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ABSTRACT
The numbers ref'er to tho chapters concerned.

1. Curront knowledge on cellulose biosynthesis was
summarised. The section is divided into four main parts
concerned with; A, the importance of cellulose; B. tho
structure of cellulose; (. cellulose hiosynthesis, and;

. +the cellular locaticn of cellulose biosynthesies. Where
relevant, cellulcse bilosynihkesis in <the cellulosic bacteriunm
Acetobfacten xylinum and 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 materiale and methods used in this work were descrihed.

4. The incorporatien of radioactivity from GDP-lﬁuIAC]-G,
upp- [U-14¢] -6, [U-T4C)-sucrose, [U-1%C]-glucose and
[UnlAC]-glucose-l~phosphate into the water-and chloroform:
methanol (3:2 v/v)-inscluble products was investigated.

It was found that the sugar-nucleotides were the most
efficicent substrates, that the incorporation of radioactivity
from 1.0 mM UDP-[U-IAC]-G into these products appeared to

be substrate-activated, and that the products synthesised
from UDP-[H—lAd'-G at this concentration contained ¢3(1-3)
linked glucose, The distributicn 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 ®-cellulose extraction was explained. Radiocactivity
. o L4 14 14

from GDP- [U-*%0]-G, 6pP-[u-14¢] M and UDP-[v-T4C] ¢ was

incorporated intoo(-cellulose. CDP-{U-1%] .M was found to

be an efficient substrute and GDPM stimulated the incorpor-

ation of radioactivity from GDP-[U—ldd]—G into this fraction.
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6. The Updegraff extraction was introduced. Both

upp- [U-+4c] ¢ ana GDP- [U-1%C] -G actsd as substrates for
Updegraff cellulose {(U-cellulose) synthesis. THe effect

of prolonged pericds of extraction of the water~and chloro-
form:methanol (3:2 v/v)-insoluble products in the Updegraff
reagent and the effect of retaining the enzymes at -20 T
was studied.

7. The incorporation of radioactive glucose from GDP-[U-14QJ-G
(perticularly at higher concentrations than that traditicnally
used by previous researchers) and GDP- @klAC]-M into
U-cellulose was studied. The factors involved in the

cessation of U-cellulose synthesis from GDP-[U-lAC]—G were
investigated and discussed. The products appear-to be
glucorannan (on the basis of a kinetic study of the effect
of GDPM on U~cellulose synthssis from GDP~[UnlAC]-G, struc~
tural and gel-filtration studies) and possibly mannan (on

the basls of a time course study on the synthesieg of U-cell-
ulose from 102 uM GDP~[UﬂlﬁC]-M) and glucan (based on a
time-course study of U-cellulose synthegis from 1.0 mM

aop- [U0-14G] -G, the effect of £ D T 4 on U-cellulose synbtho-
sie from GDP- [U-14C] - and GDB-[U-14C) =¥, and & structural
study). There was some indication of the presence of a
substrate-activatcd enzyme which asynthesised pure glucan
from GDPH[U“lAC]—G. The nor-glucan products could not be

solubilised even after prolonged periods of extraction in

Updegraff recagent.

8. The incorporsation of radioactive glucouse from 1-5 uM £
UDP—EU—14C]—G inte U-ccllulose was further investigated. ‘ﬁ
The synthesis of U-cellulose from 21 pM UDP—[U—14O]—G showed :
no distinet pH oplimum in the range 4-11 and the factors

involved in the cesgaticn of the recaction were discussed.
Gel filtration of the water and chloroform:methanol (3:2 v/v)-
insoluble products suggested that the majority of the

products had a molecular weight of less than 7 x 104,
although there was sowe indication of material of a

sufficiently“large molecular weight to e cellulosic. The

U-cellulose synthesised from UDP- U-14C -G does
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not appear to be a xyloglucan (based on an invostigaticn of
the interaction of UDPG and UDPXyl in U-cellulose synthesis).
Struectural analysis indicated the pregence of ﬁ(l—B) and
£(1-4) lirked glucose. The B(1-3) linked glucose was not
removed by prolenged extraction in the Updegraff reagent

(6 hours). It was not determinsd whether the B{(1-3) and
3(1-4) linked glucose were part of a mixed-link glucan or
were derived from separate polymers.

9. The general conclusilons on this work and their possible
significance for cellulcse biosynthesis were evaluated.

In particular, a hypothesis is presented by which the
purportedly negative results obtained by previous researchers
working on GDPG as a precursor of - cellulose may be recon-
ciled with cellulose bicsynthesis.

Y




CHAPTER 1: I(NTRODUGCTION

A.  CELLULOSE

A.l, The abundance of cellulose

Cellulose is the most abundantly producéd macromolecule
on earth with an annual production of 1015 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, 198Ca). Thus,
the proucess of cellulose biosynthesis in hijgher plants is
a subject for which there is ample justification for the
attention .0of researchers.

A.2. The importance of cellulose

A.2.1. The biological importance of cellulose

Cellulose ie an essential strengthening and protective
component of struetures produced by plant, animal and
bacterial cells. Cellulose is the majer skeletrl polysacc~
haride in higher plant cell walls, where it is feund as
partially crystalline microfibrils. These microfibrils are
gsurrounded by a matrix of amorphous, non-cellulosic poly-

saccharides, ir a manner analeogous to that of a man-made

composite material such as glass-reinforced plastic
(Northcote, 1972).  These matrix polysaccharides may ke
extracted from the wall by water (pecting) 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 orderecd orientation, each layer has great strength

in the directien parallel to the micrefibrils. The micro-

fibrils in onc layer have a different corientalbion to those

in the next, and so the wall as a whole has strength to
resist tensjon in any direction.
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Cellulose is also a useful reservoir for the stabil-
lzabvion of energy and nutrient in the biosphere, due to its

large mass and resistance to degradation {(Colwvin, 1980a).

A.2.2. The agricultural importance of cellulose

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

A.2.3. The industrial importance of cellulogse

Before the industrial revolution produects 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 thelr intercst
for cur civilization, even though they are being used in
greater quantities than ever, However, with the depletion
of easily available fossil fucels the relative industrial
importance of celiulose and related products as a renswable
resource may well increase (Colvin, 1980a). Clsarly, if
this becomes the case, the ability to accelerate or modify
the process of cellulose biosynthesis would be valunable.
Beforc this objective could be achieved, we must have a
detailed knowledge of the blosynthesis 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 demonstrale the in
viao blesynthesisg of cellulose.

B, THE STRUGTURE OF CELLULOSEH

B.1. The chemical structurese of cellulose

Pure cellulose ig 2 linear polysaccharide consisting

of D-glucopyranosyl residues with the chair configuration,

linked by 5(1~4) glucosidic bonds. The molceeule has a




high degree of pclymerization (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 (sse Fig. 1).

Fig. 1 Cellobicse, © carbon § ® oxygeny ~~-- hydrogen bond,

There are intrachain hydrogen bends within the cellobicse
units between the 0-3H grcup and the 0-5 atom of the next
residue, suggesting that the cellobiose units kavse a bent
conformation along the chain (Blackwsll, 1982). The des-
eripgtion 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 ¢f steric clashes, while obeying the demand that the
chain should have a two-fold screw axis ard a projected
residue length of 5.15 Z. TFurther calculation has shown
that the total Van der Waal's energy lies cloge to a miniwmum,
displaced from it slightly to allow for the intrachain

hydrogen bond. This is a major factor contributing to the




high stability of cellulose (Preston, 1974).

The description of the cellulose of the crystallog-
raphers and orgaznic chemists given above must not be confused
with the empirical definition of native cellulose, which is
based on the insolubility of ccllulose in alkali. The term
o-cellnlose was introduced in 1947 by Wise and Ratliff to
deseribe the 24% KOH-insoluble fibrous residue obtaired upon
the extraction of a mixture of polysaccharides such as those
found in delignified wood pulps. This fracticn has been
shown to contain predominantly glucose, but also a small but
significant amount of noun-glucosc residues, mostly xylose and
mannose. These non-glucose residues may be integral to the
microfibril ag part of individual heteroglycan chains contain~
ing predominantly glucose, or as separatevchains containing
little or no glucose mixed with the oubter 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
(Northeote, 1972; Katd, 1981).

B.2. The physical siructure of celluloge

The microfibrilior structure of cellulose is a conse-
quence of the individual glucan chains associatiﬂg via inter-
molecular hydrogen bonds between hydroxyl groups. A4s a
result of this, cellulose ie very stable end is insoluble in
all solvents except those which cause hydrolysis ol the glyco-
sidic linkages between the residues,or those which break the
hydrogen bonds between the chains (Colvip, 1980a).

In the nineteenth century Carl von Nigsli 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 wavelenglh of 1ight and were very much longer than broad,.
The crystallinily cf the malerial was dsduced from its appear-
ance under the polarizing micrescope and the fact that the

crystals were separate long bthin entities was dedvced from
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the swelling behavicur (Preston, 1974). NHgeli'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 bhackbone 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 preclpitation of native cellulose
from solution leads to cellulose II formation and this
cellulose T-—w=IT transition is irreversible, Thie implies
that cellulose II is the stable form while that of native
cellulose I is a metastable structure {(Blackwell, 1982).
Cellulose I is unstabile by 2cal/gm‘plus an undetermined
inerease in entropy with respect to cellulose II (Colvin,
1980a)., Cellulose III can bs prepared from cellulose I or
IT 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-
fibrillaxr cellulose from a variety of plants. Meyer and
Migseh {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 stetistical analyeie, and by analogy with the
chemically and functionally similar polysaccharide, &-chitin
(Northcote, 1999). However, it is now thought that the stat-
istical analysie used by Meyer and Misch is invalid (Gardner
and Blackwell, 1974). Gardner and Blackwell (197.) found

that the chainsg in the unit cell aof Velonie cellulose were

parallel and thalt the parallel chain model was favoured over

antiparallel chains by 200:1. The unit cell was fourd to

&
be monoclinic¢, with dimensions a = &.17 2, b = 7.86 &,




¢ = 10.38 K anc a ¥ angle of 9?7. The structure contained
an 02'-H.....00 intramolecular hydrogen bond in addition to
the previously chbserved 03-H.....05%' intramolecular hydrogen
bond. Thus, there ave iniramoleculer hydrogen bonds on both
sides cf the glucosidic linkage which should increase the
stiffness of the externded conformatien. There is also a
06-H.....03 intermolecular bond along the a axis (see Fig. 2),
(Blackwell, 1982).

.

truocture of cellulose I. (A) ab projection
looking along the chain axecs}; BS ac projections
¢) tydregen bonding network in the sheet parsllel
to the ac plane, IFrom Blackwell (1982).

S
¢
4
(




A model for the unit cell of cellulose I1 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
cellulosge IT (Blackwell, 1982). 1In conclusion, it appears
that native cellulose has an extended chain confermation,
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 chaing within the
microfibril 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 IT.
Cellulose II synthesis would require a sophisticated synthe-
tic apparatus, with two diffsrent 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, bhere is still
conglderable 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 bagic 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
nw in marine algae (Colwvin, 1980a). The clementary fibril
concept envisages an extendsd, uniform, crystalline sub-
division of the microfibril which is about 2.5 nm in breadth.
Aggregates of these units surrounded by a cortex of less
crystalline, although s5till longtitudinaliy orientated
polymer chains make up the microfibril (see Fig. 3). Hewever,
muck of the evidence for the existence of an clementary
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Fig. 3. The elementary fibril concepl of microfibrillar
structure. From Northcote (1969)

fibril is the resulv of the misinterpretation of wisual
images and electron scattering (Colvin, 1980a). Thus, it
must be concluded that the case fovr a uniform 3.5 nm ele-

mentary fibril is as yet unproven.

B.2.2. Folded chain models of microfibrillar structure

This concept of micrcfibrillar structurc was derived
from the field of synthetic polymers, and was popular in
that 1t easily explained the prevalent viewpoint of the time
that the glucan chains were antiparallel, The microfibrils
were thought to censist of folded chains, the folds being
parallel to the axis of the microfibril (see Fig. 4).

-,
- o "
Ll
o oy y —
¢ p 1 o
o
J4

L.S.

Fig. 4. Tolded chain model of Marx-Figiri and Schulz (1966).
From Northecote (1969).




The folded chain models are now not thought to be

correct for the following reasons:-

1) Thecvetical and experiwental studies on the elasticity
of the crystalliné regiong cof the microfibril exeluded the
possibility of folded chains (Colwin, 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 MeGinnis, 1971).

3) X-Ray diffraction studies combined with stetistical
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 micerofibrillar structure, the individ-
ual glucan chains pass repeatedly from reglons of disorder
within the wmicrofibiil, to regioms where Lthe chalns are
part of a periodic lattice or crystallite (see Fig. 5).
Stockman (1972) argues on thermedynamic grounds that such
en alternation of ordered and digordered regions =long
the length of the microfibril must occur, and indeed these
regions of disgorder have been observed by staining with
silver (Preston, 1974). Where the chains pass from a
crystallite %o a region of disorder, a "fringe" of less

ordered chains will be created around the crystallite.

This model is probably the best reprssentation c¢f native

microfibrillar structure to date (Colvin, 1980a).

Regardless of whichever model for microfibrillar
structure is favecured, if the non-glucose residues found in
such fractione as« -cellulose are indeed integral to tlhe

microfibril, then iLhey must be present in the less crystal-

Tine rvegions of the miecrofibrii. This has been confivred
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Fig. 5. The fringed micelle concept of micrcofibrillar
structure.

by Dennis and Preston (1961) who demonstrated that the
crystalline regions of the microfibrils of elm wood cbtained
by H2804 degradation contained only glucose, and that they
could only be obtained under conditiens that destroyed the

integrity of the microfibril.

C. CELLUT.OSH BIOSYNTHESLIS IN HIGHER PLANTS

The biosynthesis of cellulose can be divided conceptually

into two stages:-

1)} synthesis of the 6’(1»4) glucan chains
2) assembly of the cellulosic microfibrils.
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C.l.  The syntaesis of 4%)L1u4} glucan

C.l.l. General polysaccharidse biosyrnthesis

Polysaccharide bicsynthesis ig thought to iavolve

sugar-sucleotides as precursors. Thermodynamically, they

are very favourable substrales since lLheir free energy of

hydrelysis 1s considerably more negative than that of other i

glucose compounds (sce Table 1.).

lPossible precursor A¢® cal mole™
JDPG ~-7,600
«~D~zlucosz phospate -4, 850
R (L-4) link in glycogen -4, 350

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

A general schemne for polysaccharide biosynthesis is

shown in PFig. 6, in which ihree distinct stages can be

recognised.

I"irst, the gluccse vesidue is activaited, resulting

in the formation of a sugar-nucleotide. In the second
stage, glycosidic honds ars formed by transfer of the sugar
residue from the sugar-nucleotide to an accepvor molecule,

which may be a pclysaccharide, phospholipid, glycophospho#

{ipid, protein or glycoprotein. The last stage, if it

occurs, 1s knaown as transglycosylation and results in the

formation of chain branches. A transglycclase attacks a
giycogidice linkage a® a point in the chair forming a glycosyl
enzyme complex, or a atabilized cardocnium ion. The severed
chain fragment ig then transferved tc another site on the
volyeaccharide molecule. The net cost in energy of ithe incor-

poraticn of one sugar residue inte a polysaccharide is thus

one molecule of ATP plus one molecule of nucleoside tri-
phosphate (NTP).
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Fig. 6. General scheme for polysaccharide biosynthesis.
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C.l.2. The pugar-nucleotide precursors of cellulose

biosynthesis.

There have been three main approaches to the study of

the sugar-nucleotide precurscrs of cellulose biosynthesie:-

1) research utilising cell-free cnzyme preparations.
2) the use of more intact systems, such as cotton fibres,
suspension-cultured cells and tigsue slices.

3) én wvive studies.

C.l.2.1, Investigations on the sugar-nucleotide precursors

of cellulcese biesynthesis utilisging cell-free

enzyme preparationg.

C,1.2.1.1. The sugar-nucleotide precursors of f-pglucan
r4
synthesis.,

The enzymes Involved in the synthesis of plant cell
wall polysaccharides are particle~bound when isclated., This
suggests that they are contained within lipoprotein mem-
branes, or they are firmly attached to these membranes. A

cell-free homogenate is ineubated with a2 sugar-nuclsotide

precursor, followed by an analysiaz of the insoluble products.

The use of such crude enzyme preparaticns has a number of %

inherent problems which will be discussed in a subseguent
section (p 23).

The discovery of uridine diphosphate glucose (UDPG)

led to the suggestion that it may be a precursor for B-glu-
can biosynthesis. Such a role for UDPG was first discovered
by Glaser (195¢), who demonstrated the synthesis of a

A (1-4) glucan from UDPG by a cell-free extract of the
cellulosic bacterium Acetolacters xylinum, Neither (3-1-P

nor glucose would act as a substrate for this systen.

The nature of the injtial gilucose donor for higher




plant cellulose biocsynthesis is not so clear. 1In 1958,
Feingold ef @l isolated a particulate enzyme preparation
from the mung bean Phaseolus aunreus which catalysed the
synthesis of B (1-3) gluecan from UDPG. The authors also
observed UDPG:B(1-3) glucan glucosyl-transferase activity in
particulate preparations from cabbage, spinach., parsley
“and zucchini squash. This UDPG:g(1-3) glucan glucosyl-trans-
ferase activity has subsequently been shown to be of wide-
spread occurrence in particulate preparations from higher
plants including 7. aureus (Villeméz et afl, 1967; Flowers

et of, 1968; Batra & Hassid, 1969; Chambers & Elbein, 1970;
Clark & Villemes, 1972), Lupinus «llus (Flowers et af, 1968;
Larsen & Brummond, 1974), Pisum sativumn (Brett & Northcote,
19753 Chao & Maclachlan, 1978; Raymond ef af, 1378),
Gossypium hiasitum (Heiheger & Delmer, 1977; Bacic & Delmer,
1981}, Avena sative (Tsai & Hassid, 1971, 1973%) and
Triticum vulgane (Peaud-TenoBl & Axelos, 1970).

Initial work implicated guanosine diphosphate glucose
(GDPG) rather than UDPG as the sugar-nucleotide involved in
higher plant cellulose biosynthesis. Barber ef «f (1964)
obtained a particulate enzyme preparation from 7. aureus
which catalysed the incorporation of glucose from GDPG into
B(1-4) linked glucan. UDPG, ADPG, 7DPG, CDPG, G-1-P and
glucose were unable to act as glucose donors for B (1-4)
glucan synthesis with this system. The authors also found
GDPG: B(1-4) glucan glucosyl-transferase activity in partic-
ulate preparations from pea, string bean and corn. The
presence of GDPG: B(1-4) glucan glucosyl-transferase activity
has been confirmed in particulate preparations from §. Als-
suium (Barber & Hassid, 19€5; Delmer ef «f, 1974), P. sativun
{Ray et af, 1969; Hinman & Villemez, 1975), L. allus
{Brunmond & Gibbons, 1964; Flowers e? al, 1969) and 4.
sative (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 B({1-4) linked glucose homopolymer {see ppR3-25).
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UDPG has also been shown to act as a precursor for
B(1L-4) glucan synthesis in particulate enzyme preparations
from P, avacus {Villemez ei af, 1967; Clark & Villemez, 1972),
L. alBus (Brummond & Gibbons, 1964; Stafford & Brummond,
19703 Larsen & Brummond, 1974), 4. 4aitive (Ordin & Hall,
1967; Tsai & Hassid, 1971, 1973), ¢. hirsutum (Bacic &
Delmer, 1981), P. sativum (Ray et e, 1969; Shore et af,
1975 ; Chao & Maclachlan, 1978; Raymond et «Z, 1978).
However, it is possible that the UDPG:#B(1-4) glucan glucosyl-
transferase activities observed in preparaticns from dicoty-~
ledonous plants are involved in xyloglucan rather than
cellulosge synthesis as suggested by Ray (1975, 1980) and
Villemez & Hinman (1975). UDPG can act as .a substrate for
the synthesis of both B(1-3) and B(1-4) linked glucan in
preparations from several plants (Villemez 2Z cé, 1967;
Crdin & Hall, 1968; Peaud-LenoBl & Axelos, 1970; Tsai &
Kassid, 1971, 1973; Clark & Villemez, 1972; Smith & Stone,
1973 ; Larser. & Brummond, 1974; Chao & Maclachlan, 1978;
Reymond <2 «€, 1978; Bacic & Delmer, 1981l). In oat, wheat
and rye, UDPG can act as a substrate for the synthesis of
mixed linked B(1-3) £ (1-4) glucans (Ordin & Hall, 1968;
Psand-Lenokl & Axelos, 1970; Smith & Stone,1973§) and in
the case of rye the glucans formed were similar to those

found {a wvivo in this plant (Smith & Stonc, 1973 ap).

The above evidence suggeets that B-glucan synthesis
in plants may be mediated by a number of enzymes utilising
UDPG, GDPG or both. Additional evidence that B -glucan syn-
thegis is net mediated by a siﬁgle enzyme with a broad sub-
strate specificity is as follows:-

1) Brummond & Gibbons (1964) demenstrated that the synthesis
of B{1l-4) glucan from UDPG and GDPG by particulate prepara-
tions from L, alfus was additive rather “than competitive.
This suggests the presence of two separate enzymes utilieing
different substrates.
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2) Shore & Maclachlan (1973) found four B (1-4) 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 B-glucan synthesis have been found
te differ in cofactor requirements, pH optima and in Km
valtes.

4) Chambers & Elbein (1970) separated UDPG: Z{(1-3) from
GDPG: B (2-4) glucan glucosyl-transferase activity in 2. cureus,
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: B(1-3) and UDPG: £(1-4) glucan glucosyl-
transferase activities from A. safivae coleoptiles.

In conclusion, it appears that the in wvifzrc synthesis
of B(1-3) glucan utilises UDPG as a substrate, while the
sugar-nucleotide precursor for in vitzo B(L-4i) glucan
synthesis could be UDPG, GDPG or both. fHowever, the observed
rates of in vitno B(1-4) glucan synthesis in higher plants
are much less than the observéd rates of cellulose syhthesis
(Barber ef «f, 1964; Shore & Maclachlan, 1975). The rela-
tive ease by which én vifac B(1-3) glucan synthesie is
obtained can probably be explained by the fact that plant
tissues deposit B(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 B(1-3)
giucan, which is not normally a majoer constituent of plant
cell walls.
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C.1.2.1.2. The conditicns reguired for ﬂ-gluaan synthesis

in witnao

In witro studies on B-glucan synthesis usually involve
the homogenisation of plant ftissue, isolation of a particu-
late enzyme by differential centrifugation, and incubaticn
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

engyme to form B-glucan irn wviize.

1) Conditions under which the plant is grown. Clark &
Villemez (1972) found that the properties of the particulate
P-glucan synthetases obtained from 7, euneus were affected
by the temperature at which the seedlings were germinated.
When the seedlings were germinated at 21 C, a1l of the
alkali-insoluble pluecan formed from UDPG by the isolated
enzyne particles was /8 (1-4) linked. After germination at
26°C, the alkali-insoluble glucan was contaminated with
polysaccharide containing 8(1-3) linked gluccse.

2) VNature of the buffering compoment 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, auseus UDPG~utilising enzymes (Clark &
Villemez, 1972). Elbein (1969) found that in preparations
from the same plant, GDPG: B(1l-4) glucan gluccsyl-transferase
activity was slightly inhibited by phosphate buffers.

3) The method of hissue homogenisation. The method used

for tissue homogenisation was not found to influence the
properties of the enzyme(s) utilising UDPG in P. qureus

(Clark & Villemez, 1972), although i1t has been found to alter
the physical properties ol the particles produced (Ray e? af.
1.949). However, Maclachlan =i «f {1979) found that preparations
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Protective agent References
DTT Lui & Hassid, 1970; Heller &

Villemez, 1972a,b; Hinman & Villemez,
19753 Delmer eif af, 1977; Raymond
el al, 1978; Ray, 1980.

B S A Tsai & Hassid, 1971; Clark &
Villemen, 1972; Heller & Villemes,
1972a,bs; Ray, 1980,

sucrose Villemez et af, 1967; Chao &
Maclachlan, 1978; Ray, 1980C;
Barber, 1982,

PV P Barber & Hassid, 1965,

P E.G Maclachlan e£ a4, 1979; Carpita &
Delmer, 1980.

EDTA Lui & Hassid, 1970; Hopp ef 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. saeilivum were more active in synthesising alkali-
insoluble #g-glucan from UDPG when the tissue was homogenised
by fine chopping with razor blades, rather than grinding in

a mortar and pestle or homogenisgation in a Polytron homog-

eriiger,

4) The inclusion of protective/stabilising agents. The
H-glucan synthetases tend tg be unstable and denature over

a pericd of hours even at 0 C. For this reason a number of
protective agents have been routinely added to homogenisation
snd reaction media to stabilise bhe 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 ei «f (1964) and
Lui & Hassid (19%0) found that after(NHQ?OA extraction of

P. aunreus 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: B(1~4) glucan glucosyl-transferase actiiity could be
observed. Elbein (1969) demonstrated that particulate mann-
osyl transferase activity utilising guancsine diphosphate
mannose (GDPM) in P, auaeus was strongly dependent upon the
addition of magnesium cations to the reaction media. Ko
such requirement for B(1-4) glucan synthesis from GDPG was
observed by these authors. Feingold et «f (1958) found that
divalent cations promoted the synthesis of #(1-3) glucan
from UDPG in P. auzeus systems. However, Larsen & Brummond
(1974) found that magnesium chloride inhibited A(1-3) glucan
synthesis, but stimulated B (1-4) glucan synthesis from

UDPG in a digitonin~solubilised enzymc system from L, «flus,
Tsai & Hassid (1971) demonstrated a similar stimulation of
golubilised UDPG: B (1-4) gluean glucosyl-transferase activity
in A, saeiive. In particulate enzyme preparations from .

Zea mays, Ray (197%) found thal UDPG:Bglucan synthctase




assayed at micromolar concenlraticns of UDPG required
magnesium catioms. UDPG: glucan synthetase assayed at 0.1

mM UDPG had no roquirement for divalent cations.

T'rom the above section it is clear that the requirement
for divalent cations in glucosyl transferase activity
appears Lo vary according to the source of enzyme, and on

the method of enzyme preparation.

¢) The presence of glucose and various glucosides. The
vresence of glucose and varicus glucosides in the reaction
medium has sometimes been found to stimulate £L-glucan
synthesis from sugar-nucleotides. An activator (which

could be glucose or a variety of glucosides) was found by
Feingold et «f (1958) to be required for #(1-3) glucan syn-
thesis from UDPG by the digitonin solubilised, but not the
particulate enzyme, prepared from P. auseus, No such acti-
vator requirement was found for the én vifro synthegis of
B(1-4) glucan from GDPG with solubilised or particulate
enzyme from this plant {Barber e af, 1964; Lui & Hassid, 1970).
Tsai & Hassid (1971) found that cellobicse stimulated the
synthesis of both B(1-3) and B(1-4}) glucan synthesis from
UDPG ir enzyme preparations from A. sefivae. Cellobiose was
also found to stimulate glucan synthesis from GDPG but not

from UDPG in particulate preparations from P. saiivum epicotyls
(Spencer et «&, 1971). B (1-4) glucan synthesis from UDPG was
stimulated by glucose in particulate enzyme preparaticns and

by glucose, methyl-B-D-glucopyranoside and cellobiose in sol-
ubilised enzyme from L. affwus (Stafford & Brummond, 1970;
Larsen & Brummond, 1974). In particulate preparations fron

G. finsutum, it was found that £ -linked glucosides stimulated
UDPG: B (1~3) glucan glucosyl-transferase activity at, or

above 50 uM. Below 50 pM UDPG, UTP had also to be added to

the incubation medium to obtain stimulaticn by #-glucosides.
This stimulation by £-linked glycosides and UTP at low UDPG
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concentrations was less than that in detached fibres (Delmer
et aé, 1977; Heineger & Delﬁer, 1977). Thomas et af¢ (1969)
observed the stimulation of B(1-3) glucan synthesis from
UDPG by glycerol in a variety of plants. This stimulatory
effect of glycerol was completely inhibited by erythritol.

In 195%, Glager reported & requirement for high molecular
weight (#.W ) soluble cellodextrans for the cell-free syn-
thesis of cellulose in preparations from Acelobaeciler xylin-
i, It was suggested that the cellodextrans were acting

as primers. Cooper & Manley (19752) also noted a stinulation
in the yield of alkali-inscoluble glucan from UDPG when cello-
dextrans larger than cellotetraose were added to A. xylinum
membranes, and they concluded that it was due to both priming
and activating effects. However, in both the plant (Fein-
gold et a¢, 1958) and bacterial cell-free systems, the cello-
dextran concentrations required for stimulaticn were far in
excess of that expected for efficient primer action. Indeed
Feingold et af (1958) demonstrated that excgenously added
Dzxglucose wag not incorperated into the products. This
suggests that the stimulatory efifects of these glucosides

are due to enzyme activation rather than a priming action.
Thomas et af¢ (1969) demonstrated that the activation of UDPG:
glucan glucosyl-trensferase by polyols was stereospeecific,
requiring three closely associated hydroxyl groups. It
should be noted however, that this system is unusual in that
the sllosteric 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, £(1-3) glucan was the main product formed,
while with 10 :pM UDPG, 8(1~4) glucan predominated in both
digitonin-solubilised and particulate enzyme from A, sative,
4 similar increase in the ratio of'ﬁ(l-B):‘ﬁ(l-A) linkages

in the products with inercasing UDPG concentration hasg been

observed in particulate preparations from A. safive (Ordin
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& Hall, 1968}, Lolium muliiflorum {Smith & Stone, 1973a),
P, sativum (Chap & Maclachlan, 1978; Raymond et «f, 1978),
L. afbus (Stafford & Brummond, 1970), 7. vulgare (Peaud-
LenonBl & Axelos, 1970) and P. aureus (Clark & Villemesz,
1972). However, Heineger & Delmer {(1977) found that UDPG
concentration had no effect upon the nature of the product
(a linear #(1-3) glucan) in detached cotton fibres.

A number of workers have shown that for a given increase
in UDPG concentration, there is a disproporticnately large
increase in the amount of B(1-3) glucan formed. Thig suggeets
that UDPG: B (1-3) glucan glucosyl-transferase ig substrate-
activated. Substrate activation by UDPG has been noted in
particulate enzyme preparaticns from A. 4aefivae (Tsail &
Hassid, 1973), L. nuétiflorum (Smith & Stone, 1973a).” .P.
sativum (Raymond e# al, 1978) and G. hireutum (Delmer et af,
1977). Tsai & Hassid (1973) postulated that this substrate
activation was due to the binding of UDPG to the enzyme
causing a conformaticnal change and thereby an activaticon of
the enzyme.

Varying the concentration of GDPG in the incubation
medium has not been found to.alter the nature of the linkages
ir the glucan product. However, increasing the GDPG concen-
tration has been found to increase the pericd of incorpor-
aticn into polysaccharide products in partieculate prepsra-
tions from P. safivum (Hinman & Villemez, 1975). Brett
(1981s) found a similar phenomenon in tissue gslices from
the same plant. To date, there have been no reports of
substrate activetion of higher plant GDPG:A(1-4) glucan
glucosyl-transferases. 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 §ystems (Villemen, 1971) and tissue slices
(Brett, 198la).

8) The presence of other sugar-nucleotides in the reacthion
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media. A major drawback with the particulate enzyme prep-
arations used in the study of plant cecll wall polysaccharide
biosynthesis 1s that they contain a large amount of endogen-
ous polysaccharide relative Lo the amcunt of radioactive
sugar incorporated from added radicachtive sugar-nucleotides.
As a result, most of the information that can be obtainecd
about the newly synthesised polysaccharide ig restricted to
the immediate vicinity of the radioactive sugars. Any con-
tribution of sugar residues from endogenous sources may
eaglly go unnoticed, since these contributions would be non-
radioactive. This is aspecially important in view of the
fact that a large number of plant cell wall polysaccharides
are heteropolysacecharides. To overcome this problem,
investigators have studied the effect of exogenously supplied
non~radioactive sugar-nucleotide upon the incorporation of
radioactiviity from a different, radicactively labelled sugar-
nucleotide. The effect of exogenously supplied non-radio-
active suganr-nucleotides can be studied kinetically, or
gtructurally, to determine whether or not the nature of the
produets changes.

GDPG was initially thought to be a substrate for higher
plant cecllulose biosynthesis. However, it was subsequently
discovered that the addition of non-radicactive GDPM to an

incubation medium centaining radioactive GDPG, resulted in

a stimulation of the incorporation of radiocactivity into
polysaccharide. This effeet was fourd in particuvlate and
solubilised enzymes frem 7. auzeus {Barber et af, 1964;
Villemesz, 1971; Heller & Villemez,1972r; Barber, 1982) and
in particulate prepavrations from 7., sativum (Hinman & Ville-
mez, 1975) and §. hiasutum {Barber & Hassid, 1965). Barber oz af
(1964) analysed the products from GDP—14C—G alone and from
GDP-*4G-G + GDEM by partial acid hydrolysis in fuming HOL.
Partial acid hydrolysis of the products from GDP—léG—G

resulted 1n the cellodextran series of oligosaccharides.

When GDPM wes also present in the incubation medium, partial

acid hydrolysis of the prcducts also resulted in the cello-

dextran series but there was an additional oligosaccharide
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series, presumably mannosyl-glucose containing cligosacchar-
ides. This was confirmed by Elbein (1969). PFrom these
results, Barber et af (1964) concluded that the product from
GDPG was indeed a B (1-4) glucan (claimed to be cellulose)
and upon the addition of GDPM, an sadditional glucomannan (sec
Fig. 7) was synthesised.

~4)-pg~-D-Manp~{1-4)-B-D-Glcp-(1-4)-A-D-Manp-(i-

Fig. 7 Glucomannan

Villemez and co-workers (Villemcz, 1971l; Heller & Villemen,
1972a; Hinman & Villemez, 1975) undertock a detailed kinetic
analysis of the GDPG and GDPM utilising systems of P, aureus
and P. sailipum. It was shown thal the reaction utilising
GDP-14C—G alone was over within a few minutes. The presence
of GDPM extended the period of reaction from GDP*lAC-G,
resulting in an overall stimulaticn of the incorporation of
radiocactivity into the polysaccharide products. However,

no stimulation of the initial rate of reaction (V.) from
GDP~140—G was observed upeon the addition of GDPM ;t any
concentration. It was therefare concluded that glucomannan
was the sole product from GDPG in these systems gince, if
the observed stimulation by GDPM was due to the action of an
additional gluccwmannan-synthesising enzyme system, an increase
in V, snould be detected. Further svidence was quoted by
Villemez and co~-workers that would suggest that only a
glucomannan is produced from GDPFG (n vitao:-

1) Total 146 nolysaccharide and alkali-insaluble 140*p01y-




saccharide exhibit similar kinetic patterns ag a function
of GDPM concentration,

2) In a study on solubilised manncsyl and glucosyl trans-
ferases, Heller & Villemez (1972n) 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 aceeptor molscule for sustained
activity

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

d&) GDPM is a weak competitive inhibitor of the glucosyl

transferaas.

At first sight these resultes would appear to contradict
the results of Barber ef «f (1964). However, Flowers et af
(1969), using acetolysis rather than partial hydrclysis 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 of «¢f (1964) to detect
glucomannan synthesis from GDPG on its own. It was postulated
that these mannosge-containing oligosaccharides were only
observed upon the additien of szM to the incubation medium

C

the increased proporticn of mannose present in the products.

due to the increased amount of ~-polysaccharide formed, and
On the basis of the evidence presented above, it is now

widely thought that glucomannan, not cellulose, is the product
from GLDPC regardless of the presence or absence of GDPM in

the incubation.

More recently the role of at least the golgi-associated
UDPG: B (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
incorporaticn of radicactivity from UDP*lAC—xylose into

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

-4)-8-D-Glcp-{1~4)-8-D-Glcp-~(1- 4)-B-D-Glcp-(1-

6
|

1
«~-D-Xylp

Fig. 8 ZXyloglucan

Thus, it is possible that this i1 the role of the golgi
associated UDPG&AS(I—AJ glucan glucosyl-transferase activ-

ities demonstrated in vitao.

9) Soluble factors found in tissue homogenates. Soluble
factors in tissue homogenates have been found to modulate

the activities of Z-glucan synthetases. Ordin & Hall (1968)
found a heat-stable factor which stimulated the synthesis

of B{(1-4) relative to #(1-3) glucan in tissue homogenates of
A, sceliva. Chao & Maclachlan {1978) dcmonstrated the exigs-
tence of heat-stable, dislysable and a’hoat—labile, non-dialys-
able components from extracts of P. sefivum. Both components
primarily affected the amount of A(1-4) rather than £(1-3)
glucan in the products. The heat-stable, dialysable component
stimulated the producticn of B (1i-4) glucan. The heat-labile,
norn~dialysable suppressing factor appeared to bs a protease.

Recently, Aloni &2 ¢ (1982) found a stimulatory protein
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factor for #(1-4) glucan synthesis in the supernatant frac-
tion from cell-free prepearations of A. xyfinum_ When GTP,
PEG and the protein factor were included in the incubation,
14

C-G

were obtained that exceeded 40% of the (n vivoe rates of

in pitro rates of B(1l-4) glucan synthesis from UDP
cellulose synthesis.

10} The effect of membrane potential. Carpita & Delmer,
(1980) presented evidence that a membrane potential across
the plasmamembrane of detached cotton fibres (see PSG)

was required for cellulose bicsynthesis to oceur. Using
ionophores, Bacic & Delmer (1981) studied the effect of
artificially-induccd electrical membrane potentials on
B-glucan synthesis in particulate enzyme preparations from

Go hinsuium. 1t was found that a membrane petential positive
with respect to the inside of membrane vesiclcs stimulated
the synthesis of both B(1-3) and #B(1-4) glucan from UDPG.

It was shown that this was indeed due to an electrical mem-
brane potential and not a pH gradient. However, the B8 (1-4)
glucan formed was not highly crystalline since it was sal=-
ubilised by the acetic-nitric acid reagent of Updegraff (1969)
(see Section &..1.)

11) Solubilisation of B-glucan synthetases by detergent.

The detergent most commonly used is digitonin, in cencentra- K
tions ranging from 0.66%-8%. UDPG:H(1-3), UDPC:B8(1-4) & GDPG:A(L-4) -
glucan glucosyl-transferases have all been solubilised, and
in scme cases separated. Tsai & Hassid (1971) solubilised
UDPG: B (1-3) and UDPG: B (1-4) glucosyl-transferase activity
by extraction of particles Ffrom A. 4etfive in 8% digitonin.
Flowers 2% af {1968, 1969) found that ths activity of UDPG:£{(1-3)
glucan glucosyl-transferace was greatly inereased by digitonin
extraction, while GDPG: B(1-4) glucan glucosyl-transferase

wag unaffected. Chambers & Elbein (1970) found thalt UDPG:
B(1-3) and GDPG:B(1-4) glucan glucosyl-transferase from

P. auneus could largely be separated on the basis of their
differential solubilities in 0.8% digitonin - 0.5% BSA. 1In
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fact, the UDPG: £(1-3) glucan glucosyl-transferase could bec
partially solubilised in 0.5% BSA alone, suggesting a loose
attachment of the enzyme to the membranme. Solubilisation of
the glucan synthetases from L. aflus by 0.66% digitonin -
0.33% BSA resulted in an increasc in the ratic of £(1-4)
glucan to total glucan formed from UDPG (Stafford & Brummond,
1970). Lui & Hassid (1970) claimed to have obtained a solu-
bilised GDPG: B{1~4) glucan glucosyl-transferase by extracticn
of particles from P. curers in 1.6% digitonin - 0.05 M

sucroge in water. However, it was subsequently shown ithat the
engyme was not properly soluble since, after the enzyme was
concentrated by (NH4)2804 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 (1970), only trace amounts of mannosyl-
transferase activity were solubilised. These authors solubil-
ised both GDPG and GDPM utilising pglycosyl-transferase
activities from particles of P. cuaeus, by extraction with
0.5% Triton X-100 (Heller & Villemez, 1972 a,b).

In conclusion, it is clear that the conditions required
for in vitro g ~glucan synthesis are determined by a number
of factors, mostly concerned with the preservation of activity
during isolaticn, and also activation of the enzymes in the

incubation medium.

C.L.2.2. The use of more intact syetems to investiprate the

sugar-nucleotide precursors of cellulose,

In the more recent investigations on cellulose biosyn-
thesis there has been a tendency to use more inltact systems,
in which the integrity of the cellulose synthetase complex
may be beitfer preserved than in cell-free systems. Possible
problems with the use of the cell-free systems described

previcusly are outlined below:-
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1} Disturbance of the cellulose synthebase complex.

Cellulose biosynthegis is thought to occur at the plasma-
membrane, mediated by large synthetase complexes which may
have been visualised by electron microscopy (see ppi62-65).

It is quite possible that upen howmogenisation' 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 slterations in turgor (Ray,
19733 Delmer, 1977). Carpita & Delmer (1980) demonstrated
that by circumventing high turgor loss in detached cotbton
fitres by the applicaticn of a non-cell-wall-penetrating
osmoticum (PEG 4000}, the loss of synthetic activity upen
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 osmoitic concentrations only protected

25% of the activity relative to the intact controls (see
p. 36 ).

3) Membrane asymmetry. Membranes are regarded as aysmmetric
structures, partiecularly the plasma-membrane (Robinsocn &
Quader, 1981). As a result vesicles formed from cellular
membranes may have an orientation reflecting the in vivo
situaticon (i.e. outside-out), or they may be inverted (inside-
out). In terms of substrate aceessibility, inside-out
vesicles would be preferable since sugsr-nucleotides pene-
trate membranes only slowly (Depierre & Dallinger, 1975).

In plants it is not clear which orientation the vegsicles
formed take. However, in soiie animal systems the plasma-
membrane vesicles have been shown to be outside-out (Robinson &
Quader, 1981}, If this was the case in cell-free prepar-
ations from higher plants, little in wifzo cellulose synthesis

could be expected from exogenous sugar-nucleotide substrates,
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given that cellulose ig thought to be synthesised at the
plasma-membrane (see Section D.).

4) Interaction with cytoskeleton, There ilg scme evidence
that the organication of celluloge 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, Homogenioa-
tion destroys cellular compartmentation and as a result,
gubstances whose actions on particular processes were prev-
jously negli@ble nay noc longer be so. Chao & Maclachlan
(1978) found such an inhibitor in preparations from 2. safivun
(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 8(1-3) and R (1-4) glucan synthetase activities
from §¢. Airsutum are affected by eleetrical membrane poten-
tials. Thus, homogenisation may result in irhibitory mem-

brane potentials in the vicinity of the synthetase.

C.1.2.2.1. TInvestigations into the gugar-nucleotide pre-

cursors of cellulose biosynthegig using tissue-~

slices.

This system may be more faveurable for the detection of
cellulose synthetase, since the slieing of a cell may be
less disruptive than a more thorough homogenisaticn. It has
been claimed that P. sefivum epicotyl tissue-slices can
synthesise B~glucan frow extracellular UDPG by highly active
cell-surface synthetases (Shore & Maclachlan, 1975; Shore et
al, 1975)., These authors claimed that £(1-4) linked alkali-
insoluble glucan was synthesiscd when tissue slices were
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incubated with 600 uM UDPG. The synthetase activities
associated with the slices approachod'that of in wive
cellunlose deposition rates and were 20-30 times more active
than particulate enzyme preparations. However, it is now
thought that B(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.l.2.2.2. The locaticn of synthetic activity

Anderson & Ray (1978) demonstrated that this UDPG-
utilising cell-surface f-glucan synthetase actividty 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 ¢f the membranes.

It was further shown that UDPG was being used dirsctly,
and nol by breakdewn to glucose followed by uptake into the
cells, since the isopycnic density distribution of in wviwve
incorperated particle bound raedioactivity from UDP~lAC-G was
entirely different from that obtained by feeding with 140—
glucose in that there was no indication of the incorpcration
of radioactivity into the golgi system from upe-thoac. It
was argued frem these results that the UDPG: glucan glucosyl-
transferase activity was located at the external surface of
intact cells and was not due to untilicatien of UDP~140—G'by
tho damaged cells at the cut surfaces of the slicss.

Raymond el af (1978) lnvestigated in more detall 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 prcporticnal to the number of slices




inte which a pea eplcotyl segmeni was cut. There was little,
if any, lag pericd for the synthesis of alkali-insoluble
material, Thus, it was concluded that the Ub?—1404G was

not diffusing more than a few cell-layers into the slices.
The tissue-slices were plasmolysed in hypertonic, non-ionic
osmotica which have been shown not to inhibit synthetase
activities {n viizo, although under these circumstances,

the plasma-membrane retracts frem the wall and the deposition
ofF wall material is ichibited (Robinson & Cummings, 1976).
No inhibkition 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, end by Carpita & Delmer (1980) on detached
cotton fibres, where it has been shown that the plasma-
membrane must be ruptured before extracellular UDPG counld

act as a substrate forﬁz—gluean synthesis. Heceatlly,
Maclachlan (1982) has confirmed that it ig indeced the cut
cells at the surface of the slices that are respensible for
B-glucan synthesis from extruccellular UDPG. When tissue-
slices were floated in solutions containing UDP-Bh—G and
subsequently subjected to autoradiograpky, radicactivity

was associated only with the cut cells at the slice surface.
Radioautographs at the electron microscopice level further
demonstrated that synthesis was confined to regions where

the plasma-membrane remains inr conlaect with the cell wall
(Mueller & Maclachlan, 1980).

C.1.2.2.3, Properties of the UDPG-utilising onsyme system.

The enzyﬁe(s) utiliesing UDPG in tissue-slices appears
to be substrate-activated, requiring very high substrate
levels {(uM range) to saturate the system. The kinetic para-
meters of the slice system (pH, Mg2+ optimum, apparent Km)
were found to be siwilar to those of the less active partic-
ulate preparations from the zame plent (Raymond e¢ af, 1978).




C.1l.2.2.4. Nature of the reacticon products

It was initially thought that B(1-4) glucan was the
primary product from UDPG in the tissue slice system (Shore
& Maclachlan, 1975; Shore et «é, 1975). However, subsequent
workers have shown that the majority of the product is
A{1-3) glucan (Anderson & Ray, 1978; Raymond % af, 1978;
Heineger & Delmer, 1977). Brett {(198la) demonstrated that
GDPG could act as a substrate for the synthesis of alkali-
insoluble material containing B(l-4) linked glucose. As in
particulate onzyme systems, with low concentrations of
GDPG (1 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 sitimulate synthesis of product but
the reaction from GDPG alone could continue for up to 2
hours. This would suggest that puref(1-4) glucan is being
produced since endogencus sources of mannose required for
glucomannan gynthesis should be used up, at least in the
latter period of the incubation. Indeed, 4 greater propor-
tion of the products from the higher concentration of GDPG
resembled cellulose in terms of its insolubllity in 4.4 N
NaCH and increased M_W. .

C.2.2.3. Investigations into the sugar-nucleotide precursors

of cellulose bliosynthesis 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 tinme.

This cannol be done with whole plant organs or even single
tissuc types (Delmer ei al, 1974). Marx-Figini (1966) and
Marx-Figini & Schulz (1966) studied the synthesis of primary
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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 thelr rates of synthesis. The primary

ccllulose had a non-uniform DP and its synthesis wag slow,
while secondary cellulose had a homogeneous DP ( 14,000)
and was synthesised more rapidly. It was propesed that
primary and secondary wall cellulose were synthesised by two
distinct mechanisms and that the synthesis of A(1-4) glucan
from GDPG demonstrated in particulate preparstions from cotton
by Barber & Hassid (1965) may represent primary wall cellulose
synthesis, while secondary wall cellulose may proceed via
another enzyme system which may require a template to produce
the homogencus DP. That the enzyme for sccondary wall cellu-
lose synthesis might utilize UDPG as a substrate was indicated
by Franz & Meier (1969), who demonstrated that radioactivity
from UDP~140-G could be incorpcrated 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 inereasing age of the fibre, and was very
high in older fibres where secondary wall cellulose depcsition
was actively occurring. Delmer and co-workers investigated

» this model for celluloses bicsynthesis in detached cotton fibres
in detail. GDPG was found to be active as a substrate only
during the periocd of primary wall synthesis. The activity of
particulaete preparaticns from detached fibres of increasing
age followed a similar pattern (Delmer ef «f, 1974). The
incorporation into hot-zlkali-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-inscluble material containing £(1-4)
linked glucvse which was insoluble after extraction in the
acetic-nitric acid reagent of Updegraff (1969). However, it
was shown that 90% of the radicactivity incorporated from
UDP-4C-G into hot-alkali-insoluble material was scetylated
and non-acetylated steryl-glucosides (Delmer et afé, 197/
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Delmer, 1977). Since these molecules do not exhibit turnover
and are not good doners of glucose, they are not considered

to be involved in cellulose bicsynthesis. However, lraces of
glucosyl-phosphoryl~polyprenol of the type reported by Forsee
& Blbein (1972, 1973) (see p 48 } were ocecasionally
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 1if the glucosyl-phosphoryl-
pclyprenols 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 synthesig respectively.

1) Incorpcration from GDPG into the cellulosie product is
stimulated by GDPM, btoth in detached fivres (Delmer, 1977),
and particulate enzyme preparations (Delmer et «é, 1974).
This suggesbts the synthesis of glucomannan (see p.23)

from GDPG rather than cellulose.

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

3) Coumarin and 2,6 dichlorobenzonitrile (DCBN) are purport-
edly selective inhibitors of cellulose bilosynthesis {n vive
(Hara 2t £, 19733 Hogetsu et «f, 1974a). Both compounds were
found tc inhibit specifically the incorporation of radio-
activity from 140~g1ucose intoe the cellulose fraction of cotton
fibres cultured in véitno. Coumarin (1 mM) was equally effec-
tive in inhibiting cellulose synthesis in cultured ovules
synthesising primary wall cellulose and those synthesising
secondary wall celluloge. This suggests that priwmary and
secondary wall cellulose biosynthesis share 2 coumon coumarin-
sensitive sbtep in the pathway, implying one rather than two
pathways (Montezinos & Delmer, 1980). However, since the

mode of acltion of these inhibitors is unknown, it is possible

that they may be acting before a divergence in the pathways.
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4) Delmer and co-workers have shown that the polysaccharide
products from UDPG are £(1-3) not S(1-4) linked (i.e.
definitely not cellulose) in the detached fibre system.

With 0.5 pM UDPG, the vast majerity 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 & natural constituent of the fibre cell wall
which was deposited at the onset of secondary wall deposi-
tion (Maltby et «f, 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 1ﬁ0-glucose in detached cotton fibres. It was
found that detachment of the fibres from the ovule resulted
in the loss of 90% of the {n wive capacity for cellulose
synthesis. However, over 50% of the capacity for cellulose
synthesis in the detached fibre population was protected
when PEG 4000 (@.0émolal) 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 populaticns of cells,
50% of which could synthesis cellulose from 140—g1ucose at
rates comparable to intact controls, and 50% of which could
not synthesise cellulose at all as judged by radicautography.
Since all fibres detached in the presgence of PEG A00OD were
capable of synthesising polysaccharide from lAC—glucose,

and therefore both pepulations retained adequate energy
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supplies for polysaccharide synthesis frém glucose, it was
proposed that there was an additional requirement for those
fibres that retained the capacity fer cellulose synthesis.

It was hypothesised that a threshold membrane potential was
required for cellulose synthesis to ocecur and subsequently,
Bacic & Delmer {(1981) demonstrated that particulate B(1-4)

and B(1-3) glucan synthetases utilising UDPG were stimulated
by a pesitive potential with respect to sthe inside of vesicles
{see p. 27).

Thus a paradox may exist in the detached cotion 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.l.2. 4 ~ Investigations intc the sugar-nucleotide pre-

cursors of cellulose biosynthesis using suspens

sion-cultured cells.

Brett (1978) studied the synthesis of £-glucan in sus-
pengion~cultured soybean celle (Glyecine mux) from extracell-
ularly supplied UDPG. The product was shown to be af(1-3)
glucan and was synthesicged at a low rate in shaken incuba-
tionas. No evidence for the synthesis of 8(1-4) glucan from
UDPG was obtained. $(1-3) glucan synthesis was stimulated
thirty-fold when the incubation was stirred with a glass rod,
a procedure whieh was shown to damage some of the cells,
indicating that 5(1—3) glucan production was a wound response.

.1.2.5 ' In pive studies on the sugar-nucleotide precursors

of cellulose biosynthesgis.

In vivo studies on cellulose biosynthesis have centred
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upon the incubation of the system in use with a radicactive
source of carbon (14002, 14C~g1ucose, L4¢ sucrose) ang
subsequent observation of the kineties of the incorporation
of radiocactivity into possible precursorg and cell wall
components., In some of theses studies, use has been made of
the purportedly specific cellulose biosynthesis inhibitors,
DCEN and coumarin. These inhibitors have been applied in
wive to seedlings (Hara ef ad, 1973), Azuki bean epicotyl
sections (Hogetsu el «fZ, 1974a,.) and cotlon fibres (Montesz-
inos & Delmer, 1980). They were shown to inhibit cellulose

biosynthesis wlthoul significantly affecting non-cellulosic
polysaccharide biosynthesis. Thus these inhibitors may
prove useful in further {n wvive 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 flbres
in vivo. UDPG was the major sugar nucleotide found, with
steady-state levels of 0.2 pmol/boll at 13 days post anthesie
(DPA) which increased to over 2.1 yumol/boll by 24 DPA, just
pricr te the maximum rate of secondary wall cellulose and
£(1-3) glucan’ synthesis. The UDPG levels dropped precipi-

~ tously at the time when cellulose synthesis ceased. Sub-
sequently, fibres eultured in vitro with their ovules
{(undetached), were pulse-labelled with lAC—glucose. UDPG
was the predominant sugar-nucleotide to become labelled.
Measurements were made of pool sizes and the rates of labelling
of glucose, G-1-P and UDPG., These data were analysed using
a computef simulation model and it was shown that the rate
of UDPG synthesis and turnover was more than suffiecient to
account for the combined rates of synthesis of sucrose,
steryl-glucosides, £{(1-3) glucan and cellulose. The above
work of Carpita & Delmer is strong in wivo evidence that
UDPG is a preceursor for cellulose biosynthesis in lhe cotton

fibre,
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$.1.2.6. Conclusions on the sugar-nucleotide precursors of

cellulose biosynthesis.

From the previous sections, it ig clear that both
UDPG and GDPG can be ntilised for the synthesis of polysacc-
haride containing B(1-4) linked glucose, and there is sirong
én vévo 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 precurscors of cellulose. UDPG and
the enzymes by which it is synthesised are ubiguitous in
higher plants. However, this is of no great significance
since UDPG ie an impertant intermediate in a number of met-
abolic pathways other than cellulose biosynthesis. GDPG has
been formed from GIP and glucose-l-phosphate by enzyme ex-
tracts from peas, mung bean, spinwmch , buckwheat and parsley
(Barber & Hassid, 1964; Peaud-Leno®l & Axelos, 1968; Delmer,
1977 )., The fact that the capacity for GDPG synthesie in
plant extraects is ofter only found with difficulty or not at
all (Delmer, 1972 ; Delmer, 1977: Heineger & Franz, 1980)
does not exclude GDPG as a precurser, since the enzymes by
which it is synthesised may be extremely labile, It is also
vassible that GDPG may be synthesised by &n as yet undiscov-
ered pathway. However, GDPG itself does not appear to be
present in appreciable quantities in the plants investigated
(Elnaghy & Nordin, 1966; Boothby, 1972; Carpita & Delmer,
1981). It has been postulated that this may be due to rapid
utilieation 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-unucleo-
tide acting as a precursor for cellulouse biosynthesis must
not entirely be vuled 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




of glycosidase-~catalysed reactions favours hydreclysis, ir
vivo factors such as localised high substrate concentrations
or rapid utilisation of precducts, may induce polysaccharide

formation by this route.
Thus the question of the initial glucosyl donor of cell-~

ulose biosynthesis is an open gquestion. However, GDPG and
UDPG must be regarded as the most promising candidates.

C.1.3, The initial zacceptor of glucose

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

n.NDPG — (Glc)n+n.NDP

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

NDPG  + (Glc)x - NDP + (Glc)x+]

However, these simple reaction schemes may be an oversimpli-
fication and conceal rather more complicated biosynthetic
pathways, as has been shown to ke the case in the synthesis

of slycoproteins and bacterial-exopolynaccharides. 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 gluccse units to the growing

chain,

Very litile is known of chain initiation in thef-glucan
synthegis of plants. This is in contrast to the synthesis
of the« -glucans, starch and glycogen, where it has been
shown that synthesis occurs by transier of a single monomer
unit from a sugar-nucleotide te the non-reducing end of
accessible chains of prefeormed ox-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 alse inelude proteins and
glycoproteins as the initial acceptors for glycosyl transfer.
A protein primer has been found in the synthesis of starch
%(1-4) glucan in potato tubers. The synthesis appears to be
initiated by glucose transfer from UDPG to a protein and the
giucoprotein then acts as an acceptor for the synthesis of
the rest of the -glucan chain (Lavintman & Cardini, 1973).
Elongation of the glycoprotein by repeated transfer to the
non-redueing cnd of the glycene could result in the protein
compenents remaining at the core of the completed polysacce-
haride, Such a mechanism has been proposed for bhoth starch
and glycogen biosynthesis (landscarz & Cardini, 1978).

It is usually taken that B-glucan synthesis may require .
a primer in the same sense as starch or glycogen bicsynthesis.
However, added glucose and soluble glucosides have not been
observed to be incorpcrated into g-glucan chains in wiirzo,
The fact that debergent-solubilised enzymes are capable of
gynthesising #-glucan in the absence . of any added glucan
primer suggests that such external primers are not required
for gynthesis. Thus the acceptor for the first glucose
residue of the g-glucan must be part of the enzyme-complex,
or so tightly adsorbed by the enzyme that it is solubilised
with the enzyme by the aetion of the detergent. This sugges-
tion has a precedent in that it is often difficult te be
certain thaet an apparently purified senzyme does not contain
small but crucial amounts of tightly adsorbed primcr
polysaccharide (llawker et af, 1974). Howsever, if the primer
of B-glucan synthesis is an integral part of the enzyme
complex, then it is likely to be a protein, glyceprotein or
a lipid,

Franz (1976) demonstrated that particulate preparabtions
from P. auaeus could use UDPG to synthesise a glycoprotein

containing (1-4) linked glucose. Turnover experiments showed
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that the glycoprotein pessessed acceptor funetions for the
initiation and subsequent clongation of glucar chains. The
addition of isolated non-radiocactive glycoprotein to the
incubatiocn medium resulted in the enhanced synthesis of
alkali-insoluble glucan. Brett & Northcote (1975) demonstrated
the synthesis from UDPG c¢f a substance containing 8 (1-3) and

5(1~4) linked glucose oligosaccharides attached to or very
strongly adsorbed to protein in membrane preparaticns from

P. sativem. It was argued that the protein-linked oligo-.
saccharides were involved in 8 ~-glucan synthesis. Pont-Lezica
et af (1975) also summariscd evidence for a glucoprotein
containing £(1-4) linked oligoglucan in membranes from the
same plant. Nowak-Ossaric (1976) found celliulose tightly

bound to a protein fraction in colton 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 Chlorophycean alga, Prototheca zoplii, Hopp 2% al {(1978)
cbserved the possible priming action of protein in the
cellulose biosynithesie of this organism (see Section C.1l.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.

C.l.4. TIntermediate steps in the formation of £~eglucan.

Glueolipids, glucoproteins and short chain glucang have
all been suggested as intermediates in cellulose biosynthesis.

Studies with A, xyfinum and green algae have provided more

information on this question than have those on higher plants.
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Fig. 9. Colvirn's proposed scheme for cellulose

biosynthesis in 4. xylinum (After Colvin,
1980a)

————p proposed route of Aloni & Bengiman (1982)
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C.2l.4.). The case for glucollipid intermeédiates in A. xglinum

Colvin {1959) found that 80% ethanol extracts of A,
xylinum cells contained a substance which was rapidly con-
verted to cellulose microfibrils when placed in water. A
glycolipid wags isolated from the ethanol extract and was
rapidly converted to cellulosc when placed in an aqueocus
medium containing the extracellular Aceéofaecter enzyme (Khan
& Colvin, 16961 ). A similar extract from A. sative and P.
sctivem seedlings formed microfibrillar material when incu-
bated in a medium containing the extracellular bacterial
engyme (Colvin, 1961 ). The authors suggested that the above
result indicated that either the subtstrates 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 Aceiolacten
enzyme with an aquecus extract of peas. This is not unex-
pected however, sinceB-glucan synthetases in plants are
not soluble in water. Garcia et «f (1974), using ED T A -
treated cells which were subsequently frozen and thawed,
further investigated the possibility of glucolipid inter-
mediates. The authors agsayed the incorporation of radicac-~
tivity from UDP~IAC-G and UDP~lAC—galactose into the butanol-
goluble products which were shown to contain radicactively
labelled lipid diphosphate-d-glucose, 1lipid diphosphate-#A-
cellobiose and 1lipid monophosphate-f-galactose. The time-
courses of formation of the lipid diphosphate ~a-glucoge and
lipid-diphosphate-g-celloblose indicated that they rapidly .
reached plateadus 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 moieliss 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 1lipid pyrophosphate compounds, which were

attached to glucose, cellobiose and possibly cellotriocse




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 te be potent irhibitors of both lipid carrier

and cecllulose formation. However bacitracin, which in other
systems inhibits the dé&phospherylaticon of lipid diphosphate
to 1lipid phosphate, did not appear to inhibkit cellulose
synthesis. Prom the results of Kjosbakken & Colvin (1973)
and Garcia e e (1974), Colvin (1980a) proposed the scheme
shown in ¥ig. 9. It is interesting fto note that in this
scheme, celloblcse is the functienal unit in cellulose bhio-
synthesis, since for steric reasons it is an attractive unit
to act as a cellulose precursor (Delmer, 1977 ).

There remain & nunber of drewbacks to this scheme:-

1) VNeither Garcie et a@f (1974) nor Kjosbakken & Colvin
(1973) demonstrated that the purported glucolipid intermed-
iates had a precursor-product relationship with cellulose.
Garcia 2% a?¢ (1974) did note however, that in E D T A
treated cells from A. xylinum mutants lacking cellulose, the
glucolipids were not synthesised. Also, Aloni & Bensziman
(1982) demonstrated that coumarin and DCBN inhibited the
formation of gluecolipids in wvive and in witro. Thesc two
latter points add further indirect evidence for a role of
glucolipid intermediates in cellulose biosynthesis in A.

xylinum,

2) Couso et «f (1980) found that the lipid-.diphosphate -cell-
obicse formed by the system used by Garcia eZ «f (1974) is

in fact a precursor for a lipid trisaccharide identified as
f-mannosyl (1-3) ﬁ—cellobiosylﬂ:diphosphate prenol, with

JDPG and GDPM acting as glycosyl denors. Further doubt is
shed upen the results of Garcia et «f (1974) and Kjosbakken

& Colvin (1973) in that Sanderman (1977), using the same
methods as these groups, identified the disaccharide attached

to 1lipid as maltose, not cellobiose,




46

UMP Dol-PP-Glec
UDPG
UDPG .2 UDPG
UDp
D01 P 2 UDP
|
: Dal-P-Gle Dol-PP-(Glc)3
P, 4o
1 N UDPG
Dol-PP UDpP
w

\‘Dol—PP-(Glc)n

Protein -~
Protein—(Glc)n

GDPG
GDP

Cellulose

Fig. 10. Propased schemc for the synthesis of gluco-
protein and cellulose in P. zopfii. Dotted
lines indicate reactions not detected but
which probably ocecur. PFrom Hopp et «f, 1978.
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3) Aloni & Bengziman (1982) reported that UDP was a far

more potent inhibitor than UMP of the glucosylaticn of lipid-
socluble materials from UDPG in w»ifne. Indeed, the inhibitory
capacity of UDP + UMP did not exceed that of UMP alone. )
Thig is in contrast to the results of Kjosbakken & Colvin
(1973) and would suggest that UDP is the product of the
transfer reaction. Thus, & non-phosphorylated glucose moiety
must be transferred from UDPG o the acceptor in Aloni &
Bengiman's system. This would explain the lack of inhibjiticn
of cellulose synthesis by bacitracin observed by Kjosbakken

& Colvin (1973) (see Fig. 9).

C.l.t4.2. DBvidence for glucolipid intermediates in algae

and higher plants.

In particulate preparations from the Chlorophycean alga
Prototheca zopfii, Hopp et af (1978) demonstrated the syn-
thesis of lipid-phosphate-glucese, lipid~diphosphate.glucose
and lipid -diphosphate Z(1~4) oligoglucan (Glcn, n = 2-10).
UDP 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 &
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 et «f¢ (1978) is extremely impor-
tant and probably the best evidence for these intermediates,
since precursor~product relaticnships 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 vole of glucolipids in higher plant cellulose bic-
synthesis is unclear. Forsee & Elbein (1972, 1973) obtained
a particulate enuyme preparatiocun from cotton fitres which
catalysed the incorporation of glucose from UDPG into an
acidic plycelipid, the lipid portion of which was shown to be
a phosphoryl polyprenol. The glycolipid was acid-labile and
its synthesis was reverslible. 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
et af (1974) alsc demonsbrated the synthesis of glucolipid
materlal 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 1s not thought to
be involved in cellulose biocsynthesis (Delmer, 1977). Trace
amounts of an acidic glycolipid that resembled that
found by Forsee & Elbein (1973) were occasicnally found.
Brett & Northcote (1975) observed the synthesis from UDPG of
pcelyprenol-like-lipid linked via phosphodiester or pyrophos-
phate bonds to glucose oligosaccharides containing £ (1-3)
and B (1-4) links in mombrane oreparations from ». sativunm
roots. It was proposed that they may be intermediates in
B -glucan synthesis on the basis of the distritutiocn of
enzymic activitices and the chemical properties of the gluco-
lipids. The authors failed however, to demonstrate a
precursor-product relationship between the glucolipids and
B-glucan (Brett, personal communication). Other studies
have alsc failed to obtain evidence for the participation of
glycolipids during polysaccharide bicsynthesis (Barber ei aé,
1964; Storm & Hassid, 1972; Helsper, 1979).

G.1.4.3. The evidence for glycoprotein intermediates

Glycoproteins that may be involved as intermediates in

B -glucan synthcsis have been reported in higher plants (see
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pp4l-42 for refs), alpae (Hopp «¢ ¢, 1978) and bacteria
(Aloni & Benziman, 1982). In the case of the bacterial
glycoprotein, in w»ivo pulse-chase studies have demonstrated
a precursor-product relaticnship between a glycoprotein
which contained B(1-4) linked glucose, and celiulose. No
such relaticnship was demonstirated for the glycosylated
lipid in this systen.

C.l 4.4 Evidence for short-chain slucan intermediates

Golvin and co-workers have presented evidence for the
invelvement of a polymeric intermediate in the cellulose
bicsynthesis of A. xylinum. This will be discussed in
Sertion C.2. pp 52-55 ). Mortimer (1967) obtained results
suggesting the existence of a polymeric intermediatec in the
cellulose biosynthesis of beet and barley leaves. It was
demonstrated that a trichlorc-acetic acid-soluble glucosan
that gjs readily hydrolysed by cellulase, became labelled

16;

drawal of 14CO,J, a slow transfer of radioactivity from the

from 5 during short term photosynthesis. Upon the witk-
acid-sgsoluble glucan to acid-insoluble residual cellulose was
obgserved. Satoh ef af (1976) also raised the possibility of
a 5(1-4) linked polymeric intermediate in the {n vivo bio-
synthesis of cellulose in P. auneus. A cytoplasmic & (1-4)
glucan was found to have a similar distribution to UDDG:
glucan glucosyl-transferase activity after subcellular
fracticnation by differential centrifugation. The B{1-4)
glucan turned over and coumarin inhibited the incorporation
of radicactivity into the cytoplasmic # (1-4) glucan to the
same exbent as that into the cell wall cellulose of the

sesdling hypocotyl.

Using pulse-chase technigues in cotton fibres, £ (1-3)
glucan was found to have a high turnover. While radioactivity
12
in £ (1-3) glucan decreased after a pulse of Mo osuerose,

radicactivity in cellulosic #& (1-4) glucan increased (Meier
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et aé, 1981)., From thesec results it was argued that #(1-3)
glucan may te an intermediate in the synthesis of £{1-4)
glucan pcssitly mediated by £ (1-3) glucanases acting as
transglucosylases. However, it must be noted that there

was no evidence 1in the results presented by Meier el af

for a lag~phase of incorporation into cellulose with respect
to (1-3) glucan synthesis, which thus sheds some doubt upon
the conclusiong drawn. Further evidence against the conclu-
sions of Meier oX «l comes from the work of Maltby ef «f
(1979}, who failed to demonstrate turnover of B(1-3) glucan
in a similar cotton fibre system. It is interesting to note
however, that the 13(1—39 glucan gynthesis does coincide with
the onset of secondary wall cellulose synthesis. Also
Swissa et @ (1980) found that radicactivity which is incor-
porated inte A, xylinum cellulose, passes through water and
alkali-insoluble fractions which centained primarily £ (1-2)
glucan.

C.l.4.5. General conclusicns on internediates in cellulose

bicsynthesis

The previous section has surveyed the evidence for
intermediates beyond the sugav-nucleotides on the pathway
to cellulose. The case fer glucolipid intermediates must
be reparded as unproven as the evidence stands. Although:
the kinetics of formation of these glucolipids are coﬁsistent
with the idea that they are intermediates of a bicsynthetic
pathway, there is very little evidence to suggest that
they are specifically involved in cellulose biosynthesis.
Initially it was thought that the atitachment of a saccharide
moiety from an impermeant sugar-nucleotide to a lipid would
facilitate passage of the molecule through membranes although
this has not bcen 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 unresclved, 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 ). 1In view of the fact that Aloni & Benz-
iman (1982) have recently clearly demonstrated a precursor-
product relationship between & glucoprotein containing
#(1-4) linked glucose, and cellulose in ia »évo pulse-chase
studies on A. xylinum, the case for a gluceprotein inter-
mediate is reinforced, particularly since it is possible
that they may be functionally analogous to the proposed
glucoprotein precursor of ¢~glucan synthesis.

Cu2. The asgsembly of the cellulose picrofibril

The blosynthesis of cellulose poses an additicnal
problem over and above the synthesis of the B(1-4) glucan
chains of which it consisis. This is the formation of the
morphological entity, bthe paracrystalline microfibril with
the cellulose I structure. No in vifac system to date has
been able to produce this.

Varicus hypotheses have been suggested to explain the
Tormation of cellulose I microfibrils. Synthetie fibres
spun from solution, or extruded from melt and subsequently
drawn by several times their initial length, reveal a
fikrillar texture with longitudinally running echains and
cellulose microfibrils might be biosynthesised by a similar
mechanism. However, fibrillar material produced by the
ebove means consist of folded molecules with a predominantly
uniform period. Since present data strongly suggest that
native cellulose has an extended chain structure (see pps5-9),

spinning or extruding as a potential fibrillar growth
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mechanism is unlikely (Stockman, 19'72). The following
crystallisation conditions are known to produce extended

chain structures.

a) Blevated hydrostatic pressure:- application of 7000
bars during melt crystallization of polyethylene produces
extended crystals 100,000 £ long. However, since cell
turgor pressure is more than two orders of magnitude lower
than that applied above, high pressure cannot be involved
in celluleose biosynthesis (Stockman, 1972}.

b) Shear stress:- mechanical agitation, such as rapid
stirring during soluticn crystallization, generates fibrous
cerystals 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 ppl&-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 micrefibrils in 4. xyflinun.

Stage L - the synthesis of a soluble polyglucosan inter-
mediate

Stage 2 - subsequent extracellular association of these
pclyglucans to form a nascent microfibril which

forms a consilidated micro#ibril 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 btrensient inoluble polymer{s) of glucose, covalently
attached to the particles. It was removed from the particlos
by treatment with alkali and could form short segments of
microfibril when precipitated from alkaline sclution 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 B(1-4) glucan synthesised
from UDP-ldC-G was isolated and added to a standard enzyme
preparation containing non-radicactive UDPG, it becanme
alkali-insoluble after two hours (King & Colvin, 1976). It
was further reported that the propcsed intermediate polymers
emerged in a roughly linear fashicn from a polar, funnel-
shaped opening in the wall of the cell (Colvin et af, 19772;
Colvin & Lepgard, 1977). In agueous suspension, the emergent
filament of giucan 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 eore surrounded by an amorphous sheath. With
the progressive removal of water, the core became denser and
upon drying they formed e normal consolidated microfibril
(Leppard et ef, 1975; Colvin & Leppard, 1977). OQccasicnally,
occluded granules from the medium and associated swellings
in "nascent” micrefibrils were observed. It was argued from
“this that tip synthesis of the miecrofibril could not occur,
since this mechanism would push the granules aside rather
than enclose them. Thus it was postulated that the granules
were btrapped by the association.of preformed macromolecules
in the "nascent" microfibril as they associated to form the
consolidated micrcfibril (Colvin, 1976 ). QColvin also
stresses that . formation of the microfibril is a totally
extracellunlar process that does not require an intact mem-

brane, distinct portion of the cell or any other organelle




(Colvin, 1980b). It was shown that in a particulate prep-
aration from A. xylinum the synthetic enzyme was adsorbed
onto whole, dense ovold 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 subssquently associated to form microfibrils.
No visible attachment of the wisps to th@ particles could he
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 aquecus soluticn. Thus, a polymer such as that
found by King & Colvin (1976) to have a D P of 180 must be
substituted with pclar groups or branched if it were to remain
soluble during its synthesis previocus to extra-cellular miecro-
fibril fcrmation. Indeed, a soluble, non-dialysable AB(1-4)
linked polymer of glucose was isolated and puriflied from the
supernatant of a culture of A. xyfinum actively producing
cellulose. The £&{(1-4) glucan was linear with single glucose
residues as branches on carbon 2 of 'every third glucose
residue in the chain (Colvin et af, 1977b). It was proposed
that these branches would be cleaved off by an enzyme before
agssociation of the pelymers to form a microfibril. However,
there ie no evidence that this particular melecule has any
relationship with cellulose synthesis (Burgess, 1979; Colvin,
1980a).

2) As pointed out in section B.2., native cellulose has
the metastable celiulose I structure. It is thcecupght 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 envircnment a microfibril with the
vellulose IT structure is produced. Thus, it is difficult

to envisage how Golwin's model for microfibril constructicn
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could result in native cellulose I. Indeed microfibrils
formed by Colvin (1980b) were shown to be of the cellulose
IT type after preparation, thus casting doubt as to whether

this mechanism reflects the {n viro process.

3) Brown ef af (1976) were unable to observe a sheath around
forming microfibrils as visualised by Leppard et «f (1975).
Indeed, Willison et «? (1980) argue that the amorphous

gheath observed by Leppard «f af was an artefact, dus to the
replicating carbon. Furthermore, a key pecint in the argu-
ments of Colvin and co-~workers was that these "hydrated"

nascent microfibrils were not found in air-dried cellulosic

pellicles of 4. xylinum. If this was the case, fibrils with
this appearance should never be cbserved in replicas of air
dried specimens. This is clearly not the case since

sheathed microfibrils are observed in the air-dried walls

of Glaucocystisiand Oceystis (Willison,2% af, 1980). Thus
Willison 2% «f (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 1if polymerization was to occur before

crystalligzation, then i1t could only be to a limited extent.
Furthermore, polymerizaticn followed by crystalligation
should lead to mierofibrils with a splaying tip as in Fig.
11 (assuming tip synthesis). It is known tkat at loast

in algae and in bacteria the microfibrils have a blunt tip.




Fig. 11 Succeassive polymerization and crystallization
From Stockman (1972)

¢.ii) Crystallization followed by polymerization (see
Fig. 12). Polymerization from the solid state is unlikely
because of the complicated machinery it would require
{8tockman, 1972):~ '

1) Each already crystallized activated residue would

require s nucleating agent to obtain the melastable
cellulose I state,

2) It is difficult to envisage the means by which the

crystallized residues would obtain the same width
a8 the microfibrils.

Furthermore there is no electron microscopic evidence for
the existence of residual crystals.

56
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Fig. 12 Polymerization of crystallized residues., From
Stockman (1972).

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

Thug, 1f the activated residues are transferred
immediately to the erystalline plane with both covalent and
crystalline bends 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
microfibriller tip (see Fig. 13).
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Fig. 13 Simultaneous crystallization and polymerization.
From Stockman (1972).

Thus, theoretically spcaking at least, tip synthesis
involving simultaneous polymerization and crystallization
is by far the most likely mechaniem for microfibrillar con-
struction. Recently, experimental evidence from the 4.
xylinum system has been presented for a microfibrillar
growbh 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 ef «é (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 associaticn with
rows of particles (presumed to be groups of multienzyme
complexes) along the longitudinal axis of the bacterial rod.
The particles werce situated below extrusion pores in the
L.P.S. laycr of the bacterium (see Fig. 13) {(Brown et af,
1976; Zaar, 1979).
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Fig. 14 Model of cellulose microfibril assembly in 4.
xylinum. TFrom Haigler & Benziman (1982).

The ribbon was observed to elongate at a rate of 2 ym
min“l. The bacterial rod turned on its axis as it was
propelled forward by the elongating ribbon, suggesting an
inherent kinetic force in the crystalligation process.

Using the fluorescent brightener celcofluor white S.T (C W )
and carboxy-methyl-celluleose (CMC), evidence has been
presented that indicates that cellulose ribbon synthesis

is a hierarchical, cell-directed, scelf-assembly process.

When C W at a concentration above a threshold value
of 0.1 mM was added to cultures of A. xylinum actively
synthesizing cellulose, it interrupted the synthesis of the
cellulosic ribbon. This is achieved by the planar C.W.
molecule binding to g-glucan chains via hydrogen bonding and
dipclar interactions, thus prohibiting wicrofibril crystall-
izaticn (Haigler & Benziman, 1982). As a result, the
bacteriumsynthesizes broad, non-erystalline, cellulosic
bands perpendicularly to the longitudinal axies of the cell,
rather than the normal twisting ribbons. This effect of
C.W. was shown to be reversible (Haigler & Benmziman, 1982).
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Negatively stained preparations revealed that the
bands were composed of bent fibrils orlginating along the
longitudinal cell surface. The smallest fibres averaged 1.5
nm in diameter, smaller than any fibril normally observed in
A, xylinum cultures. The 1.5 nm fibrils curved and undulated,
implying low crystallinity. Larger fibrils measuring 3.0 nm,
4.5nm and 6.0 nm were formed by fasciation of the 1.5 nm
fibrils. These larger fibrils showed cracking sites sug-
gesting thet 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, mebastable cellulcse I
was regenerated (Benziman et «&, 1980), implying that
although the altered cellulosc doess noit contain cellulose I
crystallites, 1t must contain extensive parallel chain
ordering if it 18 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 extrusiocn pores (Haigler & -Benziman,
1982).

In addition to changing the morphological appearance
and crystallinity of cellulose, C W. alsc induces a large
increase in the rate of glucose polymerization, which is not
directly linked to the energy metabelism of glucose. This
gtimulation was not the result of the direct interaction of
C. W and the cellulose polymerizing enzymes (Benziman ef al,
1980). Thus, it was concluded that C W 'e 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 + erystallization) are tightly
coupled and that the rate of crystaliization wust limit the
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rate ofvpolymerization. This limitation has two poessible

explanations:-

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 fto occur could be rate-limiting (Haigler &
Benziman, 1982).

2) 1If a perfect ribbon is assembled from a large number of
synthesiging 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 autonemous, and each can proceed at its maximum
efficiency (Haigler & Benziman, 1982). Haigler e «f (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 aseembly, 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-enz yme complexes below the extrusion
pores synthesise the f-glucan chains. The chains are sub-
sequently extruded through the pores which probably facili-
tate later mierofibril crystallization by aggregating the
glucan chaing into non-dissociable eggregates of parallel
chains (this implies a cell-directed process). The formation
of such ordered aggregates minimises entropy and faclilitates
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 frowm more than one
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extrusicn gite fasciate to form the microfibril (C.W.
interferes here). The wicrofibrils 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-agsembly pro-

cess (see Fig. 14).

It must be noted that in the above hypothesis, poly-
merizaticn 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-crystaliize while attached to
their forming énzyme complexes. When Stockman (1972) proposed
that covalent and hydrogen bonds had to be set simultaneously
if extended chalin 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 bicgenetic process.

Experimental evidence on the mechanism of microfibril
formation in algae and higher plants lags considerably
behind studies on the bacterial system. TFreeze etch/freeze
fracture technigques have produced some evidence for tip
synthesis, in that putative intramembrane enzyme complexes
located in the plasma-membrane which have a close association
with impressicns of miecrofibril tips have been observed with
the alpae, Oocystis (Brewn & Monteszinos, 1976 - “; Montezinos,
1982), Glaucocystis( Willison & Brown, 1978) and ficansterias
(Giddings et @¢, 1980). The intramembranous complexes pack
together in lines which are associated with the impressions
of microfibrils on the external face of the plasma-uembrane,
Fig., 15 is a diagrammatic portreyal of the hypothetical
model of cell wall blogenesis in Oveysiis (after Montezinos,
1982). Mueller et el (1976) 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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Diagrammatic protrayal of the hypothetical
model of cell-wall biagencsis in Qocysiis.

The components of the model ineclude: (1)
Periplasm (P). (2) Plasma membrane (PM).
Terminal complexes (TC) associate with the
ends of ridges that are the impressicns 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
of granule bands (GB) that associate with the
PF face of the plasma membrane. The granule
bands form vows underlying the ridges and end
at the imprecssion in the PF face produced Dby
terminal complexes. (3) Microtubules (NMT). 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 Montezinoa (1982).




64

MF

. L
f

P!
i

3l

L AN
S TITTTHNEVT

Fig. 16 A model demonstrating the proposed relation-
ship of terminal complexes (A and B) and
rosettes (C) in sssocistion with the plasma-
membrane. The membrane (PL)}, microfibrils
(MF) and microfibril associated structures
are drawn to approximately equivalent scale.
From Mueller & Brown (1980).




end of nascent microfibrils. Willison & Grout (1978) also
observed similar globules attached to the end of microfib-
rils in radish reoots. 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
nicrofibrils had tapering ends, or were sunk inte 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 coern, 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 bagis of the pattern of
tears in the plasma-membrane caused by microfibrils, that

the complexes moved in the plane of the membrane during
synthesig and that the direction of membrane flow plays an
important role in the cellular control over the directicn

of microfibril deposition (Mueller & Brown, 1982a, b). It

is interesting te note that while the terminal complexes
found in algae and higher plants are mobile, those found in

A, xylinumn are gpetionary.

Thusa 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 direclt cvidence of a biosynthetic role for
these putative terminal enzyme complexes. It is encouraging
Lo note that Willison (1982) calculated that, if the particles




66

observed in cotton fibrcs werc invelved in microefibril
deposition, then their rate of movement would be 1.3 -

2.6 um min‘l, a value very close to the microfibril growth
rate observed in Acetolactea (Brown et af, 1976).

D. CELLULAR LOCATION OF CELLULOSE BICSYNTHESIS.

The enzymes concerned with the synthesis of plant
cell wall polysaccharides are particulate when isolated.
Thus they are either contalned within vesicles, or firmly
attached to membranes. There is considerable evidence impli-
cating the internal membrane system (endoplasmic reticulunm
(E.R.), golgi body and vesicles) in the synthesis of the
matrix polygaccharides of the plant cell wall (Northcote,
1969} . This was accomplished using autoradiographic tech- .
nigues associated with chemical analysis {Northcote, 1969
and references therein) and subcellular fractionation with
associated enzymic assays (Bowles & Northecote, 1972; Ray
et wf, 1976). It is thought that the direction of flaw
for the precursors to the wall is as follows:

cytosol ~—w E, R, ~——u (GOolgl -~ Golgi vesicles -——wm

fusion of vesicles
to the plasma-wmembrane g WA1L
by reverse pinocytosis

Pickett-Heaps (1968) further demonstrated that poly-
merization of the precursors contained in the golgi vesicles
occurrcd as they moved acress the cytoplasm. The above is
in general agreement with the endomembrane flow concept

already well established in animal cells.

Cellulosé synthesis, however, ie 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:-

1) 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
(Northeote, 1969}, Thus the synthesis of celluleose is more
likely to involve the incorporation of soluble precursors

at a site aht, or just outside the plasma-membrane since any
alternative hypothesis would pose considesrable organizational
probiems. 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 numerecus reports of B(1-4) glucan synthetase that
are asscciated with the golgi apparatus vesicles (Shore &
Maclachlan, 1975; Shore et af, 1975; Ray et a«f, 1976).
However, it .i1c now thought that these synthetases are not

the loecl for cellulose synthesis {n vivo but may bhe 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 situaticn 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 £(1-4) linked glucose, eg xyloglucan, gluco-
mannan.

The assembly of microfibrils within the golgi apparatus
has been observed in Chrysophycean alga Pleusochaysis (Brown
el a¢, 1970). However, in this organism, the microfibrils
are arranged within scales rather than in continuous layers
round the cell, and thus the producticn of the scale unit
and its intususception into the wall does not pose the mame
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organisational problems focund 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-
radicactive glucose, the d-celluloese fraction of the cell
wall becemes labelled, while the hemicellulose and peectic
fractions do not. Autoradicgraphic study of these cells
showed that the labelled material was present just outside
the plasma-membrane and ne acecunulation of label occurred
over any other organelle (Wooding, 1968).

3) Bowles & Northcote (2972), working on maize roots
supplied with radiocactive glucose, studied the incorpora-
tion of radicactivity into cell wall, gelgil, smcoth 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 grecater proportion of radicactive glucose than the
cytoplasmic organelles. This implies that cellulose syn-
thesis does not oceur in these cytoplasmic organelles.

L) Robingon & Ray (1977) demonstrated that KCN inhibited the
incorporation of mabtrix substancesgs into the cell walls of
pea stem cells. It did not inhibit incorporaticn into cell
wall cellulose, In the precence of KCN matrix polysacchar-
ides are synthesised, but net transported to the cell wall
and the removal of KCN alleowed transport of the. matrix
polysaccharide to the wall. Thus cellulose does not appear
to be ilnvolved in the cytopl#simic transport system by which
the matrix pclysaccharide are transported to the wall.

5} Native cellulose is oé the cellulose I form and not
cellulose IT, which is produced when free 8(1-4) glucans
in solution are allowed to crystallize (Robinson & Quader,
1981). From this observation it has been argued that the




69

molecular chains must be synthesised collectively as a
nicrofibril by tip synthesis (Preston, 1974; Stockman, 1972).
The necessity for tip synthesis would require an enzyme
complex c¢lose to at least one end of a microfibril. As
discussed-in pages Gl‘éﬁ:jthess enzyme complexes at the

termini of microfibtrils may have been visualised.

These 2 peints together make up a powsrful argument for
the plasma-membranc being the {n wivre locus for cellulose

biosynthesis. This is now widely accepted to be the case.




70

CHAPTER 2; TINTRORUCTION TO EXPERIMENTAL WORK

The purpose of this project was to obtain information
concerning the pathway of cellulose bicsynthesis in higher
plants, and to establish whether the B(1-4) glucan synth-
etase activities found in particulate enzyme preparations
are involved in cellulose synthesis.

In past in viiro studies of cellulose biosynthesis, it
has proved very difficult te demonstrate that the products
are genuine cellulose or even whether cr not they are early
stages of cellulose biosynthesis. The incorporaticn of
glucose from a radicactive substrate into an alkali-insoluble
polymer containing B(1-4) linkages by an in vifzc enzymo
system ig not proof of the formation of cellulcse for the

following reasons:~-

1) Alkali-insolubility is no longer regarded as being

specifically a property of B{l-4) glucan (see Sections 5.1 & 6.1).

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

3) Cellulose is thought to be a linear pclwmer with a high
DP., up te 10,000 in some systems, and is probably at least
an order of magnitude greater than other cell wall polysacc-
harides (Brett, 1981lb). Robinson & Preston (1972) concluded
from an X-ray diffraction investigation that the glucans
synthesised from UDFG and GDPC by P. cuaeus particulate

enzyme preparations were short chain oligcsaccharides,
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probably B(1l-4) linked. This Lherefore caste doubt over

the cellulosic nature of these products and because of this

result, Robtinson & Preston emphasised the need for physical
as well as chemical evidence when examining the cellulecsic

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 {n vifso biosynthesis of cellulose is un-
equivocably demonstrated, it was decided to re-evaluatec the
products of these particulate enzyme systems using the
criteria outlined below:-

1) Sugar compesition. This was determined by the total
acid hydrolysis technique described in Chapter 3. A cell-
ulosic producet would be expected to contain glucose as the

majcr constituent.

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

3) Molecular weight. This 1s bthc simplest physical assay
for cellulose. The molecular weight distribution of the
products synthesised from UDP-[U-*4ckG and cpp- [U-14c] 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 celluliose, since other water-
insoluble cecll wall pclysaccharides are thought to have a
nuch lowser U.I , generally less than 200 (Brett, 1981lb). As
extracticen of the products with acid or alkali may cause a
reduction in mclecular weight, the analysis was conducted on
the products insoluble in water and chloroform-methanol

(3:2 v/v).

L) The effect of other guger-nuclectides. HBven if struc-
tural analysis indicates that B(1l-4) linked glucose is the
only radioactive sugar residue in Lhe precduct, other non-

radicactive residues may be present., If so, the additicn of




octher sugar-nucleotides (eg GDPM or UDP-Xylose) to the

asgay system is likely to affect glucose incorporation and

a xinetic investigaticn such as that done by Viliemesn (1971}
may indicate whether a heteropolysaccharide isg being syn-

thegised.

5) The use of purportedly celluloss-specific extractions.
The solubilities of the products were tested in strong
alkali (24% KOH) and the acidic hydrolytiec extragtion of
Updegraff (1962). 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 ceellulose. Positive results should however,

rrovide evidence that genuine cellulose is being synthesised.

The tissue chosen as a source of enzyme was dark-grown

P, aunreus hypecotyls for the following reasons:-
1) P. aureus is sasy tc grow and work with.

2) Enzyme preparations from this plant have been shown to
synthesise products containing B(l-4) linked glucose from
both UDIG and GDPG.

3) Many of the previous investigations on in »i#sc B-glucan
have used this plant and Lhus dirsct comparisons can be

drawn.




73

CHAPTER 3: MATERIALS AND METHODS

This chapter describes the materials and general
methods used in this work, Methods relevant only to

specific chapters are descrited in those chapters.

3.1. Chemicals

All chemicals were of analar or laboratory grades and

glass distilled water was used for all solutlcns.

'3.2. Radicactive chemicals

The radicactive substrates were UDPU-(-c, GDP»EU-—IZ’C] -G,
GDPnwalAG]-M,[U-lAClusucrose, [U-lAC]-glUCOSG and 1
l-phosphate, all of which were obtained from the Radicchemiecal
Centre, Aumersham, Bucks., U.K. UDP—[U-lAC]~Xyl wag obtainred
frem New England Nuclear, 2 New Rd., Southampton, U.K,

C-glucose~

3,3 Plant material

Seeds of the mung bean (Phaseolus aureus) were used
throughout this work. The seeds,were pre-sgocaked in water
overnight at 22°C. The sceds were subsequently planted in
trays (58 x 30 em) which contained wetted vermiculite and
were left in the dark at 22°C for approximately 5 days, until
the hypocotyls reached 4-6 cm in length.

3,4, Particulate enzyme preparation

The hyvocotyls (70 gm) were harvested and kept on ice
until homogenisation in 200 ml 0.1AMtris-HCL buffer, pH
7.5 at 0-47C ugsing a polytron kinematica homogeniser at a
minimum setting for 5 seconds. The homogcnate was filtered
through four crosgsed 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°C) 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°C until further use. The pellets
were each resuspended in 0.5 ml 0.1 M tris-HC1, pH 7.5
(unless otherwise stated) using a glass rod and vorticer,
ensuring the temperature did not rise above L°C.

3.5 Incubation .conditions

The incubations were carried out at 25°C. The incuba-
tion media contained 10 mM MgCly, [U—ldG]- sugar-nucleotide
made up to the required concentraticn with non-radicactive
sugar-nucleotide and enzyme suspensicn (containing 0.5 mg
protein as determined by the Bilo-Rad protein assay with BSA
standard), all in a total volume of 100 pl. 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-insgsoluble material was extracted a further
two times with 1 ml chloroform:methanol {3:2 v/v), cnece with
1 ml methanol and once with 1 ml water.

3,7 Alkaline e¢'xtracticn

Nitrogen gas was bubbled through a 24% KOH solution
containing 0.1 M NaBH4. The KOH/NaBH4 solution (1 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 anorbital shaker at 25°C 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 247 KOH-insoluble residue is termed the "w-cellu-
lose" fraction (Wisc & Ratliff, 1947).
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3.8 Updegraff oxtracticn

This was carried out as by Updegraff (1969). After the
routine extractions had bheen 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°C for 30 min unless otherwise
statod. The insoluble rcsidue (henceforth termed Updegraff

or "U-cellulose") wae washed several tinmes in 1 nl irater.

3.9 Liguid scintillabion counting of fractions .obtained by

cxtraction .siethods

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

3.10 Analvtical methods

a) Total acid hydrolysis. This was carried out by the
metnods of Harris & Northcote (1970). The residues to be
analysed was pre-treated with 72% (w/w) H,80, overnight.
The sample was giluted to 3% (w/w} and subjected to hydrol-
ysis at 15 1b/in® (103.4 kN/n®) and 120°C for 1 hour, and
subsecuently neutralised overnight with the bicarbonate
form of Amberlite 1R~45 ion exchange resin. The recsin was
filtered off, the filtrate and washings rotary evaporated

and the residue resuspended in a few drops of water,

b) TIdentification of sugars. The hydrolysate produced by
the methods of 3.10a) above was run on paper chromatography
with appropriate markers in ethyl acetate-pyricdine-water
(8:2:1 v/v) for a stated pericd. The chromatogram regicns
containing the radioactive sugars were cut into 1 cm strips
and counted as described by Harris and Northeote (1970).
The markers were detected by the method of Trevelyan el af,
(1950).
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¢) Partial acld hydrolysis. The sample was pre~treated in
72% (w/w) 0,80, evernight, diluted to 3% (#/w) and subjected
to hydrelysis at 15 1b/in2 and 120°C for a stated pericd.
The hydrolysate was neutralised and recovered as in Section
2.10a) and run on a paper chromatogram along with #(1-3)
and B{l-4) linked gluco-oligosaccharide markers in n-pro-
panol:ethyl acetate: water (7:1:2 v/v) for a stated period.
Radicactive coligosaccharides and markers were detected as in
3.10b) above.

d} Acetolysis. The method of Clark and Villemez {19%2)

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 °C. The acctylated material was extracted
with chleroform, washed with 1 M NaHCO3 and 1 M KECL solutions,
and deacetylated with 0.03 M BaOMe in methancl. The barium
was precipitated with 002. Paper chromatography, scintilla-
tion counting and the detection of markers wae as in 3.10c)

above.

e} Thin layer electrophoresis (T L & ) After the incuba-
tions were terminated and diluted to 500 pl, the particulate
material was centrifuged down on an Eppendorf bench centri-
fuge. A sample volume (25 ul) 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 F8lch e ¢l (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 em strips and counted as in 3.10b).
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g) Gas liquid chromatography (G.L.C.) G:L.C. analysiec
was conducted on the sugars produced by tetal acid hydrolysis
a8 in 3.10a) using the methods of Albersheim 22 al {1967).

3,11 Gel filtration on sepharose CL-6B or CL-2B

Gel filtration was carried out on the watser-: aid
chloroformi:methanol (3:2 v/v)-insoluble products rather
than U or ol ~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 regidual pellet was desidcated in vacuo
over NaOH for 3 hours. Cadoxen (0.125 ml), a'cellulose
solvent, (Cadoxen composition - diaminoethane:water:Cdo,
126 ml: 228 ml: 40 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 ocut on Sepharose
CL-6B or CL~2B. Cross-linked Sepharcose was used to ensure
stability of the gel ir the elution solvent, 50% cedoxen.
The fractions were collected on a Gilson mierccol TRC &0
fraction cellector. A sample volune (iOO Bl unless other-

wise stated) of each fraction was counted as in 3.9.

I N> T I -
2e12  Tmareriziion of results

1. K - N .
Where applicatle, the resulis are expressed a2 the mesn T {he stordard

- Lt L

error of the mean for triplicate as3ay samples,
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CHAPTER 4: SUBSTRATES FOR THE SYNTHESIS OF WATER-AND
CHLOROFORM: MBTHANOL (3:2 v/v)-INSQLUBLE PRODUCTS
BY THE PARTIGULATE ENZYME PREPARATION

(.1 Introduction

In this chapter experiments are described which were
carried out to determine whether the particuléte enzymne
preparation prepared as in chapter 3 contained enzymes
which catalysed the formatien of water and chloroformimeth-
anol (3:2 v/v)-insoluble products from GDP-[U-lAC}—G,
upp-[u-t4c]-a, [9-14¢]} -sucrose, [U-14C] ~glucose ana [u-t4c]-
‘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 discussgicn

The results in Tables 3 and 4 were obtained using the
methods outlined in chapter 3. The modification of the
general procedures uscd to obtain the wall (W) and partiec-
ulate (P) fractions in Table 5 are outlined below that table,
All the incubations in Tables 3-5 were for 15 minutes,
except those with 1 pM GDP-!?-IAC]«G which were for 5 minutes.
Individual enmyke 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. Beciled enzyme controls
did not incorporate radicactivity from the [U—lAC]—substrate
at any concentration into the ingoluble products.

The results in Table 3 show that radioactivity from
both UDP: [U-1%4C] -6 ana GpP-[U-1%c]-G is incorporated into

water-and chloroform:methancl (3:2 v/v)-insoluble material.
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In terms of residues incorporated from the sugar-nucleo-
tides, most incorporation occurs at a concentration of 1.0
oM, UDP-[U~14C]ud being a bwenty-gix-fold better substrate
than GDP~[U-4C]-G at this concentration. The GDP-[U-T4c]-¢
utilising system is almost saturated at 101 uM, whereas
incorporation from UDP- [U-14C]-G is not saturated at 1.0 mi.
There is some indication that the synthesis of water and
chloroform:methanol (3:2 v/v)-insoluble products synthesised
from UDP-[U-1401~G is substrate-activated since for a
thousand-fold incrsase in UDPG cencentration the synthesis
of insoluble products has been found to be gtimulated by
2,900 - 10,000 fold in numerous experiments. Figure 17 is

& logarithmic plot of UDPG concentraticn 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
Michaelisg-Menten saturatien kineties. Substrate activation
of enzyme preparations by UDPG has been reported many tinmes
in the synthesis of 4(1-3) gluean by in vitao preparations
from different plants (Smith & Stone,1973a; Tsai & Hassid,
1973; Delmer et «f, 1977; Raymond et «f, 1978)}.

The solubilities of the products from 1 M UDP«[ﬁ~l4C]-G
were invegtigaled further. It was found that about 80% of
the water-ingoluble products were soluble in chloroform:
methandl;@QJQMDangTuZGﬁa3M¥Qdkﬂelradioactivity ran at or
near the selvent front, atrongljlsuggesting'that the preduct
was a neutral-lipid-glucoside, probably steryl-glucoside,
rather than polyprenol-P~moncsaccharide or polyprenol-FP,-
oligosaccharide (Brett, 1981b) which have bsen reported as
intermediates in B-glucan synthesis (see section C.1.4 1)
This result is similar to those obtained by Delmer and
co~workers (.. 'Ibehnar,V377)fWith the detached cotton fibre
system. It is therefore unlikely that radicactivity incor-
porated into chleroformimethanol {(3:2 v/v)-soluble products
from 1 pi UDP-[U-140)-G is invoived in cellulose biosynthesis
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unless there aro very small, undetectable amounts of ﬁhe
acidic glycolipids of the type found by Forsee and Elbein
(1972, 1973) present, '

Radiocactivity from [U—14G}-sucrose, 1U-14ﬂ1~g1ucose and
[UmlAC]~g1ucose*l;phosphate ie also incorporated into the
products, although they are not as efficient substrates as
the sugar-nucleotides {Table 2). This implies that the
sugar-nucleotides are used directly by the enzyme prepar-
ation, rather than being metabolized to either breakdoun
products or sucrose beforec 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. suecrose + NDP == NDPG + fructose
2. glucose-l-phosphate + NTP —— NDPG t PPi

Both of these enzymes have been shown to be present in
enzyme preperations from P, aureus {Delmer 1972, 1977).

It 18 unlikxely 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 homogenisatiecn.

The enzymes utilising GDP-[0-1%0]-G and 1.0 mM UDP-
[U—lAC]«G remain stable for at least 24 hours at -20°C
(Table 4). llowever, the synthesis of insoluble products
from 1 uM UDP-[U—lAGjuG is reduced by 50% after storage for
24 hours at this temperature, although the activity did not
decrease further with longer periocds of storage, Thus, in
the subsequent experiments described in this chapter, unfrozen
pellets were used as an enzyme source to assay the synthesie
of insoiluble products from 1 pM UDP—[U—IACJ~G.
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Table 3: The inecorporaticn of radiocactive residues from

[ﬁ—lAC]—sucrose, [U-lAC]-«-Dlglucose. [U-IAC]AK-
D-glucose-l-phosgphate, GDP-{U-IAC]—G and UDP—1ﬁ—lAC]-G
into the watermand chloroform:methanol (3:2 v/v)-insoluble
products by particulate enzyme preparation from unfrozen
pelletg.

substrate radiocactivity concentration pmol
in incubaticn incorporated
(nCi) (mM)

app-[u-14¢] -a 25 0.001 204 1
DR~ [U-t%c] -G 25 0.101 262 + 27
aDp- [0-14c] -c 25 1.000 292 + 32
uDP- [r-14c) -a 25 0.001 2.6 + 0.6
upp- [U-14¢] -g 25 1.000 7680 + 337
[U-lAC]-sucrose 200 0.012 0.34+ 0.0
[U—lAQ]~sucrose 200 1.000 32+ 0.4
[U-140) -x-D-glu- 199 0.006 0,23t 0.0
cose
{0-14¢) ~4-D-glu- 199 1.000 Wt 2
coge

141
[v-+%¢] -o-D-g2u- 100 0.003 0.9 + 0.0

cogse~l~phosphate

746 ~%-D-glu- 100 1.000 121
cose-I-phosphate

i+
B~
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Table 4 The incorporation of radicactive residues from
vpe-[U-T4c]-6 and 6DP-{U-14c]-G into the water-
and chloroform:methanol (3:2 v/v)-insoluble products by :

particulate enzyme preparation derived from pellels retained
at =20°C fer 24 hours.

substrate concentration pmol % relative to
incorporated unfrozen
(m¥) engymes
app-(v-T4c] -c 0.001 19+ 0.6 95
cDP-[U-T4c] -6 0.101 304 + 8 116
app-{u-T4c] -a 1.000 306 + 22 105
upp- [v-14c] -c 0.001 1.3+ 0.1 50
upp-{u-*4cl-a 1.001 8540  +268 111

The pellets used in this experiment were preparsd 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 contaired 25 nCi of radiocactivity.
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The effect of varying UDPG concentration upon the incorpcration of radioactive
residues into water-and chloroform:methancl (3:2 v/v)-inscluble products from
qu;ﬁduH50gam (25 nCi) by the particulate enzyme preparation. Incubations were
for 1 minute and terminated by 5% trichloroacetic acid.



84

Residues Incorporated (p'rnol x10"3)

— N gl &
o - © < e

(Jejow) uoijeIu3dUOl DJON




&

Fig. 184

Fig,

18B

Time-course of incorperation of radio-
active residues into water-and chloro-
form:methanol (3:2 v/v)-insoluble products
from 1 pM GDP-[U-"%C] -G (0—O, 25 nCi)
and 1.0 mM GDP-[U-4c]-G (—® , 50 nCi)
by the particulate enzyme preparation.

Time-course of incorporation of radio-
active residues into water and chloro-
form:methanol (3:2 v/v)-insoluble products
from 1 pM UDP-[U-T4c]-c (0—O, 25 nCi)
and 1.0 mM UDP-[U-1%4C] -G (@~—® , 25 nCi)

by the particulate enzyme preparation.
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The results in Fig 18A and B demonstrate that net
synthesis of the insoluble products reaches a maximum in
less than 5 minutes with 1 uM GDP—[UHIAG]-G, after 60
minutes with 1.0 mM GDP-[U-1%4c]-G, 30 minutes with 1 pM
upp-{U-146]-G and 15 minutes with 1.0 mM UDP-[U-14c]-c.

The products from 1 pM GDP-[U-14c]}-G anda 1.0 mM upp-[v-T4c]-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 gtudy is unusual
in that the cell wall material is retained. In the large
majority of previous investigations on in vifeof-glucan
synthesis, tho cell wall material has been removed by a
short precentrifugation of 1000 - 2000¢g.

In view of the fact that i{n »ifzo cellulose biosynthesis
with these nen-cell wall containring enzyme preparations
has not yet been demonstrated, despite much effort, it was
decided to retain the céll wall material in this investiga-

ticn for the following reasons:-

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

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

3) 1t was hoped that the wall fraction might contain
pieces of plasma-membrane still attached to the cell wall,
In such fragments the structural integrity of any plasma-
membrane enzyme complex may be better preserved than in

membraneous vesicles obtained in the particulate (P) fraction.

Most of the enzymic activity utilising UDP- @—140]-G
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Table 5: The effect of removal of cell wall material from
the enzyme preparation on the incorporation of
radicactive residues from GDP~[U-14G]—G and
UDP-[U-lACJ~G into the water-and chloroform;
methanol (3:2 v/v)-insoluble products

substrate redicactivity eonec. enzyme - pmol -
in incubatien preparation incorporated
{nCi) (mM)

enp-{u-t4c]-q 50 0.002 N 36 + 3
cop-[u-T4c] ¢ 50 0.002 W 10 + 2
app-[u-thc]-c 50 0.002 P 30 + 8
app-Ju-L4c]-g 25 0.1201 N 304 + 8
epp-Ju-L4c]-g 25 0.101 W 8, + 3
app-{u-t4c]-q 25 0.101 P 327 + 16
vop-[u-L4c]-q 25 0.001 N 1.3+ 0.1
upe-[u-t4c]-c 25 0.001 W 0.2t 0.0
upp-[u-t4c| - 25 0.001 P 1.3+ 0.0
upp-{u-T4c]-c 25 1.000 N 6390 + 238
upp-|u-T4c] g 25 1,000 W 1920 + 36
vpp-[v-14c] -c 25 1.000 P 5570 + 868

The hypocotyl tissue homogenate was produced and filtered
29 in chapter 3. DNormal %N) enzyme pellets were produced
as in chapter 3. Otherwiee, the tissue homogenatc was
centrifuged for 5 mirutes at 2000 g to produce the wall (W)
pellet. The supernatant was centrifuged for 35 minutes

al 97000 g to produce the particulate (P) pellet.
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and GDP—[U~1&G]~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 c¢ould 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 et
aé¢ {1971) using GDPG as a substrate and Machlachlan ef «f
(1979) using UDPG, although Machlachlan et «¢ found that a
greater proporticon of the enzymic activify was assgocliated
with the wall fractlen in particulate enzyme preparaticns
from P, sativum cpicotyls. Machlachlan eZ e (1979) also
feund that while some of the wall-associated enzymic
activity utilising UDPG could be removed from the wall to
the particulate fracticn by rehomogenisation, most of the
activity was destroyed. This tends to add weight to the
arguments ir point 3 above, since rehomogenisaticn 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 sxtractions
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 proitein-carbohydrate complex rather than a
glycoprotvein. However, treatment of the products with

1 mg ml_l Proteinase K did not result in the solubilisation

of any radicectivity. Thus, either the molecule is not a

glycoprotein or protein-carbohydrate complex, or if it is,




G0

Fig.

Paper chromatogram of the water- and chloroform:methanol {3:2 v/v)-insoluble
products synthesised from 1.0 mM qum:_‘_”mb.\*ﬁ -G (50 nCi) after partial acid
hydrolysis for 15 minutes at 15 1b in “, and 3 days chromatography. The
gluco-oligosaccharide markers are termed C, {cellobiose), Cq {cellotriose),
L, (laminarobiose), Ly (laminarotriocse), etec, and Glc {glucose).
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then the carbohydrate portion of the molecule must itself
be water-inscluble after digestion of #the protein moiety.

2). Cemplex-oligosaccharide-pyrophosphate~lipid. The prod-
uets are unlikely to be & member of this class of molecules
sindc extraction of the products with chloreform:i:methanol:
water (1:1:0.3 v/v) reported by Behrens e¢ af {1971) to
extract such molecules did not result in the loss of signif-
icant amounts of radicactivity from the products unless,
again, the oligosaccharides are water-insoluble.

3) Water-inseluble polysaecharide. There are abundant
reports in the literature of enzyme preparations which
synthesize polysaccharide. from UDPG and GDPG (sece Chapter 1).
The water-and chloroformimethanol (3:2 v/v)-insoluble products
synthesised from UDP-[U-IAC]-G (at least at higher concentra-
tions) appear to contain F (1-3} glucan since:

1) The synthesis of the insolublé products from
UDP—[U~14G]-G by the particulate enzyme preparation is sub-
strate~activated which, as outlined previously, is a well-
documented property of the UDPG:{%I-B)-glucan glucosyl-
transferase of higher plants.

2) Partial acid hydrolysis of the insoluble products
synthesised from 1.0 mM UDP-[leAQ]uG results in the produc-
tion of the #(1-3) glucan serics of oligosaccharides (Fig.
19).

The fact that no radicactivity co-chromatographs with
cellobiose does not exclude the possibility that B(1-4)
glucan is present, since the hydrolysis conditicns used in
this experiment may not have been rigorocus enough to
hydrolyse the more acid stable A(1-4) glucesidie linkage.
Thus #B{1-4) gluean may be present in the undegraded material
remaining at the origin in Fig 19.

The chemical nature of the polysaccharide products
synthesised from GDP-[0-14C]-0 and 1 pi UunP- {U-L4c] g wila
be discussed in later sections,.
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CEAPTER 5: THE & ~-CELLULOSE EXTRACTION

5.1, Introduection

Most of the previous studies on cellulose biosynthesis
in vitao have examined the products insoluble in alkali at
2 N or laower concentratiéns.. 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 24% KOH. This treatment was originally
used to obtain "X-cellulose" from a mixture of polysacchar-
ides such as those found in de-lignified wood pulps (Wise
& Ratliff, 1947). The term X -cellulose is used to describe
the inscoluble residue obtained after this extraction,
Alkalil of this strength was used in this investigation
because of the numerous repocrts of non-cellulosic cell wall
polysaccharides that are insolubls in milder concentrations
of alkali (see page 96 for refs.).

NaBHA was included ir the extraction medium to minimise
oxidation from the redueing end of ths polysaccharides.

5.2 Results and . discussion

Radicactivity from GDP-[U-7%C]-¢ ana UDP-{U-14c]-g
is incorporated inbto X -cellulose (Table 6). However, the
incorperetion of sugar residues from GDP—[U—14Cj-M {106 pM)
was greater than that from either of the glucose-containing
substrates. This result 1s surprising since the X-ecellulose
fraction of higher plants contains mostly gluccse residues,
although some non-glucose residues (mostly mannose and
xylose) are found (Preston, 1974). Heller & Villemes (1972&)
demonstrated that after a 20 hour extraction in 20% NaOH a
greater percentage (D95%) of the mannan synthesised fronm
GDPM by Triton X-100 solubilised mannosyl transferase was
solubilised than glucemannan or pglucan synthesised by
similarly solubilised enzymes. The higher incorporation of
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Table 6. The incerperaticn of radicactive residues from
aop-[u-*4c]-c, app-[u-t4c]-M and UDP- [U-14c)-g
into K-cellulose.

substrate radiocactivity concentration -+ pmol

in inoubation incorporated

(nCi) {mM)

app- [u-t4c] -q 125 0.005 8§ + 1
gpp- [u-L4c] -a 50 0.102 56+ 4
app-[u-T4g] - + 50 0.102 341 + 18
GDPM (100 nm)
6pp- [U-L4¢] -n 125 0.106 385 + 22
upp-[U-t4c) -c 50 1,000 136 + 0.9
upp- [u-14c] -g 25 0.001 0.3t 0.0

All incubations were for 15 minutes except those with 5 pM
GDP- [U-14C] -G which were for 5 minutes.
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sugar residues from 106 pM GDP—[U—lAC]~M into X~cellulose
may simply be due to the synthesis of greater amounts of
water-and chloroform:methanol (3:2 v/v)-inseluble products
from this substrate. An alternative hypothesis is that the
insoluble products synthesised frem GDP-[U-14C]-M may be
rendered insoluble in 24% KCH by an association with endo-
genous cellulode microfibrils in the particulate enzyme
preparation. This may be by non-covalent birding, er it
might be that the radiocactive mannose residues were attached
to the ends of polysaccharides already present in the micro-
fibrils. If bthsese primer polysaccharides were glucans,

this would result in glucomannan formation. Table 6 shows
that 100 pM GDPM stimulated the incerporation of radiocactive
residues from 102 M GDP- [U-40]-G into x-cellulose, indi-
cating the synthesis of a glucomannan {see ppi83-3 ),
Indeed, glucomannans have been found in the ®-cellulosge
fractions of white bireh (Timmeld, 1964). However, prelim-
inaty experiments on the sugar composition of the ¥-cell-
ulose fraction produced from the mung bean particulate
enzyme preparation by a G.L.C. analysis of the alditol
acetates produced by the methods outlined in chapter 3
failed to reveal the presence of mannose in the ™ -cellulose
fraction although mannose was found.in the waten- and

chloroform:methanol (3:2 v/v)-insoluble fraction.

Thus, the incorporation of radicactivity from a radio-
active substrate into «K-~cellulose cannot be taken to
indicate genuine in wvifao cellulose biosynthesis if by the
term "cellulose” one is referring to pure 49(1~4) glucan.

It was therefore decided to investigate another, purportedly
more specific, cellulose isdlation technique, that of
Updegraff (1969).
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CHAPTER 6: THE UPDEGRAFF EXTRACTION

6.1. Inkroduction

The major setback to research on cellulose blosynthesis
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
$(1-4) glucan (see chapter 5). However, there are now
numerous reports of non-cellulosic polysaccharides, rnotably
B(1-3) glucan, which are insoluble in alkali (Peand-Lencel
& Axelos, 1970; Herth ef «f, 1974; Raymend et af, 1978:
Heineger & Delmer, 1977). 1In cotton fibres £(1-3) glucan
has even been found in the x-cellulose fraction (Buwyler
et af, 1978; Maltby et af, 1979). Thus the assumption that
alkali~insolubility denotes B(1-4) glucan polymers is clearly
invalid, casling doubt on much of the previous literature
on in wvitao cellulose biosynthesig.

Recently, an apparently more specific analytical methed
for the detecticn of cellulese 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 % for 30 minutes. This extraction
is purported to solubilise essentially all protein, 2lignin,
l1ipid and non-cellulosic glucan leaving the cellulose fibres
intact (Sloneker, 1971; Delmer ef «¢, 1974), presumably due
to the crystalline nature of cellulese (Bacic & Delmer, 1981).
The Updegraff extraction has been widely used asg an assay
for cellulose (eg Hogetsu et «f,1974%; Freeze & Loonis,

1978, 1979; Ginnivan ef «f, 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-"C-&
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(Delmer et @4, 1974). This chapter describes the preliminary
experimgnts carried out to determine whether GDP—[U»IAG]-G
or UDP-EU«14GT—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 cobtained by the methods
described in chapter 3. All incubations were for 15 minutes.

Both UDP-[U-14¢]-¢ and DP-[U-14G] -G can act as sub-
strates for the synthesis of U-cellulose by the enzynme
preparation., No incorporation of radicactivity into U-cell~
ulosc was observed from [U-14C]-sucrose, [U-140]~g1ucosew
l-phosphate or [U-14C]-glucose. Neither D T.T , BSA, PMSF,
PEG 4000, nor sucrose stimulated the incorporation of
radiocactive glucoge from any of these substrates irto
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°C for less than 24 hours were used as an engyme source.
On the basis of the previcus studies outlined in the
introduction to this chapter, the U-cellulosic products from
cpp-[U-14¢] -G and UDP-[U-14C] -G should be crystalline and
microfibrillar in nature. Thus, the radicactive residues
from the sugar-nucleotides may be added on to the ends of
endogenous microfibrils which are acting as primers, or
erystalline microfibrillar material is synthesised de noro.
The alternative possibility that the products are non-micro-
fibriilar and are not extracted by the Updegraff extraction
due %o a strong non-covalent association with the endogenous
microfibrils is unlikely since, at least with GDP-[U~140]_G
as a substrate, Triton X-100 solubilised cnzyme was
capable of synthesising U-cellulosic material. 0DP-[U-14c]-q
(1.0 mM) is an efficient donor of glucose for cellulose
synthesie (Table 7), although only 1-2% of the water-and
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Table 7: The effect of storage of the pellets at -20°¢
for 24 hours upon the incerporation of radicactive
glucose from UDP- [U-1%C] -G and GDP-[U-14c]-c

into U~cellulose.

substrate concentration engyme ineorporation
(mM) seurce -pmol glucose
app-[u-14c] g 0.101 unfrozen 145 + 10
] pellet
app-[u-4g] -a 0.101 frozen 143 + 16
pellet
upp-[v-14¢] -6 0.001 unfrozen 0.7+ 0.0
pellet
upp-[v-L4¢] - 0.001 frozen 0.7+ 0.0
i pelilet
upe-[u-T4c] g 1.000 unfrozen 310 & 7
pellet
UDP-[U—lAQ]—G 1.000 frozen 299 + 14
; pellet

The pellets were either used immediately (unfrozen pellet)
or were stored at -20°C for 24 hours (frozen pellet)} before
use. After the routine extractions were conducted, the

watern-and chloroform:methanol (3:2 v/v)-insoluble products
were extracted in acetic acid: nitric acid: water (8:1:2
y/vé ?t 100°¢ for 30 minutes as outlined by Updegraff
1969).
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Fig. 20,

Figure shows the percentage of the water-and chloroform:methanol (3:2 v/v)-
insoluble products synthesised form 1 pM UDP-[U-1%]-¢ (O0—0, 25 nci),
1.0 mit Upp-[U-Y4c]-c (@—®, 25 nCi), and 101 pM opp-[U-14c)-c (0—o0,
25 nCi) remaining insoluble after 30, 60, 120 and 180 minutes extraecticn
with acetic acid: nitric acid: water (8:1:2 v/v) at 100°C,
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chloroferm:methanol (3:2 v/v)-inseluble products remain
insoiuble after the extraction (Fig 20). This is doubtless
due to the removal of the large amounts of B(1-3) glucan
shown to be synthesised from 1.0 mM UDPw[leAG]-G in chapter
4o As a result, the synthesis of U-cellulose from
UDP—[U-lAGI—G'doas not appear to be substrate activated.
Carpita and Delmer (1980) demonstrated that ﬁHl»B) glucan
synthesised from UDPG was entirely extracted from detached
cotton fibkres by the Updegraff extraction.

Radicactive glucose from GDP~[U~140]-G (101L pM) wasa
also incorporated into U-cellulose and less than 54% of the
water- and chloreform:methanol (3:2 v/v)-ingoluble producte
were removed by the extraction.

With the water and ehloroform:methanel (3:2 v/v)-insol-
uble products synthesised from 101 uM GDP-[UFlACJ—G and 1.0
mM UDP—[U-lACJ—G, no further significant extracticn occurs
after 30 minutes. However, with the products synthesised from
1 uM UDP—[U—14C]—G the extracticn i% biphaeie and does not
plateau. The centinued slow rate of extracticn could be
due to two possibilitics:

1) The extraction of residual $B(1-3) glucan which is less
Susceptéhle to the Updegraff reagent due to an association
with the celiulose microfibrils, or alternatively, because

a fibrillar B (1-3) glucan is synthesised. There is a
precedent for the latter hypothesis in the Herth e «é (1974)
found fibrillar 15(1-3) glucan, which was insoluble in 20%
NaOH, in the cell walls of Liédilum éongiflorum pollen tubes.

2) The gradual hydrolysis of the radiocactive residues at
the ends of newly synthesised polysaccharide chains. This
would be more apparent with the products from 1 pM
UDP-[U—lAG]-G as there was no isotopic dilution of the
radioactive substrate in these ineubatiocns.

These two possibilities will be discussed further in

chapter 8.
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‘cHAPTER 7:  GDP-Ju-2%4c]l -G AS A SUBSTRATE FOR THE SYNTHESTS
OF U-CELLULOSE

7.1. Introducticn

There have heen many repcrts of GDPG acting as a
substrate for the synthesis of alkali-insoluble polysacc-
haride containing B(1-4) linked glucose by particulate
and detergent-sclubilised enzyme preparaticuns from higher
plants. However, there ig now some congiderable evidence
that the product synthesised from GDPG by these preparations
is a glucomannan rather than cellulose (chapter 1, pr 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
(1981la) demonstrated that the polysaccharide synthesised from
GDPG was more cellulosic in nature at higher concentrations
of substrate (50 uM), it was decided to re-evaluate the
polysaccharide(s) synthesised from high concentrations of
6DP- [U-14C] -G by the 7. cureus particulate ensyme prepar-
aticn, using the criteria outlined in chapter 2.

1

7.2, The incorporaticn of radicactive pglucose from
GDP~[U—140]—G into U~celliulcge by the particulate

enzyme preparation.

With 1 pM GDP-[U—ldc]—G as a substrate, the synthesis
of U-cellulose comes to an abrupt halt after 1 min (see
Fig 21). ‘'his very short duration of the synthesis of
alkali-insoluble l""’G~-polyE!ac:c:ha:('j.dc—: from low concentrations
of GDP-[U-lAG]—G is wcll docecumented in particulate
{(Flowers et «¢f, 1969; Villemez, 1971; Hirman & Villemez,
1975) and scluble enzyme preparaticns (Heller & Villemes,
1972a) from a number of plants. However, ths reason for
the cessaticn of polysaccharide éynthesis in the preparation
used in this investigaliocen differs from that found by
previous workers. It was found by Flowers el af {1969},
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Table 8: The effect of preincubating the particulate
enzyme preparation at 25°C upon the incorpor-
ation of radicactive glucose fromn GDPm[U-lAC]—G
intc U~cellulose

substrate conc. preincubation incubation incorporation:.
(mM) (minutes) (minutes)  pmol glucose
aop- [u-Y4c]-c  0.002 5 - 29 + 5.0
aop- [u-t4c]-c 0.002 5 5 33 + 2.4
aop- [t-Y4c]-c 0.102 15 - 87 + 6.4
app- [u-14c] -6 0.102 15 15 76 + 5.7

The enzyme preparation was prepared as usual. GDPn[U—l4G]—G
(50 nCi) was added immediately, or after a preincubaticn at
25°C.
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Fig. 22A

Fig.

22B

Thin layer electrophoretogram of the
water~soluble radiocactive components
after a 30 minute incubation cf the
particulate enzyme preparation with 101
M 6DP-[U-14c] -M (25 noi).

Thin layer electrophoretogram of the
water-soluble radicactive components
after a 1 minute incubation of the
particulate enzyme preparation with 1
pM GDp- [U-14c]-G (25 nci).
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Fig. 23

Thin layer electrophoretogram 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-[U-lAC]—G

(25 nCi).
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Thin layer electrophoretogram of the water-
sdluble radioéctive conponents after a 5

minute (A) and 15 minute (B) incubation of
the particulate enzyme preparation with 101
pM GDP- [U-14C) -G (25 nCi) plus 100 uM GDPM.
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Lui & Hassid (1970) and Villemez (1971} that the additicn of
fresh enzyme to incubations after synthesis had ceased,
regulted in additional synthesis of 14C—polysaccharide,
guggesting that the reaction from low cencentrations of
GDPmléc—G was not stopping due to a lack of radicactive
substrate. I have found however, that in the enzyme prep-
aration used in this investigation the reaction from 1 nM
GDP“[U—14C]-G ceased due to a depletion of radioactive
substrate. The evidence for this is outlined below:

a) The enzyme(s) are not denaturing during the incubation
as the resulis 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. salivunm

Hinman and Villemez (1975) observed a bifunctional inacti-
vation of the enayme 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 incubaticn supernatant after a
1 min incubation revealed very lititle radiocactivity co-
chromatographing with GDPG (see Fig 22B).

¢) The addition of fresh enzyme did not result in a
significant increase in the incorperation of radicactive
glucose into U-cellulose (Table 9).

d) The addition of fresh GDPu[U*l4C]—G after the synthesis
ofiU~cellulose had ceased resulted in a 2-feld increase in
the incorporation of radicactivity relative to the control
(Table 10). 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 ir +the incubation
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is increased, the duration of U-cellulose synthesies iec also
increased {Fig 21). This phenomenon has been observed in
particulate enzyme preparatiens (Hinman & Villemez, 1975)

and tissue slices {Brett,1981la) from 2. sativunm.

U~cellulose synthesis from 101 pM GDP—[U~140]—G is
'virtually over after 5 minutes. The cessation of synthesis
is not due to engyme inactivation (Table 8), cr lack of

radicactive substrate since:

a) T L BE. analysis reveals that significant amounts of
GDPn[U"l4d]mG were predent in the reaction medium even after
a 15 minute incubation (Fig 23).

b) The addition of fresh enzyme preparation to the reacticn
medium after a 5 minute incubation resulted in a §é% increase

in the incorporation of glucose into U-cellulose (Table 9).

¢) The addition of further GDP-[U-14C]-G resulted only in
a 2%% increase in the incorporation of radicactivity into
U~cellulose (Table 10).

The abave results suggest that there is some limiting
endogencus facter in the enzyme preparation which is required
for continued U-cellulose synthesis from 101 pM GDP—[U-140]~G
Thig factor is temperature stable, since the addition of
boiled enzyme preparaticn results in a Z3% increase in
U-cellulose synthesis, only 23% less than when active
enzyme preparation is added. This ressult lends credence to
the argument of Delmer (1977) whe suggested that one of the
factors involved in the reacticn may be the number of endo-
g;nous glucan chains able to act as primer melecules for the
synthesis of glucan from GDP-[UulAG]-G in detached cotton
fibres. Another facitor definitely involved in the cessation
of the reaction, that of endogenous mannose sources, will be
discussed in secticn 7.3.

The incorporation of glucose inte U-cellulose from 1.0
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nM GDP-IbﬂlAQ]-G continues at an ever decrsasing rate for

up to 30 minutes (Fig 21). This would suggest the presence
of an enzyme. which is activated by increased GDPG concentra-
ticns and whieh apparently does not regquire the presence of
mannose donors or mannose-containing aceeptor molecules for
continued U-cellulose synthesis, sinee in the latter periods
of the incubation at least, endogencus sourceces of mannose
would be expected to be depleted. Thus the product of this
reaction may be long sbretches of miecrofibrillar glucan

which, if so, has obvicus implications for cellulose biosyn-

thesis and will be discussed in chapter 9.

7.3.. The effect of other non-radicactive sugar-nucleotides

upon .the incorperation of r&le&cthG glucose from
GDP- [U~14d] ~G into U-cellulose by the particulate

enzyme preparation.

In view of the considerable weight of evidence for the
synthesis of glucomannan from GDPG by enzyme preparations
from higher plants (see chapter 1, pp 23-2% ) 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-14c)-G. It was found that 100 uM GDPM
stimulated the synthes;s of U-cellulose from 101 pM

P~ [U-14c]-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 uM GDP~[Ufl4C]~G could be observed in the presence
of 10 uM, 100 uM or 1 mM GDPM in the reacticn media. These
results are similar to those obtained. by Villemez (1971)
with P. aureus enzyme preparatiocns and Hinman and Villemes
(1975) with preparations from P. 4ai£uumpboth 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 mM CDP-[U-F4¢}-c (Table 11). The
prolonged period of incorporation was not due to a preser-
vation of GDP-[U-1%c]-¢ 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 (100 M), UDPG (200 uM)
and UDPXyl (100 pM) upon the incorporation of
radiocactive glucose from 101 pM GDP—[U-lACT—G
into U~cellulose.

substrate added incorporation
sugar-nucleotide “pmol glucose
aop- [u-L4¢]-q - 118 + 11
aop- [u-L4c]-q UDPC 127 + 2
GDP—[U—lACJ—G UDPXyl 133 + 5
6pp-[v-14c]-c GDPM 358 + 22

Incubations were as outlined in chapter 3 except that water,
UDPG, UDPXyl or GDPM was added to the reacticn media,

Bach dincubation contained 25 nli c¢f radicactivity and was
incubated for 15 minutes.




Table 12* The effect of pre«incubation with 100 uM GDP-
mannose upon the incorpcration of radiocactivity
srom 101 uM GDP-[U~4C] -G into U-cellulose.

preincubation incubation incorporation pmol

dpm incorporated
cbpM (100 pv)  cop-[u-to]-c 323 + 12 58 + 2
H,O app-fu-t4c]-c 296 + 36 54+ 7
H,0 epp-fu-t4cl-c 1360 + 41 247 + 45

+ 100 pM GDPM

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
Trig HCL buffer, pH 7.5 2t 1°C. The pellets were resuspended
and the process repeated to remcve residual GDPM, The
membranes were then resuspended in buffer and incubated with
i01 p¥ GDP- [U-14C]-G with or without 100 pM GDPM for 15 min.
EBach incubation contained 25 nCi.
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Fig. 25

Time-course ¢f the incorporation of radicactive glucose from 101 uM Ouw;wdnpmogum
(25 nCi) plus (®——® ) and minus ( O——C ) 100 uM GDPM. Boiled enzyme

preparation (200 pl) was added to incubations containing GDPM after incorporaticn
rrom GDP-[U-4C]-¢ hed ceased (C—J).




(unw) awi)

Glucose incorporatedfpmol x10
ik <

120




121

that there were gimilar amounts of GDP—[U—lAG]—G regardless
of the presence or absence of GDFM in the incubaticns

(Figs 23B and24A). Heller and Villemez (.1972’"&), using
Triton X-100 solubilised enzyme preparations, found that
GDPM did not stimulate the synthesis of 14C—polysaccharides
by isolated GDPG:B(1l-4) 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 ie. the GDPG:A(1-4) glucan glucosyl-
transferage activity was dependent upon a mannose-contain-
ing acceptor molecule fer continued synthesis. Barber
{(1982) also found that with a sclubilised enzyme preparation
from P. aunreus, preincubation with non-radiocactive GD?M
resulted in the usual stimulation of polysaccharide synthesis
from GDPG ebserved when both sugar nucleotides are present
sirultaneously in the reaction media. It was suggested that
mannosyl . 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 subseguent, coantinued U-cellulose synthesis
from 101 pM GDP-[U-140}~G but rather, GPFM must be pregent
simultaneously with GDP-[0-14CJ -G to cause stimulation of
U-cellulose synthesis.

The reaction wtilising 101 pM GDP- [T-14¢]-G plus 100
M GDPM does not stop after 15 minutes due to a lack of
sither substrate (Figs 224 and 24B). Neither does it stop
due to enzyme denaturation of either the glucosyl transfer-
ase (Table 8) or the mannosyl transferase (Fig 26). (This
assumes that the mannosyl transferase which synthesisges
U-cellulose from GDPM alone is the same enzyme as that
involved in glucomannan synthesis. -This assumption is
probably juatified on the basis of the observations by
Villemez (1971) and Heller and Villemes (1972a) werking with
P. auseus enzymes. (See chapber 1, pp 23-25 ). It is
further supported by the fact that under conditions when
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the . ‘mannosyl transferase utilising GDP! is inhibited, no
stimulation of U-cellulose synthesis from 10} pM GDP—[U—lAC]uG
by 100 pM GDPM is observed {(see Table 13). The possibility

that the reacticen terminates due to the preducticn of an

inhititor during the reacticn alse does not seem likely in
the light of the results in this sceticen and 7.2, Thus,

as was the case with incubaticna containing 101 pM
GDP-[U—1401~G alone, there aprears to be a requirement for

& consumable, heat-stable, endogenous factor in tae enzyme
preparaticn as indicated by the further synthesis of U-cell-
ulose from GDP—{U—lAC]—G plua GDPM upon the additicn 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, cnly a limited
number of sugar residues may be added., This restriction
could easily be envisaged as it is thought that mierofibril
deposition is & complicated process involving membrane flow
and cortieal microtubules (Mueller & Brown, 1982a, b). It
is very likely that homogenisaticn of the hypccotyl tissue
will result in the disruption of the organisaticn of the
microfibril depositicn apparatus required for continued

microfibril synthesis.

In this investigation GDPM was zlso found to stimulate
U-cellulose synthesis from 1 pM GDP—[U—IAC]—G. Thig result
would appear to be contradictery to the observaticn that
U-cellulose synthesis from 1 uM GDP—[H—léc]—G stops due to
depletion of radicactive substrate (Fig. 22B). However, it

can be explained if the inserticn of a mannese residue into
a glucan chain allowed further eclongation of the glyean
chain resulting in a produet with a larger molecular weight.
indeed, 11t has been shown that the presenee of GIPM in the
incubaticn increases the molecular weight of the water-and
chloroform:methancl (3:2 v/v)-insoluble products from
GDP—[U-lAG]—G (see section 7.5). Thus the inclusion of GDPM
in the incubation eould result in the increased synthepie

of U-cellulese at the expense of water-soluble oligosacc-
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Fig. 26 Time-course of the incorporation of radicactive manncse into U-cellulose from 1
nuM obw..?.-u.\.& -¥ (50 nCi) by the particulate enzyme preparaticn.
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Fig. 27

This figure shows the percentage of the water and chloroform:methanol {3:2 v/v)-
insoluble products synthesised from 102 pM GDP-[U-14C]-G (@———@ ), 102 p¥
6DP- [U-"%c}-¢ + 100 pM GDPM (O—1)) end 102 p¥ GDP-[U-14c]-¥ (O0—O )
remaining insoluble after 30, 60, 120 and 180 minrnutes extraction with acetic
acid: nitric acid: water (8:1:2 v/v) at 100°C. Each incubation was for 15

minutes and contained 50 nCi of radioactivity.
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harides whieh may in part be responsible for the peak at the
origin in ¥ig. 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 previcus evidence for the participatien of
ghort chain glucan intermediates in cellulose bicsynthesis

(see section .1, 4.4.)

The previous results ard these obltained by gel filtra-
tion {section 7.5) and linksge analysgic (see section 7.6)
indicate that a glucomannan which ig insoluble after the
TIpdegraff extraction is synthesised from exogenously
supplied GDPw[Ue14G]—G by the particulate enzyme preparation.
GDP-[0-1%0] -M is also utilised for the synthesis of
U-cellulose (Fig. 26). Indeed, it appears to be a beller
substrate than GDP—[U—14G]—G and synthesis from 104 uM
GDP—[U—lAC]«M-proceeds at an ever decreasing rate for 30

minutes,

Thus GDPG and GDPM both act as substrates for the fcrm-
aticn of Updegraff~insolublc matcrial ccntaining a gluco-
mannan and possibly mannan and glucan. Since it was possible
that the standard exiracticn time, 30 minutes, was not long
enough to remcve all non-cellulosic materials, longer
pericds of extraction were conducted., .As shown in Fig. 27,
none of the products exhibited any significant change with
extraction pericds of up to 3 hours. Thus it must be
concluded that all the products are indeed U-cellulose as
defined by the extraction preocedure. IHowever, as was the
case with the ¥~cellulose fracticn of the mung bean partic-
ulate enzyme preparaticn, no manncae was detectable after
a G.L.C analysis of the alditel acetates produced from the
Uecellulosic fracticon of the enzyme preparaticon. It must
be stressed however, that the results obtained were far
from satisfactory in terms of reproducibility and the
guality of chromatography. It is surprising indeed that
non-~glucose residues were not found in view of the consid-

erable evidence for microfibrillar cellulose containing




amounts of non-glucose residues including wmannose {(Preston,
1974) which are deteclable by paper chromatographic

techniques. As pointed out in &h. 1;B.2.3., these residues are
only removed under conditions which destroy the integrity

of the wicrofibril. Work is being continued by Dr C.T.

Brett to develop an improved mcthod for G.L.C. analysis of

the sugar residues found in the cellulosic fractions of

plant tissues.

7.4. The effect of calcoflucr white 8T on U-cellulose

syntheais from.GDPer—i4C]-G by the particulate enzynme

preparation

In Acetoflacter xylinum, celcofluor white ST prevents
the formation of crystalline microfibrils resuliing in the
increased synthesis of ncen-crystelline B(1l-4} glucar (see
chapter 1. section C.2 p. 60 o 1). Since the
Updegraff extraction is purported to leave only crystalline
cellulose In the insoluble residue, it wag hoped that the
inclusion of calcofluor white 3T would result in an inhlb-
iticn of the synthesis of U-cellulose synthesis and a
corresponding increase in tho synthesis of water- and chloroform:
nethancl (3:2 v/v)-insoluble product from GDP—(Umléc]—G.
This would provide furthor evidence for the microfibriliar

nature of the products,

It was found that U-cellulose synthesis from 101 uM
GDP~[U—14C]—G by the particulate enzyme system was inhibited
by 43% with 1 mg ml™" calcofluor white ST in s 15 minute
incubaticn. However, the syrthe“*o of the water~and chloro-
formimethanol (3:2 v/v)-insocluble products was also inhibited
by 40%. This would suggest that the effect was due to a
direct inhibition of the polymerase enzymes involved, rather
than an interference with the crystallization process.
This ig in coutrast with the results of Bensiman ef «f

(1980).




7.5. Gel faltraticn of the water- and chloroform:methancl

(3:2 v/v)-insoluble products synthesised from
epp-[u-T4c)-c and cpP-[u-T4c]-M by the particulate

cnzyme preparation.

As pointed out in chapter 2 it may be necessary to
use a physical c¢ritericen to aid in the identification of
cellulose. The simplest physical assay for cellulose is
that of wolecular weight since cellulose is the only
pelysaccharide of dicotyledonous plant cell walls that may
have a D P of several thousand. Thus, any high molecular
welght material found in the radicactive products may well
be cellulosic. As can be seen in FPigs. 28-31 all the
products were eluted with, or just before Dextran T70 and
therefore have a probable molecular weight of less than or
equsal to 7 x 104. Different onzyme preparations were used
for the results in Figs 28 and 30 explaining the slight
variation in the elution volume of the products from 101
i 6pe-[u-t4c]-c.

There is some justilication for doubting the appropriate-
ness of these dextrarn wmarkers in assessing the molecular
weight of the products, as dextrans are highly branched
molecules, while B-glucans, glucomannans and nannans are
mostly linear. 1t is clear however, that none of the
products are of the size expected of cellulose. Iowever
this negative result alone does not exclude the possibility

that the preducte are celiulosic for the feollowing reagons:

1) Spencer & Machlachlan (1972) have shown that in P.
salivum epicotylsglow molecular weight (D P < 500) cellu-
lose does exiet, particularly in young tissues.

2} The products may be degraded by endogenous cellulases.
Inde=d there is some evidence that these degradative
enzymes are present in the pariiculate enzyme preparaticn

used in this investigation (see chapler 4, p 87).
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Fig 28

Gel filtration of the water-and chloroform:methanol (3:2 v/v)-insoluble procducis
synthesised from 101 pM wa:ﬁd:HAoMro (25 nCi) plus (O—O ) and minus (&—@ )}
100 uM GDPM cn Sepharose CL-6B (column volume § oam“ fracticn volume, 0.375 oawv.
Incubations were for 15 minutes and whole fracticons were ccunted. The Dextran
markers, Dextran T500 and 770 (abbrevieted in figure to T500 and T70) were obtained
from Pharmacia Fine Chemicals and were detected in the eluant by the vhencl-
sulphuric assay of Dubois e «f (1956).
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Gel filtration of the water-and chloroformimetnanol (3¥2 v/v)-insoluble productis
synthesised from 101 puM oowlmdzwbog;z (25 nCi) on Sepharose CL-63 (column vclume
9 oam“ fraction vclume, C.375 oawv‘ The products used ir this figurs and in

Fig. 28 were synthesised by the same enzyme preparation and thus the results are
directly comvarable. The incubation period was 15 minutes and whole fractions
were counted. Dextran markers and their detection as in Fig. 28.
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Gel filtration of the water~end chloroform:methanol (3:2 v/v)-insoluble products

synthesised from 1 uM (O—Q) and 101 pM (@——4m@) GDP- [U-14c]-G (25 nCi) on
Sepharose CL-6B (column volume 9 oaw“ fraction vclume 0.375 oawv‘ The incubaticns

were for 5 minutes and whole fracticns were counted. The Dextran marxers and
their detection are as in Fig. 28.
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Fig. 31

Gel filtration of the water-and chloroform:methanol {(3:2 v/v)-insoluble products
synthesised frow 1 pM (@——@) and 101 uM (0——O) GDP-[7-%4c]-c (25 nCi) on
m“ mv. Incubations

Sepharose CL-63 (column volume 25 cm~; fraction volume, 1 cm

were for 5 minutes and in the case of the products synthesised from 101 pM
mumnmdnwhownn. 300 pl of the fraction was counted., Column void volume (V
was determined using Blue Dextran 2000 (Pharmacia Fine Chemicals).
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3) The products may be short-chain intermediates whose
further incorporatiocn into high molecular weight cellulose

is blocked in scme manner.

It is interesting to note that the products from
epp-[v-t4c]-c, aop-fu-t4c]-¥ and GDP-[U-1%C] -6 plus GDPM
are not of equivalent size. Hinman and Villemez (1975)
reperted that the major products synthesised from low
concentraticns of GDPG, CDPM, and GDPG plus GDPM by partic-
ulate enzyme preparations Irom P. sefirum had similar
molecular weights. It was argued from this result that
the same product (a glucomannan) was synthesised from both
these substrates and the suggesticn of Flowers et af (1969),
that the GDPC:A(1l-4) glucan glucosyl-transferase thought
to be involved in cellulose bicsynthesis reguired the inser-
tion of mannosyl residues to continue chain elongation, was
incorrect, Thie hypothesis of Flowers ¢f ¢ is attractive
as it offers an explanation for the mannocse residues
commonly found in the cellulosic fractions of plant material.
The results ol the experiments in the present investigation
are consistent with this hypothkesis, in that the inclusion
of GDPM in the incubation increases the molccular weight
of the products from GDP*[U—lACJ—G. Upcn closer inspecticn,
the results of Hinman and Villemez are alsoc consistent with
the hypothesis of Flowers ef af, When either GDPG or GDPM
was incubated alone, a smaller molecular weight product
was detected. When both these sugar-nuclsotides were in-
cluded in the incubaticn, the size of the low molscular
welght peak was considerably reduced, implying that they
were intermediates in the chain forming process which
required the inserticn of either a glucose or mannoge resi-
due (depending on radicactive substrate) for further chain
elongation. The fact that the products were not of tlhe
size expected for ecllulosec even when both sugar-nuclco-
tides were present in no way excludes ithe posaibility that

they are cellulosic for the reasons outlined earlier.

Increasing GDP-[U—lACJJG concentration from 1 pM te
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101 pM aiso resulted in an increase in the molecular weight
of the products (Fig. 30) This effeect was confirmed on a
larger column (Fig. 31). A similar result has been reported
for the products synthesised fronm GDPw{U~140]—G by pes
epicotyl slices (Brett, 1981a).

7.6. Purther analysis of U—cel;ul9sc synthesiged from
GDP—EU—lAG]—G and GDP—[U*léc - by the particulate

enayme preparation.

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

Totsl acid hydrolysis of the products from GDP- [U-14C]-g
plus GDPM and GDP-.[U-1%C])-M gave rise to radicactive
glucose and mannose respectively as the only radiocactive
monosaccharides (Figs 33 and 34) indicating that the radic-
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-fu-t%
hydrolysis of the products (Pig. 32). UNeither did
increased periods of hydrcolysis significantly reduce the

cl-G alone did not result in a complete

amount of undegraded material. This may be some evidence
of the cellulcsic nature of thesc products, as it is known
that cellulose is especially resis?ant to aecid hydrolysis

under these conditions (Brett, 1981b). Fig 32 demonstirates
that glucose is the only radicactive residue found in the

hydrolysed porticn of U-cellulose synthesised from 103 pi

app- [u-T4e] -a.

Dennis and Preston (1961) showed that the pure glucan
crystallites of the cellulose microfibril, termed rodlets,
were resistant to ewxtracticn with 2.5 N HZSOA at 100°¢C for

24 hours. The rodlets nhad a characteristic cellulosge
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Paper chromatogram of the U-cellulosic products synthesised from 103 pM
6D~ [U-240]-6 (75 nC1) after total scid hydrolysic at 15 1b in"2 for 1
nour and 2 days chromatography. The incubation was for 5 minutes.

(Gle : gluccse, Gal : galactose, Man : mannose).
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Fig. 33 Paper chromatogram of the U-cellulosic products synthesised from 102 uM
mbw:manwaQIQ (50 nCi) plus 100 pM GDPM after total acid hydrolysis at
=0
15 1b in © and 2 days chromatography. The incubation was for 15 minutes.

(Glc : glucoss, Gal : galactose, Man : mannose)
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Fig. 34 Paper chromatogram of the U-cellulosic products synthesised from 102 uM
DP-{U-T4c]-M (50 nCi) after total acid hydrolysis ab 15 1b in 2

chromatography. The incubation was for 15 minutes (Man : manncse, Gal :
galactose, Glu : glucose)

and 2 days
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X-ray diffractogram and formed a colloidal solmtion upon

removal of the acid by washing with water.

In this investigation an attempt was made to obtaim
these rodlets since the incorporation of radiocactivity {rom
a radicactive subsirate into these rodlets would be strong
evidence for the synthesis of the pure £(1-4) glucen
crystallites of the microfibril., TUnfortumately, although
radicactivity from 10L pM GDP-{U-14Q]-G was incorporated
into material insoluble in 2.5 N HZSO4 under the conditions
of Dennis and Preston (1961l), no colloidal solution of
rodlets was obtained upcn washing. However, the fact that
the- products were bo some extent insoluble under the
conditions of Dennis and Preston {(196Ll) and in the total
hydrolysis conditicns in Fig. 32 is some evidence for the

crystalline nature of the products.

The nature of the sugar-sugar linkage in the products
from GDPn[U—léG]-G and GDP—[ﬂ-lAC]nG + GDPM was investigated.
The partial aecid hydrolysis techniques outlined in chapter
3 were found to be inadequate in that difficulty was
encountered in obtaining adequate amounts of oligosaccharide
material. Flowers et «f (1969) also demonstrated that this
technigue 1s inappropriate for the analysis of products
synthesised from GDPG as the presence of mannose containing
oligosaccharides may not be detected (see chapter 1, p 2%)

It was therefore deecided to subject the U-cellulosic

products to the partial acctolysis methods of Clark ang
Villemez (1972). Partial acetolysis of the products from

104 p¥ GDP-[U-14c]-G and 104 pM GDP-[U-%C)-G + 100 pM

GPPM gave rise to glucose, cellobicse and a third radicactive
peak co-chromatographing with laminanbiose 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 chromatogragphed on paper ir butanol:pyridine:
of 1.5.

water (10:10:3 v/v) and it ran with an Rcellobiose
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Fig.35A Paper chromatogram of the U-cellulosic
products synthesised from 104 pM GDP-
[u-14c]-c (100 nCi) after a 9 day
acetolysis and 3 days chromatography.
the incubation was for % minutes and

markers are as described in Fig.i9.

Fig.35B Paper chromatogram of the U-cellulosic
products synthesised from 104 uM GDP-
[U-*4c] -6 (200 nCi) plus 100 pM GDPM
after a 9 day acctolysis and 3 days
chromatography. The incubation was for
15 mirutes and the markers are as
described in Fig.l19.
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This is the value reporied by Heller and Villemez (1972a)
for glucosyl-AR(l-4)-mannose in this solvent. Since
laminaribiose runs close to gincosyl-#(1-4)-mannosc 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 minultes. The unknown peak was clearly
separated from laminaribiose and thus may be tentatively
identified as glucosyl-#(1-4)-mannose, an oligosaccharide
to be expected on partial acetolysis of a glucomannan.
The fact that the glucosyl-B(l-4)-mannose oligosaccharide
is found in the products of incubations without added
GDPM confirms the presence of endogcnous mannose donors or
mannose containing acceptors in the enzyme preparation,
since total acid hydrolysis of the U-cellulesic products
from GDP—[U»ldq -0 glucose alone did not indicate the
presence of epimerase activ;ty.

7.7. The effect of ED T A  on the synthesis of U-cellu~
lose from GDP-{u-"4c]-¢ ana gpp-{y-*4c] ¥ by the

particulate ensyme preparation.

Elbein (1969) reported that in particulate cnayme
preparaticns from P, cureus, the mannosyl transferase
utilicing GDPM as a substrabe was strongly dependent upon

the addition of Mg2+

to the incubation. The glucosyl
transferase using GDPG had no such requirement. It was
therefore decided to test the effect of 10 M E. D T.A upon
the synthesis of U-cellulose from GDP-[U-4c] -G and

app-[u-L4c] -u.

The results of Table 13 indicate that the mannosyl
transferase getivity is totally inhibited by the presence
of € 2 T.A ,presumably duc to the chelation of endogenous
divalent cations in the incubation. E D.T A alsc elimin-
ated the stimulation by GDPM of the synthesis of U-cellulose
from 101 pM GDE- [U-4C]-G. The synthesis of U-cellulose
from 101 pM GDP- [U-14¢]-6 is also inhibited by 768 relative
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Table 13: The effect of 10 mM EDTA upon the incorporation
of radiouctive glucose from GDP~[U-14¢]-¢ and
6DP- [U-14¢] .M into U-cellulose

substrate radioactivity cone. EDTA dincorporation

in incubation {(mM) prol glucose
GDP- [r-t4c] -n 12.5 0.101 - 809 + 46
6DP- [U-14¢] -u 12.5 0.101 + 2+ 2
apP- [U-t4c] -G 25 0:101 - 159 + 20
app-[u-t4c]-a 25 0.101 + 38 + 10
app-[u-T4c] - 25 0.101 - 549 + 18
+ 100 pM GDPM
eop-[u-t4c] -a 25 0.101  + 32 + 3 ’

+ 100 pM GDPM

app<[u-"4g -q 25 0.001 - 18 + 0.0
cop-{u-14¢] ¢ 25 0.001 + 0+ 0.0

The incubations were as normal except that MgCl. was ommitted
and either 0.1 M tris HCLl pH 7.5 buffer or 0.1 tris HC1
buffer containing EDTA was added to result in a final EDTA
concentration of 10 mM,




to the controls by 10 mM E D .T.A , while synthesis from 1

pM GDP-[U-14C) G is totally inhibited. These resulbs
suggest the presence of two glucesyl transferases utilicing
GDP~[U—1AC}-G in the enzyme preparation; one which is
totally inhibited by E.D.T A and is prebably irnvolved in
glucomannan synthesis, and another which is at least par-
tially active in the presence of E D.T.A., Thig enzyme may
be substrate activated (Table 13). As a result of the
mannosyl transferase activity being totally inhibited uander
these conditions and the fact that no stimulation of U-cell-
ulose synthesis fron GDP~[U~140]-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

pid optimunm 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~cellulesic products synthesised from 110 nM GDP—[U-lAG]-G
in the presence of 10 mM E D.T.A 4in 0.1 M tris-HCl, pk 7.5
indicated the presence of cellobiose after paper chromatog-
raphy of the hydrolysate in n-propanol: ethyl acetate: water
(7:2:2 v/v). This demonstrates the presence of B(1-4)
linked glucose in the products. No radiocactivity was ob-
served to co-chromatograph with the tentative glucosyl-

£ (1-4)-mannose oligogaccharide observed in the U-cellulosic
products synthesised from GDP~[U~14d]~G in the absence of
E.D.T A (Fig. 354), 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.

R LRI LA

‘.{“/ﬁ‘_. s :;:E::;.f::

‘ ..\..
- AV
g i T




CHAPTER 8: UDP-[{U-"%C} -G AS A SUBSTRATE FOR THE SYNTHESIS
OF U-CELLULOSE

.1, Introduction

In chapters 6 and 7 it was shown that glucose from
GDPn[U»IAC]»G was incorporated into U-cellulose. However,
UDPG ie now wilidely comnsidered to be the most likely initial
glucosyl donor for cellulose biosynthesis in higher plants

for the following rcasons:

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

2) Recently compelling én wivo evidence for the involvement
of UDFG in the cellulose biosynthesis of cotton fibres has
been presented by Carpita and Delmer {1981) (see v 38).

In witro studies have shown that enzymec preparations
from numerous plants can synthesise products containing
B(1-4) linked glucose from UDPG (see section C.%.2.1.1.. and
references therein}, particularly with low concentrations
of substrate (1-10 pM). A major problem with the studies
on the products synthesised from UDBG by in viirze systems
has been the massive production of alkali-insoluble B(1-3)
glucan by the substrate-activated UDPG:B(1l-3) glucan gluco-
syl transferase. As Carpita and Delmer (1980) found that
the extraction of Updegraff (1969) removed all the B (1-3)
glucan synthesised from UDP*[UHlAC}—G by detached cotton
fibres, 1t was hoped that this extraction would act simi-~
larly in this investigation, allowing a direct study of the
UDPG: B(1-4) glucan glucosyl~transferase to be undertaken.
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8.2, The incorporaticn of radicactive glucoge from
upP-[U-T%¢1-0 into U-eellulose by the particulate

engyme preparation

In chepter 6 it was shown that UDP—[U—lAC]—G could
act as a substrate for U~cellulose synthesis and that
various protective agents added to homogenisation and
reaction mediz did not result in any stimulation of U-cell-
ulosc synthesis. The resuvlts in ¥ig. 36 show that
U-cellulose synthesis ceases after 2 minutes from 1 pM
upP-[U-140) -6 and after 4 minutes from 1.0 wM UDP-[0-*4c]-¢.
Wita both UDP—[U-14C]—G concentrations, turnover of tLhe
U-cellulosic products is opserved. This is more marked with
the products from 1 puM UDP—[U~14C]—G, probably due to the
dilution of the radicactive glucose residues by non-radic-
active glucose in the vprocducbs synthesised from 1.0 mM
upe- [U-t4c] -G,

It was decided to investigate further the U-cellulcsic
products from low (<10 uM} rather than higher concentrations
of UDP-[U~T4C]-G for two reasons. First, the UDPG: #(i-4)
glucan glucosyl—bransferases found irn particulate enszynme
preparations are active at low UDPG concentrations.

Sccondly the highly active B(1-3) glucan synthetase is
activated at higher UDFG concenirations and it has been
shown that the £(1-3) glucan produced may bhe remarkably

resistant to extraction procedures (see chapter 6 p. 96),

ttemptes were made to determine the pd optimum for
U-cellulose synthesis from 1 uM UDPG-[Unldcl—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 pll.cptimum
(Stockell & Smith, 1957). Another possiblé explanation is
that the active site of the synthetase is totally enclosed
withir the hydrophobic environment of the membrane and would
thereforec not neccessarily respond to variations in sxternal

pH. The alternative possiblility that the enzyme has a pH
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Table 14 The effect of preincubating the particulate
' enzyme preparaticn at 25°C upon the incorpor-
ation of radiocactivity from 1 uM UDP-[U-14C]—G
into U-cellulose.

preincubation incubation incorporation
(minutes) (minutes) ‘pmol glucose

- 2 0,50 + 0.00

2 2 0.53 + 0,02

15 2 0.25 + 0.01

The enzyme preparation was prepared ang UDP—{U-14C}~G wa s
either added immediately, or after a preinecubation at 25°C.
Bach incubation containred 25 nCi ¢f radicactivity.
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cptimum outsice the range 4-11 ig unlikely considering the

loei of the glucan synthetases involved inf}glucan synthesis.

Yhe reaction from 1 pM UDPu[U—l4C]—G does not stop as
& result of enzyme inactivation at 25°C gince the enzyme is
stable for at least 4 minutes at this temperature (Table
14), although after 17 minutes the cnzyme preparation is
only 89% as active. Nor does the reacticn stop due to a

ieck of radicactive substrate since:

1) the incorporaticn of radicactivity into the water-and
ehloroformimethanol (3:2 v/v)-insocluble products continues

for 30 minutes.

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

These results would suggest that an inhihiter may be
produced during the course of the reaction. The increased
incorporation of radioactivity into U-cellulese upon the
additicn of active enzyme to the incubation media could
not be solely due to 2z diluticn of the proposed inhibitor
as it is clear from the results in Table 15 that extra
aclbtlve enzyme in addition to inhibitor diluticn is required
to observe a significant effect. The nature of the inhib-
itor was not determined duc to a lack of time. Eowever,
likely candicates are UDP or UMP since these molecules npay

be produced as the result of glucosylviransferase activity.

8.3, The inveraction of UDPG and UPPXvl in the synthesis

of water-and chloroform:methanol {(3:2 v/v)-insoluble

products and U-cellulose by the particulate engyme

preparation.

Ray (1980) presented evidence that the golgi-associzated




UDPG:B(1-4) glucan glucosyl-transferase activiby agsayed
at low substrate concentrations in enzyme preparations
from higher plants may be involved in xyloglucan rather
than cellulose biosynthesis. It wes found that UDPG
stimulated the incorporation of radicactivity from UDP-
,[U}4C}-Xyl into polysaccharide and that the observed stim-
ulaticn was due to the production of glucan acccptor
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:B{(1-4) glucan
glucosyl-transferase assayed at low sitbstrate concentration
in the P, aeunreus particulate enzyme gystem is involved in
xyloglucan bicsynthesis. This series of experiments has
imporvant implications. for the speecificity of the Updegraff

extraction since xyloglucan is thought to have a very closge

bording in the primary walls of dicoityledonous plants.

Ray (1980) reported that the xylosyl transferase activity
found in 7. salivum particulate enzyme preparations was
obligately dependant cn bthe presence of free sugar, sucrose
being most effeetive. 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
chloroformimethanol {(3:2 v/v)-inseluble xyloglucan fron
O.4 pM UDP—[U~14Q -%yl in the prescence of 10-100 pM UDPG,
The possibility that TDPG kas a direcl modulating effect
upon the xylosyl-iransferase cannot be excluded on the
basie 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

5
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(100 pM)} appears to inhibit the incorporation of radicactive
residues into the water-and chloroform:methanol (3:2 v/v)-
insoluble products from UDP-[U-1%G]l' -G (Table 17). Wo
concentration of UDPXyl tested significantly affecled the
synthesis of U~cellulose from 1 uM UDP—[U-lAC]-G. Neither
GDPG ncr GDPPM affected the synthesis of U-cellulose from
L4 14
uDP-‘[U-~*c] Xyl or UDP-{U-"%C] -

No incorporation cf radioactive residues into U-cellu-
lose from any concentration of UDP-[U—lAC]—Xyl (0.4 pM-- 1
mM) was observed. Neilher did the presence of UDPG {10. -
100 uM) result in any incorporction of radiocactive residues
into U-cellulosc from 0.4 pM UDP- (U-1%4C]-Xy1 (Table 16).
The above observation demonstrates that the preposed xylc-
glucan synthesised from UDP—{U~14G]—Xy1 is solubiliged by
the Updegraff extraction, suggesting that the Updegraff-
insoluble product synthesised from UDP—[U—lddI—G alone is
not xyloglucan. The bossibility that the extracbtion
removes the xylose side-chains while the glucan backbone
remaing insoluble is unlikely as U-eellulese synthesis from
UDP- [0-14C] -G docs not show the inhibition by UDPXyl
observed in the synthesis of water-and chlerofocrm:methancl
(3:2 v/v)-insolubXe products (Table 17). This implies
that xylcglucan and U-cellulose synthesis from UDPG involve
separate enzyme systems. Thus it may be concluded that
U-cellulose synthesised from UDP-[UnlAC}-G by the P. aureus

particulate enzyme preparation is net xyloglucan.

8.4 . Gel flltratlon of the waterv znd chloroform methanol
(3 2 v/v) 1nsoluble products svnth951sed from
UDP~ TU-3401 G _by the partieulate enzyme prepazdtlon.

In this section, the molceceular weights of the products.
synthegised from UDP~[Um14d,—G was investigated in a
similar manner to that in seection 7.5,

The major product from 5 uM UDP—[U-ldc]—G elutes just
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before Dextran T70 and therefore has a vrobable molecular
welight of lesgs than 7 x 104. There is also a minor peak
eluting just after Dextran T500 which corresponds to a
molecular weight of approximately 5 x lO5 (Fig. 37). This
ig of & large enoughk molecular weight to indicate that the
product may be cellulosic. Unfortunately, insufficient
radicactivity could be incorporated into this peak to sallow
a structural analysis to be undertaken. Neither ceould the
peak be observed after extraction of the preduets in
Updegrall reagent or 24% KOH. This result is not unexpected
as these powerful extractions may well degrade the products.
The possibility that the smaller mclecular weight peak is
cellulosic cannot be ruled out on this result alone for

the reascns outlined on v% 129 and 138.

A large amount of the products synthesised from 1.0 nM
UDP—[Un14d ~G would appear to have a molecular weight in
excess of 1 x 10~ since they are excluded from Sepharase
CL-6B as judged by Blue Dextran 2000, The fractionaticn
range for polysaccharides by Sepharosé CIL-6B-1is 1 x 104 -

1 x 107, There 1s also a smaller-sized peak which co-~elutes
with the majer peak obtained from the products synthesised
from 5 pM UDP-[U~14C]-G in Fig. 37.

The products from 1.0 mM UDP- [U-14c]-G werc subjected
to gel filtration cn a larger column of Sepharese CL-ZB
(fractionation range far polysaccharides>l X 105 -~ 2 x
107). The results in Fig. 39 demonstrate that im torms
of molecular weight there are indeed two cemponents in the
products, the larger of which appears to be exeluded .
suggestiing a molecular weight of greater than 2 x 10?.
Unfortunately as was the case for the high molecular weight
produet.synthesised from 5 pM UDP~_@M14d]-G, ingufficient
radicactivity could be incorpcroted to allew fer a struc-
tural analysis of the-peak. IHowever, using the more active
P. sativum tissue slice system, the high wolecular weight
preduct synthesised from 1.0 mM UDP-(U—lAQ‘-G that was
exeluded from Sepharose CL-2B was shown to be a B (1-3)
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Fig. 37 Gel filtration of the watersand chloroform:methanol (3:2 v/v)~insoluble products

synthesised from 5 uM dbw:ﬁauwrogum (125 nCi) on Sepharose CL-6B (column volume
3.

9 cm”: fraction wolume 0.375 oamv. Dextran markers are as in Fig. 28.
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Gel filtration of the water~and chloroform:methanol (3:2 v/v)-insoluble producte
synthesised from 1.0 oM dww;ﬁq:wmdgum (50 nCi) on Sepharose CL-6B (column volume
9 oaw“ fraction volume 0.375 osmv. Dextran markers and void volume ﬁqov

determination are as in Fig. 28. The products used in this figure and in Fig.

37 were synthesised by the same enzyme preparation and thus the resulis are
directly comparatle.
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Fig. 39 Gel filtratior of the water~and chloroform:methanol (3:2 v/v)-insoluble products
synthesised from 1.0 mM UDP- T.ﬁ-u.pou_uo (50 nCi) on Sepharose CL-2B (ecolumn volume
21 oawm fraction volume _H.w.oawv.
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zlucan (Brett, personal communication). 'The lower molec-
ular weignt pesak synthesised from 1.0 mM UDP4[Un14C]—G by
the P. aureus particulate enszyme preparation has alao been
shown to contain #(1-3) glucan by partial acid hydrolysis

and subseguent paper chromatography.

8.5. Murther analysic of U-cellulose synthesised from 1 pM

UDP»[UML401—G by the particulate enzyme preparation.

In this section experiments are described which were
conduected to determine the sugar composition and the sugar-
sugar linkage of the - U~cellulose syntheslised from 1 pM
UDP—[U—lAC]»G. Because of the small amounts of radioactivity
incorporatéd into U~cellulose fraon UDP—[U—IAC -G, the
incubaticns were scaled up bty a factor indicated below the

figures.

Radioactive glucose was the only radiocactive residuec
detected after total acid hydrolysis of U-cellulosgse synthe-
sised from 1 pM UDP- [u-Y4c] -0 (Fig. 40). Partial acid
hydrelysis was found to be unsatisfactory as a precedure to
investigate the sugar-sugar linkage since only small
amounts of radiocactive oligosaccharides were detectable

relative to undegraded material and glucose.

Partial acetolysis of the products gave risc to glucose
leminardbiose, laminar{triose and cellobiocse (Fig. 41},
indicating that the U-cellulosic product contains B(1-3)
and AB{1-4) linked glucose. The $B(1-3) and A(L-4} linked
glucose could be part of a mixed-l%akﬁdwggg;ﬁpﬂn or they

could be two separate polysaccharides. A water-soluble mixed-

link B-glucan has becen identified in P. aureus cell walls

(Buchala & Franz, 1974). The preserlééwt‘)f'mﬁ(l-?,) glucan

in the U-~cellulogic fracticn 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.

4G

Paper chromatogram of the U-cellulosic products syntkesised from 1 pM com:hquwbogum
ol

(125 nCi) after a total acid hydrolysis at 15 1b in™° and 2 days chromatography.

Tre incubation was scaled up in size by a factor of 5 (contains 2.5 mg protein)

relative to that cutlined in chapter 3.

The incubaticn pericd was for 5 minutes.
(Gle @ glucose)
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Fig. 41 Paper chromatogram of the U-cellulose synthesised
from 1 pM UDP-fU-t4clac (250 noi) after a 9 day
acetolysis and 3 days chromatography. The incuba-
tion was sca%pd'up by a fector of 10 (contains 5
mg of protein) relative to that outlined in chapter
3. The incubstion was for 5 minutes and the

markers were as described in Fig. 19.
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Fig. 42 This figure shows the percentage of the water-and chloroform:methanol (3:2 v/v)-
insoluble products synthesised from 2 uM c@w|mquwkaunm (50 nCi) after a 5 minute
ineubation remaining insoluble after 30, 120, 240, 360, 480 and 600 gwscwﬂm after

extraction with acetic acid: nitric acid: water (8:1:2 v/v).
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Fig. 43 Paper chromatogram c¢f the U-cellulose (& hour
extraction) synthesised frow 1 pu¥ UDP—[U—IAC]-G
(250 nCi) after a 9 day acetolysis and 3 deys
chromatography. Incubation conditicns were as in

FPig. 41. Markers were ag described in Fig. 19,




procucts observed in Fig. 20 {sce chapter 6 , 100},

Thus it would appear thal the standarc 30 minute extractien
in acebic acid: nitric acid: water {(8:1:2 v/v) at 100°¢
used by Updegraff {(1969) is no% sufficien® to rsmove all
the non-cellulosiec product produced from UDP-[U—liC]—G. It
was btherefore decided to extracl Lhe waterw-and chlorolorm:
methanol (3:2 v/v)-insoluble products for longer pericds in
the Updegraff reagent to determine whether or not the slow
phase of extracticn would eventually vlateau. The results
in Fig. 42 indicate that Lhe exbraction of the products
from 1 pM UDP-[U«lACJ—O continues for up to 6 kours after
which no further extraction osccurs up to 10 hours. The
products of a partial acelolysis of the Updegraff-insoluble
products after a & hr extraction is shown in Fig. 43. It
ig' clear that although propcrtion of laminar(bicse relative
to cellobicse 1s accreassed, it is still vresent, indicating
that 1f a separate £(1-3) glucan molecule is present in

the products, then 1t is not extractable in the Updegraff

reagent,
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CHAPTER Y:. CONCLUSTONS AND TMPLICATICNS FOR CELLULOSE
BTOSYNTHESIS

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

It was shown that GDP- [U-14c]-a, cpp-[u-t4c]-u ana
UDP-[ *C] ~G acted as substrates for the synthesis of
U-cellulose by the P. aunreus particulste enzyme prepar-
atiorn. The polymers synthesised from GDP-[U—l&C]-G and
GDP- [U-14C] - 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-cellulosc synthesis from GDP—[U:14C]-M} and glucan {(on
bhe basis of a time~course of U-cellulose synthesis from
1.0 mM GDP-[U-1%C]-G, studies on the offect of EDTA on
U-cellulose synthesis from GDP-[U—IAC]—G and a struetural
1nvestlpaulon‘ The U-cellulose synthesised fromn UDP-[U~
lAC]-G, at least at low concentraticns, contained both
#B(1-3) and B(1-4) linked glucose.

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

pertain:

1. The extraction ig¢ not spcecific to erystalline, micro-
fibrillar cellulose, and other non-crystalline, non-
fibrillar glycans that have no associaticn with cellulosc

microfibrils are not solubilised.

2. The extraction solubilises all non-cellulosic glycans
except those which have an intimate association with the

endogenous cellulose microfibrils via non-covalenl bonding.
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3. The extraction does not sclubilise any fibrillar,
crystalline material, whotever its sugar residue and
glycosidice linkage composition. Two factors which may
contribute to the acid-stability of such material are:-
a) the anhydrous (at least relatively so) nature of the
crystallites. |
b} the sugar residuecs in the crystalline state are held in
a rigid confermetion. This wonld hinder the adepticn
of the half-chair conformation formed to stabilise the
carbonium lon intermediate formed in the acid hydrolysis

of a glycosidic linkage.

Le Tt is conceivable that the mannose-~containing pely-
seccharides are covalently linked to the £(1-4) glucan
chains of cellulose and may therefore be integral to the
microfibrillar structure, If this is the casge, tThen they

are part of the molecule to be synthesised.

These four possibtilities will be evaluated in the

following discussion.

it was shown in this investigation thalt the water-and
chloroform:methanol (2:2 v/v)-insoluble products synthesised
from UDP—[U—14017Xyl and UDP-[U-lAC]—Xyl plus UDPG (prob-
ably xyloglucan) were totally solubilised by the extraction,
while 98% of the same products synthesised from 1.0 mM
oDP- [U-14C) -G (containing B(1-3) glucan) were also solu-
bilised. Bacic and Delmer (1981) demonstrated that non-
crystalline ﬁ(l-4) glucan synthesised from UDPG by a
particulate enzyme preparaticn from cotten 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 amcunts of non-erystalline, non-
fibrillar material may not be extracted, pariticularly if
it contains a high proportion of acid-stable glycosidic

linkages (eg. those involving uronic acids). Indeed, even

alfter a 10 hour extraction of the water-and chloroform:
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methanol (3:2 v/v)-insoluble material synthesised from 1

MM UDP—[U»IAC]—G, some B(1-3) glucar was still present.
However, this result could equally well be explained by

2 or 3 above, or if the f(1-3) glucan was covalently linked
to ecellulose microfibrils. Delmer (1977) has even suggested
that the highly active UDPG:4(1l~3) glucan glucosyl-trans-
feraee activity found in {n wifro enzyme preparations nay

be cellulose synthetase which has been modified during
preparation., This must be considered unlikely, however,

in view of the great stercochemical difference between
B(1-3) and AB(1-4) glycosidic linkages.

One possibility fer the mannose-containing pclymers
is that they are rendered insoluble in the Updegraff
extraction due to an intimate, non~covalent associatign
with endogenous cellulose microfibrils. It is known that
certain cell-wall matrix polysaccharides do have a very
clese relationship with the surface of microfibrils and
under certain cenditions glucomannans can crystallise onte
the surface of cellulose microfibrils, resulting in a
shish (cellulose) kebab (glucomannan) structure (Chanzy et
af, 1982). However, three points would indicate that this

hypotheslis 1s incorrect:

1} 1In preliminary experiments with Triton X~-100 solubil-
ised enzyme preparation, GDPM caused the usual stimulatiocn
of U-cellulosc synthesis from GDPw[U-lAC]AG.

2) The proposed xyloglucan synthesised fron UDP~[U-146]-Xyl
plus UDPG appears to be totally solubllised by the Updegraff
extracticen. Xyleglucan is bound to the surface of cellulose
microfibrils 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 associaticn with microfibrils, the

association must be very intimate indaed.
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3) Kjosbakken and Colvin (1975} demonstrated that a water-
insoluble, alkali-soluble polymer of glucose (presumed to

be £(1-4) linked on the basis of the observations of Glaser
(1958)) which was synthesised from UDPG by a cell-free enzynme
preparation from A. xylinum, was adsorbed onto preformed
cellulose, However unless the preparaticn was dried, the
polymer could be solubilised with only relatively mild

alkali (1 N NaOH).

The previous argument and the fact that sugar residues
from the sugar nucleotides could be incorpecrated into both
x-cellulose (ie produced by a hydrogen~bond-breaking
extraction in 24% KOH) and U-cellulose (ie.produced by a
drastic hydrolytic extraction), strongly suggest that the
ingoluble products are crystalline and microfibrillar in
nature. Even a prolonged extraction with the Updegraff
reagent (6 times longer than the extracticn period originally
used by Updegraff (1969)) does not solubilise a large
proportion of the products synthesised from 100 uM GDP—[U»
L4c]-g, 100 um Gop-[U-1%c]-G plus 100 uM GDEM, 100 pM
GDP- [U-4G]-M and 1 ¥ Unz- [U-14c] -6. ( In this chapter, for
sake of clarity, concentraticns in the range 100-10/4 uM
GDP-[UnlAC]-G have bheen referred to as 100 yM.) This hypo-~-
thesis 18 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
;6(1-3) glucan which is highly resistant to extracticn, as
Herth et ¢ (1974) found such a molecule, which was not
solubilised by 20% NeOH, in the cell walls of pollen tubes
from L. longiflorum.

Mannan microfibrils are the skeletzl components of
the algal families, the Codiaceae and Dasycladaccae {Preston,
1974). Crystalline mannan can oxist at two polymorphs,
mannan I which is found in nature, and mannan II which is
preduced from the native polymorph by gwelling in alkali cor
recrystallization in an analogous manner to cellulose II
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(Chanzy ef «f, 1982). Less is known of the crystallization
behaviour of glucomannang although it is thought that
glucose isomorphically replaces mannose in a mannan bype
crystalline structure. As the glucose:mannose ratioc is
increased, the perfection of the plucomancvan crystsls is
decrecased (Chanzy et «é, 1982). It is possible that mannose
could be incorpcrated into a glucan crystalline lattice in

a similar manner, thus accounting for the increased suscep-
tibility of the products synthesised from GDP—[U—14C]-G to
extraction by thes Updegraff resgent when GDPM was also

present in the incubation media.

If these purportedly crystalline mannose-containing
poiymers are autonoemous, insoluble after extracticn with
Updegraff reagent in their own right and have no relevance
to cellulose biosynthesis, then they must be congidered as
artefacts of the {n wiZao 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 ivery nut) (Preston, 1974) and,
as far as the author is aware, there are no raports of
autonomous crystalline pglucomannans in the cell walls of

higher plants.

Thus the pcsgibility 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 poclymers 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 preparaticn

during the experimental procedures. 1t is conceivable that

the chloroform:methanol {(3:2 v/v) extraction could cause
precipitaticen and association of the newly synthesised polymers,
resulting in a crystalline structure. However, it was shown

that the omissicn of this extraction prior to extracting the
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water-insoluble products in the Updegraff reagent had no
effect upon the resuits obtained. This implies that the
erystalline producte must be formed in an aqueous environ-
ment. It is unlikely that the polymers could form an
autonomous, artefactual, crystalline product (ie, produced
purely by a physical asscociation of the polymers) in such

an environment. Supporting evidence for this statement
comes from the work of Kjosbakken and Colvin (1975). These
regearchers found that a non-microfibrillar, water-insoluble
polywer of glucose (presumed to be B (1-4) linked on the
basis of the observations of Glaser (1958)) synthesised from
UDPG by a cell-free cnzyme preparation from A. xyfinum could
only form microfibrillier material when precipitated from
aqueous, alkaline solution by ethanol. The resulting micro-
fibrils werec soluble in relatively mild alkali {1 N NaCF).

How might such mannoseecontaining pclysaccharides 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 13B.2.3.).Thus some of the glucan chains which
pass repeatedly between c¢rystalline and noun-crystalline
regions of the microfibril may contain mannose in the non-
crystalline regiens. They would then in fact be glucomannans
rather than pure glucans, albeit with a low proportion of
mannose residucs (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 celiulose 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 (1961).

A drawback to this hypothesis is ihat GDP—[U—léd]~M is a
more efficient glycosyl donor for U-cellulose synthesis than
GDP~[U~14C]~G at the same concentration. This could be
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explained if the mannosyl transferase aclivity was better
preserved through tissue homogenisation, cr is less limited
by cofactor requirements., Another possibility is that dn
pvivo a 02 cpimerase activity is present which acts at the

polynmer stage, converting most of the mannose to glucose

within the glucomannan, and that this enzymic activity is
lost {n witro, This epimerase enzyme could be located in the
cellulose synthetase multi-engyme complex along with the
glucosyl and mannosyl transferases. Thus polymerisation,
epimerﬁsatibn and crystallisaticn could occcur in quiek
successicen. There is a precedent for post-polymerization
modification of sugar residuc 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 kiretic :.studies

on polysaccharide gynthesis fyrom GDPG ard GDFM may be recon-

ciled with cellulose biosynthesis. Villemez (1971) and
Heller and Villemez (1972a) argued that glucomennan synthe-
sis from GDPG declined and ceascd due to depletion of the
second substrate, GDPM., 1In this investigation, as in the
earlier work, the addition of GDPM tc the incubation media
extended the period of incorporation from GDPG into the
products. This concept can be extended to cecelluluse micro-
fitril synthesis if one assumes tip synthesis by a large
mulbi-enzyme complex, with the result that the interpreta-
ticn of similar results to those obluined by Villemez and
co~vorkers (Hinman & Villemes, 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 postulatbed
earlier, the microfibril contained glucomannan chains in
addition to glucan chainsa, lack of the second substrate

for glucomannan synthesis (GDPM) could brins the whole

process to a halt.
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The above hypcthesie also offers an explanation for
the lack of an increase in the initial rete of reacticn
from GDPG upon the addition of GDPM, a result obtained both
in this investigaticn and by Villemez and co-workers
(Hinman & Villemez, 1975 refs therein). These workers
concluded from their results thalt the sole product from
GDPG, regardless of the presence or absence of GDPM, was
glucomannan, not cellulose. First, if the sols product from
GDPCG was indeed glucomannan, this doesnot exclude the possi-
bility that the product was cellulosie in the light of this
investigadion. 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 chen-

ically distinet holecules are synthesised.

The guestion now arises - What purpose, if any, could
there be for the presence of mannose residues in the cellu-
lose microfibrile of higher plants? Barbker (1982) repcrted
that a pre-incubaticn of a sclubilised enzyme preparstion
from P. aunevs with GDPM resulted in the same degree of
stimulation of product synthesis from GDPG as when both
sugar-nucleotides were present simultanecusly in the incu~
bation. This result would suggest that the products of the
mannosyl transfersse are acting as priming molecules for the
continued synthesis of glucan from GDPG. However, no
support for this hypcthesis was obtained in this investiga-~
tion. It wag demonstrated that GDPM had to be present
simultsnecusly with GDPG for stimulation to be observed. It
was noted that when both sugar-nucleotides were present in
the incubaticn, the resulting water-and chloroform:methanol
{(3:2 v/v)-insoluble products were of an increased moleeular
weight, as judged by pel filtration on Sepharose CL-6B. This
result suggests that the insertion of mannose residues into
the glucan chain is reguired for continued chain elongation.
However, 1t must be concluded that if the mannose-containing
polysaccharides are intepgral parts of the structure of the

cellulose microfibril, then the function of the mannose
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residues can only be speculated upon. Il is possible that
the presence of mannose residues may provide "weak peints®
azlong 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 initisted. This
would be important in those processes where selective cell
wall breakdown sccurs, eg abscission and perhaps in cell
wall extension, since Wong e af {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 alditel acetates produced from a total acid hydrolysate
of the cellulosic fracticns from the P. cuaeus enzyme prep-
arations. In these studies only glucose and a number of
spuricus unidenti{ied peaks were observed. As emphasised
in sections 5.2 & 7.3 these results are suspect and further
investigaticns on the chemical composition of the cellulosic

fracticus of 7P, eureus are continuing.

If subsequent G.L.C studies reveal that mannose is not
8 constituent of the 2. aquaecus cellulose fractions there

are a number of possible explanatlionst-

1) The glucosyl-transferase utilising GDPG activity in

P. auneus engyme 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. -

2) The earlier arguments based on the possible presence of

a 02 epimerase acting at the polymer stage in vinvo could




be extended to the extent where all the mannose residues
in the synthesised glucowmannan were epimerised to glucose

after incorporaticn.

3) The effects of GDPY upon the synthesis of U-cellulose
from GDPG are artefacls arising due to the éin vifro prep-
aration. It is thought that the glucosyl and the mannosyl

transferases in P. cuaews can use the same kind of aceeptor
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 heing brought into contact, a
situation that may not exist in vivo,

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 7
Results obiained in this investigation have not been able
to distinguish between GDPG cr 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-14¢] -g
ceases after 5 minutes and acetolysis of the prcducts indi-
cates the presence ofng(l—A) linked glucose plus a smaller
amount of mannosyl R (1-4) glucose cligosaccharide. The
mannose found in the U-ecellulose synthesised from 100 pM GDPG
alone must come from endogenous sources, as there 18 no
evidence from total acld hydrolysis studics for the presence
of epimerase activity acting at the substrate level. When
the concentration of GDPn[U—lAG]—G was increased to 1.0 mM,
the synthesis of U-~cellulose continued at an cver-decreasing
rate for 30 minutes. This result suggests the presence of
an additienal GDPG-utilising glucosyl-itransferase which is
only active at high concentrations., A4s it is likely that
endogenous mannose scurces are used up, at least in the

latter period of the incubaticn, it wculd seem that this
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enzyme is not dependent upen the presence of such mannose
sources for sustained U~cellulose synthesis. Thus it is
possible that pure glucan is synthesiced, cr at least long

sbtretcnes of glucose residues within a glucomannan,

Further evidence for the presence of moewe than one
glucosyl trensferase activity using GDPG as a substrate, one
of which synthesises pure glucan, comes from studies on the
effects of ED T A upon the synthesis of U-cellulose from
GDP—[U-lAC]—G. It was found that 10 mM E D T A totally
inhibited the incorporation from 100 pM .GDP-[U-"%¢]-M and
abolished the stimulation of U-cellulose synthesised from
160 pM GDP-[U-4C) -G by 100 pM GDPM.

The synthesis of U-cellulose from GDPG was totally
inhibited by ED T A at a substrate concentration of 1 nM
and by 76% from 100 uM GDPG. This indicates the presence
of two GDPG-utilising enzymes ir the preparaition, c¢ne of
which ig tetally inactive in the presence of ED T A ,
possibly synthesising glucomannan, and ancther 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 preparaticn is totally inacitivated under thesc
conditions. Furthermore, initial studies on the acetolycsis
product of U-cellulose synthesised from 100 pM:GDP-[U—ldd -G
in incubations containing 10 wM E.D T A did not reveal the
presence of the mannosyl ﬁ? 1-4) glucose oligosaccharide
found with incubatiocons containing GDP- [U—TAC] ~G alone,
Cellobiose was detected as usual. It ieg interesting to
note that this snzyme appears to exhibit substrate activa-
tion. If so, this is the first report of a GDPG-utilising
enzyme exhibiting such kineties in the synthesis of poly-

saccheride.

There is some evidence to suggest that the putative
glucan synthesised from GDFG may be the crystallites of
the cellulose microfibril. A proportion of the JT-cellulose

synthesised from GDPG is not degraded by the total acid
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hydrolysis conditions outlined In chapter 2 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 investigaticn much higher concentratiocns of
GDPG have been used than in earlier work. The initial
reasons for this have been outlined in chapter 2. What are
the possible rceasons for the requirement of such high GDPG
concentrations in order to observe pure glucan synthesis?
If, as argued previcusly, the enzyme involved ig substrate-
activalted, then the councentration 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 theveby permitting the ready fecrmation of
the two-Ffold screw axis found in the 13(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 wmicrofibril.

Alternatively, if the GDPG-utilising glucosyl trans-
ferase involved in cellulose synthesis is not substrate
activated, then it may have a high Km valve. However, in
plant cells GDPPG is found only at low levels. It is
possible that the conformation of the celluleose synthetase
is altered during enzyme preparation with the result that
the Km ig markedly inereased, or that intracellular con-
partmentalization results in localised high levels of GDPG
in the vieinity 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 enzywe 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 wiiro B(l—d) glucan synthe-
$is) could be incorporated into U-csllulose. This result

ig not unexpected lor a multi-enzyme complex which synthe-~
sises the crystallites of the cellulose microfibril, 2&s

such an enzyme nmust co-ordinate both the synthesis and
assembly (assuming tip synthesis) of the metastable cellu-
lose I microfibril and as z result, it 1s probably partic-
ularly susceptfble to physical disruption upon tissue
homogenisation. In chapter 8 it was shown that the U-cellu-
loge synthesised from 1 uM UDP—[?-IAG]—G contained B (1-4)
linksd glucose and that this product was not the g(1=4)
glucan backbone comvonent of a xyloglucan molscule. The
preacnce of B(1-3) linked glucose in the U-celluloss synthe-
sised from 1 uM UDP~[U—IAQ~G prevents any firm conclusions
as to the cellulosic nature of the A (1-4) linked glucoss,
as the possibility that both of the types of glucosidic

linkage are present in the same polywer cannot be ruled out.

Thus the results obtained during this investigation
suggest that either or both of the sugar-nuclcotides, GDPG
and UDPG, could be the initial glucose donors feor ceilulose
biosynthesis in 7, awaeus, It is difficult to envisage
much further progrees in this field using crude tissue homo-
genates as an enzyme sgource combined with empirical defini-
tions of cellulose based on purportedly specific extractions.
However, it would be worthwhile to carry cut a more detailed
study of the effects of ED T A on the synthesis of U-cellu-

lose from high concentrations of GDPG.

The major set-back to progress is the ambiguity ir the

exact chemical compositien of native cellulose. Preconcep-

tions as to the purity or homogeneity of cellulose may have

rendered investigators blind to the possibility that the
cellulosc microfibril way contain structuraily disparate
reglicns, which are covaleatly linked. An alternative assay

for cellulose which would ovvecreome this problem would be
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the use of X-ray diffraction to detect the synthesis of
native cellulcse 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 viitro 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 plasma-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 gquantity 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 vifao
a-ckitin microfibril biosynthesig by chitosomes, particu-
larly in view of the fact that Giddings e£ af (1980) vis-
ualised possible cellulose synthetase complexes, identical
to those observed on the plasma-membrans, golgi-derived
vesicles of flicaansienias, These vesicleg may thus be
analogous to chitosomes, containing a cellulose synthetasec
zymogen. The ceriteria used in this project could then be
applied in the identification of the products synthesised

from possible precursors.




ot

)

10.

llt

12.

191

PEFERENCES

Albersheim P., ¥evins D.J., English P.D. and Karr A,
(1967) Carbohyd. Res. 5, 340-345

Aloni Y. and Benziman M. (1982) in "Cellulose and
other Natural Polymer Systems", chapter 17 pp 241-361,
ed. Brown R.M. Jnr., Plenum Press, New York and

London

Aloni Y., Delmer D.P. and Benziman M. (1982) Proc.
Natl. Acad. Sei. U.S.A. 79, &L48-6452

Anderson R.L. and Ray P.M., (1978} Plant Physiol.
61, 723-730

Aspinall G.0. (1982) in "The Polysaccharides!, Vol:61l
chapter 1 pp 1-18, ed. Aspinall G.0. Academic Press,
London

Bacic A. and Delmer D.P., {(1981l) Planta 152, 346-351

Barver G.A. (1982) Avrchiv. Bicchem. Bicphys. =215,
253-259

Barber G.A., Elbein A.D. and Hassid W.Z. (1964) J.
Biol. Chem. 239, 4056-4069

Barber G.A. and Hassid W.Z. (1964) Biochim. Biophys.
Acta. 86, 397-399

Barber G.A. and Hassid W.Z. (1965) Nature 207,
295-296

Batra K.K. and Hassid W.%Z. (1969) Plant Physicl. 44,
755-758

Beshrens N.H., Parodi A.J. and Leloir L.F. (1971) Proec.
Natl. Acad. Sci. U.S.A. 68, 2857-2860



192

13. Benziwan H., llaigler C.H., Brown R.M.Jnr., White A.R.
and Cooper K,M. (1980) Proc. Natl. Acad. Sci. U.S.A.
77, €678-6682

14. Blackwell J. (1982) in "Cellulose and other Natural
Polymer Systems", chapter 20 pp 403-428, ed Brown

R.M. Jor., Plenum Press, New York and London
15. Boothby D. (1972) Planta 103, 310-318

16. Bowles D.J. and Northcote D.H. (1972) Biochem J. 130,
1113-1145

17. Brett C.T. (1978) Plant Physiol. (1978)62, 377-382
18. Brett C.T. (198la) J. Exp. Bot. 32, 1067-1077

19. Brett €.T, (1981b) Techniques in Carbohydrate Metab-
olism, B307 pp 1-11, Elsevier/North Holland Scientific
Publishers Ltd.

20, Brett C.T. and Northcote D.H. (1975) Bicchem J. 148,
107-117

21. Brown R.M. Jdnr.y Franke W.W., Kleinig H., Falk H. and
Sitte P. (1970) J. Cell Bicl. 45, 246-271

22. Brown R.M. Jnr. and Montezinos D. (1976) Proc. Natl.
Acad. Sci. U.S.A. 73, 143-147

23. Brown R.M. Jnr., Willison #.H.M. and Richardson C.L.
(1976) Proc. Natl. Acad. Seci. U.S.4. 73, 4565-4569

24, Brummond D.C. and Gibbons A.P. (1964) Biocchen.

Biophys. Res. Commun. 17, 156-159
.f—

25, Burgess J. (1979) Nature 278,212

T Gudaala B8 cnd Fronz G, (AaT4) P‘r\god\m‘@‘tj 1
12841889



27,

28.

9.

30.

31.

3%.

33.

34.

35.

36,

37.

38,

193

Carpita N.C. and Delwmer D.P. (198CG) Plant Physicl.,
&6, 911-916

Carpita N.C. and Delmer D.P. (1981) J. Biol. Chem.
256, 308-315

Chambers J. and Elbéin A.D. (1970) Archiv. Biochem.
Bicophys. 138, 620-631

Changzy II.D., Grosenaud A., Jossleau J.P., Dube M. and
Marchessault R.H., (1982) Bicpclymers 21, 201-319

Chao H.Y. and Maclachlan G.A. (1978} Plant Physiol.
61, 943-948

Clark A.F. and Villemesz C.L. (1972) »Plant Physicl.
50, 371-3%4

Colvin J.R. (1959) Nature 183, 1135-1136

Colvin J.R. (1961} Can. J. Biocchem. Physiol. 39,
1921-1926

GColvin J.R. (1976) J. Polym. Sci. Polym. Chem. Educ.
14, R2377-2382

Colvin J.R. (1980a) in "The Biochemistry of Plants"
Vol 3 Carbohydrates: Structure and functicn, chapter
14 pp 544-567, ed Preiss J., Academic Press, London

Colvin J.R. (1980b) Planta 149, 97-107

Colvin J.R. and Leppard G.G. (1977) Can. J. Microbiol.
23, 701-709

Colvin J.R., Snowden L.C. and Leppard G.G. {(1977a)
Can., J. Miecrobiol. 23, 790-797



194

39. Colvin J.R., Chené L., Snowden L.C. and Takai M.
(1977b) Can. J. Bicchem 55, 1057-1063

40. Cooper D. and Manley R.St.J. (1975a) Biochim. Biophys.
Acta. 381, 109-119

41. Cooper.D. and Manley R.St.J. (1975b) HBiochim. Bicphys.
Acta 381, 78-96

42. Cooper D. and Manley R.St.J. (1975¢) Biochim. Biophys.
Acte 381, 97-108

43, Gouso R.O., Ielpi L., Garcia R.C. and Dankert M.A.
(1980) Archiv. Biochem. Biophys. 204, 434-438

4L4. OCurrier H.B. (1957) Am. J. Botany 44, 478-488
45. Delmer D.P. (1972) J. Biol. Chem. 247, 2822-3828

46, Delmer D.P. (1977) in "Recent Advances in Phytochem-
istry" 11, 45-47, ed. Leewus F., New York and London

47. Delmer D.P., Beasley C.A. and Ordin L. (1974) Plant
Physiol. 53, 149-153

48. Delmer D.P., Heineger U. and Kulow C. (1977) Plant
Physicl. 59, 713-718

49, Dennis D.T. and Preston R.D. (1961} Nature 191, 667-
668

50. Depierre J.W. and Dallinger G. (1975) Bicchim.
Bicphys. Acta 415, 411-4%2

-!_.

51. Dugger W.M. and Palmer R.L. (1980) Plant Physicl.
65, 266-273

o 'Du.bo‘ts M..) Cilles KP:,.’ o Lron h-"(,h.,Rp.,\:n.u TR and SVY;L+L\ c.
(1ase)  f N,%H;A Cram. 2.8, 350-356



52.

53.

54.

55.

56.

57.

58.

59.

60.

61,

62.

63.

64.

65.

195

Elbein A.D. (1969) J. Biocl. Chem. R4k, 1608-1bi{

Elnaghy M.A. and Nordin P. {1966} Archiv. Biochen.
Biophys. 113, 72-76

Feingold D.S., Neufield E.F. and Hassid W.Z. (1958)
J. Bicl., Chem. 233, '783-788

Flowers H.M.,, Batra K.K., Kemp J. and Hagsid W.Z.
(1968) Plant Physicl. %3, 1703-1709 .

Flowers H.M., Batra K.K., Kemp J. and Hassid W.Z.
(1969) J. Biol. Chem. 244, 4969-4974

Tbich J., Lees M. and Sloane-Stanley G.H. (1957) J.
Bicl. Chem. 206, 497-509

Forsee W.T. and Elbein A.D. (1972) Biochem. Biophys.
Res. Commun. 49, 930-939

Forsee W.T. and Elbein A.D. (1973) J. Bicl. Chem.
248, 2858-2867

Franz G. (1976) Appl. Polymer Symposium 28, 611-621
Franz . and Meier H. (1969} Phytochemistry 8,879-sR3

Freeze H. and Loomis W.F. (1977) J. Biol. Chem. 252,
820-824

Freeze H. and Loomis W.F, (1978} Biochim., Biophys.
Acta 539, 529-537

Garecia R.C., Recondo E. and Dankert M. {(1974) Eur.
J. Biochem. 43, 93-105

Gardner K.H. and Blackwell J. (1974) BRiopoclymers 13,
1975-1.980



66.

68.

69.

70.

71.

72.

73.

74»

75.

76.

77.

78.

196

Giddinge T.H. Jnr., Brower D.L. and Staehlin L.A.
(1980) J. Cell. Biol. 84, 327-339

Ginnivan M.J., Woods J.L. and O'Callaghan J.R. (1977)
J. Appl. Bacteriol. 43, 231-238

Glaser L. (1958) J. Biol. Chem. 232, 627-636
Grout B.W.W. (1975) Planta 123, 275-282

Haigler C.H. and Benziman M., (1982) in "Cellulose and
other Natural Polymer Systems" chapter 14 pp 273-297,
ed. Brown R.M. Jnr., Plenum Presgs, New York and London

Hzigler C.H., Brown R.M. Jar. and Benziman M. (1980)
Science 210, 903-906

Haigler C.Ii., White A.R., Brown R.M. Jur and Cooper K.M.
(1982} J. Cell.Bicl. 94, 64-69

Hara M., Umetsu N., Miyamoto C. and Tamari K. (1973)
Plant and Cell Physiol. 14, 11-28

Harris P.J. and Northecote D,H. (1970) Biochem J. 120,
479~491

Hawker J.8., Osbun J.L., Ozaki H., Greenberg E. and
Preiss J. (1974) Archiv. Biochem., Biophys. 160, 530-
551

Heineger U. and Delmer D.,P., (1977) Plant Physiol. 59,
719-723

Heineger U. and Franz G. (1980) Plant Sci. Lett. 17,
443-450

Heller J.S. and Villemez C.L. (19724} Biochem. J.
129, &45-665




79.

80.

31.

82.

83.

84.

85.

86.

87.

88.

89.

90.

197

Heller J.5. and Villemez C.L. {(1972k) Biochen J.
128, 243-252

BEelesper J.P.P.G. (1979) Planta 144, 443-450

Hepler P.K. and Palevitz E.A. ({(1974) Plant Physicl.
25, 3209-362

Herth W., Franke W.W. and Bittiger G. (1974) Cytobio-
logie 9, 344-367

Hinman M.B. and Villemez C.L. (1975) Plant Physiol.
56, 608-612

Hogetsu T., Shibaoka H. and Shimokoriyama M. (1974a)
Piant and Cell Physiol., 15, 389-393

lHogetsu T., Shibaoka H. and Shimokoriyama M. (1974b)
Plant and Cell PRhysiol. 15, 2065-272

Hopp H.E., Romero P.A., Daleo G.R. and Pont Lezica R.
(1978) Eur. J. Biochem. 8%, 561-571

Huwyler H.R., Franz G.A. and Meier H. (1978) Plant
Sei. Lett. 12, 55-62

Katd K. (198l) in "Encyeclopedia of Plant Physiol"
{new series) Vol. 13, Plant Carbohydrates II;
Extracellular Carbohydrates, chapter 4 pp 29-44, ed.
Tanner W. and Loewus I., Springer-Verlag, Berlin,
Neidelberg and New York

Khan A.W. and Colvin J.R. (1961l) Science 133, 2014-
2015

King GuG.S. and Colwvin J.R. (1976) Appl. Polyner
Symposium 28, £623-626



91,

92.

93.

94.

95.

96.

97.

98.

99.

100,

101.

10z2.

198

Kjosbackken J. and Colvin J.R. (1973) in "Biogenesis cf
Plant Cell Wall Polysaccharides" pp 361-371, Bd.

Loswus F., Academic Press, New York and London

Kjosbackken J. end Colvin J.R. (1974) Can. J. Micro-
biol. 21, 111-120

Larsen G.L. and Brummond D.0. (1974) Phytochemistry
13, 361-365

Lavintman N. and Cardini C.E. (1973) FEBS Lett. 29,
4L3-46

Leppard G.G., Snowden L.C. and Colvin J.R. (1975)
Science 189, 1094-1095

Tloyd C. (1980) Nature R84, 596-597

Lui T.-¥. and Hassid W.%4. (1970) J. Biol. Chem. 245,
1922-1925

Maclachlan G.A.(198Qin "Cellulose and other Natural
Bolymer Systems" chapter 16 pp 3227-339, ed. Brown R.M.
Jrnr., Plenum Press, New York and London

Maclachlan G.A., Dlrr M. and Raymond Y. (1979) in
"Mcthodological Surveys in Plant Biochemistry" 8B

Plant COrganclles pp 147-158, ed. Reid E., Wiley

Maltby D., Carpita N.C., Montezinos D., Xulow C. and
Delmer D.P. (1979) Plant Physicl. 63, 1158-1164

Marx-Figini M. (1966) Nature 210, 754-755

Marx-Figini 4. and Schulz G.V. (1966} Biochim.
Biophys. Acta 112, 81-101



199

103, Meier H., Buchs L., Buchala A.J. and Honeywood T.
(1981) Nature 289, 821-822

104. Meyer K.H. and Misch L. (1937) Helv. Chim. Acta
20, 232-244

105. Montesinos D. (1982) in "Cellulose and other Natural
Polymer Systems", chapter 1 pp 2-21, ed. Brown R.M.

Jnr., Plenun Press, New Ycrk and London

106, Montezinos D. and Delmer D,.P. (1980} Planta 148,
305-311

107. Mortimer D.C. (1967) Ean. J. Botany 41, 995-100%4

108. Mueller S.C. and Brown R.M., Jar. (1980) J. Cell
Biol. 84, 315-326

109. Mueller S.C., and Brown R.M. Jnr. (1982a) Planta 154,
489-500

110, Mueller S5.C. and Brown R.M. Jnr. {1982b) Planta 154,
501514

111. Mueller S.C., Brown R.M. Jnr. and Scott T.K, (1976)
Science 194, 949-951

112. Mueller S.C. and Maeclachlan G.A. (1980} Plant
Physiol 65 {(suppl.), 106

113. Nikaido II. and assid W.%. (1971) Adv. Carbohyd.
Chem, Biochsem. 26, 351-483

114. Northcote D.H. (1969) Essays in Biochem. 5, 89-137

115. Northeote D.H. (1972) Ann. Rev. Plant Physicl. 23,
113-132



116.

117.

118.

119.

121.

122.

123.

124.

125.

126,

127.

128,

200

Nowak-0ssario M,, Gruber E. and Schurz J. (1976)
Protoplasma 88, 255-263

Ordin L. and Hall M.A. (1967} Plant Physicl. 42,
205-212

Ordin L. and Hall M.A. (1968) Plant Physiol. 43,
473476

Peaud-Lenoll €. and Axelcs M. {(1968) Eur. J. Biochen.
4, 561-567

Feaud-Lenoél €. and Axelos M. (1970) FEBS Lett. 8,
204-228

Pickett~Heaps J.D. (21968) J. Cell Sci. 3, 55-64
Pont Lezica R., Brett C.7T., Romero Martinez P. and
Dankert M.A. (1975) Bilochem. Biophys. Res. Commun.

66, 980-987

Preston R.D. (1974) The Physical Biology of Plant
Cell Walls, Chapman and Hall, London

Ray P.M. (1973) Plant Physiol. 51, 609-614

Ray P.M. (1975) Plant Physiol. 56 (suppl), 16
Ray.P.M. (1979) 4in "Methodological Surveys in
Biochemistry" 8B Plant Organelles pp 135-146, ed.
Reid E., Wiley

Ray P.M. (1980) Biochim. Biophys. Acta 629, 431-444

Ray P.M., Bisenger W.R, and Robinson D.G. (1976) Ber.
Dtech. Bot. Gesell 89, 12i-146



201

129. Ray P.M., Shiniger 7.L., Ray HM.M. (1969) Proc.
Natl. Acad., Seci. U.S.A4. 64, 60/-612

130. Raymond Y., Fincher G.B. and Maclachlan G.A. (1978)
Flant Phygiol. 61, 938-942

131. Robinson D.G. and Cummings W.R. (1976) Protoplasma

132. Robinson D.G. and Quader E. (1981) J. Theor. Biol.
92, 483-495

133. Robinson D.G. and Ray P:M. (1977) Oytobiologie 15, »
65-77 .

134, Sanderman H. (1977) FEBS Lett. 81, 294-298

135. Satoh 8., Matsuda K. and Tamari K. (1976) Plant and
Cell Physilcl. 17, 1R243-125/

136. Shafizadeh F. and McGinnis G.D. (1971) Adv. Carbohyd,
Chen. Biochom. 26, 297-349 '

137. Shore G. and Maclachlan G.A. (1973) Bicchim. Biophys.
- Acta 329, 271-282

138. ©Shore G. and Macleachlan G.A., (1975) J. Cell Biol.
64, 557-571

139. Shore G., Raymond Y. and Maclachlan G.A. {1975)
Plant Physicl. 56, 34-38

140. Sloneker J.H. (1971) Analyt. Bicchem. 43, 539-583%

141, Smith M.M. and Stone B.A. (1973a) Biochim. Riophys.




142,

143,

144.

145.

146.

147.

148.

149.

150.

151,

152.

153.

154.

202

Smith M.M. and Stone B.A. (1973b) Phytochemistry
12, 1361-1367

Spencer F.S8. and Maclachian G.A, (1972) Plant
Physicl. 49, 58-63

Spencer F.8., Ziola B. and Maclachlan G.A., (1971)
Can. J. Biochem. 49, 1326-1332

Stafford L.E. and Brummond D.0. (1970} Phytochemisztry
9, 253-258

Stockell A. and Smith E.L. (1957) J. Biol. Chen.
227, 1_26

Stockman V.Z. {(1972) Biopolymers 11, 251-270

Storm D.TL. and Hassid W.Z., (1972) Plant Physiol.
50, 473-476

Swissa M., Aloni ¥, Weinhquse H. and Benziman M.
(198C) J. Bacteriol., 143, 1142~ 1150

Tandecars J.3. and Cardini C.E. {(21978) Biochim.
Biovohys. Acta 543, 423-429

Thomas De.S., Smith J.E. and Stanley R.G. (1969)
Can. J. Botany 47, 489-496

TimmelLTE. (1964) Fdwe. Carbohyd. Chem. /9, 247-302

Trevelyan W.E., Procter D,.P. and Herrison J.S. (1950)
Nature 166, A4h4lt-445 '

Tsai C.M. and Hassid W.Z. (1971) Plant Physiol. 47,
ThO=-T44




156,

157.

158,

159.

160,

161.

163,

164,

165,

166.

167.

203

Tsai C.M. and Hassid W.Z. (1973) Plant Physicl. 51,
998-1001

Updegraff D.M. (1969) Anal. Bicchem. 32, 4R20-424

Valent B.S. and Albersheim P. (1974) Plant Physiol,
54, 105-108

Villemez C.L. (1971) Bicchem. J. 121, 151-157

Villemez C.L., Franz G. and Hassid W.4. (1967) Plant
Physicl. 42, 1219-1223

Villemez C.L. and Heller J.S. (1970) ©Nature 227, 80-81

Villemez C.L. and Hinman M.B., (1975) Plant Physicl.
56. (suppl.), 15

Waldron K.W..and Brett C.T. (1983) Biochem. J. 213,
115-122

Willison J.H.M. (1982) in "Cellulose and other
Natural Polymer Systems" chapter & pp 105-125, ed.

Brown R.M. Jnr., Plenum Press, New York and Londen

Willison J.H.M. and Brown R.M. Jnr. (1978) J. Cell
Biol. 77, 103-119

Willison J.H.M., Brown R.M. Jnr. and Mueller S.C.
(1980) J. Microscopy 118 (part 2), 177-186

Willison J.H.M. and Grout B.W.W. (1978) Planta 140,
57-58

Wise L.E. and Ratliff E.K. (1947) Analyt. Chem. 19,
459-462




204

168. Wong Y.8., Fincher $.B. and Maclachlan G.A. {1977)
Science 195, 679-6380

169. Veoding F.B.P. (1968} J. Cell Sci. 3, 71-80

170, Zaar K. (1976} J. Cell Bicl. 8O, 773-777

GLASGOW Q
UNIVERSITY
LIERARY




