunctional inacti
vation of the enzyme although it was clearly shown that this 
inactivation was not sufficient to account for the termina
tion of the reaction.

b) T,L E. analysis of the incubation supernatant after a 
1 rain incubation revealed very little radioactivity co
chromatographing with GDPG (see Fig 22B).

c) The addition of fresh enzyme did not result in a 
significant increase in the incorporation of radioactive 
glucose into U-cellulose (Table 9).

d) The addition of fresh GDP-[U-^'^c]-G after the synthesis 
of i.'U-cellulose had ceased resulted in a 2-fold increase in 
the incorporation of radioactivity relative to the control 
(Table IQ). This result also indicates that the reaction 
does not stop due to the production of an inhibitor during 
the reaction.

If the concentration of GDPG in the incubation

.1
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is increased, the duration of U-cellulose synthesis is also 
increased (Fig 21). This phenomenon has been observed in 
particulate enzyme preparations (Hinman & Villemez, 1975) 
and tissue slices (Brett, 1981a‘) from P,

U-cellulose synthesis from 101 pM GDP-[u-^^c]-G is 
virtually over after 5 minutes. The cessation of synthesis 
is not due to enzyme inactivation (Table 8), or lack of 
radioactive substrate since:

a) T L E. analysis reveals that significant amounts of
GDP-[U-^"^c] “G were present in the reaction medium even after 
a 15 minute incubation (Fig 23).

b) The addition of fresh enzyme preparation to the reaction 
medium after a 5 minute incubation resulted in a increase 
in the incorporation of glucose into U-cellulose (Table 9).

c). The addition of further GDP-[U-^^C]-G resulted only in 
a increase in the incorporation of radioactivity into
U-cellulose (Table 10).

The above results suggest that there is some limiting 
endogenous factor in the enzyme preparation which is required 
for continued U-cellulose synthesis from 101 pM GDP-[U-^'^C]-G 
This factor is temperature stable, since the addition of 
boiled enzyme preparation results in a ZS% increase in 
U-cellulose synthesis, only 2Z% less than when active 
enzyme preparation is added. This result lends credence to 
the argument of Delmer (1977) who suggested that one of the 
factors involved in the reaction may be the number of .endo
genous glucan chains able to act as primer molecules for the 
synthesis of glucan from GDP-[u-^^c]-G in detached cotton 
fibres. Another factor definitely involved in the cessation 
of the reaction, that of endogenous mannose sources, will be 
discussed in section 7.3.

The incorporation of glucose into U-cellulose from 1.0
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mM GDP-|U“^^Gj-G continues at an ever decreasing rate for 
up to 30 minutes (Fig 21). This would suggest the presence 
of an enzyme which is activated by increased GDPG concentra
tions and which apparently does not require the presence of 
mannose donors or mannose-containing acceptor molecules for 
continued U-cellulose synthesis, since in the latter periods 
of the incubation at least, endogenous sources of mannose 
would be expected to be depleted. Thus the product of this 
reaction may be long stretches of microfibrillar glucan 
which, if so, has obvious implications for cellulose biosyn
thesis and will be discussed in chapter 9.

7.3. The effect of other non-radioactive sugar-nucleotides 
upon the incorporation of radioactive glucose from
GDP-LU-^^Gl-G into U-cell.Tblos.e by the, particulate
enzyme preparation.

In view of the considerable weight of evidence for the 
synthesis of glueomannah from GDPG by enzyme preparations 
from higher plants (see chapter 1, pp 23-1^ ) it was
decided to investigate the effect of GDPM (the mannose donor 
for glucomannan synthesis) upon the synthesis of U-cellulose 
from 101 pM GDP-[U-^^c]-G. It was found that 100 pM GDPM 
stimulated the synthesis of U-cellulose from 101 pM 
GDP-[U-^^c]-G and that the stimulation was due to an 
extension of the reaction period (Fig 25). No increase in 
the initial rate of reaction (determined after 6 seconds) 
from 101 pM GDP-ĵ U-̂ '̂ oJ -G could be observed in the presence 
of 10 pM, 100 pM or 1 mM GDPM in the reaction media. These 
results are similar to those obtained,by Villemez (l97l) 
with P. au/L&u^ enzyme preparations,, and, Hinman and Villemez 
(1975) with preparations from P, -ôaàiüujfî  both using low 
concentrations of GDPG in the synthesis of polysaccharides. 
Neither UDP-Xyl nor UDPG were observed to stimulate U-cell- 
ulose synthesis from 101 pM GDP-[^U-^^c]-G (Table ll). The 
prolonged period of incorporation was not due to a preser
vation of GDP-[U-^^G]-G by GDPM since T L.E analysis of 
the supernatants after a 5 minute incubation demonstrated
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Table 11: The effect of GDPM (lOO pM), UDPG (lOO pM)
and UDPXyl (lOO pM) upon the incorporation of 
radioactive glucose from lOl pM GDP- [u-^^c]’-G 
into U-cellulose.

substrate added 
sugar-nucleotide

in corporation 
'pmol glucose

GDP-[u-^'^c] -G 118 + 11
GDP-[u-^^c] -G UDPG 127 i 2
GDP-[u-^^cJ -G UDPXyl 133 1 5
GDP-[u-^^c] -G GDPM 358 t 22

Incubations were as outlined in chapter 3 except that water, 
UDPG, UDpXyl or GDPM was added to the reaction media.
Each incubation contained 25 nCi of radioactivity and was 
incubated for 15 minutes. Ï
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Table 12: The effect of pre-incubation with 100 pM GDP-
mannose upon the incorporation of radioactivity 
from 101 pM G D P - - G  into U-cellulose.

preincubation incubation incorporation
dpm

pmol ' 
incorporated

GDPM (100 pM) GDP- [u-̂ "̂ c;i-G 323 1 12 58 t 2
HgO GDP-[U-^^G]-G 296 + 36 5 4 + 7
HgO GDP-^U-l^c]-G

t 100 pM GDPM
1360 + 41 247 + 45

The enzyme preparation was incubated as normal +_ GDPM (100 
pM) for 15 min and the membranes recovered by centrifugation 
at 97000 g for 35 min after a 250-fold dilution with 0.1 M 
üris HCl buffer, pH 7.5 at 1*̂ 0. The pellets were resuspended 
and the process repeated to remove residual GDPM. The 
membranes were then resuspended in buffer and incubated with 
101 pM GDP-[U-l^Cj-G with or without 100 pM GDPM for 15 min. 
Each incubation contained 25 nOi.
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that there were similar amounts of GDP-[U-^^C]-G regardless
of the presence or absence of GDPM in the incubations
(Figs 23BI and24-A), Heller and Villemez (,1972d)̂  using
Triton X-100 solubilised enzyme preparations, found that

1 /GDPM did not stimulate the synthesis of 'C-polysaccharides 
by isolated GDPG:-^(l-,^) glucan glucosyl-transferase, but 
rather it was a weak competitive inhibitor. Thus it was 
argued that it was the product(s) of the mannosyl trans
ferase that was responsible for the prolonged synthesis of 
polysaccharide from GDPG i.e, the G D P G 1-4.) glucan glucosyl- 
transferase activity was dependent upon a mannose-contain
ing acceptor molecule for continued synthesis. Barber 
(1982) also found that with a solubilised enzyme, preparation 
from P, aa/ie.û  f preincubation with non-radioactive GDPM 
resulted in the usual stimulation of polysaccharide synthesis 
from GDPG observed when both sugar nucleotides are present 
simultaneously in the reaction media. It was suggested that 
ill anno 8 yl . units may act as glucosyl acceptors, perhaps 
anchoring or initiating the synthesis of the cellulose 
polymer. The results in Table 12 indicate that, in my 
system, the product(s) from GDPM do not act as priming 
molecules for the subsequent, continued U-cellulose synthesis 
from 101 pM GDP-[u-^^c]'-G but rather, GDPM must be present 
simultaneously with GDP-[U-^^c]'-G to cause stimulation of 
U-cellulose synthesis.

The reaction utilising 101 pM GDP-[u-^^c]-G plus 100 
pM GDPM does not stop after 15 minutes due to a lack of 
either substrate (Figs 22k and 24-B). Neither does it stop 
due to enzyme dénaturation of either the glucosyl transfer
ase (Table 8) or the mannosyl transferase (Fig 26), (This 
assumes that the mannosyl transferase which synthesises 
U-cellulose from GDPM alone is the .same enzyme as that 
involved in glucomannan synthesis. This assumption is 
probably justified on the basis of the observations by 
Villemez (l97l) and Heller and Villemez (l972'a) working with 
P, au/L&uA enzymes. (See chapter 1. pp 23-2-5 ). It is
further supported by the fact that under conditions when
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the 'mannosyl transferase utilising GDPM is inhibited, no
stimulation of U-cellulose synthesis from 101 pM GDP-[u-^^c]-G 
by 100 pM GDPM is observed (see Table 13). The possibility 
that the reaction terminates due to the production of an 
inhibitor during the reaction also does not seem likely in 
the light of the results in this section and 7.2, Thus, 
as was the case with incubations containing 101 pM 
GDP-[U-^^C]-G alone, there appears to be a requirement for 
a consumable, heat-stable, endogenous factor in the enzyme 
preparation as indicated by the further synthesis of U-cell
ulose from GDP-[U-^^c]-G plus GDPM upon the addition of 
boiled enzyme preparation to the incubation (Fig. 25). As 
argued in 7.2., this factor may be the ends of glucan 
chains, perhaps within the endogenous cellulose microfibrils 
to which, even in the presence of GDPM, only a limited 
number of sugar residues may be added. This restriction 
could easily be envisaged as it is thought that microfibril 
deposition is a complicated process involving membrane flow 
and cortical microtubules (Mueller & Brown, 1982a, b), It 
is very likely that, homogenisation of the hypocotyl tissue 
will result in the disruption of the organisation of the 
microfibril deposition apparatus required for.continued 
microfibril synthesis.

In this investigation GDPM was also found to stimulate 
U-cellulose synthesis from 1 pM GDP-[u-^'^c]-G. This result 
would appear to be contradictory to the observation that 
U-cellulose synthesis from 1 pM GDP-[u-^'^c]-G stops due to 
depletion of radioactive substrate (Fig. 22B). However, it 
can be explained if the insertion of a mannose residue into 
a glucan chain allowed further elongation of the glycan 
chain resulting in a product with a larger molecular weight. 
Indeed, it has been shown that the presence of GDPM in the 
incubation increases the molecular weight.of the water^and 
chloroformrmethanol (3:2 v/v)-insoluble products from 
GDP-[u-^^C]-G (see section 7.5). Thus the inclusion of GDPM 
in the incubation could result in the increased synthesis 
of U-cellulose at the expense of water-soluble oligosacc-
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harides which may in part be responsible for the peak at the 
origin in Fig. 22B. If this hypothesis is correct, then 
it would suggest the the water-soluble oligosaccharides are 
in fact intermediates in U-cellulose synthesis. Indeed 
there is some previous evidence for the participation of 
short chain glucan intermediates in cellulose biosynthesis
(see section

The previous results and these obtained by gel filtra
tion (section 1.5) and linkage analysis (see section 7.6) 
indicate that a glucomannan which is insoluble after the 
Updegraff extraction is synthesised from exogenously 
supplied GDP-[u-^^c]-G by the particulate enzyme preparation. 
GDP-[u-^^cj-M is also utilised for the synthesis of 
U-cellulose (Fig. 26), Indeed, it appears to be a better 
substrate than GDP-[u-^^c]-G and synthesis from lOg pM 
GDP-[u-^^c]-M proceeds at an ever decreasing rate for 30 
minutes.

Thus GDPG and GDPM both act as substrates for the form
ation of Updegraff-insoluble material containing a gluco
mannan and possibly raannan and glucan. Since it was possible 
that the standard extraction time, 30 minutes, was not long 
enough to remove all non-cellulosic materials, longer 
periods of extraction were conducted^ As shown in Fig. 27, 
none of the products exhibited any significant change with 
extraction periods of up to 3 hours. Thus it must be 
concluded that all the products are indeed U-cellulose as 
defined by the extraction procedure. However, as was the 
case with the K-cellulose fraction of the mung bean partic
ulate enzyme preparation, no mannose was detectable after 
a G L C  analysis of the alditol acetates produced from the 
U-cellulosic fraction of the enzyme preparation. It must 
be stressed however, that the results obtained were far 
from satisfactory in terms of reproducibility and the 
quality of chromatography. It is surprising indeed that 
non-glucose residues were not found in view of the consid
erable evidence for microfibrillar cellulose containing
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amounts of non-glucose residues including mannose (Preston, 
1974-) which are detectable by paper chromatographic 
techniques. As pointed out in dh. 1;B.2.3.»' these residues are 
only removed under conditions which destroy the integrity 
of the microfibril. Work is being continued by Dr C.T.
Brett to develop an improved method for G.L.C. analysis of 
the sugar residues found in the cellulosic fractions of 
plant tissues.

7.4.. The effect of eal.cofluor white ST on U-cellulosr 1 4. ”1synthesis from GDP-IU- C|-G by the particulate enzyme
preparation

In Ac.e,toi.aate.A. x.y tinum, calcofluor white ST prevents 
the formation of crystalline microfibrils resulting in the 
increased synthesis of non-crystalline 0(1-4) glucan (see 
chapter 1. section C.2 p-. -60 ' i) . Since the
Updegraff extraction is purported to leave only crystalline 
cellulose in the insoluble residue, it was hoped that the 
inclusion of calcofluor white ST would result in an inhib
ition of the synthesis of U-cellulose synthesis and a 
corresponding increase in the synthesis of water-, and chloroform 
methanol (3:2 v/v)-insoluble product from GDP-[u-^'^c] -G.
This would provide further evidence for the microfibrillar 
nature of the products.

It was found that U-cellulose synthesis from lOf uM 
GDP-[U-^'^c] -G by the particulate enzyme system was inhibited 
by 4.3% with 1 mg ml"^ calcofluor white ST in a 15 minute 
incubation. However, the synthesis of the water-and chloro
form : methanol (3:2 v/v)-insoluble products was also inhibited 
by 40 .̂ This would suggest that the effect was due to a 
direct inhibition of tho polymerase enzymes involved, rather 
than an interferance with the crystallization process.
This is in contrast with the results of Benziman e.t at 
(1980).
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7.5. Gel filtration of the water-and chloroform : methanol 
(3:2 v/v)-insoluble products synthesised from
GDP- U-14c] G and GDP-[u- 14, M by the particulate
enzyme preparation.

As pointed out in chapter 2 it may be necessary to 
use a physical criterion to aid in the identification of 
cellulose. The simplest physical assay for cellulose is 
that of molecular weight since cellulose is the only 
polysaccharide of dicotyledonous plant cell walls that may 
have a D P of several thousand. Thus, any high molecular 
weight material found in the radioactive products may well 
be cellulosic. As can be seen in Figs. 28-31 all the 
products were eluted with, or just before Dextran T70 and 
therefore have a probable molecular weight of less than or 
equal to 7 x 10^. Different enzyme preparations were used 
for the results in Figs 28 and 30 explaining the slight 
variation in the elution volume of the products from 101 
pM GDP-[u-^^c]-G.

There is some justification for doubting the appropriate
ness of these dextran markers in assessing the molecular 
weight of the products^ as dextrans are highly branched 
molecules, while ̂ -glucans, glucomannans and mannans are 
mostly linear. It is clear however, that none of the 
products are of the size expected of cellulose. However 
this negative result alone does not exclude the possibility 
that the products are cellulosic for the following reasons;

1) Spencer & Machlachlan (1972) have shown that in P. 
éativam epicotyls^low molecular weight (D P 500) cellu
lose does exist, particularly in young tissues.

2) The products may be degraded by endogenous cellulases. 
Indeed there is some evidence that these degradative 
enzymes are present in the particulate enzyme preparation 
used in this investigation (see chapter 4, p‘ 87).

I
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3) The products may be short-chain intermediates whose 
further incorporation into high molecular weight cellulose 
is blocked in some manner.

It is interesting to note that the products from 
GDP-[u-^^c3-G, GDP-[U-^^c]-M and G D P - - G  plus GDPM 
are not of equivalent size. Hinman and Villeraez (197$) 
reported that the major products synthesised from low 
concentrations of GDPG, GDPM, and GDPG plus GDPM by partic
ulate enzyme preparations from P. sativum had similar 
molecular weights. It was argued from this result that 
the same product (a glucomannan) was synthesised from both 
these substrates and the suggestion of Flowers al (1969)» 
that the GDPG: ̂ (1-4-) glucan glucosyl-transferase thought 
to be involved in cellulose biosynthesis required the inser
tion of mannosyl residues to continue chain elongation, was 
incorrect. This hypothesis of Flowers at is attractive 
as it offers an explanation for the mannose residues 
commonly found in the cellulosic fractions of plant material 
The results of the experiments in the present investigation 
are consistent with this hypothesis, in that the inclusion 
of GDPM in the incubation increases the molecular weight 
of the products from G D P - - G . Upon closer inspection, 
the results of Hinman and Villemez are also consistent with 
the hypothesis of Flowers e.t at. When either GDPG or GDPM 
was incubated alone, a smaller molecular weight product 
was detected. When both these sugar-nucleotides were in
cluded in the incubation, the size of the low molecular 
weight peak was considerably reduced, implying that they 
were intermediates in the chain forming process which 
required the insertion of either a glucose or mannose resi
due (depending on radioactive substrate) for further chain 
elongation. The fact that the products were not of the 
size expected for cellulose even when both sugar-nucleo
tides were present in no way excludes the possibility that 
they are cellulosic for the reasons outlined earlier.

Increasing GDP-[n-^^c]-G concentration from 1 jjM to

;
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101 pM also resulted in an increase in the molecular weight 
of the products (Fig, 30) This effect was' confirmed on a 
larger column (Fig. 31). A similar result has been reported 
for the products synthesised from GDP-:[u~^^c]-G by pea 
epicotyl slices (Brett, 1981à),

7.6. Further analysis of U-cellulose synthesised from
GDP- U-"^G M by the particulate
enzyme preparation.

In this section experiments are described which were 
conducted to determine the sugar composition and the sugar- 
sugar linkage of the U-cellulose synthesised from the 
substrates.

Total acid hydrolysis of the products from GDP- [u-^^c]-G 
plus GDPM and GDP-;[U-^^Cj -M gave rise to radioactive 
glucose and mannose respectively as the only radioactive 
monosaccharides (Figs 33 and 34-) indicating that the radio
active residues from the sugar-nucleotides are incorporated 
into U-cellulose without prior modification of the sugar- 
residues. Total acid hydrolysis of the U-cellulose synthe
sised from GDP-[U-^^c]-G alone did not result in a complete 
hydrolysis of the products (Fig. 32). Neither did 
increased periods of hydrolysis significantly reduce the 
amount of undegraded material. This may be some evidence 
of the cellulosic nature of these products, as it is known 
that cellulose is especially resistant to acid hydrolysis 
under these conditions (Brett, 1981b). Fig 32 demonstrates 
that glucose is the only radioactive residue found in the 
hydrolysed portion of U-cellulose synthesised from 103 pM 
GDP-

Dennis and Preston (l96l) showed that the pure glucan 
crystallites of the cellulose microfibril, termed rodlets, 
were resistant to extraction with 2.5 N at 100°G for
24- hours. The rodlets had a characteristic cellulose
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X-ray diffractogram and formed a colloidal solution upon 
removal of the acid by washing with water.

In this investigation an attempt was made to obtaijn 
these rodlets since the incorporation of radioactivity'from 
a radioactive substrate into these rodlets would be strong 
evidence for the synthesis of the pure 0(1-4) glucan 
crystallites of the microfibril. Unfbrtunately, although 
radioactivity from 101 pM GDP-[U-^'^c] -G was incorporated 
into material insoluble in 2.5 N under the conditions
of Dennis and Preston (1961), no colloidal solution of 
rodlets was obtained upon washing. However, the fact that 
the products were to some extent insoluble under the 
conditions of Dennis and Preston (1961) and in the total 
hydrolysis conditions in Fig. 32 is some evidence for the 
crystalline nature of the products.

The nature of the sugar-sugar linkage in the products
from GDP-[U-^^C] -G and GDP-[u-^^c]-G + GDPM was investigated.
The partial acid hydrolysis techniques outlined in chapter
3 were found to be inadequate in that difficulty was
encountered in obtaining adequate amounts of oligosaccharide
material. Flowers at (1969) also demonstrated that this
technique is inappropriate for the analysis of products
synthesised from GDPG as the presence of mannose containing
oligosaccharides may not be detected (see chapter 1, p 25")
It was therefore decided to subject the IT-cellulosic
products to the partial acetolysis methods of Clark and
Villemez (1972). Partial acetolysis of the products from
104 pM GDP-[U^.^^C]-G and 104 pM GDP-[U-^^C]-G + 100 pM
GDPM gave rise to glucose, cellobicse and a third radioactive
peak C O -chromatographing with larainaitbiose in n-propanol:
ethyl acetate: water (7:1:2 v/v) (Fig. 35). The size of
the third peak relative to cellobiose increased upon the
addition of 100 pM GDPM to the incubation. Material from
this peak was chromatographed on paper in butanol :pyridine:
water (10:10:3 v/v) and it ran with an R . of 1.5.cellobiose
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Fig.35A Paper chromatogram of the U-cellulosic 
products synthesised from 10 4 pM GDP- 
[u -^^g]“G (lOO nOi) after a 9 day 
acetolysis and 3 days chromatography, 
the incubation was for 5 minutes and 
markers are as described in Fig.19.

Fig.35B Paper chromatogram of the U-cellulosic 
products synthesised from 104 pM GDP- 
[u-14g]_G (100 nCi) plus 100 pM GDPM 
after a 9 day acetolysis and 3 days 
chromatography. The incubation was for 
15 minutes and the markers are as 
described in Fig.19#
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This is the value reported by Heller and Villemez (l9V2a) 
for glucGsyl->S(l“4)-mannose in this solvent. Since 
laminaribiose runs close to glucosyl-^^1-4)-mannose in 
this chromatography system, the hydrolysate was subjected 
to T L E  , in sodium tetraborate in water (0.05 M, pH 9.4) 
at 3 kV for 30 minutes. The unknown peak was clearly 
separated from laminaribiose and thus may be tentatively 
identified as glucosyl-36(1-4)-mannose, an oligosaccharide 
to be expected on partial acetolysis of a glucomannan.
The fact that the glucosyl-^(l-4)-mannose oligosaccharide 
is found in the products of incubations without added 
GDPM confirms the presence of endogenous mannose donors or 
mannose containing acceptors in the enzyme preparation, 
since total acid hydrolysis of the U-eellulosic products 
from GDP-[U-^^c] -G glucose alone did not indicate the 
presence of epimerase activity.

7.7. The effect of E D T A . on the synthesis of U-cellu
lose from GDP-fa-^^cl-G and G D P - - M  by the
particulate enzyme preparation.

Elbein (1969) reported that in particulate enzyme
preparations from P, aa/ie,u4>, the mannosyl transferase
utilising GDPM as a substrate was strongly dependent upon

2+the addition of Mg to the incubation. The glucosyl 
transferase using GDPG had no such requirement. It was 
therefore decided to test the effect of 10 mM E D  T A upon 
the synthesis of U-cellulose from GDP-[U-^^c] -G and 
GDP-[u-^^c] -M.

The results of Table 13 indicate that the mannosyl 
tran.sferase activity is totally inhibited by the presence 
of E Ü T.A ppresumably due to the chelation of endogenous 
divalent cations in the incubation. E D.T A also elimin
ated the stimulation by GDPM of the synthesis of U-cellulose 
from 101 pM GDP- [u-^^c]-G. The synthesis of U-cellulose 
from 101 pM GDP- [U-^^c]-G is also inhibited by 76% relative

 .... ............
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Table 13 : The effect of 10 mM EDTA upon the incorporation
of radioactive glucose from G D P - - G  and 
GDP-[U-^^c] -M into U-cellulose

substrate radioactivity conc. EDTA incorporation
in incubation (mM) pmol glucose

GDP- |u -^^g]-M 12.5 0.101 809 ± 46
GDP- [u-^ Vj -M 12.5 0.101 1 2 ± 2

GDP- [u -̂ "̂ gJ -G 25 0.101 - 159 1 20
g d p -[u -^^g] -G 25 0.101 + 38 1 10

g d p -[u -^^g] -G
+ 100 pM GDPM

25 0.101 - 549 + 18

GDP-[u -^^cJ -G 
+ 100 pM GDPM

25 0.101 + 32 + 3

g d p -̂ [u -^^g] -G 25 0.001 - 18 1 0.0
g d p -[u -̂ '̂ g] -G 25 0.001 + 0 ± 0.0

The incubations were as normal except that MgClp was ommitted 
and either 0,1 M tris HCl pH 7.5 buffer or 0.1 M tris HCl 
buffer containing EDTA was added to result in a final EDTA 
concentration of 10 mM.



151

to the controls by 10 mM E D.T.A,, while synthesis from 1 
pM GDP-[U-^^c],-G is totally inhibited. These results 
suggest the presence of two glucosyl transferases utilising 
GDP-[U-^'^c] -G in the enzyme preparation; one which is 
totally inhibited by E D T  A and is probably involved in 
glucomannan synthesis, and another which is at least par
tially ,active in the presence of E.D,T,A. This enzyme may 
be substrate activated (Table 13). As a result of the 
mannosyl transferase activity being totally inhibited under 
these conditions and the fact that no stimulation of U-cell
ulose synthesis from GDP- [U-^^c] -G by GDPM is observed, it 
is likely that the product is a pure glucan. Initial exper
iments were conducted to determine the pH optimum of the 
reaction and the nature of the sugar-sugar linkages. The 
pH optimum was found to be 5.5 in tris-MES-acetate buffer 
(all at 50mM) although the activity at pH 7.5 was only 
slightly lower than at pH 5.5. A partial acetolysis of the 
U-cellulosic products synthesised from 110 pM GDP-[U-^^c]-G
in the presence of 10 mM E D.T.A in 0.1 M. tris-HCl, pH 7.5
indicated the presence of cellobiose after paper chromatog
raphy of the hydrolysate in n-propanol: ethyl acetate: water 
(7:1:2 v/v). This demonstrates the presence of 0(1-4) 
linked glucose in the products. No radioactivity was ob
served to C O -chromatograph with the tentative glucosyl- 
0(1-4)-mannose oligosaccharide observed in the U-cellulosic 
products synthesised from GDP-[U-^^c] -G in the absence of 
E-D.T A (Pig. 35A)̂  raising the possibility that the product 
may indeed be a ^ (1-4) glucan. Unfortunately, insufficient 
radioactive oligosaccharide material was present on the 
paper chromatogram to make these results conclusive. Work
is being continued on this matter by Dr. C.T. Brett.

_____
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CHAPTER 8; UDF-flT-̂ ĉ] -G AS A SUBSTRATE FOR THE SYNTHESIS 
OF U-CELLULOSE

8.1. Introduction

In chapters 6 and 7 it was shown that glucose from 
GBP-[U-^^C]-G was incorporated into U-cellulose. However, 
UDPG is now widely considered to be the most likely initial 
glucosyl donor for cellulose biosynthesis in higher plants 
for the following reasons:

1) UDPG is the major sugar-nucleotide found in the plants 
so far investigated, whereas GDPG is found only at low 
levels or not at all.

2) Recently compelling in vivo evidence for the involvement 
of UDPG in the cellulose biosynthesis of cotton fibres has 
been presented by Carpita and Delmer (l98l) (see p 38).

In vitno studies have shown that enzyme preparations 
from numerous plants can synthesise products containing 
0(1-4) linked glucose from UDPG (see section C.1.2.1.1.) and 
references therein), particularly with low concentrations 
of substrate (l-lO pM). A major problem with the studies 
on the products synthesised from UDPG by in vit/io systems 
has been the massive production of alkali-insoluble 0(1-3) 
glucan by the substrate-activated UDPG:0(l-3) glucan gluco
syl transferase. As Carpita and Delmer (1980) found that 
the extraction of Updegraff (1969) removed all the 0(1-3) 
glucan synthesised from ÜDP-[U-^^c]-G by detached cotton 
fibres, it was hoped that this extraction would act simi
larly in this investigation, allowing a direct study of the 
UDPG: 0 (1-4) glucan glucosyl-transferase to be undertaken.
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The incorporation of radioactive glucose from
U D F - "G into U-cellulose by the particulate
enzyme preparation

In chapter 6 it was shown that UDP-[u~^^c]-G could 
act as a substrate for U-cellulose synthesis and that 
various protective agents added to homogenisation and 
reaction media did not result in any stimulation of U-cell
ulose synthesis. The results in Fig. 36 show that 
U-cellulose synthesis ceases after 2 minutes from 1 pM 
UDP-^[U-^'^o]-G and after 4 minutes from 1.0 mM UDP-[U-^^c]-G. 
With both UDP-[u-^^c]-G concentrations, turnover of the 
U-cellulosic products is observed. This is more marked with 
the products from 1 pM UDP-[u-^^cj-G, probably due to the 
dilution of the radioactive glucose residues by non-radio
active glucose in the products synthesised from 1.0 mM 
UDP-[U-^^C] -G.

It was decided to investigate further the U-cellulosic 
products from low (<10 pM) rather than higher concentrations 
of UDP-[u~^^c]-G for two reasons. First, the UDPG:,0(1-4) 
glucan glucosyl—transferases found in particulate enzyme 
preparations are active at low UDPG concentrations.
Secondly the highly active 0(1-3) glucan synthetase is 
activated at higher UDPG concentrations and it has been 
shown that the 0(1-3) glucan produced may be remarkably 
resistant to extraction procedures (see chapter 6 p. 96).

Attempts were made to determine the pH optimum for 
U-cellulose synthesis from 1 pM UDPG-[U-^'^c]-G. However, 
no pH optimum between pH 4-11 was demonstratable.
Although this result is unusual, it is not unprecedented 
since the protease papain also has a very broad pH optimum 
(Stockell & Smith, 1957). Another possiblè explanation is 
that the active site of the synthetase is totally enclosed 
within the hydrophobic environment of the membrane and would 
therefore not necessarily respond to variations in external 
pH, The alternative possibility that the enzyme has a pH

i
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(#--#) ĵOl X louid
vO LT̂  fY*̂ çsl T"™"

« «_ _ _ _ I I. ... i- - - - - 1—

O
m

o

c

B
OJ
E

( o — o )  i^.Oix loujd  
p04BJodjoDU! asoDniQ

■HOPo-p COl
« [>•H
0
m )
oo0rH c) POtiO ■H
0 cd> B P•H P-P O ftÜ 0
cd rH PO ft•H-■d p 0
cd p s-P !>tN44 H Po o 0pp 0o m +=•H cv P-P rH
cd Pp i 1 Oo 1 'HA 4-5P I PO iI PÜ ftp•H 0PL rP0 rH 4-5rP40 3D rÜCh PO 44 O
0 0 !-W 0 OP Od 1—1rHo P 4Ü 1—1 p)I rH *— U0 0 l
s Ü Ph•H Q

E 4 P) pD

bjO
•H
fP



155

Table 14- The effect of preincubating the particulate
enzyme preparation at 25^C upon the incorpor
ation of radioactivity from 1 pM UDP-[u-^^c]-G 
into U-cellulose.

prein cubation 
(minutes)

incubation
(minutes)

in corporation 
pmol glucose

2 0.50 + 0.00
2 2 0.53 ± 0.02

15 2 0.25 1 0.01

The enzyme preparation was prepared and UDP - ([U- "̂ o].-G was 
either added immediately, or after a preincubation at 25°G 
Each incubation contained 25 nCi of radioactivity.

I

Id
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optimum outside the range 4--H is unlikely considering the 
loci of the glucan synthetases involved in-j^glucan synthesis.

The reaction from 1 |iM UDP-[u-^^c]-G does not stop as 
a result of enzyme inactivation at 2 5*C since the enzyme is 
stable for at least 4- minutes at this temperature (Table 
14), although after 17 minutes the enzyme preparation is 
only S'0% as active. Nor does the reaction stop due to a 
lack of radioactive substrate since:

1) the incorporation of radioactivity into the water-and 
chloroformimethanol (3:2 v/v)-insoluble products continues 
for 30 minutes.

2) the addition of further active enzyme preparation re
sults in a small but significant increase in the synthesis 
of U-cellulose while the addition of more radioactive 
substrate has no effect (Table 15).

These results would suggest that an inhibitor may be 
produced during the course of the reaction. The increased 
incorporation of radioactivity into U-cellulose upon the 
addition of active enzyme to the incubation media could 
not be solely due to a dilution of the proposed inhibitor f
as it is clear from the results in Table 15 that extra 
active enzyme in addition to inhibitor dilution is required 
to observe a significant effect. The nature of the inhib- 
itor was not determined due to a lack of time. However, 
likely candidates are UDP or UMP since these molecules may 
be produced as the result of glucosyl ̂ transferase activity.

3. The interaction of UDPG and UBPXyl in the synthesis 
of water-and chloroform : methanol (3:2 v/v)-insoluble 
products and U-cellulose by the particulate enzyme 
preparation.

Ray (1980) presented evidence that the golgi-associated

______________



158

UDPG:j5(l-4) glucan glucosyl-transferase activity assayed 
at low substrate concentrations in enzyme preparations 
from higher plants may be involved in xyloglucan rather 
than cellulose biosynthesis. It was found that UDPG 
stimulated the incorporation of radioactivity from UDP- 
[ui^c]-Xyl into polysaccharide and that the observed stim
ulation was due to the production of glucan acceptor 
molecules from UDPG to which xylose residues were added by 
the xylosyl-transferase. Structural analysis of the 
product synthesised in the presence of UDPXyl and UDPG 
confirmed that is was a xyloglucan with a glucan backbone 
and xylose side chains.

In the light of the above work, it was decided to 
investigate the possibility that the UDPG:^(l-4) glucan 
glucosyl-transferase assayed at low siibstrate concentrations 
in the ?, au/i&u^ particulate enzyme system is involved in 
xyloglucan biosynthesis. This series of experiments has 
important implications.for the specificity of the Updegraff 
extraction since xyloglucan is thought to have a very close 
association with cellulose microfibrils via hydrogen 
bonding in the primary walls of dicotyledonous plants.
Ray (1980) reported that the xylosyl transferase activity 
found in P, ^atiuum particulate enzyme preparations was 
obligately dependant on the presence of free sugar, sucrose 
being most effective. Thus sucrose (0.25 M) was included 
in the homogenisation and reaction media of the experiments 
described in this chapter.

The results in Table 16 are similar to those obtained 
by Ray (1980) and suggest the synthesis of a water-and 
chloroform : methanol {3:2 v/v)-insoluble xyloglucan from
0.4 UDP-[u-^'^c] -Xyl in the presence of 10-100 pM UDPG.
The possibility that UDPG has a direct modulating effect 
upon the xylosyl-transferase cannot be excluded on the 
basis of the results in Table 16. However, in view of the 
findings of Ray (1980) this possibility is unlikely. Also 
in agreement with Ray (1980), high concentrations of UDPXyl
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(100 pM) appears to inhibit the incorporation of radioactive 
residues into the water-and chloroform : methanol (3:2 v/v)- 
insoluble products from ÜDP-[u-^^c]‘-G (Table 17). No 
concentration of UDPXyl tested significantly affected the 
synthesis of U-cellulose from 1 pM UDP-[U-^^c]-G. Neither 
GDPG nor GDPM affected the synthesis of U-cellulose from 
UDP-?[U-^^C]-Xyl or U D P - [ U - ^ - G .

No incorporation of radioactive residues into U-cellu
lose from any concentration of ÜDP-[u-^'^c]-Xyl (0 . X juM 1 
mM) was observed. Neither did the presence of UDPG (10- 
100 pM) result in any incorporation of radioactive residues 
into U-cellulose from 0. X pM UDP- [ U - ^ - X y l  (Table l6) .
The above observation demonstrates that the proposed xylo- 
glucan synthesised from UDP-{u-^'^c]-Xyl is solubilised by 
the Updegraff extraction, suggesting that the Updegraff- 
insoluble product synthesised from UDF-[U-^^o] -G alone is 
not xyloglucan. The possibility that the extraction 
removes the xylose side-chains while the glucan backbone 
remains insoluble is unlikely as U-cellulose synthesis from 
UDF- [u-̂ '̂ c] -G does not show the inhibition by UDPXyl 
observed in the synthesis of water-and chloroform: methanol 
(3:2 v/v)-insoluble products (Table 17). This implies 
that xyloglucan and U-cellulose synthesis from UDPG involve 
separate enzyme systems. Thus it may be concluded that 
U-cellulose synthesised from UDP- [u-^^c}-G by the P, 
particulate enzyme preparation is not xyloglucan.

..X. Gel filtration of the waters and chloroform : methanol 
(3:2 v/v)-insoluble products synthesised from2 T y ' s ........UDP- ! U- '̂G; -G by the particulate enzyme preparation

In this section, the molecular weights of the products 
synthesised from UDP- [U-^^o],-G was investigated in a 
similar manner to that in section 7.5.

The major product from 5 pM UDP- [u-^^c] -G elutes just
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before Dextran T70 and therefore has a probable molecular 
weight of less than 7 x 10^. There is also a minor peak 
eluting just after Dextran T500 which corresponds to a 
molecular weight of approximately 5 x 10  ̂ (Fig. 37). This 
is of a large enough molecular weight to indicate that the 
product may be cellulosic. Unfortunately, insufficient 
radioactivity could be incorporated into this peak to allow 
a structural analysis to be undertaken. Neither cohl.d the 
peak be observed after extraction of the products in 
Updegraff reagent or KOH. This result is not unexpected
as these powerful extractions may well degrade the products. 
The possibility that the smaller molecular weight peak is 
cellulosic cannot be ruled out on this result alone for 
the reasons outlined on pp 129 and 138.

A large amount of the products synthesised from 1.0 mM
UDP- [u-̂ "̂ c] -G would appear to have a molecular weight in
excess of 1 x 10^ since they are excluded from Sepharose
GL-6B as judged by Blue Dextran 2000, The fractionation/
range for polysaccharides by Sepharose CL-6B is 1 x 10  ̂ - 
1 X 10^. There is also a smaller-sized peak which co-elutes 
with the major peak obtained from the products synthesised 
from 5 juM U D P - [ U - ^ - G  in Fig. 37.

The products from 1.0 mM UDP- [U-̂ '̂ ĉ]-G were subjected 
to gel filtration on a larger column of Sepharose CL-2B 
(fractionation range for polysaccharides 1 x 10" - 2 x7
10'). The results in Fig. 39 demonstrate that in terms 
of molecular weight there are indeed two components in the 
products, tho larger of which appears to be excluded

7suggesting a molecular weight of greater than 2 x 10'. 
Unfortunately as was the case for the high molecular weight 
product, synthesised from 5 pM UDP- [u-̂ ĝ] -G, insufficient 
radioactivity could be incorporated to allow for a struc
tural analysis of the peak. However, using the more active 
P. sativum tissue slice system, the high molecular weight 
product synthesised from 1.0 mM UDP-,[u-^^c],-G that was 
excluded from Sepharose GL-2B was shown to be a ̂  (l-3)
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glucan (Brett, personal communication). The lower molec
ular weight peak synthesised from 1.0 mM UDP- [U"^^c]-G by 
the ?, auA.e.û  particulate enzyme preparation has also been 
shown to contain ̂ (1-3) glucan by partial acid hydrolysis 
and subsequent paper chromatography.

8.5. Further analysis of U-cellulose synthesised from 1 pM
1 kUDP-l.U" C|-G by the particulate enzyme preparation.

In this section experiments are described which were 
conducted to determine the sugar composition and the sugar- 
sugar linkage of the U-cellulose synthesised from 1 pM
UDP- [u-^^c] -G. Because of the small amounts of radioactivity 
incorporated into U-cellulose from UDP-[u-^'^C] -G, the 
incubations were scaled up by a factor indicated below the 
figures.

Radioactive glucose was the only radioactive residue 
detected after total acid hydrolysis of U-cellulose synthe
sised from 1 pM UDP- [u-̂ '̂ o] -G (Fig. 4.0). Partial acid 
hydrolysis was found to be unsatisfactory as a procedure to 
investigate the sugar-sugar linkage since only small 
amounts of radioactive oligosaccharides were detectable 
relative to undegraded material and glucose.

Partial acetolysis of the products gave rise to glucose 
larainarobiose, laminar^triose and cellobiose (Fig. 41), 
indicating that the U-cellulosic product contains /S( 1-3) 
and ( 1 - 4 ) linked glucose. The jB(l-3) and ^,(1-4) linked 
glucose ç,ould_be.^part of a fflixed-linked or they
could be two separate polysaccharides. A water-soluble mixed-

link g-glucan has been identified in P. aureus cell walls

( ucha a & Franz, 1974). The presence of ^( 1-3 ) glucan
in the U-cellulosic fraction after 30 minutes offers an 
explanation for the continued slow phase of extraction of 
the water-and chloroform :methanol (3:2 v/v)-insoluble
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Fig. /+1 Paper chromatogram of the U-cellulose synthesised 
from 1 pM UDP - j]U-^^G%=G (250 nCi) after a 9 day 
acetolysis and .3 days chromatography. The incuba
tion was scaJ^ed up by a factor of 10 (contains 5 
mg of protein) relative to that outlined in chapter
3. The incubation was for 5 minutes and the 
markers were as described in Fig. 19.
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Fie. 4 3 Paper chromatogram of the U-cellulose (6 hour 
extraction) synthesised from 1 pM U D P - [ u - ^ J ~G 
(250 nCi) after a 9 day acetolysis and 3 days 
chromatography. Incubation conditions were as in 
Fig. 41. Markers were ap described in Fig. 19.
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products observed in Fig, 20 (see chapter 6 , p 100).
Thus it would appear that the standard 30 minute extraction 
in acetic acid: nitric acid: water (8:1:2 v/v) at 100*0 
used by Updegraff (1969} is not sufficient to remove all 
the non-cellulosi c product produced from UDP-j^U-^^c] -G. It 
was therefore decided to extract the water-and chloroform: 
methanol (3:2 v/v)-insoluble products for longer periods in 
the Updegraff reagent to determine whether or not the slow 
phase of extraction would eventually plateau. The results 
in Fig. 42 indicate that the extraction of the products 
from 1 pM U D P - [ U - ^ ]-G continues for up to 6 hours after 
which no further extraction occurs up to 10 hours. The 
products of a partial acetolysis of the Updegraff-insoluble 
products after a 6 hr extraction is shown in Fig. 43. It 
is' clear that although proportion of laminar tbiese relative 
to cellobiose is decreased, it is still present, indicating 
that if a separate/5(l-3) glucan molecule is present in 
the products, then it is not extractable in the Updegraff 
reagent.

■

________________
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CHAPTER '9:- CONCLUSIONS AND IMPLICATIONS FOR CELLULOSE 
BIOSYNTHESIS

In this chapter the results obtained during this 
investigation are discussed in terms of their possible 
significance for cellulose biosynthesis.

It was shown that GDP-[u™^^c]-G, GDP-[u-^^c]-M and 
UDP- [U-^'^c]-G acted as substrates for the synthesis of 
U-cellulose by the P, au/i&u^ particulate enzyme prepar
ation. The polymers synthesised from GDP- [U-^^c]-G and 
GDP- [u-^^c]-M would appear to be glucomannan (on the basis 
of kinetic, structural and gel filtration studies) and 
possibly mannan (on the basis of a time-course study of 
U-cellulose synthesis from GDP-[U-^^c]-M) and glucan (on 
the basis of a time-course of U-cellulose synthesis from 
1.0 mM GDP-[U-^'^c]-G, studies on the effect of ED.TA on 
U-cellulose synthesis from GDP-[U-^^c]-G and a structural 
investigation). The U-cellulose synthesised from UDP-[U- 
^^c]“G, at least at low concentrations, contained both 
-^(1-3) and ^(1-4) linked glucose.

The above results are clearly in contrast to the 
widely held belief that the Updegraff extraction solubilises 
all non-crystalline, non-cellulosic glyeans and would 
suggest that one or more of the following possibilities must 
pertain :

1. The extraction is not specific to crystalline, micro
fibrillar cellulose, and other non-crystalline, non- 
fibrillar glyeans that have no association with cellulose 
microfibrils are not solubilised.

2. The extraction solubilises all non-cellulosic glyeans 
except those which have an intimate association with the 
endogenous cellulose microfibrils via non-covalent bonding.
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3. The extraction does not solubilise any fibrillar, 
crystalline material, whatever its sugar residue and 
glycosidic linkage composition. Two factors which may 
contribute to the acid-stability of such material are:-
a) the anhydrous (at least relatively so) nature of tho 

crystallites.
b) the sugar residues in the crystalline state are held in 

a rigid conformation. This would hinder the adoption 
of the half-chair conformation formed to stabilise the 
carbonium ion intermediate formed in the acid hydrolysis 
of a glycosidic linkage.

4. It is conceivable that the mannose-containing poly
saccharides are covalently linked to the ̂ (1-4) ^ducan 
chains of cellulose and may therefore be integral to the 
microfibrillar structure. If this is the case, then they 
aro part of the molecule to be synthesised.

These four possibilities will be evaluated in the 
following discussion.

It was shown in this investigation that the water-and 
chloroform : methanol (3:2 v/v)-insoluble products synthesised 
from UDP- [U-^^CL-Xyl and UDP-fu-^'^C]-Xyl plus UDPG (prob
ably xyloglucan) were totally solubilised by tho extraction, 
while 98% of the same products synthesised from 1.0 mM 
UDP-[U-^'^c] -G ( containing ^(l-3) glucan) were also solu
bilised. Bacic and Delmer (l98l) demonstrated that non
crystalline ^(1-4) glucan synthesised from UDPG by a 
particulate enzyme preparation from cotton fibres was also 
extracted. These results, combined with the work of other 
researchers and the drastic nature of the extraction, 
indicate that 1, above is unlikely. However, it is con
ceded that very small amounts of non-crystalline, non- 
fibrillar material may not be extracted, particularly if 
it contains a high proportion of acid-stable glycosidic 
linkages (eg.those involving uronic acids). Indeed, even 
after a 10 hour extraction of the water-and chloroform:

___________________________________________
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methanol (3:2 v/v)-insoluble material synthesised from 1 
pM UDP-[U-^^c]-G, some ^ (1-3) glucan was still present. 
However, this result could equally well be explained by 
2 or 3 above, or if the ^ (1-3) glucan was covalently linked 
to cellulose microfibrils. Delmer (1977) has even suggested 
that the highly active UDPG:-jg(l-3) glucan glucosyl-trans
ferase activity found in in vitno enzyme preparations may 
be cellulose synthetase which has been modified during 
preparation. This must be considered unlikely, however, 
in view of the great stereochemical difference between 
^(1-3) and ^(l-/) glycosidic linkages.

One possibility for the mannose-containing polymers 
is that they are rendered insoluble in the Updegraff 
extraction due to an intimate, non-covalent association 
with endogenous cellulose microfibrils. It is known that 
certain cell-wall matrix polysaccharides do have a very 
close relationship with the surface of microfibrils and 
under certain conditions glucomannans can crystallise onto 
the surface of cellulose microfibrils, resulting in a 
shish (cellulose) kebab (glucomannan) structure (Chanzy at 
at, 1982), However, .three points would indicate that this 
hypothesis is incorrect:

1) In preliminary experiments with Triton X-100 solubil
ised enzyme preparation, GDPM caused the usual stimulation 
of U-cellulose synthesis from GDP-[U-^^c]-G.

2) The proposed xyloglucan synthesised from UDF-[U-^^c]-Xyl 
plus UDPG appears to be totally solubilised by the Updegraff 
extraction. Xyloglucan is bound to the surface of cellulose 
raicrofibrils via extensive hydrogen bonding (Valent & 
Albersheim, 1974)• Thus if the xyloglucan synthesised in 
this investigation has such a relationship with the endo
genous cellulose microfibrils then this result indicates 
that if the mannose containing polymers were rendered 
insoluble by such an association with microfibrils, the 
association must be very intimate indeed.
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3) Kjosbakken and Colvin (1975) demonstrated that a water- 
insoluble, alkali-soluble polymer of glucose (presumed to 
be ;^(l“4) linked on the basis of the observations of Glaser 
(1958)) which was synthesised from UDPG by a cell-free enzyme 
preparation from A, jcyilnum, was adsorbed onto preformed 
cellulose. However unless the preparation was dried, the 
polymer could be solubilised with only relatively mild 
alkali (l N NaOH).

The previous argument and the fact that sugar residues 
from the sugar nucleotides could be incorporated into both 
c<-cellulose (i.e. produced by a hydro gen-bond-breaking 
extraction in 24% KOH) and U-cellulose (ip.produced by a 
drastic hydrolytic extraction), strongly suggest that the 
insoluble products are crystalline and microfibrillar in 
nature. Even a prolonged extraction with the Updegraff 
reagent (6 times longer than the extraction period originally 
used by Updegraff (1969)) does not solubilise a large 
proportion of the products synthesised from 100 pM GDP-[U- 
^^U]-G, 100 pM GDP-[U-^"^C]~G plus 100 pM GDPM, '100 pM 
GDP-[U-^'^C]-M and 1 pM UDP- [U-^^c] -G. ( In this chapter, for 
sake of clarity, concentrations in the range 100-104 pM 
GDP-[U-^^C]-G have been referred to as 100 pM.) This hypo
thesis is further supported by the observation that both 
glucomannan and mannan are known to be able to form crystal
line structures. There is also a precedent for a fibrillar 

(1-3) glucan which is highly resistant to extraction, as 
Herth at (1974) found such a molecule, which was not 
solubilised by 20% NaOH^ in the cell walls of pollen tubes 
from L, longL-f.to/lam,

Mannan microfibrils are the skeletal components of 
the algal families, the Codiaceae and Dasycladaceae (Preston, 
1974). Crystalline mannan can exist at two polymorphs, 
mannan I which is found in nature, and mannan II which is 
produced from the native polymorph by swelling in alkali or 
recrystallization in an analogous manner to cellulose II

■Î
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(Chanzy at, 1982). Less is known of the crystallization 
behaviour of glucomannans although it is thought that 
glucose isomorphically replaces mannose in a mannan type 
crystalline structure. As the glucose :mannose ratio is 
increased, the perfection of the glucomannan crystals is 
decreased (Chanzy et at, 1982). It is possible that mannose 
could be incorporated into a glucan crystalline lattice in 
a similar manner, thus accounting for the increased suscep
tibility of the products synthesised from GDP-[U-^'^c]-G to 
extraction by the Updegraff reagent when GDPM was also 
present in the incubation media.

If these purportedly crystalline mannose-containing 
polymers are autonomous, insoluble after extraction with 
Updegraff reagent in their own right and have no relevance 
to cellulose biosynthesis, then they must be considered as 
artefacts of the in uit/io conditions existing in the partic
ulate enzyme preparations. The mannans of higher plants are 
not found in a crystalline state (with the exception of mannan 
found in the endosperm of ivory nut) (Preston, 1974) and, 
as far as the author is aware, there are no reports of 
autonomous crystalline glucomannans in the cell walls of 
higher plants.

Thus the possibility is raised that crystalline, micro
fibrillar, mannose-containing polymers synthesised by the 
particulate enzyme preparation may not be artefacts but 
rather represent the synthesis of bona-fide cellulose 
microfibrils, the mannose-containing polymers being integral 
to the microfibrillar structure. This is further supported 
by the fact that it is difficult to envisage how the 
conditions required for the production of artefactual crys
talline products could exist in the enzyme preparation 
during the experimental procedures. It is conceivable that 
the chloroform.rmethanol (3:2 v/v) extraction could cause 
precipitation and association of the newly synthesised polymers, 
resulting in a crystalline structure. However, it was shown 
that the omission of this extraction prior to extracting the

   '
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water-insoluble products in the Updegraff reagent had no 
effect upon the results obtained. This implies that the 
crystalline products must be formed in an aqueous environ
ment. It is unlikely that the polymers could form an 
autonomous, artefactual, crystalline product (le. produced 
purely by a physical association of the polymers) in such 
an environment. Supporting evidence for this statement 
comes from the work of Kjosbakken and Colvin (1975). These 
researchers found that a non-microfibrillar, water-insoluble 
polymer of glucose (presumed to be 0 (1-4) linked on the 
basis of the observations of Glaser (1958)) synthesised from 
UDPG by a cell-free enzyme preparation from A. Kytin.am could 
only form microfibrillar material when precipitated from 
aqueous, alkaline solution by ethanol. The resulting micro
fibrils were soluble in relatively mild alkali (1 N NaOH).

How might such mannose-containing polysaccharides be 
integral to native cellulose microfibrils? The mannose 
residues could be present in the non-crystalline regions 
found at the surface and along the length of the microfibril 
(see chapter 1 ;B.2.3.).Thus some of the glucan chains which 
pass repeatedly between crystalline and non-crystalline 
regions of the microfibril may contain mannose in the non
crystalline regions. They would then in fact be glucomannans 
rather than pure glucans, albeit with a low proportion of 
mannose residues (at least for those plants with relatively 
"pure" cellulose). What proportion of the glucan chains 
are actually glucomannans is impossible to estimate, although 
it is not impossible that all cellulose molecules contain 
non-glucose residues, the amounts of which may vary according 
to the source of the cellulose. Such non-glucose residues 
are only removed by very strong acid treatments at high 
temperatures, which destroy the integrity of the microfibril, 
as indicated by the results of Dennis and Preston (19&1).
A drawback to this hypothesis is that GDP- [U-^^c] -M is a 
more efficient glycosyl donor for U-cellulose synthesis than 
GDP-[U-^^c] -G at the same concentration. This could be
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explained if the mannosyl transferase activity was better 
preserved through tissue homogenisation, or is less limited 
by cofactor requirements. Another possibility is that in 
uivo a Cp epimerase activity is present which acts at the 
polymer stage, converting most of the mannose to glucose 
within the glucomannan, and that this enzymic activity is 
lost in vii/io. This epimerase enzyme could be located in the 
cellulose synthetase multi-enzyme complex along with the 
glucosyl and mannosyl transferases. Thus polymerisation, 
epimerLsation and crystallisation could occur in quick 
succession. There is a precedent for post-polymerization 
modification of sugar residue configuration in the synthesis 
of alginate and dermatan sulphate (Aspinall, 1983).

If mannose-containing polymers are indeed part of the 
structure of cellulose microfibrils, then the kinetic.studies 
on polysaccharide synthesis from GDPG and GDPM may be recon
ciled with cellulose biosynthesis. Villeraez (1971) and 
Heller and Villemez (l972a) argued that glucomannan synthe
sis from GDPG declined and ceased due to depletion of the 
second substrate, GDPM. In this investigation, as in the 
earlier work, the addition* of GDPM to the incubation media 
extended the period of incorporation from GDPG into the 
products. This concept can be extended to cellulose micro- 
fibril synthesis if one assumes tip synthesis by a large 
multi-enzyme complex, with the result that the interpreta
tion of similar results to those obtained by Villeraez and 
co-workers (Hinman & Villemez, 1975 and refs therein) leads 
to very different conclusions. If the microfibril is 
synthesised collectively as a unit by tip synthesis, all 
the glycan chains (of the order of 100 (Preston, 1974)) of 
one microfibril would have to be synthesised simultaneously 
and in a co-ordinated manner. Thus if, as postulated 
earlier, the microfibril contained glucomannan chains in 
addition to glucan chains, lack of the second substrate 
for glucomannan synthesis (GDPM) could bring the whole 
process to a halt.
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The above hypothesis also offers an explanation for 
the lack of an increase in the initial rate of reaction 
from GDPG upon the addition of GDPM, a result obtained both 
in this investigation and by Villemez and co-workers 
(Hinman & Villemez, 1975 refs therein). These workers 
concluded from their results that the sole product from 
GDPG, regardless of the presence or absence of GDPM, was 
glucomannan, not cellulose. First, if the sole product from 
GDPG was indeed glucomannan, this does not exclude the possi
bility that the product was cellulosic in the light of this 
investigation. Secondly, if the microfibril is composed of 
both glucan and glucomannan and the microfibril is synthesised 
in a co-ordinated manner, no increase in the initial rate of 
reaction from GDPG could be expected even though two chem
ically distinct molecules are synthesised.

The question now arises - What purpose, if any, could 
there be for the presence of mannose residues in the cellu
lose microfibrils of higher plants? Barber (1982) reported 
that a pre-incubation of a solubilised enzyme preparation 
from P, aLL/ie.û  with GDPM resulted in the same degree of 
stimulation of product synthesis from GDPG as when both 
sugar-nucleotides were present simultaneously in the incu
bation. This result would suggest that the products of the 
mannosyl transferase are acting as priming molecules for the 
continued synthesis of glucan from GDPG. However, no 
support for this hypothesis was obtained in this investiga
tion. It was demonstrated that GDPM had to be present 
simultaneously with GDPG for stimulation to be observed. It 
was noted that when both sugar-nucleotides were present in 
the incubation, the resulting water-and chloroformrmethanol 
(3:2 v/v)-insoluble products were of an increased molecular 
weight, as judged by gel filtration on Sepharose GL-6B. This 
result suggests that the insertion of mannose residues into 
the glucan chain is required for continued chain elongation. 
However, it must be concluded that if the mannose-containing 
polysaccharides are integral parts of the structure of the 
cellulose microfibril, then the function of the mannose
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residues can only be speculated upon. It is possible that 
the presence of mannose residues may provide ’’weak points” 
along the length of the microfibril. This could have a 
number of advantages

1) It offers a means of control over the tensile strength 
of the microfibril.

2) These "weak points" may provide sites at which micro-, 
fibril degradation by enzymes could be initiated. This 
would be important in those processes where selective cell 
wall breakdown occurs, e.g abscission and perhaps in cell 
wall extension, since Wong al (1977) have proposed such 
a role for cellulases in this process.

The preceding discussions would appear to be contra
dictory with the results obtained by a G.L.C, analysis of 
the alditol acetates produced from a total acid hydrolysate 
of the cellulosic fractions from the P. au/i&u^ enzyme prep
arations. In these studies only glucose and a number of 
spurious unidentified peaks were observed. As emphasised 
in sections 5.2 & 7.3 these results are suspect and further 
investigations on the chemical composition of the cellulosic 
fractions of P, au.A.e,û  are continuing.

If subsequent G L..C studies reveal that mannose is not 
a constituent of the P, au/i&a^ cellulose fractions there 
are a number of possible explanations ;-

1) The glucosyl-transferase utilising GDPG activity in 
P. au/ie-û  enzyme preparations has no involvement in cellulose 
biosynthesis but rather, as suggested by Villemez and co
workers, the sole product synthesised from GDPG is non-cell- 
ulosic glucomannan, J

2) The earlier arguments based on the possible presence of 
a Gg epimerase acting at the polymer stage In vivo could
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be extended to the extent where all the mannose residues 
in the synthesised glucomannan were epimerised to glucose 
after incorporation.

3) The effects of GDPM upon the synthesis of U-cellulose 
from GDPG are artefacts arising due to the in vit/io prep
aration. It is thought that the glucosyl and the mannosyl 
transferases in ?. can use the same kind of acceptor
molecules (Heller & Villemez, 1972a) and the results in this 
investigation would support this hypothesis. Thus, the 
destruction of cellular compartmentalisation brought about 
by tissue homogenisation might result in the two enzymic 
activities and their products being brought into contact, a 
situation that may not exist in uiDo.

What is the substrate for the pure glucan of the micro
fibrils, such as exists in the cellulose crystallites 
obtained after severe acid degradation of the microfibril ? 
Results obtained in this investigation have not been able 
to distinguish between GDPG or UDPG as possible candidates. 
Evidence that pure glucan may be produced from GDPG is 
outlined below.

The synthesis of U-cellulose from 100 pM GDP-[U-^^g] -G 
ceases after 5 minutes and acetolysis of the products indi
cates the presence of^(l-4) linked glucose plus a smaller 
amount of mannosyl 0  (l-4) glucose oligosaccharide. The 
mannose found in the U-cellulose synthesised from 100 pM GDPG 
alone must come from endogenous sources, as there is no 
evidence from total acid hydrolysis studies for the presence 
of epimerase activity acting at the substrate level. When 
the concentration of GDP-[U-^^c] -G was increased to 1.0 mM, 
the synthesis of U-cellulose continued at an ever-decreasing 
rate for 30 minutes. This result suggests the presence of 
an additional GDPG-utilising glucosyl transferase which is 
only active at high concentrations. As it is likely that 
endogenous mannose sources are used up, at least in the 
latter period of the incubation, it would seem that this
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enzyme is not dependent upon the presence of such mannose 
sources for sustained U-cellulose synthesis. Thus it is 
possible that pure glucan is synthesised, or at least long 
stretches of glucose residues within a glucomannan.

Further evidence for the presence of more than one 
glucosyl transferase activity using GDPG as a substrate, one 
of which synthesises pure glucan, comes from studies on the 
effects of E D T A upon the synthesis of U-cellulose from 
GDP-[U-^^c]-G. It was found that 10 mM E D T.A totally 
inhibited the incorporation from 100 pM GDP-[U-^^c]-M and 
abolished the stimulation of U-cellulose,synthesised from 
100 pM GDP-[U-̂ "̂ C] -G by 100 pM GDPM.

The synthesis of U-cellulose from GDPG was totally 
inhibited by E D T A at a substrate concentration of 1 pM 
and by 76^ from 100 pM GDPG, This indicates the presence 
of two GDPG-utilising enzymes in the preparation, one of 
which is totally inactive in the presence of E D T A , 
possibly synthesising glucomannan, and another which is at 
least partially active in the presence of E,D T A , and may 
produce pure glucan as the mannosyl transferase activity 
in the enzyme preparation is totally inactivated under these 
conditions. Furthermore, initial studies on the acetolysis 
product of U-cellulose synthesised from 100 pM.GDP-[U-^^c] -G 
in incubations containing 10 mM E.D T.A did not reveal the 
presence of the mannosyl 0 {l-A) glucose oligosaccharide 
found with incubations containing GDP-[U-^^c] -G alone. 
Cellobiose was detected as usual. It is interesting to 
note that this enzyme appears to exhibit substrate activa
tion. If so, this is the first report of a GDPG-utilising 
enzyme exhibiting such kinetics in the synthesis of poly
saccharide.

There is some evidence to suggest that the putative 
glucan synthesised from GDPG may be the crystallites of 
the cellulose microfibril. A proportion of the U-cellulose 
synthesised from GDPG is not degraded by the total acid
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hydrolysis conditions outlined in chapter 3 or by the condi
tions used by Dennis and Preston (1961) to obtain the pure 
glucan crystallites rodlets from the cellulose microfibrils 
of higher plants.

In this investigation much higher concentrations of 
GDPG have been used than in earlier work. The initial 
reasons for this have been outlined in chapter 2, What are 
the possible reasons for the requirement of such high GDPG 
concentrations in order to observe pure glucan synthesis?
If, as argued previously, the enzyme involved is substrate- 
activated, then the concentration of substrate required to 
activate the enzyme may be high. This could be due to a 
requirement for two GDPG molecules to bind simultaneously 
to the polymerase, each molecule of GDPG taking a different 
orientation and thereby permitting the ready formation of 
the two-fold screw axis found in the ^  (1-4) glucan chains 
of cellulose. The formation of the two-fold screw axis of 
the cellulose chains must pose considerable steric problems 
for an insoluble enzyme and product, as is the case with 
cellulose synthetase and the microfibril.

Alternatively, if the GDPG-utilising glucosyl trans
ferase involved in cellulose synthesis is not substrate 
activated, then it may have a high value. However, in 
plant cells GDPG is found only at low levels. It is 
possible that the conformation of the cellulose synthetase 
is altered during enzyme preparation with the result that 
the is markedly increased, or that intracellular cora- 
partmentalization results in localised high levels of GDPG 
in the vicinity of the cellulose synthetase. This could 
easily be envisaged if the GDPG-synthesising enzyme(s) was 
localised around, or even incorporated into, the cellulose 
synthetase enzyme complex.

UDPG is the favoured initial glucosyl donor for cellu
lose biosynthesis in the opinion of many researchers. 
However, only small amounts of glucose from UDPG (at the
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concentrations reported for In vlt/io glucan synthe
sis) could be incorporated into U-cellulose. This result 
is not unexpected for a multi-enzyme complex which synthe
sises the crystallites of the cellulose microfibril, as 
such an enzyme must co-ordinate both the synthesis and 
assembly (assuming tip synthesis) of the metastable cellu
lose I microfibril and as a result, it is probably partic
ularly susceptible to physical disruption upon tissue 
homogenisation. In chapter 8 it was shown that the U-cellu
lose synthesised from 1 pM UDP- [U-^^c] -G contained ^ (1-4) 
linked glucose and that this product was not the ^(1^4) 
glucan backbone component of a xyloglucan molecule. The 
presence of ;6(l-3) linked glucose in the U-cellulose synthe^ 
sised from 1 pM UDP-[U-^^Cj~G prevents any firm conclusions 
as to the cellulosic nature of the 0(1-4) linked glucose, 
as the possibility that both of the types of glucosidic 
linkage are present in the same polymer cannot be ruled out.

Thus the results obtained during this investigation 
suggest that either or both of the sugar-nucleotides, GDPG 
and UDPG, could be the initial glucose donors for cellulose 
biosynthesis in P. , It is difficult to envisage
much further progress in this field using crude tissue homo- 
genates as an enzyme source combined with empirical defini
tions of cellulose based on purportedly specific extractions. 
However, it would be worthwhile to carry out a more detailed 
study of the effects of E D T A on the synthesis of U-cellu
lose from high concentrations of GDPG.

The major set-back to progress is the ambiguity in the 
exact chemical composition of native cellulose, Preconcep- 
tions as to the purity or homogeneity of cellulose may have 
rendered investigators blind to the possibility that the 
cellulose microfibril may contain structurally disparate 
regions, which are covalently linked. An alternative assay 
for cellulose which would overcome this problem would be

i
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the use of X-ray diffraction to detect the synthesis of 
native cellulose I, A positive result with this technique 
would be conclusive. However, the synthesis of large 
amounts of cellulose in the native cellulose structure may 
require the use of alternative in oit/io preparations in which 
the integrity of the cellulose synthetase complex is better 
preserved. Such a system may be produced by gentle osmotic 
down shock of protoplasts to produce plasraa-membrane ghosts. 
This system also would overcome the major problem of having 
to synthesise the large amounts of product required to 
detect an increase in the quantity of cellulose over and 
above the cellulose already present in enzyme preparations.

Alternatively, it might be worthwhile applying the 
methods used in the successful demonstration of in uitno 
<x-chitin microfibril biosynthesis by chitosomes, particu
larly in view of the fact that Giddings al (1980) vis
ualised possible cellulose synthetase complexes, identical 
to those observed on the plasma-raembrane, golgi-derived 
vesicles of Hia/iâ te./Lia/>, These vesicles may thus be 
analogous to chitosomes, containing a cellulose synthetase 
zymogen. The criteria used in this project could then be 
applied in the identification of the products synthesised 
from possible precursors.
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